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After fertilization, the quiescent zygote experiences aburst of genome activation that
initiates ashort-lived totipotent state. Understanding the process of totipotency in
human cells would have broad applications. However, in contrast to in mice'?,
demonstration of the time of zygotic genome activation or the eight-cell (8C) stage in
invitro cultured human cells has not yet been reported, and the study of embryos is
limited by ethical and practical considerations. Here we describe a transgene-free,
rapid and controllable method for producing 8C-like cells (8CLCs) from human
pluripotent stem cells. Single-cell analysis identified key molecular events and gene
networks associated with this conversion. Loss-of-function experiments identified
fundamental roles for DPPA3, a master regulator of DNA methylation in oocytes?, and
TPRX1, aeutherian totipotent cellhomeobox (ETCHbox) family transcription factor

thatis absentin mice*. DPPA3 induces DNA demethylation throughout the 8CLC
conversion process, whereas TPRX1is a key executor of 8CLC gene networks. We
further demonstrate that 8CLCs can produce embryonic and extraembryonic
lineagesinvitro or in vivo in the form of blastoids® and complex teratomas. Our
approach provides aresource to uncover the molecular process of early human

embryogenesis.

Understanding human embryogenesis is necessary to develop treat-
ments for infertility and developmental disorders, to clarify the role of
heritable epigeneticsin our species and to produce optimal differenti-
ated cells for regenerative medicine orin vitro studies. Pluripotent stem
cells (PSCs) are an in vitro representation of pluripotent cells in the
mammalianinner cell mass (ICM) of the blastocyst and can be used to
study early developmental processes. Similar to their mouse counter-
parts, human PSCs can be maintained in naive or primed states, which
reflect the preimplantation and postimplantation ICM, respectively®.

Mouse naive PSC cultures containasmall proportion (approximately
0.5%) of cells sharing features of the two-cell (2C) embryonic stage, a
time when mouse zygotic genome activation (ZGA) occurs and toti-
potency is achieved. These cells are termed 2C-like cells (2CLCs), and
their proportion can be enhanced through manipulation'’. Despite
advancements achieved in methods using rodent models, the gen-
eration of 8CLCs that transcriptionally and epigenetically match the

human 8C embryo, and evaluation of their functional properties, have
notyet beendescribed. Only low activation of few 8C-embryo-enriched
(totipotency) genes was reported in bulk RNA-sequencing (RNA-seq) of
naiveinduced pluripotent stem (iPS) cells generated through somatic
cell reprogramming in SiLAF medium®. Although expanded pluripotent
stem cells (EPSCs) that contribute to extraembryonic lineages have
been generated® ™, they transcriptionally resemble primed PSCs'*".
Thelack of bona fide 8CLCs that can be enriched and purified for fur-
ther experimentation represents a substantial knowledge gap because
human embryonic materialis limited and subjected to special ethical
considerations.

Generation of SCLCs from human PSCs

We conducted a screen with primed human embryonic stem (ES)
cells for inhibitors that target signalling and epigenetic pathways to
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Fig.1|Generation of 8CLCs from human PSCs. a, Schematic depicting the
generation of naive PSCs and 8CLCs from primed PSCs with4CL, stepwise e4CL
ordirecte4CL medium.D, day. b, Top, representative images of
immunostaining for KLF17 and TPRX1in primed HI ES cells untreated or
converted by 4CL-D12 or stepwise e4CL-DS. Bottom, representative
co-immunostaining images of stepwise e4CL-D5 cells showing mutual
exclusivity between OCT4 and TPRX1 (arrows). Representative of three
independent experiments. ¢, Top, schematic representing EGFP insertioninto
the TPRXIlocus to generate TPRXI-EGFP reporter cell lines. Bottom, TPRXI-
EGFP knock-inHI ES cells were validated by culture in stepwise e4CL-D5 and
FACS analysis (left) and immunostaining with anti-TPRX1 (right).
Representative of three independent experiments.d, UMAP comparing the

gradually define permissive culture conditions for producing 8CLCs
(Extended DataFig.1a). Inthe first round, combining the MEK inhibitor
PD0325901, the tankyrase inhibitor IWNR1and human leukaemia inhibi-
tory factor (LIF) ina chemically defined medium (N2B27, activin Aand
vitamin C**) onfeeder cells produced PSC colonies with a naive PSC-like
colony morphology and the highest levels of naive pluripotency gene
expression, as assessed by quantitative PCR with reverse transcription
(RT-qPCR) (Extended Data Fig. 1b, c). In round two, we tested 14 addi-
tional compounds added to this basal medium (Extended Data Fig. 1d).
3-Deazaneplanocin A (DZNep), aninhibitor of S-adenosylhomocysteine
hydrolase, whichis commonly known for its role in suppressing the his-
tone 3 lysine 27 (H3K27) methyltransferase EZH2 (ref. "), and the class |
histone deacetylase (HDAC) inhibitor trichostatin A (TSA) substantially
increased the expression of naive pluripotency genes, particularly in
combination (Extended Data Fig. 1e, f). The conversion took about
12 days (three passages) and there was no obvious cell death (Fig. 1a). We
termed this naive medium 4CL (4 chemicals+LIF) and validated it in mul-
tiple male and female ES cell and iPS cell lines (Extended Data Fig. 1g).
We observed that4CL supports long-term maintenance (tested for up
to 15 passages) without notable karyotype abnormalities (Extended
DataFig.1h and Supplementary Fig.1). PSCs cultured in 4CL could be
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human E7 to E3 stage?’, human ES cell passage 10 (hRESC P10) to 8C embryo?
with primed ES cells, 4CL-D12 naive ES cells, stepwise e4CL-D5 cells and sorted
8CLCs from stepwise e4CL-DS5 cells profiled using SMART-seq2. All reference
datasetsusedin this study are summarized in Supplementary Table 8. e, Bubble
plotrepresenting the frequency of expression and average expression of
representative pluripotency and totipotency genes in early human embryonic
stages and hESC P10 compared to primed ES cells, 4CL-D12 naive ES cellsand
sorted 8CLCs fromd.f, Violin plot showing the log-normalized expression of
representative embryo-enriched TEsin early human embryonicstages and
hESC P10 compared to primed ES cells, 4CL-D12 naive ES cells and sorted 8CLCs
fromd.Scalebars, 10 pm (b (bottom), ¢) or 20 pm (b, top).

passaged as single cells on feeder cells, on surfaces coated with extracel-
lular matrix or in suspension (Extended Data Fig. 1li-k). We also noted
that removing vitamin Creduced the expression of naive pluripotency
genesinthe4CL-mediated conversion process (Extended Data Fig. 1l).
Moreover, TSA could be effectively substituted by other HDAC inhibi-
torssuch asvalproic acid or sodium butyrate, and DZNep by arelated
EZH2 inhibitor, CPI-1205 (Extended Data Fig.1m).

Bulk RNA-seq confirmed that PSCs grown in 4CL display transcrip-
tional similarity with ICM cells' and with naive PSC cultures grownin
SiLAFY or tt2iLG6 medium (Extended Data Fig. 2a and Supplementary
Table1). We then tested the effect of increasing the dose of TSA (from
5t020 nM) and DZNep (from 10 to 50 nM) on naive PSCs generated
with 4CL. After 5 days, this enhanced 4CL medium (e4CL) promoted
the expression of totipotency genes (for example, TPRX1, ZSCAN4,
ZSCANSB, DUXA, DUXB and ZNF280A), the levels of which were low
in PSCs generated in different naive medium and particularly from
EPSCs" (Extended Data Fig. 2b, ¢). Cells grown in e4CL preserved a
normal karyotype (Extended Data Fig.2d and Supplementary Fig.1) but
could not be passaged for extended culture, which may be related to
the fact that totipotent cells lack self-renewal capacity™'®. Totipotency
geneswere alsoinduced by culturing primed cells directly in e4CL for



7 days (Fig. 1a and Extended Data Fig. 2e). We termed this alternative
approachdirect e4CL to distinguishit from the stepwise, first4CLand
then e4CL (stepwise e4CL) conversion process.

To clarify whether the totipotency gene expression levels observed
in the bulk RNA-seq and RT-qPCR analyses of stepwise e4CL-day 5
and direct e4CL-day 7 cells reflects a fraction of 8CLCs or low-level
widespread expression of totipotency genes, we used a droplet-based
method" to perform single-cell RNA-seq (scRNA-seq) spanning the
entire conversion process. A total of 55,372 single cells passed quality
control. Weintegrated them with a published SMART-seq2 scRNA-seq
dataset of early human embryos? using Seurat? (Extended Data Fig. 3a).
Uniform manifold approximation and projection (UMAP) representa-
tion showed that over 12 days in 4CL, primed PSCs gradually reverted
to astate that resembled embryonic day 5 (E5; early blastocyst) cells.
Afew cells also clustered closer to E3 cells (8C embryo), which sug-
gests there was a conversion to an 8CLC identity. This phenomenon
was prominently increased when 4CL-day 12 naive PSCs were cultured
ine4CLfor 5 days. Culture of primed PSCsin direct e4CL produced cells
close to E3 and E4 cells within 7 days, but the trajectory was different
(Extended Data Fig. 3a). Primed-specific genes, such as CD24 (ref. %),
were gradually downregulated during the stepwise or direct e4CL con-
version process (Extended Data Fig. 3b). A set of naive pluripotency
genes, such as DPPA3 and KLF17, were highly expressed in 4CL-day 12
naive PSCs and peaked in the putative 8CLC clustering near E3 cells,
whichis consistent with their expression patternin the human embryo.
Similarly, totipotency genes such as TPRX1, DUXA and ZNF280A were
almost exclusively expressed in stepwise e4CL-day Sor direct e4CL-day 7
cells (Extended Data Fig. 3¢c). Expression of KLF17 in 4CL-day 12 naive
PSCs and TPRX1in e4CL-day 5 or direct e4CL-day 7 cells was validated
by immunostaining (Fig. 1b, top, and Extended Data Fig. 3d).

Wefocused onstepwise e4CL-day 5 cells to characterize the putative
8CLC population. Unsupervised clustering showed seven clusters,
among which cluster 5 cells (11.9% of the entire population) displayed
resemblance to the 8C embryo gene-expression pattern (Extended
Data Fig. 4a—c). As in mouse 2C and human 8C embryos*?, key clas-
sical pluripotency transcription factors such as OCT4 and SOX2 were
downregulatedin cluster 5cells (Extended DataFig.4b, c). Hereafter,
wereferredto cluster 5 cellsas 8CLCs. Correlation analysis confirmed
that 8CLCsin e4CL-day 5 cells closely resemble E3 cells (Extended Data
Fig.4d, e). Co-immunostaining verified the opposing pattern of OCT4
and SOX2 expression with TPRX1in 8CLCs produced with stepwise
e4CL (Fig. 1b, bottom, and Extended Data Fig. 4f). Direct e4CL-day 7
cellsalso contained a cluster (15.6%) that expressed 8C embryo genes,
but the overall transcriptional match with E3 cells was less complete
(Extended Data Fig. 4g, h). We further investigated the identity of
8CLCs in stepwise e4CL-day 5 cells by confirming the activation of
early-embryo-enriched transposable elements (TEs) suchas MLT2A1,
MLT2A2 and LTR12C* (Extended Data Fig. 4i).

Droplet-based scRNA-seq covers a larger number of cells than
SMART-seq2, butithas a3’ bias rather than full-length gene coverage®;
consequently, it is less sensitive. To test the fidelity with which 8CLCs
generated with our culture medium reflect 8C embryo cells, we pre-
pared a TPRXI-EGFP knock-in reporter cell line (Fig. 1c). We selected
TPRX1because expression of this ETCHbox family transcription factor*is
highly enriched inthe 8C embryo (Extended Data Fig. 4c). We performed
fluorescence-activated cell sorting (FACS) on TPRXI-GFP~ cells (hereafter
termed sorted 8CLCs) in e4CL-day 5 cells together with unsorted cells,
4CL-day 12 naive PSCs and primed PSCs, which were then subjected to
SMART-seq?2 analysis. We integrated the resulting 804 cells with two
independent human early-embryo full-length scRNA-seq datasets?*%.
Asubset of e4CL cells and asubstantial proportion of sorted 8CLCs clus-
tered with E3 cellsand the 8C embryo (Fig.1d and Extended Data Fig. 5a),
whereas some sorted 8CLCs stretched into the early E4 (morula) state.
Thiswas also confirmed using cell-to-cell correlation analysis (Extended
DataFig. 5b). These results are consistent with human ZGA starting at

E3 but finishing by E4 (refs.2%*), whichis reflected by the maintenance
of lower levels of totipotency genes such as TPRX1, ZSCAN4, DUXA and
ZSCANSB until this stage in the human embryo (Extended Data Figs. 4c
and 5¢). Some 4CL-day 12 cells clustered together with E3 cells and the
8C embryo, which provides further evidence that our naive medium
inducesbonafide 8CLCs, albeit at low rate. Notably, sorted 8CLCs grown
from e4CL medium expressed totipotency genes to the level of the 8C
embryo, aswell as high levels of naive pluripotency genes such as DPPA3
andKLF17 (Fig.1eand Extended Data Fig. 5d). By contrast, classical (OCT4
and SOX2) and primed (CD24) pluripotency genes were downregulated
(Fig.1leand Extended DataFig. 5e). Sorted 8CLCs also displayed a pattern
of TEs comparable to the 8C embryo and distinct from naive and primed
PSCs (Fig. 1f, Extended Data Fig. 5f, g and Supplementary Table 2).

To monitor the dynamics of SCLC generation, we sorted TPRX1*and
TPRXT cells from stepwise e4CL-day 5 cells and cultured themin 4CL
and e4CL medium, respectively (Extended Data Fig. 5h). Around half
of the sorted TPRXI" cells became TPRX1 within 24 hin 4CL medium
and could bereadily expanded in4CL medium for prolonged cultures
as naive PSCs. Similarly, sorted TPRXI" cells from e4CL-day 5 cultures
could either be induced to TPRXI" cells (about 5%) over 24 hin e4CL
medium or expanded in 4CL medium as naive PSCs. These results
demonstrate that 8CLCs and naive PSCs are interconvertible, which
is consistent with the properties of mouse 2CLCs".

Next, we examined the existence of 8CLCs in cultures produced
using other naive media and in EPSCs. We analysed publicly available
droplet-based scRNA-seq datasets for naive PSCs generated in PXGL®,
5iLA%, t2iLG6* or RSeT* medium and from EPSCs™. A small putative
8CLC populationwith variable and low levels of totipotency genes was
detected in cultures grown in PXGL (1.7%) and 5iLA (0.7%). Notably,
these percentages and the expression levels of totipotency genes are
much lower than cultures grown using the stepwise e4CL-day 5method
(11.9% and substantially higher expression levels) (Extended Data
Fig. 6a-c). t2iLG6 and RSeT (acommercial medium based on NHSM?)
cultures also contained a small fraction of putative 8CLCs (0.5% and
0.2% cells, respectively), but the expression of totipotency genes was
more heterogenous. By contrast, we could not detect any putative
8CLC population in EPSCs. We then tested the effect of adding e4CL
medium to naive PSCs induced by PXGL, 5iLA and HENSM* (an updated
version of NHSM). There was agreatly enhanced expression of totipo-
tency genes after 5 days, as assessed by RT-qPCR and immunostaining
(Extended Data Fig. 7a—-d). There was also an increased expression of
totipotency genes using DZNep (50 nM) or TSA (20 nM) individually
and more potently in combination, which provides evidence that these
are the key e4CL components that promote the transition to 8CLCs.
Similarly, DZNep (50 nM) and TSA (20 nM) synergistically increased
the proportion (19.2%) of GFP* cells (2CLCs) and the expression of
totipotency genes when added to mouse MUERV-L-LTR-GFP ES cells
cultured in naive (serum+LIF) conditions® (Extended Data Fig. 7e-h).

DNA methylation is an important regulator of gene expression
and undergoes dynamic changes in early development and during
the primed-to-naive PSC conversion®?*, Moreover, substantial DNA
demethylation in some naive PSC media is associated with increased
risk of genome stability**. We studied whether DNA methylation at
naive pluripotency and totipotency genes changes along the conver-
sion to 8CLCs with e4CL and is comparable to the 8C embryo. First,
we applied reduced representation bisulfite sequencing (RRBS) to
primed PSCs, 4CL-day 12 naive PSCs, stepwise e4CL-day 5 cells and
directe4CL-day 7 cells. Notably, 4CL-day 12 naive PSCs showed overall
lower DNA methylation levels than primed PSCs and a higher degree of
resemblance at genomic imprinted loci with the ICM* than 5iLAF%,
t2iLG6* or tt2iLG6* naive PSCs (Extended Data Fig. 8a, b). Global DNA
methylation was further decreased in stepwise e4CL-day 5 cells but did
notreach thelevel of 5iLAF or t2iLG6 cultures or ICM or the 8C embryo™.
Direct e4CL-day 7 cells displayed similar DNA methylation levels to
the 8C embryo (Extended Data Fig. 8a). Closer examination of naive
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pluripotency loci (for example, DPPA3, DNMT3L and DPPAS) showed
reduced DNA methylation in 4CL-day 12 naive PSCs, t2iLG6 and 5iLAF
cultures and stepwise e4CL-day 5 cells compared with primed PSCs
(Extended DataFig.8c). Notably, asinthe preimplantationICM and the
8Cembryo, totipotency loci (for example, TPRX1, RFPL2 and TRIM43)
alsodisplayed reduced DNA methylationin4CL-day 12 naive PSCs and
instepwise e4CL-day 5 cellsand direct e4CL-day 7 cells compared with
primed PSCs (Extended Data Fig. 8d). However, there was little change
or evenrelative DNA hypermethylationin naive PSCs generated using
other methods?***, In addition, we performed whole-genome bisulfite
sequencing (WGBS), which provides wider coverage than RRBS, with
sorted 8CLCs, 4CL-day 12 naive PSCs and primed PSCs. This analysis
showed that the global content of DNA methylationinsorted 8CLCs was
lower than 4CL-day 12 naive or primed PSCs and comparable to the 8C
embryo® (Extended DataFig. 9a). CpG methylation at the transcription
startsite (TSS), gene bodies and specific genomic regions (for example,
enhancers, CpG islands, long terminal repeats, short interspersed
nuclear elements, long interspersed nuclear elements, intergenicand
intragenic) was also lower in sorted 8CLCs than 4CL-day 12 naive and
primed PSCs (Extended DataFig. 9b, c). Analysis of naive pluripotency
and totipotency genes (Extended Data Fig. 9d) validated the above
observations with RRBS. We also noted that early-embryo-enriched TEs
were more demethylated in 8CLCs than 4CL-day 12 naive and primed
PSCs, which correlated with their expression (Extended Data Fig. 9e).
Genome-wide comparison of the DNA methylome profiles confirmed
thatsorted 8CLCs, ICM and 8C embryo cells were globally hypometh-
ylated and clustered closer to each other than primed PSCs and the
postimplantation embryo (Extended Data Fig. 9f). Furthermore, we
examined DNA methylation and gene expression for aset of well-known
naive pluripotency and totipotency genes in mouse 2C embryo and
2CLCs compared with later developmental stages or naive ES cells,
respectively (Extended Data Fig.10a, b). In general, DNA methylation
levels at these loci were lower in the 2C embryo®® and 2CLCs™. Yet,
although totipotency gene expression peaked in the 2C embryo* and
2CLCs*, only some naive pluripotency genes, such as Kif4in the 2C
embryo and Dppa2in 2CLCs, followed the same pattern.

Altogether, these results confirm the feasibility of a rapid and con-
trollable methodology for producing 8CLCs that resemble the human
8Cembryo from either primed or naive PSCs.

Chromatinlandscape of SCLCs

To assess whether 8CLCs grown in e4CL acquire the chromatin acces-
sibility signature of the 8C embryo, we performed single-cell assay for
transposase-accessible chromatin with high-throughput sequencing
(scATAC-seq) of primed ES cells, 4CL-day 12 naive PSCs and stepwise
e4CL-day 5 cells. Global visualization of scATAC-seq data by UMAP
clearly separated these three cell states (Extended Data Fig. 11a). Chro-
matin around the TSS of primed PSC-enriched genes such as ZIC2was
mostly openin primed PSCs, whereas naive pluripotency genes shared
with 8CLCs suchas DPPA3were more openin4CL-day 12 cells and step-
wise e4CL-day 5 cells (Extended Data Fig. 11b). By contrast, classical toti-
potency locisuch as ZSCANSB, ZNF280A and ARGFXwere only openina
subset of stepwise e4CL-day 5 cells and asmaller fraction of 4CL-day 12
naive PSCs, which correlated with the closure of pluripotency locisuch
as OCT4 and SOX2in the same population (Extended Data Fig. 11c, d).

To dissect the progression towards 8CLCs, we focused on stepwise
e4CL-day 5 cells. Unsupervised clustering produced 12 different clus-
ters, among which cluster 2 (5.2%) showed a chromatin accessibility
pattern consistent with 8CLCs (Fig. 2a and Extended Data Fig. 11e, f).
To study the trajectory of 8CLC conversion, we combined pseudo-
time analysis of chromatin openness around the TSS of totipotency
loci and motif distribution for chromatin-bound factors. This analysis
showed convergence at 8CLCs in cluster 2 (Fig. 2b). Analysis of chro-
matin openness along this route visibly illustrated the antagonistic
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behaviour of classical pluripotency loci and totipotency loci (Fig. 2cand
Supplementary Table 3a). The latter included not only classical totipo-
tency locisuch as TPRX1, ZSCAN4, ZNF280A, ARGFX and DPRX but also
lineage-specific factors suchas PITX2 (mesoderm and endoderm), GSC
(mesendoderm) and GATA6 (primitive endoderm) that are expressedin
the human 8C embryo'**. Similarly, motif analysis along the pseudo-
timetrajectory showed enrichmentinthe open chromatin of potential
bindingsites for lineage regulatorsinaddition to transcription factors
shared between naive PSCs and 8CLCs (for example, TFAP2C) and clas-
sical totipotency transcription factors (Fig. 2d, e, Extended Data Fig. 11g
and Supplementary Table 3b). Accordingly, we detected upregulation
of GATA6 and PITX2in 8CLCs compared with 4CL-day 12 naive PSCs
in our droplet-based scRNA-seq dataset, and in RT-qPCR results of
stepwise e4CL-day 5 cells compared with 4CL-day 12 naive PSCs, which
matched the 8C embryo® (Extended Data Fig. 11h, i). However, there was
negligible expression of GATA2, whichisinstead upregulatedin human
somatic cell reprogramming to primed or naive PSCs?, and GATA4, of
whichthe orthologue Gata4is enriched inthe mouse 2C embryoinstead
of Gataé (ref.”) (Extended DataFig. 11j). Pitx2was also enriched, albeit
atlow levels, in the mouse 2C embryo, but we did not detect upregula-
tion of lineage-specific factors in mouse 2CLCs compared to naive ES
cells. In addition, we observed that chromatin regions that contain
potential DNA-binding motifs for classical pluripotency transcription
factorssuchas OCT4 and SOX2 progressively becameless accessiblein
cells approaching the 8CLC stage (Fig. 2e and Extended Data Fig. 11g).

Analysis of scATAC-seq genome browser tracks for selected classical
(OCT4) and naive (KLF17) pluripotency genes, classical totipotency genes
(TPRX1, ZSCAN4 and ZNF280A) and the lineage-specific factor GATA6
confirmed the above observations (Fig. 2f and Extended Data Fig. 11k).
Moreover, the gain of chromatin accessibility at 8C-embryo-enriched
genes in 8CLCs correlated with an increase in the active H3K27 acety-
lation (H3K27ac) mark in the 8C embryo compared to ICM cells*. Fur-
thermore, there was a reduction in chromatin accessibility in the 8C
embryo compared to ICM cellsand in 8CLCs compared with 4CL-day 12
naive PSCs at the well-studied OCT4 proximal enhancer®. However,
chromatin accessibility in a putative OCT4 intronic enhancer was sub-
stantially increased in the 8C embryo and 8CLCs compared to ICM cells**
and 4CL-day 12 naive PSCs (Fig. 2f). Predicted chromatin interactions
between potential regulatory elements based on co-accessibility of
paired regions acrossindividual cells were also different between 8CLCs,
4CL-day 12 naive and primed PSCs for classical (OCT4) and naive (KLF17
and TFAP2C) pluripotency loci, as well as for classical totipotency loci
(TPRX1, ZSCAN4 and ZNF280A) and the lineage-specific factor GATA6
(Extended Data Fig. 12a-d). These findings provide evidence of a dis-
tinctive mode of transcriptional regulation at both pluripotency and
totipotency lociin 8CLCs compared to naive PSCs. Moreover, weiden-
tified motifs for both pluripotency and totipotency transcription fac-
torsatsites of gained chromatin accessibility in totipotency lociin the
8C embryo and 8CLCs (Fig. 2f and Extended Data Fig. 11k). Similarly,
we observed motifs for totipotency transcription factors at classical
pluripotency loci such as OCT4. These results suggest that a feedback
mechanism controls the balance between the pluripotency and toti-
potency gene networks in naive PSCs and 8CLCs. In addition to genes,
we examined chromatin accessibility for early-embryo-enriched TEs
and found that 8CLCs have a similar open pattern to the 8C embryo.
Specifically, chromatin openingat early-embryo-enriched ERV elements
such as MLT2A1, MLT2A2 and LTR12C*** occurred only in 8C embryo
cells®and 8CLCs but not ICM cells™ or 4CL-day 12 naive PSCs (Fig. 2g and
Extended Data Fig.12e). Besides, we analysed the chromatin landscape
trajectory from primed and 4CL-day 12 naive PSCs to cluster 2 8CLCs,
and observed that 4CL-day 12 naive PSCs sit in between primed and
8CLCsbutclosertothelatter (Extended DataFig.12f-h). The chromatin
of naive pluripotency genes shared with 8CLCs (such as DPPA3) and
totipotency genes (such as ZNF280A) became gradually more open as
naive PSCs approach 8CLCs in this trajectory.
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Fig.2|Chromatinlandscape of 8CLCs. a, Left, UMAP depicting the Louvain
clustering of scATAC-seq data from stepwise e4CL-D5 cells. Right, ZSCAN4 gene
scoreincluster 2. H9 ES cells were used. b, Trajectory of 8CLC induction by
combined pseudotime analysis of gene scores for 8C-embryo-enriched genes
and DNA-binding motif distributions for transcription factors projected onto
the UMAP of ausing ArchR®.. ¢, Heatmap showing the dynamicsingenescore
alongthe pseudotimetrajectory of b. Representative genesareinred.

d, Heatmap representing the DNA-binding motif deviation scores along the
pseudotime trajectory of b. Representative genes areinred. e, DNA-binding
motif deviationscores of representative pluripotency (classical, OCT4; naive,
TFAP2C) and classical totipotency (DUXA) transcription factors projected
ontothe UMAP of a.f, Genome browser tracks showing chromatin accessibility,
H3K27ac**and DNA-binding motifs for selected transcription factors at the
OCT4and ZSCAN4lociinthe indicated cell types. Our scATAC-seq data were

To determine the relationship between chromatin accessibility
and gene expression in 8CLCs, we performed single-cell multiomics
(combined scRNA-seq and scATAC-seq) of stepwise e4CL-day 5 cells.
Annotation of the multiomics scRNA-seq datashowed that 13.5% cells
were 8CLCs (Extended Data Fig. 13a, b), which is consistent with our
droplet-based scRNA-seq time-course analysis and the SMART-seq2
dataset. In the multiomics scATAC-seq data, 5.1% of cells displayed a
pattern of chromatin accessibility consistent with an 8CLC identity
(Extended Data Fig. 13c, d), which is similar to the percentage in the
individual scATAC-seq data. Notably, most of the 8CLCs detected
by multiomics scATAC-seq (79.7%) matched the 8CLCs detected by
multiomics scRNA-seq, whereas 30% of the 8CLCs detected by mul-
tiomics scRNA-seq matched the multiomics scATAC-seq (Extended
Data Fig. 13e). Furthermore, integrative analysis of scRNA-seq and

UMAPA e°°

analysed as pseudobulk and compared with human 8C embryo and ICM™. DE,
distalenhancer; IE, intronic enhancer; PE, proximal enhancer. Reference
datasets used in this study are summarized in Supplementary Table 8. g,
Average normalized chromatin accessibility signals for the indicated early
humanembryo-enriched TEsin8C embryo, ICM and primed ES cell bulk
ATAC-seq'®and pseudobulk of our scATAC-seq data. TES, transcription end
site. h, Left, UMAP of the single-cell multiomics of stepwise e4CL-D5 cells
analysed by WNN. Right, UMAP highlighting the expression (top) and
chromatin accessibility (bottom) of the totipotency gene ZSCAN4in cluster 5.
HI ES cells were used. i, Genome browser tracks visualizing chromatin
accessibility (left) and violin plots (right) showing the log-normalized
expression for the indicated genesin 8CLCs (cluster 5) and non-8CLCs (other
clusters) of h.

SscATAC-seq data using weighted nearest neighbour (WNN) showed that
cellsincluster 5(6.3%) have both a gene expression pattern and chro-
matin landscape compatible with 8CLCs (Fig. 2h, i and Extended Data
Fig.13f). These results imply that chromatin accessibility can predict
8CLCidentity toalarge extent and suggest that other mechanisms (for
example, histone modifications and 3D genome configuration) may
be important for inducing totipotency genes in 8CLCs.

We conclude that 8CLCs generated with stepwise e4CL display a
chromatin configuration that mimics the 8C embryo.

Molecular roadmap of 8CLC conversion

Next, we performed a deeper analysis of our droplet-based scRNA-seq
dataset to investigate the dynamics of gene expression during 8CLC
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generation from primed and naive PSCs. Pseudotime analysis*® of the
stepwise e4CL conversion time-course identified five groups of highly
variable genes (Extended Data Fig. 14a and Supplementary Table 4).
There was good correlation between the dynamics of gene expres-
sionin all groups and chromatin accessibility at the corresponding
loci (Extended Data Fig. 14b). We then performed gene ontology (GO)
analysis (Extended Data Fig. 14c), which showed differential enrich-
ment for multiple functional categories. Among these, the changes
in metabolic regulators along the conversion process indicate that
similar to mouse 2CLCs’, human 8CLC generation might be amenable
tomodulation through metabolicinterference. Notably, groups1and 5
were enriched inBMP-WNT and negative regulators of NOTCH-NF-kB
signalling pathways, respectively. This is consistent with the observa-
tionthat WNT activation has anegative effect on the generation of naive
PSCs***” and recent work showing that NOTCH and NF-kB inhibition
facilitate it®®. The expression pattern for many of these genes followed
aninverse pathinthe early embryo® (Extended DataFig.14d, e). Pseu-
dotime analysis of direct e4CL also showed five major gene groups,
whichincluded both shared and different regulators compared with
the stepwise protocol (Extended Data Fig. 14f-h).

The study of gene regulatory networks (GRNs) and their main
switches provides an important approach to uncover how specific
cell states, such as primed and naive pluripotency or totipotency,
areinduced, maintained and dissolved. We therefore examined the
GRNs of primed PSCs, 4CL-day 12 naive PSCs and sorted 8CLCs from
e4CL-day 5 cells, taking advantage of our high-resolution scRNA-seq
datasets generated with SMART-seq2. Co-expressed gene modules
and differentially expressed hub genes were defined using single-cell
weighted gene correlation network analysis (scWGCNA)*® (Fig.3aand
Supplementary Table 5). This analysis revealed GRNs associated with
eachcellstate (Fig.3b and Extended Data Fig.15a, b). The central players
inthe 8CLC GRN included totipotency genes such as TPRX1, ZSCAN4
and DUXA. The 8CLC and naive GRNs contained shared central play-
erssuchas DPPA3and KLF17,although their target genes were mostly
different. GO terms related to chromatin and gene expression and the
cell cycle were common to 8CLCs and naive PSCs, whereas meiotic
recombination and protein ubiquitination were specifically enriched in
8CLCs. The primed PSC GRN was substantially different and was mainly
enriched for early differentiation processes and signalling pathways.
The specific function of many of the genes in all these GRNs is largely
unknown, whichreflects our limited understanding of human develop-
mental stages invivo and pluripotency and totipotency in vitro thus far.

To understand which regulators are relevant for generating 8CLCs,
we compared the differentially expressed genes (DEGs) in 8CLCs (clus-
ter 5 of stepwise e4CL-day 5 cells) with the other cells (non-8CLCs) at
the same time point (Supplementary Table 6). The analysis showed
449 genes upregulated in 8CLCs, whereas few genes were downregu-
lated (Fig.3c). Among the upregulated genes, there were several of the
predicted key regulators of the 8CLC GRN and the naive PSCand 8CLC
GRNs, including TPRX1, ZSCAN4, ZNF280A, DUXA and DPPA3. We also
observed that many upregulated genes in 8CLCs fell into GO catego-
riesrelated to protein synthesis and RNA metabolism (Extended Data
Fig.15c), whichis consistent with the observation that these processes
areenrichedinthe 8C embryo*. We focused on DPPA3and TPRX1, which
areamong thetop five upregulated genes (four and five, respectively).
DPPA3 controls passive DNA demethylationin mouse oocytes by induc-
ingthe cytoplasmic translocation of UHRF1, apartner of DNMT1. Conse-
quently, oocytes lacking DPPA3 produce embryos with defective ZGA®.
DPPA3 hasalso beenimplicated inthe regulation of genomicimprinting
in mouse somatic cell reprogramming*’, DNA methylation maintenance
in naive mouse PSCs*** and the efficiency of mouse somatic nuclear
transfer®. In addition, DPPA3 marks a population of mouse ES cells
with ICM-like characteristics and, interestingly, its expression can be
enhanced with TSA%, a key component of 4CL and e4CL. TPRX1 and
other ETCHbox family members (ARGFX and DPRX), highly enriched
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inthe human 8C embryo® and in 8CLCs (Extended Data Fig. 15d), were
lostin mice during divergent evolution from primates*. Their function
and targets are largely unknown.

Knocking out DPPA3 blocked the generation of naive PSCs from
primed PSCs grown in 4CL at day 12 and the acquisition of 8C embryo
markersin direct e4CL at day 7 (Fig. 3d and Extended Data Fig. 15e, f).
We also confirmed that DPPA3is necessary for the naive PSC-to-8CLC
step by performing siRNA-mediated knockdown during the stepwise
4CL-day 12 to e4CL-day 5 conversion process (Fig. 3e). By contrast,
knockout of TPRXI blocked the acquisition of 8C embryo markersin
stepwise e4CL-day 5 and direct e4CL-day 7 cells, but did not signifi-
cantly affect naive PSC generationin4CL at day 12 (Fig. 3fand Extended
DataFig.15g). We noted that TPRX1 and DPPA3 levels were reduced in
cells depleted in DPPA3 or TPRX1, respectively, in stepwise e4CL at
day 5and/or directe4CL at day 7 (Fig. 3d-f). Moreover, downregulated
genesincells depleted in DPPA3 (direct e4CL-day 7) or TPRX1 (stepwise
e4CL-day 5) were enriched for GO terms similar to those observed
in 8CLCs compared with non-8CLCs (Extended Data Fig. 15¢, h, i).
Furthermore, asreported for oocytes®, DPPA3 overexpressioninduced
the nucleocytoplasmic translocation of UHRF1in primed PSCs, naive
4CL-day 12 PSCs and stepwise e4CL-day 5 cells (Extended Data Fig.16a),
whereas UHRF1 protein and mRNA levels remained unchanged in
DPPA3-depleted cells compared to controls (Extended Data Fig. 16b).
Consistent with these observations, global DNA methylation levels
were substantially higher in DPPA3knockout cells grownin4CL-day 12
and more markedly in direct e4CL-day 7 than the wild-type control
(Extended Data Fig. 16c). DNA methylation around the TSS of multi-
ple naive pluripotency loci (DPPA5 and KHDC3L) and totipotency loci
(TPRXI and TRIM43) was higher in DPPA3 knockout cells compared to
wild-type cells (Fig. 3g and Extended Data Fig. 16d, e). There was also
higher DNA methylation atintergenic regionsin DPPA3 knockout cells,
which suggests that distal regulatory regions and potential sites of 3D
chromatininteractionsareinvolved (Extended DataFig.16f). Contrary
to the human setting, suppression of Dppa3in mouse naive ES cells
did not affect pluripotency gene levels or the induction of totipotency
genes in 2CLCs (Extended Data Fig. 16g, h). We also investigated the
function of TSA and DZNep on the activation of 8CLC regulators by
eliminating them individually from stepwise or direct e4CL and per-
forming bulk RNA-seq atday 5and day 7, respectively (Extended Data
Fig.17a,b). Withdrawal of either TSA or DZNep impaired the activation
of multiple regulators of the 8CLC GRN, including ZSCAN4, DUXA and
ZNF280A, as well as TPRX1and DPPA3. Similarly, TSA was necessary for
the reduction of classical pluripotency genes such as ZIC2 and OCT4.
Thus, the two inhibitors work synergistically to promote the 8CLC
identity, but their function is not identical.

Overall, these findings indicate a substantial change in cell function
and reorganization of the GRNs along the 8CLC conversion pathway.
Further scrutiny of our dataset will be useful to identify additional
regulators and their potential crosstalk with TPRX1and DPPA3.

Developmental potency of 8CLCs

To comprehensively assess the differentiation potential of 8CLCs, we
tested their capacity to generate trophoblast stem cells (TSCs) and
sublineages, blastoids, interspecies chimeras and teratomas.

Human TSCs generated in vitro provide aunique experimental model
tostudy early human placental development and related diseasesina
dish. We produced TSCs with characteristic morphology, specific mark-
ers and gene expression pattern of human TSCs from sorted 8CLCs,
stepwise e4CL-day 5 cells and 4CL-day 12 naive PSCs, as assessed by
RT-qPCR,immunostaining, bisulfite PCR and bulk RNA-seq (Fig. 4a and
Extended DataFig.18a-e). These TSCs could be further differentiated
into syncytiotrophoblasts (SCTs) and extravillous trophoblasts (EVTs).
Inaddition to RT-qPCR and immunostaining for specific markers, SCT
identity was validated by measuring the secretion of human chorionic
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Fig.3|Molecular roadmap of 8CLC conversion. a, Heatmap showing
cell-type-specific hub gene expression analysed by scWGCNA®¢ using the
dataset of Fig.1d. b, Cytoscape GRN visualization of top 8CLC hub genes from
a.c, Volcano plot showing DEGs between 8CLCs (cluster 5) and non-8CLCs
(other clusters) inthe dataset of Extended Data Fig. 3a. P values were calculated
using Wald test and adjusted for multiple testing using Benjamini-Hochberg
correction.d, Heatmaps showing downregulated genes in bulk RNA-seq of
DPPA3-knockout HI ES cells compared to wild-type (WT) after conversion from
aprimed state to4CL-D12 naive PSCs (left; n =3 technical replicates) or direct
e4CL-D7 cells (right; n =2 technical replicates). Stage-specific representative
genesare highlighted (green, naive pluripotency; red, classical pluripotency;
blue, totipotency). DPPA3knockout clone 1was used. e, Heatmap showing
downregulation of 8C-embryo-enriched genesin RT-qPCR of transient DPPA3

gonadotropin (hCG) inthe culture medium, whereas EVT identity was
confirmed by RT-qPCR (Fig. 4b-d and Extended Data Fig. 18f, g).
Theability of 4CL-day 12 naive PSCs to produce TSCs and sublineages is
consistent with this property being maintained in human naive PSCs"***%,

Blastocyst-like structures or blastoids generated in vitro represent
apromisingin vitro model of early human embryogenesis. When cul-
tured inside AggreWells>¥, sorted 8CLCs, stepwise e4CL-day 5 cells
and 4CL-day 12 naive PSCs formed blastoids with variable efficiency
(28-58%) and displayed ablastocoel-like cavity and distinctiveinner and
outer layers resembling the ICM and the trophectoderm, respectively.
This spatial cellular organization was verified by co-immunostaining of
the ICM marker OCT4 and the trophectoderm marker GATA2 (Fig. 4e, f
and Extended Data Fig. 19a-c). For comprehensive characterization
and to test the degree of similarity with human embryo lineages, we
performed droplet-based scRNA-seq of 8CLC-derived blastoids. Inte-
grated UMAP analysis of the resulting 1,112 cells showed clustering

knockdown compared to controlin HO ES cells converted from a4CL-D12 naive
PSCstateto stepwise e4CL-D5 cells (n = 3 biological replicates). Representative
8C-embryo-enriched genesareinblue. f, Heatmap showing downregulation of
8C-embryo-enriched genesin bulk RNA-seq of TPRX1-knockout HI ES cells
compared to WT after conversion froma4CL-D12 naive state to stepwise
e4CL-D5cells (n=2technical replicates). Representative 8C-embryo-enriched
genesareinblue. TPRX1knockout clone 2and clone 8 were used. g, Genome
browser tracks showing DNA methylation measured by RRBS at the naive
pluripotency DPPASlocus (top) and the totipotency TPRX1locus (bottom) in
WT and DPPA3-knockout HO ES cells converted froma primed state to 4CL-D12
naive PSC (top) or direct e4CL-D7 cells (bottom). Each bar represents aCpG and
theheightindicates the percentage of methylation. Bulk RNA-seq tracks are
included.

with epiblast, trophectoderm and hypoblast cells from the human
blastocyst>?°, which also maintained comparable frequencies (Fig.4g, h
and Extended Data Fig.19d-f).

We evaluated the interspecies chimera competency of purified
8CLCs,4CL-day 12 naive PSCs and primed PSCs labelled with DsRed by
aggregating them with mouse 8C embryos* (Extended Data Fig. 20a).
Substantial integration with cell distribution in both the ICM and the
trophectodermwas observedin ex vivo cultured blastocysts at E3.5 for
purified 8CLCs, stepwise e4CL-day 5 cells and 4CL-day 12 naive PSCs but
not primed PSCs (Extended Data Fig. 20b, c). We then implanted chi-
mericblastocysts into pseudo-pregnant mice and allowed for further
developmentuntil E10.5in vivo. DsRed" cells were readily observedin
embryonic (fetus) and extraembryonic (placenta and yolk sac) tissues
of E10.5 embryos for purified 8CLCs, stepwise e4CL-day 5 cells and
4CL-day 12 naive PSCs (Extended Data Fig. 20d, e). Chimerism was
validated by immunostaining for specific markers and mitochondrial
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Fig.4|Generation of TSCs and blastoids from 8CLCs. a, Representative
co-immunostainingimages for GATA3 (red) and KRT7 or TFAP2C (green) in
TSCsderived from sorted 8CLCs in stepwise e4CL-D5. Nuclei were
counterstained with DAPI. Representative of fourindependent experiments.
b,RT-qPCRfortheindicated genesin SCTs generated fromsorted 8CLC-derived
TSCs.Dataare presented as the mean + s.d. of fold-change compared with
sorted 8CLC-derived TSCs. n =3 biological replicates. ¢, Left, representative
immunostainingimages for CGBand SDC1in SCTs generated fromsorted
8CLC-derived TSCs. Nucleiwere counterstained with DAPI. Representative of
threeindependent experiments. Right, ELISA assay detecting the
concentration of hCGsecreted from SCT culture medium. Data are presented
asthemean +s.d.n=3biological replicates. P value was calculated using
two-tailed unpaired Student’s t-test.d, RT-qPCR for the indicated genesin EVT
generated fromsorted 8CLC-derived TSC. Dataare presented as the

PCRassay”, which showed it constituted about 1% of the cells (Extended
Data Fig. 20f-h). This value is comparable to the chimeric contribu-
tion of human PSCs bearing manipulation of cell survival pathways®.

Teratoma formationis oftenused to evaluate the in vivo developmen-
tal potential of PSCs, especially human PSCs, and is also agood model
for studying lineage specification®. Sorted 8CLCs, stepwise e4CL-day 5
cells and 4CL naive PSCs all formed teratomas at similar frequencies
to primed PSCs, but their morphology was distinct (Extended Data
Fig.21a,b). Membranous and cystic teratomas were formed with sorted
8CLCs, stepwise e4CL-day 5 cellsand 4CL naive PSCs compared to the
more classicaland solid consistency of primed PSC teratomas. Haema-
toxylin and eosin staining confirmed the presence of tissues derived
fromthe three germlayersin all cases (Extended Data Fig. 21c). To dis-
sect potential differences in cell types, we performed droplet-based
scRNA-seq for these teratomas. A total of 227,598 cells passed quality
control and were further analysed (Supplementary Table 7a). We inte-
grated the data for all teratomas and annotated each of the cell clusters
(Extended DataFig.21d) and identified a total of 24 cell types (Fig.5a, b,
Extended DataFig. 21e and Supplementary Table 7b). Notably, cell com-
positioninteratomas derived fromsorted 8CLCs, stepwise e4CL-day 5
cellsand 4CL naive PSCs was substantially different to that of teratomas
derived from primed PSCs (Fig. 5b). Specifically, teratomas derived
fromsorted 8CLCs, stepwise e4CL-day 5and 4CL naive PSCs contained
extraembryonic trophoblast lineages and an enhanced number of
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mean +s.d. of fold-change compared withsorted 8CLC-derived TSCs.n=3
biological replicates. e, Representative immunostaining images (top,
combined sections; bottom, individual section) of aself-organized blastoid
generated using sorted 8CLCs from stepwise e4CL-D5. OCT4 and GATA2 were
used asICM and trophectoderm markers, respectively. Nuclei were
counterstained with DAPI (blue). Representative of three independent
experiments. f, Quantification of blastoid formation efficiency using sorted
8CLCs, stepwise e4CL-D5 cellsand 4CL-D12 naive ES cells. Dataare presented as
themean +s.d.n =5biological replicates. g, UMAP showing the integration of
scRNA-seq datafromsorted 8CLC-derived blastoids and ES-E7 blastocyst
cells?®. h, UMAP highlighting the average expression scores of gene signatures
for differentblastocyst lineages®in sorted 8CLC-derived blastoids (top) and
human E5-E7 blastocysts?® (bottom). EPI, epiblast; HYPO, hypoblast; TE,
trophectoderm. Scale bars,20 pm (a, e) or 50 pm (c).

otherlineages, including haemogenic endothelium and immune cells
(Fig. 5a-c, Extended Data Fig. 22a-e and Supplementary Table 7c).
Closer inspection of the trophoblast cell population by subclustering
and annotation revealed that sorted 8CLCs generated more differen-
tiated villous cytotrophoblast sublineage than stepwise e4CL-day 5
cells or4CL naive PSCs (Fig. 5d, e and Supplementary Table 7d). To our
knowledge, substantial numbers of trophoblast cells have not been
reported in teratomas formed with primed PSCs. Understanding the
mechanisms of trophoblast differentiationin teratomas derived from
sorted 8CLCs and 4CL naive PSCs may provide valuable insights into
placenta formationin human embryonic development.
Collectively, our results show that 8CLCs have embryonic and
extraembryonic developmental capacity, which makes them a valu-
ableresource for investigating early human embryogenesis.

Discussion

Single-cell omics technologies are advancing our understanding of
early human developmental processes, including ZGA>*2¢%° but the
scarcity of embryos and relevant ethical considerations hinder pro-
gress. To overcome this caveat, we devised transgene-free, rapid and
controllable culture conditions that generate 8CLCs from primed and
naive PSCs that transcriptionally and epigenetically closely resemble
the human 8C embryo. These 8CLCs canbe purified with reporters such
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asthe TPRX1-EGFP knock-in described here and used to systematically
explore the molecular characteristics of the 8C human embryo. Naive
PSCs generated using other methods®*#? contained a small propor-
tion of cells that displayed variable and generally low levels of totipo-
tency genes. However, further study with high-resolution approaches,
suchasthose used here, is necessary to determine the extent to which
therare putative 8CLCs produced using those methods are comparable
to the 8C embryo, as well as their biological properties. Importantly,
the addition of two key components of our medium, TSA and DZNep,
potently and synergistically enhanced totipotency gene expressionin
othernaive PSC cultures, which provides evidence that these inhibitors
modulate critical pathways thatinduce the 8CLC state.

We also provide amolecular roadmap of the 8CLC conversion process
and dissect the GRN controlling the 8CLC identity. This information
could be useful to devise approaches that increase the efficiency of
8CLCgeneration, for example, through metabolic or signalling pathway
perturbation. As proof of principle, we identified DPPA3 and TPRX1
as essential players in 8CLC generation. TPRXI was lost during diver-
gent evolution in rodents*, and it will be important to study whether
other members of this family (for example, ARGFXand DPRX) that are
absentin rodents are similarly required for 8CLC generation. Mean-
while, human DPPA3 only shares 35% identity and 53% similarity at
the protein level with its mouse orthologue®, which indicates thatits
function and/or regulation is not identical in the two species. In this
regard, although combined TSA and DZNep also enhanced mouse 2CLC
generation, DPPA3is not necessary in this process. Inaddition to classi-
caltotipotency genes such as TPRX1, it will be informative to study the
role of human 8C embryo and 8CLC-enriched lineage-specific factors
such as GATA6 or PITX2. These lineage-specific factors may participate
in controlling the totipotent state or be present in preparation for
blastocyst formation. Notably, the mouse 2C embryo is enriched in
different lineage-specific factors compared to humans. Thisand other
discrepancies provide a basis to study how mammalian embryogenesis
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teratomas to each embryonic (ectoderm, mesoderm and endoderm)and
extraembryonic (trophoblast) lineage. d, Bubble plot showing the frequency of
expressionand average expression of marker genesin cell subtypes of the
extraembryonic trophoblast lineage. e, Bar plot showing therelative contribution
ofsorted 8CLCs, e4CL-D5 cells,4CL naive ES cellsand primed ES cell-derived
teratomasto cell subtypesof the extraembryonictrophoblast lineage.

isdifferentially controlled in aspecies-specific manner and suggest that
evolutionary variation at the onset of development might be broader
than anticipated.

We showed that 8CLCs can produce embryonic and extraembryonic
lineages invitro (TSCs and blastoids) and in vivo (teratomas). This prop-
erty is shared with naive PSCs, whichis consistent with the knowledge
that the capacity to generate all blastocyst lineages extends beyond
the time of ZGA®. However, given the transcriptional and epigenetic
differences between the cell states, the differentiation processes are
unlikely to be identical. Using cultured cells that more closely resemble
the early humanembryois therefore potentially relevant to truly model
the dynamics of developmental processes. This could facilitate the gen-
eration of optimal human blastoids and other embryonic structures,
as well as functionally differentiated cells and tissues. Future studies
using 8CLCs will explore these possibilities and expand our limited
knowledge of human embryogenesis.
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Methods

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

Animal study and ethics statement

Allanimal experiments were performed in accordance with the ethics
guidelines of the Guangzhou Institutes of Biomedicine and Health.
Human-mouse chimera and human blastoid experiments were
approved and followed up by the Animal Care and Use Committee
and Human Subject Research Ethics Committee under license numbers
IACUC2016012 and GIBH-IRB2020-034, respectively, of the Guangzhou
Institutes of Biomedicine and Health. These committees comprise
experts in different fields (including scientists working on develop-
mentand other disciplines, and non-scientists (doctors and lawyers)),
and they evaluated the rationale of the experiment plan, origins and
consent of human materials and the qualification of the investigators.
Several of these experts followed the study until completion. Both
experiments followed relevant international regulations, including
the 2016 Guidelines for Stem Cell Research and Clinical Translation
released by the International Society for Stem Cell Research (ISSCR).
Aspecialized review process was activated in the human-mouse chimera
experiments to assess whether the degree of functional integration was
sufficiently high to raise concerns that the nature of the chimeric animal
would be substantially changed. Human blastoid experiments were
subjected to an embryo research oversight process. Several of these
expertsfollowed the study until completion. We have consent forms for
alliPS cells generated in our laboratory. For the chimera experiments,
we used the HN10-DsRed ES cell line, which were established by Hainan
Medical University, China. We performed a TPRXI-EGFP knock-ininto
HN10-DsRed ES cells, as H9 ES cells cannot be used for interspecies
chimeras. Allhuman PSC lines were used anonymized.

Human primed PSC culture

Feeder cells derived from ICR mouse embryonic fibroblasts (mitomycin-
treated) were maintained in DMEM (Corning, 10-013-CMR) supple-
mented with 10% FBS (Natocor, SFBE). Primed human ES cells, includ-
ing H1, H9, WIBR3, HUES1, HUES7, HN10-DsRed”, and primed human
iPS cells, including UH10 (ref. ¥) (iPSC-1), Phoenix (iPSC-2), STiPS
0O-XX1 (iPSC-3) and DiPS1016SevA (iPSC-4) were routinely culturedin
mTeSR 1medium (Stemcell Technologies, 85850) or TeSR-E8 medium
(Stemcell Technologies, 05990) on plates coated with extracellular
matrix (ECM; Geltrex (ThermoFisher, A1413302) or Matrigel (Corn-
ing,354277)). Generally, primed PSCs were passaged every 4 days and
medium was refreshed every day. For passaging, cells were washed
with DPBS (Hyclone, SH30028.02) once and treated with 0.5 MM EDTA
(Invitrogen, 15575020) for 5 min. Then, EDTA was removed, and cells
were passaged as small clumps using a Pasteur pipette (Greiner bio-one,
612361). Primed human ES cells, including H9 and H1, were obtained
from WiCell Research Institute, WIBR3 human ES cells were provided
by J. Hanna, UH10 human iPS cells and HN10-DsRed human ES cells
by G. Pan (Guangzhou Institutes of Biomedicine and Health, Chinese
Academy of Sciences, China), and Phoenix (iPSC-2) humaniPS cells by
U. Martin (Hannover Medical School, Germany). Primed human ES cells,
including HUES1 and HUES?7, and iPS cells, including DiPS 1016SevA
(iPSC-1) and STiPS O-XX1 (iPSC-3), were obtained from the Howard
Hughes Medical Institute. All cell lines were negative for mycoplasma.

Generation of human naive PSCs and 8CLCs

To generate 4CL naive PSCs, primed human PSCs were washed with
DPBS once, dissociated into single cells with TrypLE and plated at
adensity 0of 1,000-1,500 cells cm™on feeders in mTeSR 1 medium
supplemented with 10 pM Y-27632 (Axon, 1683). Twenty-four hours
later, the medium was switched to 4CL medium composed of 1:1 mix

of Neurobasal medium (Gibco, 21103049) and Advanced DMEM/
F12 (Gibco, 12634028) supplemented with N2 (Gibco, 17502048)
and B27 (Gibco, 17504044), sodium pyruvate (Corning, 25000CL),
non-essential amino acids (Corning, 25025CL), GlutaMAX (Gibco,
35050061), penicillin-streptomycin (HyClone, SV30010), 10 nM
DZNep (Selleck, S7120), 5 nM TSA (Vetec, V900931),1 uM PD0325901
(Axon, 1408), 5 pM IWR-1 (Sigma, 10161), 20 ng ml™* human LIF (Pep-
rotech, 300-05),20 ng mlactivin A (Peprotech, 120-14E), 50 pg ml™
L-ascorbic acid (Sigma, A8960) and 0.2% (v/v) Geltrex or Matrigel.
4CL medium was refreshed every day, and cells were passaged as
single cells (1:5 to 1:8) every 3-4 days; optionally, 5 uM Y-27632 was
added in the medium for the first 24 h. To generate 8CLCs in step-
wise e4CL, naive PSCs were dissociated into single cells and plated at
2,000-3,000 cells cm™on feeders in 4CL medium, replacing it with
e4CL medium 24 h later. The composition of e4CL is the same as 4CL
except for higher concentrations of DZNep (50 nM) and TSA (20 nM).
e4CL mediumwas refreshed every day until day 5. To generate 8CLCsin
directe4CL, primed PSCs were dissociated into single cells and plated
at2,000-3,000 cells cm™on feeders in mTeSR 1 or TeSR-E8 medium
supplemented with10 pM Y-27632. Twenty-four hours later, medium
was replaced with e4CL, which was refreshed every day. Cells were
passaged as single cells at day 4 after conversioninitiation. Naive PSCs
and 8CLCs can also be generated on feeder-free ECM-coated plates.
Cellsin4CL or e4CL were cultured inanincubator at 37 °C, 5% O, and
5% CO,. Togenerate 8CLCs from other naive media (PXGL*¥, 5iLA” and
HENSM?*°), naive PSCs were induced using the respective protocols.
Converted naive cells were dissociated into single cells and plated at
2,000-3,000 cells cm™on feeders in the respective naive medium.
After 24 h, medium was switched to e4CL and refreshed every day
until day 5.

Establishment of genetically engineered ES cells

Single guide RNA (sgRNA) inserts targeting critical DPPA3 and TPRX1
exons were cloned into lentiCRISPR-v2 plasmids (Addgene, 52961)
for knockout generation. Primed H9 ES cells were transfected with
sgRNA-coding plasmids using Lipofectamine 3000 (ThermoFisher,
L3000015) following the manufacturer’s instructions. For knock-in
TPRXI-EGFP generation, sgRNA targeting the insertion site of the
donor construct (containing homologous arms flanked by an EGFP-
puromycin cassette) was cloned into lentiCRISPR-v2 plasmids. Primed
HI ES cells were electroporated using the donor construct and the
sgRNA plasmids. All sgRNA sequences are listed in Supplementary
Table 9. Forty-eight hours after transfection/electroporation, cells
were treated with 3 pg ml™ puromycin for 24-48 h for selection.
The remaining cells were split into 96-wells using mTeSR 1 medium
with 10 M Y-27632. Y-27632 was withdrawn 24 h after splitting, and
the medium was refreshed every day. Culture wells containing asingle
colony were selected and expanded, and DNA lysates of the derived cells
were prepared by adding 20 pllysis solution for blood (Sigma, L3289)
and processed following the manufacturer’s instructions. Amplicons
covering the target regions (knockout and knock-in) were sequenced.
For knockout, amplicons that had frameshift mutations were further
confirmed by TA cloning and Sanger sequencing. All primers are listed
inSupplementary Table 9.

Karyotype analysis

Karyotyping by G-banding was performed following standard pro-
tocols. In brief, cells were treated with 100 ng ml™ Colcemid for1h
for metaphase arrest. Arrested cells were trypsinized, pelleted and
resuspended with100 pl DPBS followed-by dropwise addition of 10 ml
hypotonicsolution (0.56 gKCland 0.5 g sodium citrate in200 mlH,0).
Cells were then fixed with a 3:1 mixture of methanol and aceticacid and
dropped onslides. The slides were air dried and stained with Giemsa.
Atotal of 20 randomly selected metaphase spreads were analysed for
eachsample.
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MouseES cell culture and 2CLC generation

Mouse ES cells were cultured in serum+LIF medium (DMEM/high
glucose containing 15% FBS (Biological Industries), GlutaMAX, peni-
cillin-streptomycin, nonessential amino acids, sodium pyruvate,
2-mercaptoethanol and mouse LIF (1,000 U ml™)) on feeders. To
generate 2CLCs, cells were split onto 0.2% gelatin-precoated platesin
serum+LIF medium. After 24 h, medium was switched to 2CLC induc-
tion medium (termed as 2CM) containing serum+LIF medium sup-
plemented with DZNep (50 nM) and TSA (20 nM) and kept for 3 days.
The MUuERV-L-LTR-GFP ES cell reporter cell line was provided by
M. Zhang (Guangzhou Laboratory, China).

Immunostaining, western blotting and FACS

For immunostaining, cells were fixed with 4% paraformaldehyde at
roomtemperature (RT) for 10 min, then permeabilized with 0.1% Triton
X-100 (Sigma, X100) for 30 min, and blocked with 3% BSA at RT for1 h.
Cells were incubated with primary antibodies at 4 °C overnight, fol-
lowed by secondary antibodies at RT for 1 h. Antibodies were diluted
in 3% BSA blocking buffer. DAPI (Sigma, D9542) was used for counter-
staining the nuclei. Images were taken using a Zeiss LSM 710 NLO micro-
scope. Western blot analysis was performed by isolating whole-cell
protein extracts with conventional RIPA lysis buffer, and the extracts
were quantified usinga BCA kit (Thermo Fisher Scientific). Blots were
incubated with specific antibodies. Uncropped scans of all western
blots with molecular weight markers are shown in Supplementary
Fig.2.Allantibodies usedinthis study are described in Supplementary
Table10. For flow cytometry, cells were trypsinized, washed twice with
DPBS andfiltered through aFalcon 40-um cell strainer (Falcon, 352340).
Cells were resuspended in 0.04% BSA in PBS. They were loaded into a
BD LSRFortessa X-20 cell analyser. All results were processed using
FlowJo (v.10.4) software. For cell sorting using TPRXI-EGFP reporter
cellsgrowninstepwise e4CL-day 5, cells were trypsinized, resuspended
in 0.04% BSA and loaded into a BD FACSArialll for sorting (BD FACS-
Diva8.0.2). The FACS gating strategy is shownin Supplementary Fig. 3.

Derivation and differentiation of human TSCs

Six-well plates were coated with 5 pg ml™ mouse collagen IV (Corn-
ing, 354233) or Geltrex following the manufacturer’s instructions.
4CL-day 12 PSCs, stepwise e4CL-day 5 cells or sorted 8CLCs were
seeded atadensity of 50,000 cells per wellin human TSC medium® with
minor modifications. Modified TSC medium consisted of DMEM/F12
supplemented with 0.1 mM 2-mercaptoethanol, 0.2% FBS, penicillin—
streptomycin, 0.3%BSA, N2, 1.5 ug ml™ L-ascorbicacid, 50 ng mI™EGF,
2 pM CHIR99021, 0.5 pM A83-01,1 uM SB431542, 0.8 mM valproicacid
and 5 uM Y27632. Medium was refreshed every other day. For routine
culture, cells reaching around 70% confluency were dissociated with
TrypLEfor5-10 minat37 °C and passaged to anew collagen IV-coated
or Geltrex-coated plate at a1:4-1:10 split ratio. TSCs at passages 5-20
were used for analysis. Differentiation into SCTs was done in suspen-
sion. Inbrief, TSCs were plated at 100,000 cells per well into AggreWell
800 wells (StemCell, 34811) using SCT medium (Advanced DMEM/F12
supplemented with GlutaMAX, 0.1 mM 2-mercaptoethanol, penicil-
lin—-streptomycin, N2, B27, 50 ng ml™ human EGF, 2 uM CHIR99021,
0.8 mM valproic acid and 5 pM Y27632). Medium was refreshed every
2-3 days. At day 10, medium was refreshed, and 48 h later it was col-
lected for measuring secreted hCG by ELISA (Abcam, ab100533). At
the same time, aggregates of SCTs were collected forimmunostaining.
For EVT differentiation, TSCs were plated at 300,000 cells per well on
Matrigel-coated 12-well plates using EVT medium (Advanced DMEM/
F12 supplemented with GlutaMAX, 0.1 mM 2-mercaptoethanol, penicil-
lin-streptomycin, N2, B27 and 5 pM Y27632). Medium was refreshed
every day. After 11 days, cells were collected for detecting HLA-G by
flow cytometry. Individual analysis of the methylation status of the
ELF5 promoter in TSCs was measured as previously described®.

Self-organized blastoid formation

For blastoid formation, we used a previously described protocol®
with minor modifications. In brief, dissociated single cells were
washed and pelleted with DMEM/F12 with 0.1% BSA by centrifuga-
tion. The pellet was resuspended in N2B27 medium supplemented
with PD0325901 (1.5 pM), A83-01 (1 uM) and Y-27632 (10 pM), and
cellswere seeded at a density of 25 cells per microwell into AggreWell
800 wells (StemCell, 34811) according to the manufacturer’sinstruc-
tions. After 2 days, the medium was switched to N2B27 medium sup-
plemented only with A83-01 (0.5 pM) and maintained for another
3 days. At day 5, blastoids were collected for downstream analysis.
Cultures were maintained in an incubator at 37 °C and 5% CO, for
the entire process.

Teratoma formation

For teratoma formation, 1 million cells were prepared in suspension
with a 200 pl prechilled 1:1 mixture of DMEM/F12 and Matrigel. The
cell suspension was subcutaneously injected into 6-8-week-old male
NOD-scidIL2Rg”" mice. Teratomas were formed in 4-8 weeks. Mice were
killed and tumours collected and either used directly for scRNA-seq or
fixed with 4% paraformaldehyde and embedded in paraffin. Paraffin
sections and haematoxylin and eosin staining were performed follow-
ing standard protocols.

Interspecies chimera assay

Primed ES cell HN10 with DsRed inserted into the AAVS1 locus
(HN10-DsRed)* converted by 4CL and e4CL were used. For the 8CLC
chimera experiment, we knocked-in EGFP under the TPRX1 locus in
HN10-DsRed ES cells. GFP* cells were manually picked and purified at
day 5of stepwise e4CL induction. Chimeras were generated by aggre-
gation of 4CL PSCs, e4CL cells or purified 8CLCs with BDF1 mouse
8C embryos as previously described*®. The aggregated embryos
were developed into early blastocysts in vitro, and phase contrast
and fluorescence of embryos were imaged using a Nikon Eclipse Ti
microscope. Chimeric embryos were then transferred into the uterus
of pseudo-pregnant ICR mice and left to develop until E10.5. Con-
ceptuses at E10.5 were collected. Embryos and placentas were fixed
with 4% paraformaldehyde, dehydrated with 30% sucrose solution
overnight, embedded with SDS Tissue-Tek OCT compound (Sakura
Finetek, 4583) and cryosectioned at 10 um. Sections were processed
forimmunostaining.

Quantitative mitochondria DNA PCR assay

DNA was extracted from mouse E10.5 fetus, placenta and yolk sacand
used for quantitative PCR. Primer sequences are listed in Supplemen-
tary Table9.

shRNA transduction, siRNA transfection, RNA isolation, RT-qPCR
and RNA-seq library preparation

HEK293T cells were cultured in the same medium as mouse feed-
ers. For shRNA experiments, shRNA inserts were cloned into pLKO.1.
Lentiviral shRNA particles were generated with HEK293T cells using
Lipofectamine 3000 (Invitrogen, L3000015) following the manu-
facturer’s instructions. Virus supernatants were collected 48 h after
transfection. siRNA oligonucleotides were purchased from GeneWiz.
siRNA-mediated knockdown experiments were performed using
Lipofectamine 3000 according to the manufacturer’s instructions. All
shRNA and siRNA target sequences are listed in Supplementary Table 9.
Total RNA was prepared using RNAzol RT (MRC, RN190). RT-qPCR
was performed using SYBR Green (Takara, RR420A) and an ABI7500
real-time PCR machine. Data were analysed based on the 2**“ method.
RT-gPCR primer sequences are listed in Supplementary Table 9. Bulk
RNA-seqlibrary preparation and sequencing were performed by Berry
Genomics.



Library preparation for RRBS and low-input WGBS

For RRBS library preparation, 1 ug of genomic DNA was digested with
300 Uof Mspl (NEB,R0106) in100 plat37 °Cfor16 h. After purification,
the digested products were blunt-ended, and then dA was added, fol-
lowed by methylated-adapter ligation. To obtain DNA fractions of pro-
moter and CGlregions from Mspl-digested genomic DNA,160-500 bp
adapter-ligated fractions were excised from a 2% agarose gel. Bisulfite
conversion was conducted using an EZ DNA Methylation-Gold kit
(Zymo, D5008) following the manufacturer’s instructions. The final
libraries were generated by PCR amplification usingJumpStart Taqg DNA
polymerase (Sigma, D9307), analysed using an Agilent 2100 Bioanalyzer
(Agilent Technologies) and quantified by real-time PCR. Libraries were
sequenced using an lllumina Xten platform at E-GENE. For low-input
WGBS, genomic DNA was extracted using a QlAamp DNA Micro kit
(Qiagen) and quantified using a Quant-iT dsDNA HS Assay kit with an
Invitrogen Qubit fluorometer according to the manufacturer’s proto-
cols. Low-input DNA WGBS libraries were constructed as previously
described®. In brief, bisulfite conversion was conducted using an EZ
DNA Methylation-Gold kit (Zymo, D5008) following the manufacturer’s
instructions. The purified DNA was eluted in 10 mM Tris-HCI (pH 8.5)
buffer. Post bisulfite extension was carried out with 0.4 mM dNTPs,
0.4 uMoligo 1(Biotin-CTACACGACGCTCTTCCGATCTNN NNNNNNN)
inafinal volume of 24 pl. After incubation at 65 °C for 3 min and paused
at4°C,50 U of Klenow exo- (Enzymatics) was added and the samples
were incubated at 4 °C for 5 min, +1°C/15 s to 37 °C and kept at 37 °C
for 30 min. After the first-strand synthesis, 40 U exonuclease | (NEB,
MO0568S) was added and incubated for 1 h at 37 °C followed by DNA
purification using streptavidin beads. The second-strand synthesis
was carried out with 0.8 mM dNTPs and 4 pM oligo 2 (TGCTGAAC-
CGCTCTTCCGAT CTNNNNNNNNN). The final libraries were generated
by PCR amplification using KAPA HiFi HotStart DNA polymerase (KAPA
Biosystems). The resulting libraries were analysed using an Agilent 2100
Bioanalyzer (Agilent Technologies) and quantified by real-time PCR and
were then sequenced in an lllumina Nova 6000 sequencer at E-GENE.

Library preparation for droplet-based scRNA-seq

scRNA-seq libraries were prepared using a DNBelab C Series Single-Cell
Library Prep set (MGI, 1000021082)". In brief, the single-cell suspen-
sions were converted tobarcoded scRNA-seq libraries through droplet
encapsulation, emulsion breakage, mRNA captured bead collection,
reverse transcription, cDNA amplification and purification. Indexed
sequencing libraries were constructed according to the manufacturer’s
protocol. The sequencing library concentration was quantified using a
Qubit ssDNA Assay kit (Thermo Fisher Scientific, Q10212). The result-
ing libraries were sequenced using a DIPSEQ T1sequencer at China
National GeneBank (CNGB).

Library preparation for scATAC-seq

SCATAC-seq libraries were prepared using a DNBelab C Series Single-Cell
ATAC Library Prep set (MGI, 1000021878). In brief, transposed
single-nucleus suspensions were converted to barcoded scATAC-seq
libraries through droplet encapsulation, pre-amplification, emul-
sion breakage, beads collection, DNA amplification and purification.
Indexed sequencing libraries were constructed according to the manu-
facturer’s protocol. Library concentrations were quantified using a
Qubit ssDNA Assay kit and sequenced using a BGISEQ-500 sequencer
at CNGB.

Library preparation for SMART-seq2

SMART-seq2was performedaccordingtoamodified 96-well-plate-based
protocol®. Inbrief, single cells were loaded into each well and subjected
tocelllysis, reverse transcription and cDNA amplification. The result-
ing cDNA libraries were further labelled with unique barcodes and
sequenced using a BGISEQ-500 sequencer at CNGB.

Single-cell multiomics library preparation

H9 ES cells cultured in stepwise e4CL-day 5 were trypsinized and
passed through a 30-pum filter and centrifuged at 300g for 5 min at
4°C. Librarieswere prepared using a Chromium Next GEM Single Cell
Multiome ATAC + Gene Expression kit (10X Genomics, PN-1000283)
according to the manufacturer’s instructions. They were sequenced
using a BGISEQ-500 sequencer at CNGB with the following strategy:
scRNA-seqread 1,28 bp; scRNA-seqread 2,100 bp; scATAC-seqread 1,
50 bp; scATAC-seq read 2, 66 bp.

Bulk RNA-seq data analysis

Reads were trimmed of adapters and for low-quality reads using Trim
Galore (v.0.5.0) (https://github.com/FelixKrueger/TrimGalore) coupled
with cutadapt (v.1.14) and FastQC (v.0.11.2) (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) or fastp (v.0.21.0) (https://github.com/
OpenGene/fastp) with —q 20 option. Gene counts were calculated using
RSEM (v1.3.1)* using rsem-calculate-expression with --star, -estimate-rspd,
--output-genome-bam and --paired-end options, STAR (v.2.7.3a)”". Reads
were aligned to hg38 assembly indexed with v.81 Ensembl GTF. Pairwise
differential expression, PCA plots and MA plots were generated using
DESeq2 (v.1.24)®in R (v.3.6.0). BigWig files were generated from RSEM
BAM output files using deeptools (v.3.1.3)%° bamCoverage tool with and
--normalizeUsing CPM options. When comparing with published data,
counts were normalized using the withinLaneNormalization function
inthe EDASeq R package (v.2.18.0) before being processed in DESeq2.

DNA methylation data analysis

Data were aligned to the hg38 genome using BS-Seeker2 (v.2.1.0
with default options. CpG sites with read depth < 5 were filtered. The
resultant wig file was converted to abigwig file using wigToBigWig (v.4)
and visualizedinIGV (v.2.1.0). CGmapTools (v.0.1.2) mbin function was
used to calculate the overall CpG methylation level across the entire
genome. Specificloci were defined as overlapping 100-bp-tile regions
at the 8C embryo, ICM and postimplantation embryo RRBS data.
The CGmapTools mtr function was used to generate region-specific
CpG methylationratios.
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scRNA-seq data analysis

Raw sequencing reads from DIPSEQ-T1 were filtered and demulti-
plexed using PISA (v.0.2) (https://github.com/shiquan/PISA). Reads
were aligned to genome using STAR (v.2.7.4a) and sorted by sambamba
(v.0.7.0). Cell versus gene unique molecule identifier (UMI) count
matrices were generated by custom script. Count matrices were pro-
cessed using the Seurat package (v.3.1.4)*inR (v.3.6.3). Datawere also
re-analysed from ArrayExpress: E-MTAB-3929 (ref. 2°) and GSE36552
(ref.?®). Outlier cells were filtered out based on the distribution of the
counts of RNA features and expression of mitochondrial genes. For our
data, cells with fewer than 200 genes detected, greater than 12,000
genes detected or more than10% mitochondrial reads were removed.
For SMART-seq2 data, cells with fewer than 1,500,000 counts were
filtered out from downstream analysis. For DNBelab C4 data of ES cells,
cells with fewer than 200 genes detected, greater than 12,000 genes
detected or more than10% mitochondrial reads were filtered out. For
DNBelab C4 data of teratomas, cells with fewer than3,000 UMI detected
or more than10% mitochondrial reads were filtered out. Datawere nor-
malized, and variable features were identified. To integrate data from
E-MTAB-3929 and GSE36552 and our data, the FindIntegrationAnchors
function was used followed by the IntegrateData function. Merged
data were scaled, PCA was run and then we performed UMAP using
the first 20 principal components. Cells were clustered using Louvain
atresolution 0.5, and plots were generated using DimPlot, DotPlot or
customstacked violin functions. scRNA-seq data of stepwise e4CL-day 5
or direct e4CL-day 7 cells were clustered in an unbiased manner, and
the 8CLC cluster was defined by the following 8C embryo signature:
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high levels of ZSCAN4,ZSCANSA, ZSCANSB, TPRX1,ARGFX, DPRX, DUXA,
MDB3L2, MBD3L3, SLC34A2, TUBA3D, DPPA3, KLF17, KDM4E, CCNAI,
ZNF280A, RFPL2, MFSD2A and TRIM43; and low levels of OCT4 and SOX2.
FindMarkersAll function was used to identify DEGs. For pseudotime
analysis, the Seurat data object was converted to SingleCellExperi-
ment class and then psupertime (v.0.2.6, https://www.biorxiv.org/
content/10.1101/622001v1) was used to align the data along atemporal
trajectory with the psupertime function using hvg_cutoff=0.01, bio_cut-
off=0.01and span=0.1parameters. Individual genes were plotted using
the plot_specific_genes_over_psupertime function. Next, the datawere
clustered using the psupertime_go_analysis function and the profiles
were plotted using the plot_profiles_of gene_clusters function.

Gene network analysis

SCWGCNA (v.0.1.0) was used according to a previous report*. In brief,
the top 20,000 genes from the three cell stages were used for down-
streamanalysis. The same number of primed PSCs, 4CL PSCs and 8CLCs
were used as input to construct the co-expression network. Gene mod-
ules were calculated with minModuleSize = 50. Modules related to each
state were assigned by the enrichment of module eigengenes. Weighted
gene correlation was calculated as Pearson’s correlation to the power
of 6 for each gene pair. Gene pairs with weighted correlation lower than
0.15were filtered to define the target genes for each hub gene. Target
genes for each hub gene were again filtered according to the DEGs of
scRNA-seq data of the embryo® at the corresponding developmental
stage. The resulting GRNs were visualized using Cytoscape (v.3.9.0).

SCATAC-seq data analysis

Fragment files wereloaded into ArchR (v.0.9.5)* using createArrowFiles
with filterTSS=4, filterFrags=1000, addTileMat=T,addGeneScoreMat=T.
Cells withamedian fragment size 0of 9,429 were filtered. An ArchRPro-
jectwasinstantiated and then latent semanticindexing (LSI) reduction
was used before clustering and calculating UMAP coordinates. For
trajectory analysis, theaddTrajectory function was used before plotting
heatmaps over the pseudotime with plotTrajectoryHeatmap. Clusters
of interest were selected as starting and end points. The greyed-out
cells were deemed as unimportant by the software to generating the
trajectory. Thegene score is calculated by ArchR and is defined as the
depthnormalized summed accessibility across all tiles within the gene.
To generate pseudobulk plots for certain groups, the getGroupBW
function was used to make bigwig files. To calculate motif deviation
scores the functionsaddGroupCoverages, addMotifAnnotations, addB-
gdPeaks and addDeviationsMatrix functions were used with default set-
tings. UMAP plots were visualized using the plotEmbedding function.
Chromatin peak co-accessibility was performed using the R package
ArchR. To calculate co-accessibility between two peaks across single
cells, we used addCoAccessibility function in ArchR packages with
default options. Then, plotBrowserTrack function in ArchR was used
to plot browser tracks of co-accessibility, corCutoff was setin different
genesto filter the co-accessibility peaks with relative high correlation
for visualization.

Single-cell multiomics data analysis

Single-cell multiomics data were first aligned to hg38 genome by Cell
Ranger Arc (v.2.0.0) (https://support.10xgenomics.com/single-
cell-multiome-atac-gex/software). Theresulting data were analysedin
Seurat®and Signac”. First, cells were filtered with the following criteria:
UMIinscRNA-seq > 5,000, number of fragmentsin scATAC-seq > 5,000
and mitochondriagenes higher than15% in scRNA-seq. For scRNA-seq,
gene expression was normalized by SCTransform and visualized by
UMAP with dims =1:15. Clusters were identified with the options
“dims =1:6, k.param = 25, resolution = 0.5”. For scATAC-seq, peaks
detected in more than 100 cells as the VaribaleFeature. Data were
normalized using the RunTFIDF function and identified the top fea-
tures using the FindTopFeatures with min.cutoff =‘ql’. The LSI space

were built by the RunSVD function and visualized by the UMAP with
dims = 2:50. Clusters were identified using the options “dims = 1:50,
k.param = 20, resolution = 1.5. We also identified the clusters based
onthejoint embeded scRNA-seq and scATAC-seq of multiomics data.
In brief, a WNN graph was constructed with the options “reduction.
list =list(“pca”, “Isi”), dims.list = list(2:50, 2:50), k.nn =10” using the
FindMultiModalNeighbors function, the joint clusters were identi-
fied using the FindClusters with the options “resolution = 0.8” based
onthe WNN graph. The 8CLC cluster was defined as in the scCRNA-seq
analysis described above.

Statistics and reproducibility

Statistical analysis was done with GraphPad Prism (v.8.3.1). Data of
bar charts are represented as the mean * s.d. or s.e.m. P values were
calculated using two-tailed unpaired Student’s ¢-test. The number
of replicates for each experiment is presented in the figure legends.

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

Data availability

Alldataneeded to evaluate the conclusionsinthe paperareincludedin
the paper and/or the supplementary materials. Raw sequencing data
have been deposited in the CNGB Nucleotide Sequence Archive under
the accession number CNPO001454. Reference datasets from other
works can be accessed either in the NCBI Gene Expression Omnibus
(GEO) repository under their GSE numbers or in the database of the
EMBL’s European Bioinformatics Institute under their E-MTAB numbers:
accession numbers of humanembryo scRNA-seq dataare E-MTAB-3929
and GSE36552; the accession number of humanembryo ATAC-seqdatais
GSE101571; the accession number of human embryo histone CUT&RUN
datais GSE124718; accession numbers of other naive PSC/EPSC media
single-cellsequencing dataare GSE150311 (RSeT and t2iLG6), GSE166422
(PXGL), GSE150578 (5iLA); accession numbers of other naive/EPSC media
RNA-seq data are GSE52617 (NHSM), E-MTAB-2857 (t2iLG6), GSE59435
(5iLAF), E-MTAB-7254 (EPSC); accession numbers of DNA methylation
dataare GSE49828 (humanearly embryo), GSE52617 (NHSM), GSE60945
(t2iLGO-NK2), GSE111018 (5iLAF), GSE136715 (mouse early embryo) and
GSE75751 (mouse ES cellsand 2CLCs); the accession numbers of mouse
early embryo scRNA-seq data is GSE45719; the accession number of
mouse ES cells and 2CLCs is GSE168728; and the accession number
of TSCRNA-seq data is GSE138762. The human reference genome is
available at http://ftp.ensembl.org/pub/release-105/fasta/homo_sapi-
ens/dna/Homo_sapiens.GRCh38.dna_rm.alt.fa.gz. All reference data-
sets with links are summarized in Supplementary Table 8. Processed
datasets with links and descriptions are summarized in Supplemen-
tary Table 11. Processed bulk RNA-seq data can be accessed at https://
figshare.com/s/8eel32ff1366fa89d35a, processed scRNA-seq data
can be accessed at https://figshare.com/s/34110eebb58462a79dd5,
processed scATAC-seq data can be accessed at https://figshare.com/
s/760d3ff54f1214a50cc2, processed RRBS and WGBS data can be
accessed at https://figshare.com/s/ff707bf8242f7b3ed8f5, processed
teratomaand blastoid scRNA-seq data canbe accessed at https://figshare.
com/s/037b348b1da763fb41d0, processed SMART-seq2 data can be
accessed at https://figshare.com/s/alb03al463865b8a56c8, processed
single-cell multiomics data can be accessed at https://figshare.com/
s/9c01c3b58d34b80de230. Source data are provided with this paper.

Code availability

The analysis pipelines for scRNA-seq data generated by DNBeLab C4
are implemented using an in-house workflow (https://github.com/
MGlI-tech-bioinformatics/DNBelab_C_Series_ HT_scRNA-analysis-software).
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|Medium optimization for generating human naive
PSC.a.Schematic of the compound screening workflow. b. Representative
phase contrastimages of primed H9 ESC cultured in different basal recipes for
three passages. hLIF, human LIF; CHIR, CHIR99021; PD, PD0325901; 2i,
PD+CHIR.Scale, 40 pm. Representative of threeindependent experiments.
c.RT-gPCRfor theindicated pluripotency genesin primed H9 ESC cultured in
different basal recipes for three passages. Data are the mean values +standard
error of the mean (SEM) of the fold-change compared to primed ESC.n=3
biologicalreplicates. d. Table of tested compounds and their known targets.
eandf.RT-qPCR for theindicated pluripotency genesin primed H9 ESC
culturedindifferent modified basal recipes for three passages. Dataare
presented as mean values = SD of fold-change compared to primed ESC in basal
medium with PD, IWR1and humanLIF.n=3biological replicates.g.RT-qPCR
fortheindicated pluripotency genesin human primed HUES1and HUES7 ESC,
and human primed iPSC-1,iPSC-2 and iPSC-3 clones cultured in 4CL for three
passages (day 12). h. Representative images of G-banding karyotype of primed
H9 ESCand primed iPSC-4 clone cultured in4CL for 15 passages. Twenty
metaphases were counted for each. All20 metaphase spreads for H9 ESC are

showninSupplementary Figurel.i. Representative phase contrastimages of
primed H9 ESC cultured in 4CL on feeders, ECM-coated surface (feeder-free), or
insuspension, for three passages (day 12). Scale, 40 pm. Representative of
threeindependent experiments.j. RT-qPCR for the indicated pluripotency
genesinH9 ESC culturedin4CL on either feeders or ECM-coated surface for
three passages (day12). Dataare presented as mean values = SD of fold-change
compared to primed ESC.n =3 biological replicates. k. RT-qPCR for the
indicated pluripotency genesin primed H9 ESC, HUES1ESC and iPSC-4 clone
converted by 4CLinsuspension for three passages (day 12).1. RT-qPCR for the
indicated pluripotency genesin primed H9 ESC cultured in4CL with or without
(w/o) Vcfor three passages (day 12). Data are presented as mean values + SD of
fold-change compared to4CL with Vc.n =3 biological replicates. Pvalue was
calculated using two-tailed unpaired Student’s t-test. m. RT-qPCR for the
indicated genesin H9 ESC cultured in4CL with different TSA or DZNep
substitutes for three passages (day 12). Data are presented as mean values + SD
of fold-change compared to 4CL with TSA and DZNep. n =3 biological
replicates.
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a

Extended DataFig.2|Validation of 4CL and e4CL media.a. Heatmap
showing the expression of preimplantation ICM-enriched genesinhuman
naive PSC cultured in NHSM?, tt2iLG6 (this study), SiLAF” and 4CL (passage 5),
and human ICM cells'® compared with primed PSC. All reference datasets used
inthisstudy are summarized in Supplementary Table 8. H9 ESC were used to
generate our dataset. The full listof DEGis included in Supplementary Table 1.
b.RT-qPCR validation of totipotency genesin primed H9 ESC culturedin
stepwise e4CL (day 5). Dataare presented as mean values = SD of fold-change
compared to4CL-day 12 naive ESC. n =3 biological replicates. c. Heatmap
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tt2iLGO, SiLAF or stepwise e4CL (day 5), EPSC", sorted 8CLC from e4CL-day 5
cells,and human 8C-embryo cells'* compared with primed PSC. H9 ESC were
used togenerate our dataset. d. Representative images of G-banding
karyotype of primed H9 ESC and iPSC-4 cultured in stepwise e4CL (day 5).
Twenty metaphases were counted for each. All20 metaphase spreads for H9
ESCareshowninSupplementaryFigurel.e.RT-qPCRvalidation of totipotency
genesinprimed H9 ESC culturedin direct e4CL (day 7). Dataare presented as
mean values + SD of fold-change compared to primed ESC. n =3 biological
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Extended DataFig. 4 |Extended analysis of scRNA-seq (droplet-based)
analysis of human 8CLCgenerated fromPSC.a. UMAP visualization of
stepwise e4CL-day 5 cells shows seven clusters. The encircled cluster 5 (8CLC)
comprises11.9% of the whole population. b. Violin plot showing the log
normalized expression of representative pluripotency and totipotency genes
foreach ofthe seven clusters (n=111,109,99,97,92,70 and 12 cells for clusters
0,1,2,3,4,5and 6, respectively) of panel a. c. Bubble plot representing the
frequency of expressionand average expression of representative
pluripotency and totipotency genesin early human embryonic stages®and
primed ESCuntreated or converted by 4CL (days 8 [passage 2] and 12 [passage 3])
and e4CL (day 5 C5[8CLC]and non-8CLC [all other clusters summed]).

D, day. Allreference datasets usedin this study are summarizedin
Supplementary Table 8.d. Pseudobulk correlation analysis of the in vitro time
course datawith the embryo databased onthetop 2,000 most variable genes.
Theaverage linkage hierarchical clustering of the Pearson correlationis shown.
e.Pseudobulk correlation analysis of e4CL-D5 clusters (in Extended Data

Fig.4a)withthe embryo databased ontop 2,000 most variable genes.

The average linkage hierarchical clustering of the Pearson correlation is shown.
f.Representative co-immunostaining images of stepwise e4CL-day 5 cells
showing mutual exclusivity between SOX2 and TPRX1 (see arrows). Nuclei were
counterstained with DAPI. Scale, 20 pm. Representative of threeindependent
experiments. g. UMAP visualization of primed ESC converted by direct e4CL at
day 7shows nine clusters. The encircled cluster 3 (C3) cellsresemble 8CLC and
comprise15.6% of the whole population. h. Violin plot showing the log
normalized expression of representative pluripotency and totipotency genes
foreach of the nine clusters (n =738 cells, 621 cells, 464 cells, 432 cells, 205
cells, 165 cells, 72 cells, 38 cells, and 36 cells for clusters 0,1,2,3,4,5, 6,7, and

8, respectively) of panel g.i. Violin plot showing the log normalized expression
pattern of representative early embryo-enriched TE in early human embryonic
stages and primed ESC untreated or converted by 4CL (days 8and 12) or
stepwise e4CL (day 5; 8CLC and non-8CLC).
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Extended DataFig. 5| Extended analysis of scRNAseq datagenerated by
SMART-seq2.a. UMAP visualization based on Fig. 1d highlighting the cells in
this study (left panel), in Petropoulos et al.*° (middle panel) and in Yan et al.?
(right panel). P, passage; blast., blastocyst. All reference datasets used in this
study are summarized in Supplementary Table 8. b. Hierarchical clustering
diagram of sorted 8CLC (78 cells) and embryo E3/E4 cells showing the cell-to-
cellsimilarity on the basis of Spearman correlation coefficients. Five closely
correlated regions are defined: R1and R2 include all E3 cells, 10 E4 cells and 31
sorted 8CLC (39.8%).R3 and R4 include E4, all late E4 cellsand no sorted 8CLC.
RS5includes47sorted 8CLC (60.2%) which share similarity with both E3 and E4.
c-e.UMAP visualization based on Fig. 1d highlighting the expression of several
totipotency genes (TPRX1, ZSCAN4, DUXA and ZSCANSB) (c), the shared naive
pluripotency/8CLC genes DPPA3and KLF17 (d) and the primed-enriched gene

CD24 (e) ashuman ESC transition froma primed state to an 8CLC state.
f.Pseudobulk correlation analysis of the invitro culture data with the embryo
databased onallthe TE. The average linkage hierarchical clustering of the
Pearson correlationis shown. g. Heatmap showing the embryonic stage-
specific TE expression profilesinhuman E3 to E7, sorted 8CLC, 4CL-day 12 naive
ESCand primed ESC. The full list of stage-specific TEareincluded in
Supplementary Table 2. h. GFP*sorted 8CLC from e4CL-day 5 cells were
culturedin4CL for 24 hand subjected to FACS analysis. 48.8% remained GFP*
and 51.2% became GFP" (exited from the 8CLC state) (upper panels). GFP cells
weresorted from stepwise e4CL-day 5 and were cultured in e4CL for 24 hand
subjected to FACS analysis. 5.76% became GFP* (entered the 8CLC state) (lower
panels). D, day.
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Extended DataFig. 6 |Identification of SCLCinscRNA-seq fromothernaive  thetotipotencygenes TPRX1, DUXA and ZNF280A in stepwise e4CL-day 5 cells.
PSCrecipes.a. UMAP visualization highlighting putative 8CLC and non-8CLC c.Bubble plotrepresenting the frequency of expression and average

and the expression of the totipotency genes TPRX1, DUXA and ZNF280A for the expression of representative pluripotency and totipotency genesin early
indicated naive media'>*?%. Annotation was based on the averaged expression human embryonic stages?**** and the annotated putative 8CLCin theindicated
scores of the gene signature used for defining 8CLCin this study. All reference culture conditions. OCT4 reads have been removed from reprogramming
datasets used in this study are summarized in Supplementary Table 8.b.UMAP  t2iLG6 and RSeT datasets due to overlap with the signal of the overexpressed
visualization highlighting putative 8CLC and non-8CLC and the expression of factor.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7| Generation of SCLC from other human naive PSCand
2CLC from mouse naive PSC. a. RT-qPCR for the indicated pluripotency and
totipotency genes in primed H9 ESC cultured in PXGL", PXGL+DZNep, PXGL+
TSA and PXGL+DZNep+TSA, and PXGL cells cultured in e4CL (PXGL to e4CL) for
five days. Dataare presented as mean values + SD of the fold-change compared
to cellsin PXGL medium. n =3 biological replicates.b. RT-qPCR for the
indicated pluripotency and totipotency genes in primed H9 ESC cultured in
SiLAY,5iLA+DZNep, SiLA+TSA, and SiLA+DZNep+TSA, and SiLA cells culturedin
e4CL (5iLAtoe4CL) for five days. Data are presented as mean values + SD of the
fold-change comparedto cellsin 5iLA medium. n =3 biological replicates.
c.RT-gqPCRfor theindicated pluripotency and totipotency genesin primed H9
ESC culturedin HENSM*°, HENSM+DZNep, HENSM+TSA, HENSM+DZNep+TSA
and HENSM cells cultured ine4CL (HENSM to e4CL) for five days. Data are
presented as mean values + SD of the fold-change compared to cellsin HENSM
medium. n=3biological replicates. d. Representativeimmunofluorescence

images for pluripotency (NANOG, KLF17 and TFAP2C) and totipotency (TPRX1)
markers in PXGL, SiLA or HENSM-derived naive H9 ESC cultured in e4CL for five
days. Scale, 20 pm. Representative of three independent experiments.
e.Representative fluorescent (green) images of MuERV-L-LTR-GFPreporter
mouse ESC cultured intheindicated conditions for three days. Scale, 40 um.
Representative of threeindependent experiments. m, mouse. f. Mouse MuERV-
L-LTR-GFPreporter ESC culturedin theindicated conditions for three days and
subjected to FACS analysis to determine the percentage of GFP* cells. m,
mouse. g.Bar plotindicating the percentage of MuERV-L-LTR-GFP" cells
generatedintheindicated conditions measured by FACS. Data are presented as
mean values +SD.n =3 biological replicates. Pvalue was calculated using two-
tailed unpaired Student’s t-test. h. Heatmap showing the expression of
pluripotency and 2C-embryo enriched genes in MuERV-L-LTR-GFPreporter
mouse ESC cultured intheindicated conditions for three days. m, mouse.
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Extended DataFig. 8| DNAmethylation (measured by RRBS) status of
humanPSCconvertedby4CL and e4CL.a. Violin plot showing global CpG
methylation levels measured by RRBS of human PSC culturedin primed
conditions (n =2technical replicates), 4CL (day 12) (n = 2 technical replicates),
SiLAF* (n=2technical replicates), t2iLG5-NK2¢ (n = 3 technical replicates),
NHSM? (n =3 technical replicates), stepwise e4CL (day 5) (n = 2 technical
replicates) and direct e4CL (day 7) (n = 3 technical replicates), human
8C-embryo (n = 3 biological replicates with 2 technical replicates each) and
ICM*? (n=2technical replicates). All reference datasets used in this study are
summarizedin Supplementary Table 8. Our dataset was generated using H9

ESC.Forboxplots, the blue centrallineis the median, the boxes indicate the
upper and lower quartiles. b. Heatmap showing CpG methylation levels at a
panel of imprinting control regions of human PSC cultured in primed
conditions, 4CL (day12), 5iLAFY, tt2iLG6*, NHSM* and stepwise e4CL (day 5),
ICM and postimplantation embryo®. cand d. Genome browser tracks showing
CpG methylationlevels at the indicated naive pluripotency (blue) (c) and
totipotency (red) loci (d) of PSC cultured in primed conditions, 4CL (day 12),
SiLAF, t2iLG6, NHSM, stepwise e4CL (day 5) and direct e4CL (day 7), human
8C-embryo and ICM. Eachbar represents asingle CpG and the heightindicates
the percentage of methylation.
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Extended DataFig. 9|See next page for caption.




Extended DataFig. 9| DNA methylation (measured by WGBS) status of
primed humanPSC converted by 4CL and sorted 8CLC. a. Bar plot
comparing global CpG methylationlevelsin the human 8C-embryo,ICMand
postimplantation embryo®, and primed ESC, 4CL-day 12 naive ESC and sorted
8CLC frome4CL-day 5. Allreference datasets used in this study are summarized
inSupplementary Table 8. Our dataset was generated using H9 ESC.

b. Comparative DNA methylation level at the TSS, genebody and TES in primed
ESC, 4CL-day 12 naive ESC and sorted 8CLC. c. Comparative DNA methylation
levelin different genomicregionsin ESC culturedin primed, 4CL-day 12 naive
ESCandsorted 8CLC.d. Genome browser tracks visualization of DNA

methylation levels measured by WGBS at the indicated naive pluripotency
(blue) and totipotency (red) loci of primed ESC, 4CL-day 12 naive ESC and
sorted 8CLC.Eachbar represents asingle CpG and the heightindicatesthe
percentage of methylation. e. Comparative DNA methylation level athuman
earlyembryo-enriched TE (MLT2A1, MLT2A2 and LRT12C) in primed ESC,
4CL-day12 naive ESC and sorted 8CLC. f. Genome-wide comparative DNA
methylation profilesin human 8C-embryo, ICM, postimplantation embryo,
primed ESC, 4CL-day 12 naive ESC, sorted 8CLC from e4CL-D5, 5iLAF* and
NHSM?¥. Data from different biological replicates were pooled and binned into
consecutive 10-kb tiles. Only tiles covered by all the datasets were shown.
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Extended DataFig.10| DNAmethylation and gene expression analysisin
mouse embryoand2CLC. a. Genome browser tracks visualization of DNA
methylation levels measured by RRBS at the indicated naive pluripotency
(blue) and totipotency (red) loci of mouse embryonic stages>, ESC and 2CLC%.

methylation. All reference datasets used in this study are summarizedin
Supplementary Table 8.b. Violin plots showing the log normalized expression

of representative naive pluripotency and totipotency genesin mouse early

Eachbarrepresents asingle CpG and the heightindicates the percentage of

embryonic stages? (left panel), ESCand 2CLC*° (right panel).



b Zlc2 DPPA3 c ZSCANSB

¢

UMAPT

o
Log, (NermCaounts+1) Log, (NomCounts+1) £ Log, (NormCounts+1)
—— El —e——

0.15 020 025

08081011 02 04 06

e ARGFX

DPRX

ZSCANS5B

i
Log, (NormGounts+1) =
ma— =
08 08 10 LR

ZNF280A

Leg, (NormCounts+1)
01 @63 05

f ocre

ARGFX

Log, (WermCounts+1}
E——
0.15 0.35 0.35

Sox2

3 Log, iNormCounts+1} é Log, iNormCounts+1) = Log, (NermCounts+1) E Log, {NormCounts+1) = Log, (NormGounts+1) 3 Log, (NarmCounts+1}
E) 3 [ ] 3 — - ———
UMBR1 07 08 11 UMaR1 02 0304 UMAPT D15 020 0.25 UMaRs 03040508 umak1 050709 ps] 05 07 09
Motif enr)lf:hment h K
PITX1 3 3
— GATA2 ; 2 GATA2
2 2
GATA4 GATA4
3 2
GATAB ?Ii GATAB | | ‘
2 2
PITx2 i PITXx2 | I * *
o, o R AN W OO
S Deviation score £ [eviation score ﬁop ‘{}lb Q é@b by q,c}’ Q;c}'
E mm = - .. o @ :90 Q° o
UMAFT 0 2 4 8 LMAR1 umap1 0% 03 03 \J-’o ‘(\Q/ PN Qp«
i GATA6 Mouse
10000 15000 Garazzq
% pove % _‘_._..____J.‘Lt I
10000
g oo g i, 7 S EHD § gl S
Ui
g A £ so00 i L"’@‘ Gatab
[} 2000 % ) 2
& © g 2 7 Pitx2
0 0 i
S P AR R Y SF 3 &
Y S S N i
O R < & O
k KLF17 TPRX1 ZNF280A GATAS
h e ] [ e b e
Primed I :: e i > LS W . >
4cL-D12 . Fera 2 = ® A i . -
M . N e B e B W
84CL-D5 N :‘: = il L agel . W :
non-8CLC i ; . o & & |
5 ] & 70
scLc L ). A e b L BT
40 25 50 30
Scembryn . MR ol e dRESNEER , |, LR . ERUERER | MRS M. . W
BC-embryo HIK2TA0 gy o MLk s e it ........_20 it e el i -d.-m #ﬂlﬂio MA_-.;J
ICM HaK27ac ) . . . B - 7 bbb e .
DUX4 1 — T L — e T I 1 :
DX I — 1 T —J — s I T
% KLFS 13 1 e R
= | TraP2C 1 1 1
57 ocr — 1 — i — —i T
SOX2 ¢ T T 1 I T 3 T T T
GsC Ir — 1 1 b E— 1
PITX1 L1 T T T T T T 1T 1

Extended DataFig.11|See next page for caption.
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Extended DataFig. 11| Extended analysis of SCLC chromatinlandscape.
a.UMAP visualization of gene score for all genes in the scATAC-seq of primed
ESCuntreated (red) or converted by 4CL (day 12; blue) or stepwise e4CL (day 5;
green).band c. UMAP visualization based on panel a highlighting the gene
score for primed (Z/C2), shared naive pluripotency/8CLC (DPPA3) (b) and
totipotency (c) genes projected onto eachindividual cellin the scATAC-seq of
primed ESC untreated or converted by 4CL (day 12) and stepwise e4CL (day 5).
d.UMAP visualization based on panel a highlighting the gene score for classical
pluripotency genes (OCT4 and SOX2) projected onto each individual cellin the
SCATAC-seqof primed ESC untreated or converted by 4CL (day 12) and stepwise
e4CL (day 5). eand f. UMAP visualization showing the gene score for
totipotency (e) and classical pluripotency (f) genes projected onto the
individual cells of stepwise e4CL-day 5 of Fig. 2a. g. UMAP visualization
showing DNA binding motif deviationscores of the lineage specifiers (GSC,
PITX1and PITX2) and classical pluripotency (SOX2) gene projected onto the
UMAP of Fig. 2a. h. Violin plot showing the log normalized expression of the

lineage specifiers GATA2, GATA4, GATA6 and PITX2in human embryonic stages
and human ESC passage 10 (left panel), and in primed ESC untreated or
converted by 4CL (day12) and e4CL (day 5 C5[8CLC]and nnon-8CLC [all other
clusters summed]) (right panel). Data were taken from the droplet-based
scRNA-seqtime course. Allreference datasets used in this study are summarized
inSupplementary Table 8. hESC, human ESC; P, passage.i.RT-qPCR showing
upregulation of lineage specifiers (GATA6 and PITX2) in stepwise e4CL day 5
cellscompared to primed ESC and 4CL-day 12 naive ESC. H9 ESC were used to
generate these data. Dataare presented as mean values + SD.n =3 biological
replicates. D, day.j. Violin plot showing the log normalized expression of
indicated lineage specifiersin early mouse embryonic stages? (left panel)
and mouse 2CLC compared to naive ESC* (right panel). blast., blastocyst.
k.Genome browser tracks showing chromatin accessibility, H3K27ac level**
and transcription factor DNA binding motiflocation at the naive pluripotency
KLFI7locus, multiple totipotency (TPRXIand ZNF280A) lociand lineage
specifier (GATA6) locusintheindicated cell types.



a ocT4 b KLF17 TFAP2C d GATA6
chr:31123450-31153451 €1 44464028-44634030 chr20:55134357-55264358 chr18:19728403-19789404
Primed | £ I T ail i n B
]
Maive E’ . j | o
non-8CLC 2
% .Jl Jd abe o bbb l,_J_
scLc | @ - | J P R
AETIN000 TOTSH000 TETT0000
| GATAB |
Primed ‘ ‘
MNaive |- ‘ ‘
Value
10
or
0
8cLe # : _ - @\ Ios
Peaks AL 11 & 1imim [ [T THT TR T T T [l T mio§ i |
2.0
15 15
1.0 1.0
0.5 05
00 J— ooi—l—
& > 0 o O
e PSR M i o
‘\ & ksl
< oé’ & o 8
B
c TPRX1 ZSCANA4 ZNF280A
chr19:48256029-48356030 che19-58165302-58230303 chr22-22824612-22024813
Fifinigd a L s Il... 1 l a BB — 1 .I |
. |® l
Naivg Sl i | I Y i 1 8 Ll
Q
RORECLE % d Il e N " 1 P | T S
8oLe | ® B o Jl L T O O 1 1 L ol R SKb  TSS TES  S5Kb
410000 SEVTO000 ﬁm@_ SHE10000 sem ZI00 Fr ] LEI00  XEO0000
[ e . - | —8CLC
||‘— - - TPRN - | |ZSCANY v—= ——— | ZNan‘gi" | 28 i —non-8CLGC
- e4CL-O5
1.5 4CLD12
Primed ‘ ‘ ‘ ‘ ‘ —Primed
Nalve | 2 ‘ ‘ A i ‘ /_‘7“\-\\\‘ ‘ -
8 = Val { Val . 5 i
8 12 T Value 5K TSs TES  5kKb
b /"_'_ —e = ¥, \ <
— szz | o K N
= o7 08 oe
e 08 e — f
8CLC =% A n.s| (s \\ 04 ) 04
Peaks 1101l 18 (8 1 @0 11 (080 (1101 10 [ Wil i T 1 W71 1 [ 1 T 1111
c 4 3
o 4
i 5 2
§ 2 | :
Yo 01— L ol ol—l
U v %] & o |9} 8CLC
» Q N ¥ad o vl z
Q«:@b o 09;:.- & <& 5‘5}'9 0930 & — (cluster 2)
® ®
g h Zic2 DPPA3 ZNF280A
4CLD12 I ; y
gl 8CLC ] Log, (NormCounts+1] g Log, (NarmCounts+1) § '-D!;Muﬂﬂcum;sﬂl
i (cluster 2) UbtAR1 06081011 UMARY 02 04 08 08 UMARY 02 04 06

Extended DataFig.12|See next page for caption.



Article

Extended DataFig.12|Cell type-specific chromatin accessibility and
interactions.a-d. Genome browser tracks visualizing cell type-enriched
(primed ESC, 4CL-day 12 naive ESC, and non-8CLC and 8CLC in cluster 5 of
stepwise e4CL-day 5 cells) chromatin accessibility (upper panel) and co-
accessibility loops (middle panel) for the indicated classical pluripotency

(a), naive pluripotency (b) and classical totipotency loci (c), and the
8C-enriched lineage specifier GATA6locus (d). Color intensities of the loops
represent the significance level of peak co-accessibility. A violin plot showing
thelognormalized expression level inthe same cell typesis displayedin the
bottom panel for eachlocus. e. Average normalized chromatin accessibility
signal for the early human embryo-enriched TEMLT2A2in early humanembryo

bulk ATAC-seq'® and pseudobulk of our scATAC-seq data. All reference datasets
used inthis study aresummarized in Supplementary Table 8. f. UMAP
visualization of gene score of allgenesin the scATAC-seq of primed HO ESC
untreated (green) or converted by 4CL (day 12; blue) and 8CLC (red) detected in
Fig.2a.g. Trajectory based on gene score and DNA binding motif distribution
alongthe stepwise process of 8CLC induction from primed ESC to 8CLC
passing through 4CL-day 12 naive ESC projected onto the UMAP of panelf.
h.UMAP visualization based on panel g highlighting the gene score for primed
(ZIC2) and shared naive pluripotency/8CLC (DPPA3) and totipotency
(ZNF280A) genes projected onto eachindividual cell of primed ESC untreated
or converted by 4CL (day12) and 8CLC detected in Fig.2a.
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Extended DataFig.13 | Extended multiomics analysis of SCLC chromatin d.Genomebrowser tracks visualization of chromatin accessibility for the
landscape. a. UMAP visualization of sScRNA-seq in the multiomics analysis of indicated pluripotency and totipotency lociin 8CLC and non-8CLC of panel
stepwise e4CL-day 5 cells showing annotated 8CLC (13.5%) and non-8CLC c.e.Venndiagramshowing the overlap between 8CLC detected by scATAC-seq
clusters.b. Violin plot showing the log normalized expression of representative ~ and 8CLC detected by scRNA-seq. f. Genome browser tracks visualization of
pluripotency and totipotency genes for 8CLC and non-8CLC of panel a.c. chromatinaccessibility and violin plot showing the gene expression for the
UMAP visualization of scATAC-seq in the multiomics analysis of stepwise indicated genesin 8CLC (cluster 5) and non-8CLC (all other clusters summed)

e4CL-day 5 cells showing annotated 8CLC (5.1%) and non-8CLC clusters. of Fig.2h.
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Extended DataFig. 14 | Dynamics of gene expression during the 8CLC
conversion. a. Hierarchical clustering of 1,497 variable genes among the
indicated scRNA-seq (droplet based) samples along the pseudotime of
stepwise e4CLinduction of 8CLC from primed ESC identifies five gene groups.
k=35.b.Lineplots showing the mean standardized gene score of the indicated
SCATAC-seqsamples foreach gene group of panela. 8CLC (cluster 2) and non-
8CLC (all other clusters summed) are based on Fig.2a. Thered line represents
the median values for the group center. c. Enriched GO terms for biological
processesineach of the five groups of panel arelative to all other gene groups.
Pvalue was calculated using hypergeometric test and adjusted for multiple
testing using Benjamini-Hochberg correction. d. Pseudotime showing the
expression pattern of the indicated genes for each cluster of paneladuring the
stepwisee4CLinduction of 8CLC from primed ESC. e. Pseudotime showing the

expression pattern of the same genes of panel d during early human embryonic
development®®. blast., blastocyst. All reference datasets used in this study are
summarizedinSupplementary Table 8. f. Hierarchical clustering of variable
genesamong theindicated scRNA-seq samples along the pseudotime of direct
e4CLinduction of 8CLC from primed ESCidentifies five groups. k=5.Each
transcriptexpressionis shownasagray line; the black line represents the mean
expression. g. Pseudotime showing the expression pattern of the indicated
genesforeachcluster of panel fduring the direct e4CL induction of 8CLC from
primed ESC. h.Enriched GO terms for biological processesineach of the five
groups of panel frelative to all other gene clusters. Pvalue was calculated using
hypergeometric test and adjusted for multiple testing using Benjamini-
Hochberg correction.
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Extended DataFig.15|See next page for caption.



Extended DataFig.15|Networks and regulators controlling the 8CLC
conversion.aandb. Cytoscape network visualization of top hub genes
(highlighted inyellow) from Fig. 3aand their targets with interconnectionsin
4CL-day 12 naive ESC (a) and primed ESC (b). c. Enriched GO terms for
biological processesin DEG of 8CLC in stepwise e4CL-day 5 cells of Fig. 3¢
compared to non-8CLC. Pvalue was calculated using hypergeometric testand
adjusted for multiple testing using Benjamini-Hochberg correction. d. Violin
plotshowingthelog normalized expression pattern of 8C-embryo enriched
ETCHbox family membersin early human embryonic stages? and primed ESC
untreated or converted by 4CL (days 8 and 12) and non-8CLC and 8CLC of
stepwise e4CL (day 5) of Extended DataFig. 4a. D, day. All reference datasets
used inthis study aresummarizedin Supplementary Table 8. eand f.RT-qPCR
showing the expression of the indicated genes in DPPA3knockout (DPPA3™)
ESC compared towild-type after conversion from a primed state to 4CL-day 12

naive PSC (e) or direct e4CL-day 7 cells (f). Data are presented as mean values + SD.
Twoindependent DPPA3knockout clones were included. n =3 biological
replicates. g. RT-qPCR showing expression of the indicated genesin TPRXI
knockout (TPRX17") compared to wild-type after conversion of ESC froma
primed state to 4CL-day 12 PSC (left pane), stepwise e4CL-day 5 cells (middle
panel) ordirect e4CL-day 7 cells (right panel). Data are presented as mean
values +SD. Twoindependent TPRX1 knockout clones wereincluded.n=3
biologicalreplicates. h. Enriched GO terms for downregulated genesin DPPA3
knockout (DPPA37") ESC compared towild typein direct e4CL-day 7. Pvalue was
calculated using hypergeometric test and adjusted for multiple testing using
Benjamini-Hochberg correction. i. Enriched GO terms for downregulated
genesin TPRX1knockout (TPRX1-/-) ESC compared towild typeinstepwise
e4CL-day 5. Pvalue was calculated using hypergeometric test and adjusted for
multiple testing using Benjamini-Hochberg correction.
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Extended DataFig.16|See next page for caption.




Extended DataFig.16 | Extended analysis of SCLCinduction regulators.
a.Representative immunostaining images demonstrating the
nucleocytoplasmictranslocation of UHRF1 (UHRF1-mCherry) after DPPA3
overexpressionin H9 ESC cultured in primed condition, 4CL (day 12) or e4CL
(day 5). Nucleiwere counterstained with DAPI. Scale, 20 um. Representative of
threeindependent experiments. b.RT-qPCR (upper panels, dataare presented
asmeanvalues+SD, n=3biological replicates) and western blot (lower panels,
representative of threeindependent experiments.) analysis of UHRF1I mRNA
and proteinlevels, respectively, in4CL-day 12 naive ESC (left), direct e4CL-day 7
cells (middle) and stepwise e4CL-day 5 cells (right) for the indicated samples.
D, day. c. Violin plot showing global CpG DNA methylation levels assessed by
RRBS inknockout DPPA3ESC compared to wild-type after conversionfroma
primed state to 4CL-day 12 naive PSC or direct e4CL-day 7 cells. DPPA3
knockout clonelwas used.n=3technical replicates. The blue centralllineis the
median, theboxesindicate the upper and lower quartiles. d. Unbiased
clustering of differentially methylated CpG within 3 kb of the TSS in wild-type
and DPPA3knockout (DPPA37") ESC converted from a primed state to 4CL-day
12PSC (left panel; n =3 technical replicates) or direct e4CL-day 7 cells (right
panel; n=3technical replicates). DPPA3 knockout clone1wasused.e. Genome

browser tracks showing CpG DNA methylation levels at the naive pluripotency
KHDC3L locus (left panel) and the totipotency locus TRIM43 (right panel) in
wild-type and DPPA3knockout (DPPA37") ESC converted from a primed state to
4CL-day12PSC.Eachbarrepresentsasingle CpGand the heightindicates the
percentage of methylation. Bulk RNA-seq tracks showing KHDC3L and TRIM43
expressionarealsoincluded. f. Unbiased clustering of differentially
methylated CpGintheintergenicregionsinwild-type and DPPA3knockout
(DPPA37") ESC converted from a primed state to 4CL-day 12 PSC (left panel;
n=3technical replicates) or direct e4CL-day 7 cells (right panel; n = 3 technical
replicates). Representative genes closest to the differentially methylated
intergenicregions are shown. DPPA3knockout clonelwasused.g.RT-qPCR
showing expression of theindicated genes after shRNA lentivirus-mediated
Dppa3knockdown (shDppa3-2 and shDppa3-4) compared to control (shLuc) in
mouse ESC cultured inserum+mLIF. Dataare presented as mean values +SD.
n=3biologicalreplicates.m, mouse. h. RT-qPCR showing the expression of the
indicated genesin shRNA lentivirus-mediated knockdown of Dppa3
(shDppa3-2 and shDppa3-4) compared to control (shLuc) inmouse 2CLC
converted in serum+mLIF withcombined TSA and DZNep. Data are presented
asmeanvalues +SD.n =3biological replicates. m, mouse.
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Extended DataFig.17|Synergistic effect of TSAand DZNep on 8CLC

induction. a. Heatmaps showing the global gene expression differences in H9
ESC culturedin stepwise e4CL at day 5 with or without (w/o) either DZNep or
TSA.Example genes are shown for each cluster.n =2 technical replicates. 8CLC

b direct e4CL-D7

network hub genesare highlighted inred. b. Heatmaps showing the expression
of totipotency genesin human PSC culturedindirecte4CLatday 7 with or
without DZNep or TSA.n=2technical replicates. 8CLC network hub genes are

highlightedinred.
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Extended DataFig. 18| Extraembryonic differentiation potency of primed
PSCconverted by 4CLand e4CL and sorted 8CLC. a. Representative phase
contrastimages showing TSC derived from sorted 8CLCine4CL-day5,
stepwise e4CL-day 5 cells or 4CL-day 12 naive PSC. H9 ESC were used for these
experiments. Scale, 40 pm. D, day. Representative of four independent
experiments. b. Representative immunostaining images for GATA3 (green) and
KRT7 (red) in TSC derived from primed ESC converted by 4CL (day 12) or
stepwise e4CL (day 5). Nuclei were counterstained with DAPI. Scale, 50 pm.

D, day.Representative of three independent experiments. c. RT-qPCR for the
indicated genesin TSC derived from primed ESC converted by 4CL (day 12) or
stepwise e4CL (day 5). Dataare presented as mean values = SD of fold-change
comparedtoPSCin4CL or stepwise e4CL.n =3 biological replicates.d.DNA
methylation plots for the ELF5 promoter in primed ESC untreated or converted

Clone 1

® 4CL-TSC

m 4CL-TSC
derived SCT

Clone 2

by 4CL (day12) and 4CL-day 12 naive ESC-derived TSC. Percentages are the
proportion of methylated (closed circles) to non-methylated (open circles)
CpGsites. Arepresentative experimentis shown. e. Hierarchical clustering of
the bulk RNA-seq of primed ESC converted by 4CL (day 12), 4CL-day 12 naive
ESC-derived TSC and a primary human TSC dataset®. All reference datasets
usedinthis study aresummarizedin Supplementary Table 8. Our dataset was
generated using H9 ESC. f. Representative immunostaining images for CGB and
SDC1inSCT differentiated from 4CL-day 12 naive PSC-derived TSC. Nuclei were
counterstained with DAPI. Scale, 50 pm. Representative of three independent
experiments. g. ELISA assay detecting the concentration of hCG secreted from
4CL-day 12 naive ESC-derived TSCand SCT differentiated from 4CL-day 12 naive
ESC-derived TSC. Representative of twoindependent experiments.
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Extended DataFig.19|Blastoid formation capacity of4CL naive PSC,
e4CL-day 5cellsand sorted 8CLC. a. Representative phase contrastimages of
sorted 8CLC-derived blastoids from day1to day 5. n=5biological replicates.
Scale,100 pm.b. Representative phase contrastimages showing
self-organized blastoids from sorted 8CLC, stepwise e4CL-day 5 cells and
4CL-day12 naive ESC.H9 ESCwere usedinall cases. D, day. Representative of
fiveindependent experiments. Scale, 50 pm. c. Representative
immunofluorescence images of self-organized blastoids from 4CL-day 12 naive
ESC (left panel) and stepwise e4CL-day 5 cells (right panel). OCT4 and GATA2
were used as ICM and trophectoderm markers, respectively. Nuclei were
counterstained with DAPI (blue). Scale,20 pm.H9 ESC were used for these
experiments. D, day. Representative of three independent experiments.

d.UMAP visualization based on Fig. 4g highlighting the averaged expression
scores of gene signatures and examples for the epiblast lineagein sorted
8CLC-derived blastoids and human E5-E7 blastocysts?. EPI, epiblast. All
reference datasets used in this study are summarized in Supplementary
Table 8.e. UMAP visualization based on Fig. 4g highlighting the averaged
expressionscores of gene signatures and examples for hypoblast lineagein
sorted 8CLC-derived blastoids and human E5-E7 blastocysts. HYPO,
hypoblast. f.UMAP visualization based on Fig. 4g highlighting the averaged
expression scores of gene signatures and examples for the trophectoderm
lineageinsorted 8CLC-derived blastoids and human E5-E7 blastocysts. TE,
trophectoderm.
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Extended DataFig.20 |Interspecies chimeras using 4CL and e4CL and
purified 8CLC. a. Schematic showing the workflow of the interspecies chimera
assay by aggregation method*®. Eight to ten cells for each condition (primed
PSC, 4CL-day 12 naive PSC and purified 8CLC derived from TPRX1-EGFP KIHN10
ESC labelled with DsRed [HN10-DsRed]¥’) were aggregated with 8C-embryos of
BDF1mice. The aggregated embryos were cultured invitrofor24 htoreach the
blastocyst stage. Blastocysts were thenimplanted into ICR pseudopregnant
mice and allowed to develop until E10.5. b. Summary of chimera assay results at
blastocyststage. TE, trophectoderm; D, day. c. Representative phase contrast
(upper panel), fluorescence (DsRed, middle panel) and merged (lower panel)
images showing the integration of DsRed" cells from theindicated injected cell
typesinto mouse blastocysts. Scale, 20 um. Representative of three
independent experiments.d. Summary of chimeraassay results at E10.5 mouse
embryos. Em, embryoniclineage; EXEm, extraembryoniclineage. D, day.

e.Representative fluorescence (DsRed) images showing cellintegration into
fetus, placenta, and yolk sac at E10.5 mouse embryos. Scale,1 mm.
Representative of threeindependent experiments. f. Representative images
showingintegration of DsRed" cellsinto mouse E10.5 embryos. Anti-DsRed
antibodies were used together with anti-SOX1 (upper panel) or anti-GATA6
(lower panel) antibodies. Nuclei were counterstained with DAPI. Scale, 100 pm.
Representative of threeindependent experiments. g. Representative
immunofluorescenceimages showingintegration of DsRed" cellsinto mouse
E10.5placenta. Anti-DsRed antibodies were used together with anti-KRT7
antibodies. Nuclei were counterstained with DAPI. Scale, 20 pm.
Representative of threeindependent experiments. h. Quantitative PCR testing
the presence of human mitochondrial DNAin fetus, placenta, and yolk sac of
mouse E10.5embryos. Chimeric embryos (E10.5) containing 8CLC were used
for this assay. Ms, mouse; Hu, human.
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Extended DataFig. 21| Teratomaformation by 4CL naive PSC, e4CL-day 5
cellsand sorted 8CLC. a. Summary of teratoma assays using ESC primed and
converted by 4CL or stepwise e4CL (day 5) and sorted 8CLC. D, day; P, passage.
b.Images ofteratomas derived from primed ESC converted by 4CL (passage 15,
representative of twoindependent experiments) or stepwise e4CL (day 5,
representative of eightindependent experiments) and sorted 8CLC
(representative of threeindependent experiments). H9 ESC were used for this
assay. D, day; P, passage. c. Hematoxylin and eosin staining of teratomas
derived from primed ESC converted by 4CL (passage 15, representative of two

independent experiments) or stepwise e4CL (day 5, representative of eight
independent experiments) and sorted 8CLC (representative of three
independent experiments). Representative images of tissues corresponding to
thethree germlayers are shown. Scale, 50 pm. H9 ESC were used for this assay.
D, day; P, passage.d.Bubble plot representing the frequency of expression and
average expression of the marker set used to identify the cell types for each
lineage. e. UMAP visualization based on Fig. 5a highlighting the identified cell
typesinthe scRNA-seq datasets generated from primed ESC, 4CL naive PSC,
stepwise e4CL-day 5 cellsand sorted 8CLC.
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Extended DataFig.22 | Extended analysis of teratoma formation. a. UMAP
visualization based on Fig. 5a highlighting the distribution and the expression
ofrelated markersintrophoblast cells from the indicated teratomas. b. UMAP
visualization showing the annotated sub-clusters of extraembryonic lineages
(left panel) and the relative contribution of teratomas fromsorted 8CLC,
e4CL-day 5 cells, 4CL naive ESC and primed ESC (right panel). c. UMAP
visualization showing the annotated sub-clusters of immune cells (left panel)

and the contribution of primed PSC, 4CL naive ESC, stepwise e4CL-day 5 cells
andsorted 8CLC-derived teratoma cells (right panel). d. Bubble plot
representing the frequency of expression and average expression of marker
genesindifferentimmune cell subtypes. e. Bar plot showing the contribution
ofsorted 8CLC, stepwise e4CL-day 5,4 CL naive and primed PSC-derived
teratomasto differentimmune cell subtypes.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

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

X

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

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

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

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

L1 X X

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

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

Software and code

Policy information about availability of computer code

Data collection  Zeiss LSM 710 NLO for fluorescence microscope imaging, Nikon Eclipse Ti microscope for fluorescence imaging of embryos, BD LSRFortessa
X-20 cell analyzer for flow cytometry, ABI7500 real-time PCR machine for RT-gPCR, lllumina Xten platform for RRBS, DIPSEQ T1 sequencer for
droplet-based scRNA-seq and SMART-seq2. BGISEQ-500 sequencer for scATAC-seq and single-cell multiomics sequencing. lllumina Nova 6000
sequencer for WGBS.

Data analysis Data were analyzed using: GraphPad Prism (v8.3.1), FlowJo (V10.4), Trim Galore (v0.5.0), cutadapt (v1.14), FastQC (v0.11.2), fastp (v0.21.0),
RSEM (v1.3.1), STAR (v2.7.3a, v2.7.4a), DESeq?2 (v1.24), deeptools (v3.1.3), EDASeq R package (v2.18.0), BS-Seeker2 (v2.1.0), wigToBigWig (v4),
CGmapTools (v0.1.2), PISA (v0.2), sambamba (v0.7.0), Seurat package (v3.1.4), psupertime (v0.2.6), IGV (v2.1.0), Cell Ranger Arc (2.0.0), Signac
and ArchR (v0.9.5), Cytoscape (v3.9.0), and BD FACSDiva 8.0.2 for FACS.

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

Data

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

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data needed to evaluate the conclusions in the paper are included in the paper and/or the Supplementary Materials. Raw sequencing data have been deposited
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in the CNGB Nucleotide Sequence Archive under the accession number CNP0001454 (https://db.cngb.org/search/project/CNP0001454/). Reference datasets from
other works can be accessed either in NCBI Gene Expression Omnibus (GEQ) repository under their GSE numbers or in the database of the EMBL’s European
Bioinformatics Institute under their E-MTAB numbers: accession numbers of human embryo scRNA-seq data are E-MTAB-3929 and GSE36552; the accession
number of human embryo ATAC-seq data is GSE101571; the accession number of human embryo histone CUT&RUN data is GSE124718; accession numbers of
other naive/EPSC media single-cell sequencing data are GSE150311 (RSeT and t2iLG6), GSE166422 (PXGL), GSE150578 (5iLA); accession numbers of other naive/
EPSC media RNA-seq data are GSE52617 (NHSM), E-MTAB-2857 (t2iLG6), GSE59435 (5iLAF), E-MTAB-7254 (EPSC); accession numbers of DNA methylation data are
GSE49828 (human embryo), GSE52617 (NHSM), GSE60945 (t2iLGA-NK2), GSE111018 (5iLAF), GSE136715 (mouse early embryo) and GSE75751 (mouse ESC and
2CLC); the accession numbers of mouse early embryo scRNA-seq data is GSE45719; the accession number of mouse ESC and 2CLC is GSE168728; and the accession
number of TSC RNA-seq data is GSE138762. Human reference genome is available at http://ftp.ensembl.org/pub/release-105/fasta/homo_sapiens/dna/
Homo_sapiens.GRCh38.dna_rm.alt.fa.gz. All reference datasets with links are summarized in Supplementary Table 8. Processed datasets with links and descriptions
are summarized in Supplementary Table 11. Processed bulk RNA-seq data can be accessed at https://figshare.com/s/8ee132ff1366fa89d35a, processed scRNA-seq
data can be accessed at https://figshare.com/s/34110eebb58462a79dd5, processed scATAC-seq data can be accessed at https://figshare.com/
s/760d3ff54f1214a50cc2, processed RRBS and WGBS data can be accessed at https://figshare.com/s/ff707bf8242f7b3ed8f5, processed teratoma and blastoid
scRNA-seq data can be accessed at https://figshare.com/s/037b348b1da763fb41d0, processed SMART-seq2 data can be accessed at https://figshare.com/s/
a1b03a1463865b8a56c8, processed single-cell multiomics data can be accessed at https://figshare.com/s/9c01c3b58d34b80de230. Source data are provided with
this paper.
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Life sciences study design

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

Sample size The sample size was estimated from the preliminary experiments or from our previously published studies. No statistical method was applied
to predetermine sample size. The RT-gPCR, FACS and ELISA were conducted with at least three independent experiments except otherwise
stated. Single-cell sequencing were performed independently with scRNA-seq, scATAC-seq, multiomics scRNA-seq, and SMART-seq2, and their
results are consistent. Bulk RNA-seq, RRBS and WGBS were conducted with two or three independent samples. Animal or embryo
experiments have been performed at least three times independently. Mice or embryo number used in each experiment was determined by
data consistency in control and experiment group, resources available and ethical reduction of animal use. Please refer to figure legends and
methods for details. All replications were successful.

Data exclusions  No data were excluded.

Replication Each experiment was reproduced in at least 3 biological replicates if not it is otherwise stated. Please refer to figure legends and methods for
details. All replications were successful.

Randomization  Mice were randomly allocated into experimental groups. No randomization methods were utilized for other experiments as all samples are
randomly collected from the population, sample collections were performed with controls, all replications were successful and no data were

excluded.

Blinding No blinding was used. Blinding was not used because all analysis was performed on all relevant samples in reproducible ways so no bias could
have been removed by blinding. Besides, all the experiments have been performed by at least two independent researchers.
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Antibodies

Antibodies used Antibodies used:
Details of all antibodies used in this study were provided in Supplementary Table 10 with catalog number, and commercial sources
supplied.

For Immunostaining:

Antibody, Company, Catalogue Number, Dilution

TPRX1 antibody, Novus Biologicals, Cat# NBP1-92524, 1:100

KLF17 antibody, Sigma-Aldrich, Cat# HPA024629, 1:200

OCT-3/4 antibody, Santa Cruz Biotechnology , Cat# sc-5279, 1:200

SOX2 antibody, R&D Systems, Cat# AF2018, 1:50

GATA-3 antibody, R&D Systems, Cat# AF2605, 1:200

Cytokeratin 7 (KRT7) antibody, Dako, Cat# M7018, 1:200

Human chorionic gonadotropin antibody, Dako, Cat# 1S50830-2, 1:50

SDC1 antibody, Abcam, Cat# ab39969, 1:200

GATA-6 antibody, Cell Signaling Technology, Cat# 5851, 1:200

SOX1 antibody, R&D Systems, Cat# AF3369, 1:100

NANOG antibody, Abcam, Cat# ab21624, 1:200

Flag M2 mouse monoclonal antibody, clone M2, Sigma-Aldrich, Cat# F1804, 1:200

Living Colors® DsRed antibody, Takara Bio, Cat# 632496, 1:200

Human AP-2 gamma antibody R&D Systems Cat# AF5059, RRID:AB_2255891

GATA2 antibody Thermo Fisher Scientific Cat# PA1-100, RRID:AB_2539871

Alexa Fluor 488-AffifiniPure Donkey Anti-Mouse IgG, Jackson ImmunoResearch, Cat# 715-545-150, 1:500
Alexa Fluor 488-AffifiniPure Donkey Anti-Rabbit IgG, Jackson ImmunoResearch, Cat# 711-545-152, 1:500
Alexa Fluor 488-AffifiniPure Donkey Anti-Goat IgG, Jackson ImmunoResearch Cat# 705-545-147, 1:500
Cy3-AffifiniPure Donkey Anti-Rabbit 1gG, Jackson ImmunoResearch, Cat# 711-165-152, 1:500
Cy3-AffifiniPure Donkey Anti-Mouse 1gG, Jackson ImmunoResearch, Cat# 715-545-150, 1:500
Cy3-AffifiniPure Donkey Anti-Goat IgG, Jackson ImmunoResearch, Cat# 705-165-147, 1:500
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For Western Blot:

Antibody, Company, Catalogue Number, Dilution

UHRF1 antibody, GeneTex, Cat# GTX113963, 1:1000

ACTIN antibody, Sigma-Aldrich, Cat# A2066, 1:2000

Goat anti-Rabbit 1gG (H+L) Secondary Antibody, HRP, Thermo Fisher Scientific, Cat# 32460, 1:5000

Validation Antibodies obtained from the commercial source were validated by the suppliers, detailed validation analysis relevant literatures are
provided on the company website for the products used in this study. Some antibodies were validated in a previously published study
as indicated in methods or relevant literature was cited.

TPRX1 (NBP1-92524) https://www.novusbio.com/products/tprx1-antibody nbp1-92524

KLF17 (HPA024629) https://www.sigmaaldrich.cn/CN/zh/product/sigma/hpa024629

OCT-3/4 (sc-5279) https://www.scbt.com/p/oct-3-4-antibody-c-10

SOX2(AF2018)https://www.rndsystems.com/cn/products/human-mouse-rat-sox2-antibody_af2018

GATA-3 (AF2605) https://www.rndsystems.com/cn/products/human-gata-3-antibody_af2605

KRT7 (M7018) https://www.labome.com/product/Dako/M7018.html

hCG (1S50830-2) https://www.agilent.com/en/dako-products

SDC1 (ab39969) https://www.abcam.cn/scd1-antibody-ab39969.html

GATA-6 (5851) https://www.cellsignal.cn/products/primary-antibodies/gata-6-d61le4-xp-rabbit-mab/5851

10. SOX1 (AF3369) https://www.rndsystems.com/cn/products/human-mouse-rat-sox1-antibody af3369

11. NANOG (ab21624) https://www.abcam.com/nanog-antibody-ab21624.html

12. FLAG (F1804) https://www.sigmaaldrich.com/IN/en/product/sigma/f1804

13. DsRed (632496) https://www.labome.com/product/Takara-Bio-Clontech/632496.html

14. AP-2 gamma (AF5059) https://www.rndsystems.com/cn/products/human-ap-2gamma-antibody_af5059

15. GATA2 (PA1-100) https://www.thermofisher.cn/cn/zh/antibody/product/GATA2-Antibody-Polyclonal/PA1-100

16. Alexa Fluor 488-AffifiniPure Donkey Anti-Mouse 1gG (715-545-150) https://www.jacksonimmuno.com/catalog/

products/715-545-150

17. Alexa Fluor 488-AffifiniPure Donkey Anti-Rabbit 1gG (711-545-152) https://www.jacksonimmuno.com/catalog/

products/715-545-152

18. Alexa Fluor 488-AffifiniPure Donkey Anti-Goat IgG (705-545-147) https://www.jacksonimmuno.com/catalog/

products/715-545-147

19. Cy3-AffifiniPure Donkey Anti-Rabbit IgG (711-165-152) https://www.jacksonimmuno.com/catalog/products/711-165-152

20. Cy3-AffifiniPure Donkey Anti-Mouse IgG (715-545-150) https://www.jacksonimmuno.com/catalog/products/715-545-150

21. Cy3-AffifiniPure Donkey Anti-Goat 1gG (705-165-147) https://www.jacksonimmuno.com/catalog/products/705-165-147

22. UHRF1 (GTX113963) https://www.genetex.com/Product/Detail/UHRF1-antibody/GTX113963

23. Actin (A2066) https://www.sigmaaldrich.com/IN/en/product/sigma/a2066

24. Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP (32460) https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-

Rabbit-lgG-H-L-Secondary-Antibody-Polyclonal/32460
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) WIBR3 human ESC were kindly provided by Dr. Jacob Hanna (Weizmann Institute of Science, Israel), UH10 (iPSC-4) human




Cell line source(s)

Authentication

iPSC and HN10-DsRed human ESC by Dr. Guangjin Pan (Guangzhou Institutes of Biomedicine and Health, Chinese Academy of
Sciences, China), Phoenix (iPSC-2) human iPSC by Dr. Ulrich Martin (Hannover Medical School, Germany). Primed human ESC
including HUES1 and HUES7 and iPSC including DiPS 1016SevA (iPSC-1) and STiPS O-XX1 (iPSC-3) were purchased from
Howard Hughes Medical Institute (USA) and H1 and H9 human ESC from WiCell Research Institute (USA). HEK293T were
purchased from ATCC. MUERV-L-LTR-GFP ESC reporter cell line was kindly provided by Dr. Man Zhang (Guangzhou
Laboratory, Guangzhou, China).

HEK293T cells were validated by ATCC. Primed human ESC including HUES1 and HUES7, and iPSC including DiPS 1016SevA
(iPSC-1) and STiPS O-XX1 (iPSC-3) were validated by Howard Hughes Medical Institute (USA). H1 ESC was validated by WiCell
Research Institute. WIBR3 was validated by Dr. Jacob Hanna. Phoenix iPSC were validated by Dr. Ulrich Martin. MuERV-L-LTR-
GFP mESC was authenticated by Dr. Man Zhang. We authenticated H9 ESC, HN10 ESC and UH10 iPSC by STR analysis.

Mycoplasma contamination Yes, they all were monthly tested and were found devoid of mycoplasma contamination.

Commonly misidentified lines 1o our knowledge, no cell lines used in this study are listed in the database of commonly misidentified cell lines maintained

(See ICLAC register)

by ICLAC.

Animals and other organisms

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

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

6 to 8-week-old male NOD-scid-IL2Rg-/- mouse (Mus musculus); female BDF1 mouse; female ICR mice. Mice were housed in a
temperature (20-26 °C)-, humidity (40-70)- and light-controlled (12 hour light/dark cycle) specific pathogen-free (SPF) animal facility,
in individually ventilated cages.

No wild animals were used.
No field-collected samples were used.

All animal experiments were performed in accordance with the ethical guidelines of the Guangzhou Institutes of Biomedicine and
Health. Human-mouse chimera and human blastoid experiments were approved and followed up by the Animal Care and Use
Committee and Human Subject Research Ethics Committee under license numbers IACUC2016012 and GIBH-IRB2020-034,
respectively, of the Guangzhou Institutes of Biomedicine and Health. These committees are constituted of experts in different fields
(including scientists working on development and other disciplines, and non-scientists [doctors and lawyers]), and they evaluated the
rationale of the experiment plan, origins and consents of human materials, and the qualification of the investigators. Several of these
experts followed the study until completion. Both experiments followed relevant international regulations including the 2016
Guidelines for Stem Cell Research and Clinical Translation released by the International Society for Stem Cell Research (ISSCR). A
specialized review process was activated in the human-mouse chimera experiments to assess whether the degree of functional
integration was high enough to raise concerns that the nature of the chimeric animal would be substantially changed. Human
blastoid experiments were subjected to an embryo research oversight process. Several of these experts followed the study until
completion.

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

Flow Cytometry

Plots
Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

For flow cytometry, cells were trypsinized, washed twice with DPBS and filtered through a Falcon® 40 pum cell strainer
(Falcon, 352340). Cells were resuspended with 0.04% BSA in PBS. They were loaded into a BD LSRFortessa X-20 cell analyzer.
For cell sorting using TPRX1-EGFP reporter cells in stepwise e4CL-day 5, cells were trypsinized, resuspended with 0.04% BSA
and loaded into a BD FACSAria Il for sorting.

BD LSRFortessa X-20 cell analyzer was used for FACS analysis and BD FACSAria Il for cell sorting.

Flow cytometry data were collected with BD FACSDiva™ software, and were analyzed by Flowjo (v10.4).

Cell population abundance Distinct cell populations were determined using controls.
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Gating strategy Cell debris were excluded using a FSC-A vs SSC-A gate, aggregates were excluded using a FSC-H vs FSC-A gate and the
boundary between negative and positive was defined by the isotype control.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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