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Recently, several studies using cultures of human embryos together with single-cell
RNA-seq analyses have revealed differences between humans and mice, necessitating
the study of human embryos' 8. Despite the importance of human embryology, ethical
and legal restrictions have limited post-implantation-stage studies. Thus, recent
efforts have focused on developing in vitro self-organizing models using human stem
cells®Y. Here, we report genetic and non-genetic approaches to generate authentic
hypoblast cells (naive hPSC-derived hypoblast-like cells (nHyCs))—known to give rise
to one of the two extraembryonic tissues essential for embryonic development—from
naive human pluripotent stem cells (hPSCs). Our nHyCs spontaneously assemble with
naive hPSCs to form a three-dimensional bilaminar structure (bilaminoids) with a
pro-amniotic-like cavity. In the presence of additional naive hPSC-derived analogues
ofthe second extraembryonic tissue, the trophectoderm, the efficiency of bilaminoid
formationincreases from20% to 40%, and the epiblast within the bilaminoids continues
todevelop inresponse to trophectoderm-secreted IL-6. Furthermore, we show that
bilaminoids robustly recapitulate the patterning of the anterior-posterior axis and
the formation of cells reflecting the pregastrula stage, the emergence of which canbe
shaped by genetically manipulating the DKK1/OTX2 hypoblast-like domain. We have
therefore successfully modelled and identified the mechanisms by which the two
extraembryonic tissues efficiently guide the stage-specific growth and progression of
the epiblast as it establishes the post-implantation landmarks of human embryogenesis.

Early blastocysts of the pre-implantation human embryos are com-
posed of trophectoderm and inner cell mass (ICM). The ICM gener-
atestheepiblast (thatis, future fetus) and hypoblast (that s, primitive
endoderm, future yolk sac), aprocess completed inthe late blastocyst
stage. During implantation, these two tissues form a bilaminar disc that
functions as a developmental template for the embryo. Despite the
importance of early human development, our knowledge of human
peri-implantation development is limited owing to ethical and legal
restrictions. Thus, alternative approaches for analysing this develop-
mentally critical period are necessary.

To model human pre-implantation development, itisimportant to
establish cells that correspond to pre-implantation embryosin vitro.
In contrast to their mouse counterpart, naive human pluripotent stem
cells (hPSCs), corresponding to the pre-implantation epiblast’®%,
can generate blastocyst-like structures (blastoids)'*" and differenti-
ate into the trophectoderm of blastocysts®??. Although hypoblast
differentiation from naive hPSCs has been reported®, the molecular
details remain unclear, and the capture of in vitro pre-implantation
hypoblast has not been achieved. Thus, it remains unclear whether

extraembryonictissues support the development of pre-implantation
epiblast.

Here we induced human pre-implantation hypoblast from naive
hPSCs by either transgene overexpression or chemical induction, which
guides the epiblast to form the first embryonic cavity, establishes the
anterior-posterior axis and, together with the second extraembryonic
tissue, the trophectoderm/trophoblast (TB), supports the establish-
ment of the post-implantation embryonic state.

Naive hPSC-induced hypoblast by GATA6

Toinduce the pre-implantation hypoblast, we compared the potential
of naive and primed hPSCs™?° to differentiate into this tissue (Extended
Data Fig. 1a-c). Gataé6, Gata4 and Sox17 are expressed in the mouse
hypoblast?, and their overexpression was shown to induce embryonic
stem (ES) cells to hypoblasts?®?. As the human hypoblast also expresses
GATA6, GATA4 and SOX17**, we introduced doxycycline (DOX)-inducible
GATA6, GATA4 or SOX17 transgenes into both naive and primed H9 ES
cells by piggyBac (PB) (Fig. 1a). GATA6 overexpression induced the
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Fig.1|Naive hPSCdifferentiationinto the PDGFRA" hypoblastby GATA6
overexpression. a, Schematic of the DOX-dependentinduction of the GATA6,
GATA4 or SOX17transgene in hPSCs. b, Bright-field images of naive and primed
H9 hPSCs (day 0 (DO)) and hPSC-derived cells with GATA6 overexpressionat D1
and D3 under serum-containing conditions (Extended DataFig.10). n=10.

¢, Flow cytometry analysis of PDGFRA expressionin naive and primed hPSCs
after GATA6induction under serum-free conditions (Extended DataFig.10).n=3.
d, UHC analysis of the transcriptomes of naive hPSCs (N-DO), naive hPSC-derived
GATA6-PDGFRA’ cells (N-G6-D1and N-G6-D3), primed hPSCs (P-DO) and primed
hPSC-derived G6-PDGFRA" cells (P-G6-D1and P-G6-D3) from two independent
experiments (exland ex2). PDGFRA" cells weresortedonDland D3.e, PCA

of naiveand primed cells.f,PC2and PC3 loadings of e. In total, 14,481 genes
were ordered by their PC2 or PC3 loading scores (Supplementary Table 2).
Representative genes among the top 50 are shown. n values show biologically
independent experiments. Scale bars,100 um (b). Reproducibility isshownin
the Methods.

endogenous hypoblast genes GATA6, GATA4,SOX17 and PDGFRA. GATA4
overexpressioninduced these genes only moderately, but SOX17 over-
expression failed (Extended Data Fig. 1d). This suggests a hierarchy in
propagating the human hypoblast program, like in mice. After 3 days
of overexpression, characteristic naive hPSC morphologies disap-
peared (Fig. 1b and Extended Data Fig. 1e). Flow cytometry analysis
confirmed that PDGFRA was expressed after GATA6 overexpressionin
naive and primed hPSC-derived cells (Extended DataFig. 1f). PDGFRA"
cells fromnaive GATA6-induced hPSCs (naive G6-PDGFRA") expressed
hypoblast marker genes, whereas primed G6-PDGFRA’ cells expressed
mesoderm marker genes (Extended Data Fig. 1g). GATA4 overexpres-
sion also induced PDGFRA" cells, but SOX17 did not (Extended Data
Fig.1f). Naive and primed G4-PDGFRA’ cells expressed hypoblast and
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mesoderm genes, respectively (Extended Data Fig. 1h). To character-
ize hypoblast specification from naive hPSCs further, we developed
and optimized aserum-free induction system using N2B27 chemically
defined medium (NDiff227) as abasal medium. First, we observed that
GATA6 overexpression in naive hPSCs induces PDGFRA' cells under
N2B27,and FGF4 addition further enhanced thisinduction (Extended
DataFig. 1i). GATA6 overexpression most efficiently induced PDGFRA
expressionand PDGFRA" cells in naive and primed hPSCs after 48 and
72 h, respectively (Extended Data Fig. 1j,k). We observed that 0.1 pM
DOXinduced PDGFRA expression and PDGFRA' cells more effectively
than 10 pM DOX (Extended Data Fig. 11-n). On the basis of these data,
we defined a hypoblastinduction protocol based on GATA6 overexpres-
sion (Extended Data Fig. 10).

Withoptimized induction, GATA6 overexpression reproducibly con-
verted around 80% of naive hPSCs into PDGFRA" cells on day 3 express-
ing hypoblast genes (five lines, n = 71; Fig. 1c, Extended Data Fig. 2a,b
and Supplementary Fig. 1). GATA4 overexpression under the same
induction protocol alsoinduced PDGFRA" cells, but less efficiently than
GATA6 (Extended DataFig. 2c,d and Supplementary Fig.1). Hypoblast
protein markers were observed after GATA6 overexpression, whereas
pluripotency markers were downregulated (Extended Data Fig. 2e).

We performed RNA-sequencing (RNA-seq) analysis during differen-
tiation (Supplementary Table 1). Unsupervised hierarchical cluster-
ing (UHC) classified the samples on the basis of their origin (Fig. 1d).
Principal componentanalysis (PCA) revealed that PClseparated naive
hPSCs and primed hPSCs even after differentiation (Fig.1e). However,
thesimilar directional transition along PC2 suggested thatacommon
subset of genes was similarly up- or downregulated in both naive and
primed G6-PDGFRA" cells. During differentiation, naive hPSCs lost the
expression of pre-implantation epiblast marker genes*” but upregu-
lated hypoblast marker genes (Extended Data Fig. 2f,g). A subset of
epiblast and hypoblast marker genes in primed cells also showed a
similar expression pattern and strongly affected PC2 (Fig. 1f and Sup-
plementary Table 2).

Finally, PC3 revealed a directional, progressive, but opposite tran-
sition of cellular properties in naive and primed G6-PDGFRA" cells.
Specifically, mesoderm and body plan genes were enriched for nega-
tive PC3 loading values (primed G6-PDGFRA") (Fig. 1f and Supplemen-
tary Table 2). Previous studies reported that PDGFRA is expressed in
mesoderm progenitors®”?, and GATA6is expressed in primitive streak/
gastrulating cells and the mesoderm®?. Indeed, primed G6-PDGFRA*
cells expressed primitive streak, definitive endoderm and mesoderm
genes (Extended Data Fig. 2h) and post-implantation late epiblast
marker genes in cynomolgus monkey embryos® (Extended Data Fig. 2i).
Moreover, primed G6-PDGFRA’ cells expressed early primitive streak
genesondayland several gastrulation-and mesoderm-related genes
on day 3 (Extended Data Fig. 2j). By contrast, naive G6-PDGFRA cells
did not express these mesoderm genes aside from MIXL1, EOMES and
HANDI (Extended Data Fig. 2j), which were also detected in embry-
onic hypoblast cells (Extended Data Fig. 2k). Similarly, the hypoblast
genes SOX17, APOA2, HNF4A and CTSE were strongly expressed only
in naive G6-PDGFRA" cells along with KLF4 and OTX2 (Extended Data
Fig.2l), whichare also expressed in the hypoblast of human blastocysts
(Extended DataFig.2m). Together, we concluded that GATA6 promotes
naive hPSC differentiation into the hypoblast lineage, while primed
hPSCs adopt a post-implantation embryonic fate.

Hypoblast induced by signalling molecules

As GATA6 and FGF4 efficiently induced hypoblast formation, we
investigated the signalling pathways affected by GATA6 overexpres-
sion that are vital for hypoblast induction. RNA-seq data showed the
upregulation of BMP2/6, STAT3, FRZB and FGFR2 and the downregula-
tion of WNT3 (Extended Data Fig. 3a). We therefore examined these
signalling pathways using western blotting. While phosphorylated
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Fig.2|Essential signalling for human hypoblast specification. a, Schematic
ofthe 7F induction of PDGFRA" cells. b, Bright-field image and flow cytometry
3 daysafter 7Finduction.n=44.c,Immunofluorescence analysis of naive hPSCs
atdayOandday3in7F medium. Theindicated proteinsareshowninred and
green.Blue, DAPl.n=2.d, Correlation coefficients of human pre-implantation
embryos and naive hPSCs, primed hPSCs and PDGFRA" cells in 7F, 4F or 2F, or
with GATA6 overexpression. Adi, AdiPS cells; 4F, FGF4 and BMP4 with A83-01
and XAV939; 2F, FGF4 and BMP4. e, Minimum essential factors for hypoblast
specification. n=3.f, Bright-field images of marmoset ICM-derived cells. ICM
cellswere cultured in 4F or with MEK and BMP pathway inhibitors (PD0325901
and LDN-193189) and A83 + XAV (control). n=2.g, Immunofluorescence images
ofthe marmoset ICM at day 3. Green, SOX17; blue, DAPI. n=2.h,PCA of bulk
RNA-seq data from this study and published reports, and of scRNA-seq data
from humanembryos. The circles indicate cell types®: blue, pre-implantation;

(p) SMAD1/5/9, pSTAT3 and pMAPK were upregulated, pSMAD2
was downregulated (Extended Data Fig. 3b). We therefore selected
seven factors (7F) as candidates for chemical hypoblast specifica-
tion: BMPs (a pSMAD1/5/9 activator), IL-6 (a pSTAT3 activator), FGF4,
A83-01 (apSMAD2 inhibitor and ALK4/5/7 inhibitor) and XAV939 (a
WNT/B-catenininhibitor and tankyrase inhibitor) along with PDGF-AA
and retinoic acid, which work in mice for hypoblast specification®
(Fig.2a).7Finduced the expression of PDGFRA and hypoblast genesin
multiple naive hPSC cell lines (H9, H1, induced pluripotent stem cells
(iPSCs)) but not in primed hPSCs (Fig. 2b,c, Extended Data Fig. 3c-g
and Supplementary Fig. 1).

The transcriptome of naive 7F-PDGFRA’ cells was consistent with
naive G6-PDGFRA" cells (Extended Data Fig. 3h). A correlation analysis

50 0
PC2 (7.50%)

light blue, post-implantation; pre-Epi, pre-implantation epiblast; post-Epi,
post-implantation epiblast; PSA-Epi, primitive-streak anlage epiblast; int-PSA
and int-post-Epi, intermediate state cells of primitive-streak anlage epiblast
and post-implantation epiblast; AME, amnion; pre-TE, pre-implantation
trophectoderm; post-CT, post-implantation cytotrophoblast. Bulk RNA-seq
data: purple squares, naive hPSCs and nHyCs from this study; black squares,
naive hPSC-derived trophectoderm (nTE) and CT (nCT)?; vermillion squares,
naive hPSCs and RACL cells?; triangles, primed hPSCs and primed hPSC-derived
G6 PDGFRA' cells; crosses, primed hPSCs and definitive endoderm?; and
diamonds, first-trimester primary CT?. i, Signalling pathways to specify the
threecell types ofblastocyst. Hyp, hypoblast; aPKCi, aPKC inhibitor; FGFi, FGF
inhibitor; TGF-Bi, TGFf inhibitor. n values show biologically independent
experiments. Scalebars, 100 pm (b) and 50 pm (c, fand g).

with human pre-implantation embryos revealed that they correlated
most prominently (Fig. 2d). We concluded that naive hPSC-derived
PDGFRA’ cells overexpressing GATA6 or manipulated chemically to
activate relevant signalling pathways progress into a hypoblast-like
state, and we refer to these cells as nHyCs.

Weidentified that the transcription factors FOXA2, HNF4A, and SP8
(Supplementary Table 3 and Extended Data Fig. 3i,j) and cell surface
markers ANPEP (also known as CD13) and CEACAM1I (Extended Data
Fig. 4a,b) mark nHyCs. Flow cytometry confirmed that ANPEP and
CEACAMI1 were highly expressed in G6-nHyCs and 7F-nHyCs but not
innaive hPSCs, primed cells, naive hPSCs in a primed medium (FGF2/
TGFp), definitive endoderm cells or mouse hypoblast (Extended Data
Fig.4c-f).
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Fig.3|Naive hPSCs and nHyCs generate bilaminoids. a, Bilaminarembryo-like
aggregates (bilaminoids) generated by the mixture of naive hPSCs and nHyCs.
Aggregates were cultured without Matrigel. DOX was added for the first 2 days.
IL-6 was added from day O to 4 where indicated. Naive(WT), WT naive hPSCs;
Naive-GFP(G6-OE), GFP-expressing naive hPSCs expressing GATA6 under
DOX treatment. b, Immunofluorescence images of cell aggregates. Green,
Naive-GFP(G6-OE); purple, OCT3/4; white, PAR6; blue, DAPI.n=3.c,qPCR
analysisof aggregateson days2and 4. Cell aggregates were sorted by GFP on

FGF/BMP for hypoblast specification

Duringembryonic development, signalling pathways actin concertto
promote specification. Accordingly, removing FGF4 or BMP4 from 7F
medium substantially decreased PDGFRA expression (Extended Data
Fig. 4g) and adding activin A or CHIR99021 abolished PDGFRA" cells
(Extended Data Fig. 4h). nHyCs were induced even when we removed
vitamin A and retinoic acid (Extended Data Fig. 4i), suggesting that,
contrary to the mouse hypoblast, the human hypoblast does not require
retinoic acid for its specification. FGF4/BMP4 complemented with A83/
XAV (4F) or without A83/XAV (2F), albeit at alow efficiency, successfully
induced hypoblast gene expression and nHyCs (Fig. 2e and Extended
Data Fig. 4j-m), which had strong correlations with hypoblasts of the
blastocyst stage, similar to G6-nHyCs and 7F-nHyCs (Fig. 2d).

To assess the effects of these molecules on hypoblast specification
directly from the ICM of blastocysts, non-human-primate common
marmoset ICM was cultured using 7F or 4F medium, or inhibitors of the
FGF/BMP pathways (PD0325901/LDN-193189) and A83/XAV as a control
(Fig. 2f).Onday 3 of culture, the 4F colonies were flatter and contained
larger cuboidal cells (Fig. 2f). SOX17" hypoblast-like cells formed in 4F
and 7F medium but notin the control medium (Fig. 2g). These observa-
tionssuggest a crucial role for BMP/FGF signalling in hypoblast speci-
fication from the marmoset ICM while, in mouse ES cells, 7F did not
induce PDGFRA or Sox7%, in contrast to activin A + CHIR99021/LIF
(ACL)* or activin A + retinoic acid*® (Extended Data Fig. 5a,b). These
dataindicate that, in contrast to transcription factors of which the
hierarchy and functions appear to be conserved between humans and
mice, signalling may be common between humans and marmosets but
differs with mice.
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(bottom).n=2.nvalues showbiologicallyindependent experiments. Dataare
mean (c).Scalebars, 20 pm (b) and 50 um (d).

Human hypoblast lineage cells are reported to beinduced from naive
hPSCsin RPMIwith ACL (RACL)*.RACL induced PDGFRA' cells by day
7 but not some other hypoblast markers (that is, CEACAM1, HNF4A,
FOXA2, SP8, SOX17 or KLF4), in contrast to 7F-nHyCs and 4F-nHyCs
(Extended DataFig. 5¢,d). The transcriptome of RACL cells?* appeared
tobe morelike post-implantation-stage cells, like primed-derived cells
(Extended Data Fig. 5e-g). Furthermore, while PCA combined with
single-cell RNA-seq (scRNA-seq) data of human embryos® indicated
that nHyCs and hypoblasts had similar gene expression profiles,
RACL and primed-derived cells had closer expression profiles with
post-implantation cells® (Fig. 2h and Extended DataFig. 5h), suggesting
that nHyCs closely resemble the pre-implantation, blastocyst-stage
hypoblast, a tissue that supports the epiblast development.

Generation of bilaminoids

During the peri-implantation period, non-polarized naive epiblast
acquires apical-basal polarity, concomitantly loses naive pluripo-
tency to create the pro-amniotic cavity and, finally, forms both the
post-implantationepiblast and amnion cells. Meanwhile, the hypoblast
differentiates into visceral endoderm and yolk sac endoderm cells.
As the visceral endoderm and post-implantation epiblast, having lost
the naive pluripotent state, generate the bilaminar disc together, we
aimed to model their intertwined development by culturing naive
hPSCs (naive, wild type (WT)) with naive hPSCs overexpressing GATA6
under DOX treatment (Naive(G6-OE)) on a microwell array® (Fig. 3a).

To mark aggregated cells, GFP or DsRed was introduced into naive
hPSCs (Naive-GFP and Naive-DsRed, respectively). Aggregates gen-
erated by a mixture of Naive(WT) and Naive-GFP(G6-OE) cells were



more spherical, consistent with the epithelial nature of hypoblast
tissues (Extended Data Fig. 6a,b). While a mixture of Naive(WT) and
Naive-GFP(G6-OE) cells was observed on day 0, Naive-GFP(G6-OE) after
DOX treatment(called nHyCs(G6-OE)) relocated to the outer edge on
day2, asistypically observedinlateblastocysts after maturation (Fig. 3b
and Extended Data Fig. 6¢), such that half of the aggregates were sur-
rounded completely (Extended Data Fig. 6d). Time-lapse experiments
confirmed the progressive segregation of GFP (nHyCs(G6-OE)) and
DsRed (naive hPSC-derived epiblast-like cells (nEpiCs)) cells (Extended
DataFig. 6e,f). Only afew GFP* cells were inside the aggregates on day
4 but were probably not hypoblast-like cells given their lack of SOX17
expression (Extended DataFig. 6g). Previous reports of human embryos
suggested that, between days 7 and 10, epiblast and hypoblast cell
numbersincrease from around 20-40 to 80-100 and from about 20-50
to 60-90, respectively®* 8, Similarly, nHyC(G6-OE) and nEpiC cell
numbers and aggregate size increased during differentiation (Extended
DataFig. 6h,i). GATA6 total expressionin nHyCs(G6-OE) on day 2 after
DOX treatment, at a similar level to blastocysts’, was higher than in
nEpiCs (Extended Data Fig. 6j,k). nHyCs(G6-OE) in day 2 aggregates
upregulated hypoblast genes and downregulated pluripotency-related
genes, whereas nEpiCs expressed naive or epiblast genes (Fig. 3c and
Extended DataFig. 6j,1). We therefore concluded that nHyCs and nEpiCs
self-organize and express markers like the late human blastocysts.

We next analysed the apical-basal polarity of nEpiCs. Consistent
with a blastocyst-like stage, PAR6 had not accumulated on day 2,
(Fig. 3b). However, by day 4, around 20% of aggregates surrounded
by nHyCs(G6-0OE) accumulated PAR6 at the centre (Fig. 3b and Extended
DataFig. 6d).Polarized nEpiCs onday 4 gradually formed arosette-like
structure, which we refer to as bilaminoids, wherein PODXL and aPKC
were localized together with F-actin (Fig. 3d). Lifeact—a small peptide
with an affinity for actin microfilaments (F-actin)®—accumulated in the
middle of the aggregates around 64 h after GATA6induction (Extended
Data Fig. 6m). Consistent with a pre- to post-implantation transition,
nEpiCs showed a gradual decrease in KLF17 expression (naive pluri-
potency gene) and increases in THY1, DNMT3B and SFRP2 expression
(early post-implantation epiblast genes)>?**° (Fig. 3c and Extended
DataFig. 6j).

We also observed bilaminoids made by naive hPSCs and sorted naive
PDGFRA’ cellsinduced by GATA6, 7F or 4F on laminin511-E8 (Extended
DataFig. 6n). Although primed G6-PDGFRA” cells, RACL cells and defini-
tive endoderm cells with either naive or primed hPSCs also surrounded
epiblast cells, none generated a polarized cavity (Extended Data
Fig. 6n). 7F-PDGFRA" and G6-PDGFRA" cells together with Naive(WT)
cellsgenerated bilaminoids with similar efficiency but less effectively
compared with the mixture of Naive(WT) and Naive-GFP(G6-OE) cells,
probably due to damages from flow cytometry (Extended Data Fig. 6p).

Epiblast progression via TB-secreted IL-6

Naive hPSCs candifferentiateinto trophectoderm by blocking FGF and
TGF-B/activin signalling pathways®? and can generate blastocyst-like
structures (blastoids) under TB induction medium containing PD0O3
and A83'%Y, Although we did not use PD03 and A83 for bilaminoid
induction, we examined whether TBs appeared in the bilaminoids.
Indeed, they were not found in bilaminoids, although a few GATA2*
cells were detected in incomplete aggregates without an amniotic
cavity (Extended Data Fig. 6q). To quantify TB-like cells (nTBs), we
performed flow cytometry and identified HAVCR1'ENPEP* nTBs***,
However, less than 1% were HAVCRI'ENPEP* nTBs in bilaminoids, sug-
gesting that they, in contrast to blastoids, do not contain TB-like cells
(Extended DataFig. 6r). These results were confirmed using two other
independentiPSC lines (Extended Data Fig. 6s,t).

We next analysed the role of TBs in epiblast development by
co-culturing Naive(WT) + Naive(G6-OE) with nTBs that were separately
cultured onaTranswell plate (Fig. 4a). nEpiC proliferation was enhanced

in the presence of nTBs (Fig. 4b and Extended Data Fig. 7a), resulting
inlarger bilaminoids (Extended Data Fig. 7b). Although the efficiency
of generating aggregates surrounded by nHyCs was similar for bilami-
noids with and without nTBs (around 50%; Extended Data Fig. 7¢c,d), the
amniotic cavity formed more efficiently and to alarger size with nTBs
(from20%to40%; Fig.4c-e and Extended Data Fig. 7e). This effect was
confirmed using two other naive hPSC lines (Extended Data Fig. 7f).
Asbilaminoids and nTBs were separately cultured, we hypothesized
that TBs promote epiblast proliferation and accelerate pro-amniotic
cavity formation through secreted factors. As previously reported,
IL-6 and PDGFA are expressed in TBs* (Extended Data Fig. 7g). When
IL-6 or PDGFA were added to the culture of bilaminoids, they efficiently
enhanced pro-amniotic cavity formation by day 4 (Extended Data
Fig. 7h). Furthermore, JAK inhibitor treatment negated the positive
effects of nTBs (Extended Data Fig. 7i). We next knocked out /L6 in
naive hPSCs (Extended Data Fig. 7j,k). IL6-knockout (KO) naive hPSCs
differentiated intotrophectoderm (Extended DataFig. 71,m), but these
cellsdid not enhance bilaminoid growth and cavitation (Fig. 4f-h and
Extended Data Fig. 7n). Finally, to determine whether IL-6 acts on
nEpiCs or nHyCs, we activated JAK/STAT3 signalling in nEpiCs or nHyCs
using the GP130/GCSFR chimeric receptor (Y118F)*%. Both cell types
activated STAT3 signalling (Extended Data Fig. 70,p) but bilaminoids
formed pro-amniotic cavities more efficiently by day 4 when STAT3
signalling was specifically activated in the nEpiCs (Fig. 4i and Extended
DataFig. 7q,r). We concluded that nTB-secreted IL-6 activates STAT3
signalling in nEpiCs to support proliferation and pro-amniotic-like
cavity formation. This positive effect by IL-6 was also observed in the
bilaminoids generated by 7F-nHyCs (Extended Data Fig. 7u).

Mesoderm-like cells emerge in bilaminoids

After forming the pro-amniotic cavity and bilaminar disc, a subset of
epiblast cells engages in gastrulation. By day 6, nEpiCs surrounded by
nHyCs expressed TBXT (T) and primitive-streak-related genes (Fig. 4j
and Extended DataFig. 7v). Importantly, without nHyCs, cavities did not
form, and mesoderm genes were not induced even in the presence of
IL-6 and nTBs (Fig. 4j and Extended Data Fig. 7v). By contrast, the aggre-
gates surrounded by 7F-nHyCs also contained cavities and T* cells at
day 6 (Extended Data Fig. 7w). Moreover, nTBs increased the efficiency
of bilaminoids generated by 7F-nHyCs and the pro-amniotic cavity
volume (Extended Data Fig. 7w). To induce mesoderm, the amniotic
ectodermis essentialin human®?. Co-culturing with G6- or 7F-nHyCs on
Transwell plates, we confirmed that primed hPSCs to differentiate into
T"mesoderm cells 2 days after amnion-like cells emerged (Extended
DataFig.7x). Furthermore, we observed GATA3", TFAP2A" or ISL1" cells
(amnion markers) in day 6 bilaminoids (Extended Data Fig. 7y). We
concluded that nHyCs have a crucial role in regulating the expression
of gastrulation-related genesin nEpiCs.

Single-cell transcriptomics of bilaminoids

We identified the cell types of bilaminoids using scRNA-seq (197 cells
from 23 bilaminoids; Extended Data Fig. 8aand Supplementary Table 4)
and benchmarked them against a reference human embryo data-
set>**#1¢together with recently published human embryo models'>**7,
We generated an integrated uniform manifold approximation and
projection (UMAP), as proposed previously**, which clustered each cell
type of the embryos as hypoblast, epiblast, primitive streak, mesoderm,
amnion, primordial germ cells (PGCs), extraembryonic mesoderm, TB
and ICM (Fig. 5a and Extended Data Fig. 8b,c). We confirmed that our
clusters match with reported annotations of embryos and embryo
models (Extended Data Fig. 8d). As TBs and amnion cells share many
common genes, we further analysed whether our clustering separated
them properly. We observed that the amnion cell clusters correlate with
the amnion strongly but not with the trophectoderm (Extended Data
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Fig.4|TB enhances epiblast progression through IL-6 paracrine signalling.
a, Co-cultures of bilaminoids with naive hPSC-derived TBs (nTB) on Transwell
plates. Co-cultures were performed from day O to day 4. b, The cell number of
nEpiCsineachaggregate. Ten aggregates on each day were counted.n=2
biologicallyindependent experiments. ¢, Immunofluorescence images of
aggregatesonday 6.Blue, PAR6; yellow, SOX17; purple, OCT3/4; white, DAPI.
n=2biologicallyindependent experiments.d, The efficiency of cavity
formation. n=2biologicallyindependent experiments. e, Three-dimensional
images and volume of the amniotic cavity in each aggregate on day 6. Purple,
amniotic cavity; yellow, PAR6; green, naive-GFP(GATA®6); blue, DAPl.n=3
biologicallyindependent experiments. Statistical analysis was performed
using two-tailed Mann-Whitney’s U-tests. f, Inmunofluorescenceimages of
aggregates using /L6-KO naive hPSCs on day 6. Blue, PAR6; purple, SOX17; yellow,
OCT3/4; white, DAPI. nTB(-), bilaminoid without nTB; nTB(WT), bilaminoid
withnTB(WT); nTB(KO 1or2), bilaminoid withnTB (/L6-KO two clones (1 0or 2))
(Extended Data Fig. 7j). n = 4 biologically independent experiments. g, The

Fig.8e and Supplementary Table 5). Finally, we checked the annotation
of ourbilaminoidsin thisintegrated UMAP (Fig. 5b and Extended Data
Fig. 8f). Hypoblast, epiblast, primitive streak, mesodermand amnion
cells were reproducibly present on day 6, whereas TB cells were not.
Eachcluster expressed key cell-type-specific marker genes (Fig. 5c and
Supplementary Table 6). Notably, we noticed that a subpopulation of
nHyCs in bilaminoids classified by UHC expressed anterior visceral
endoderm marker genes (Extended DataFig. 8g). PCA and contributed
genesalso suggested that there were anterior-visceral-endoderm-like
cellsin the bilaminoids on day 6 (Extended Data Fig. 8h).

Anterior-posterior axis formation in bilaminoids

During mouse embryogenesis, asubpopulation of hypoblasts secretes
anteriorization factors to guide anterior-posterior axis formation
by restricting gastrulation to the posterior epiblasts*. To track
CER1 expression, one of the anteriorization factors, we generated
CERI-H2B-GFPknockinnaive hPSCs (Extended DataFig. 8i). We detected
CER1-H2B-GFP* cellsinapart of the nHyC(G6-OE) bilaminoids on day
6 and T cells located away from them in nEpiCs (Fig. 5d). Similarly,
T" cells did not contact OTX2" cells in nHyCs, which also marks the
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efficiency of cavity formation on day 6 asinf.n = 4 biologically independent
experiments. Statistical analysis was performed using two-tailed Fisher’s exact
tests. h, The volume of the amniotic cavity of each aggregateonday 6 asinf.
n=4biologicallyindependent experiments. Statistical analysis was performed
using Kruskal-Wallis and Dunn’s multiple-comparisons test. i, The efficiency of
cavity formationinbilaminoids after STAT3 activation on day 4. GP130/GCSFR
chimeric gene (Y118F) activates STAT3 signalling by adding G-CSF. WT,
Naive(WT); WT-Y, Naive(WT) with Y118F; G6, Naive(G6-OE); G6-Y, Naive(G6-OE)
with Y118F. n =3 biologicallyindependent experiments. Two-tailed Fisher’s
exacttest.j, Immunofluorescence images of aggregates with nTB on day 6.
Purple, T; blue, PAR6 and GATA6; white, DAPI. n = Sbiologically independent
experiments. Ford,eand g-i, the number of aggregates analysed for each
groupisshown. For the box plotsinb,e and h, the centre line shows the median;
thebox limits show the 25th and 75th percentile range, and the whiskers show
1.5 xinterquartilerange (IQR). Dataare mean = s.e.m. (gand i) and mean (d).
Scalebars, 50 um (c,e,fandj).

anterior visceral endoderm (Fig. 5e and Extended Data Fig. 8j). Further
immunostaining of the anterior visceral endoderm markers DKK1and
LEFTY confirmed this positionalinformation (Extended Data Fig. 8k).
To check whether anterior visceral marker genes were functional, we
overexpressed OTX2 or DKKIin nHyCs, which reduced T expression
alongwithother mesoderm genes (Fig. 5f and Extended DataFig. 81-n),
indicating that nHyCs control anterior-posterior axis formation and
patterns epiblast differentiation. We further concluded that a sub-
population of nHyCs inhibits and thereby patterns the expression of
gastrulation-related genes in nEpiCs.

nHyCs support epiblast progression

Next, we analysed the interaction between epiblast and hypoblast
using the scRNA-seq data. In mice, GATA factors induce laminins in
hypoblasts?®, and basal lamina formation separates hypoblasts from
epiblasts®. Our scRNA-seq data show that LAMAI, LAMBI and LAMCI
were strongly expressed in nHyCs(G6-OE) (Extended DataFig. 9a), and
laminins formed at the boundary between nHyCs(G6-OE) and nEpiCs
inthebilaminoids (Fig. 5g), therefore reflecting abasement membrane
betweenthe hypoblast and epiblast cells. Lamininis knowntointeract
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throughintegrin heterodimers on cell surface receptors*. We found that
theintegrin oy, whichis required for the formation of rosette structure
inmice", is expressedinnEpiCs (Extended DataFig. 9b), suggesting that,
likeinmice, laminininnHyCs may act throughintegrins for rosette for-
mationin humans. We therefore generated LAMBI-KO hPSClines (Naive
LAMBI-KO) (Extended Data Fig. 9c). Naive LAMBI-KO(G6-OE) cells differ-
entiated into the hypoblast lineage (Extended Data Fig. 9d,e) but did not
surround nEpiCs as asingle celllayer nor did they support pro-amniotic
cavity formation (Fig. 5h). We concluded that, like in mice, laminins
secreted by the human hypoblast support epiblast differentiation and
morphogenesis. We also noticed that nHyCs expressed BMP genes,
NODAL and WNTII (Extended DataFig. 9f) and nEpiCs expressed recep-
torsrelated to BMP, FGF and WNT (Extended Data Fig. 9g). To examine
how BMP, NODAL and WNT signalling affects mesoderminduction, we
added activators and inhibitors from day 4 and found that BMP, WNT
or activin inhibition reduces the appearance of gastrulation-related
genes in nEpiCs on day 6 (Extended Data Fig. 9h).

Lineage specification in bilaminoids

Finally, we cultured the bilaminoids until day 9. The amniotic cavity
ofthe bilaminoids enlarged, and nEpiCs partially differentiated intoa

Mann-Whitney U-tests. f, OTX2 overexpressionin nHyCs. Bilaminoids were
generated by Naive(WT) + Naive-GFP(G6-OE) cells containing tamoxifen-
inducible OTX2(OTX2-ERT2).Purple, OTX2; yellow, T; green, GATA6; white,
DAPI. n=2biologicallyindependent experiments. Statistical analysis was
performed using two-tailed Fisher’s exact tests. g, Immunofluorescence
images of LAMININ in bilaminoids on day 4. Yellow, laminin; green, GATA4;
purple, F-actin; white, DAPI. n = 2 biologicallyindependent experiments.

h, Aggregates generated by Naive(WT) and Naive LAMBI KO(G6-OE) (two clones
(1and 2)) cells (Extended Data Fig. 9c). Blue, PAR6; purple, SOX17; yellow, OCT3/4;
white, DAPI. n =3 biologicallyindependent experiments. Statistical analysis
was performed using two-tailed Fisher’s exact tests. For fand h, the number of
aggregates analysed for each group is shown at the bottom. For the box plotsin
dande, the centreline shows the median; the box limits show the 25th and 75th
percentile range, and the whiskers show1.5 x IQR. Dataare mean + s.e.m. (h) and
mean (f). Scale bars, 50 pm (d-f) and 20 pum (g and h).

flattened amniotic epithelium expressing the amnion markers ISL1and
GATA3 (Fig. 6aand Extended DataFig.10a-c). Notably, we also observed
flattened epithelial cells expressing BLIMP1and TFAP2C, markers for
PGCs (Fig. 6b and Extended Data Fig.10d), and CD34'ERG" cells, mark-
ers for haematoendothelial progenitor (HEP) cells (Fig. 6¢). We purified
VTCNI" cells, BLIMP1*'TFAP2C" (BTAG) cells and CD34" cells as single
cells using flow cytometry (Extended Data Fig. 10e). Integrated UMAP
with human embryo cells showed that VTCN1', CD34" and BTAG cells
clustered with embryonic amnion cells, PGCs and HEP cells, respec-
tively (Fig. 6d-f). They also expressed embryonicamnion, PGC or HEP
marker genes similar to published in vivo andin vitro controls (Fig. 6g).
Although detailed characterization of these emerging cell types is
necessary, this observation gives an early indication that bilaminoids
support the progression of the epiblast from a blastocyst-like (naive
state) to a post-implantation-like stage that is permissive for lineage
specification (Fig. 6).

Discussion

Here we highlight the crucial mechanistic roles of the two extraembry-
onictissues—hypoblastand TB—to guide the progression and pattern-
ing of naive hPSCs into the post-implantation epiblast stage, thereby
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Fig. 6 | Bilaminoids recapitulate human pregastrulation.a, Amnion marker
expressioninbilaminoids onday 9. Blue, ISL1; yellow, GATA3; purple, GATA6;
white, DAPI. n=3biologicallyindependent experiments. b, PGC marker
expressionin bilaminoids onday 9. Bilaminoids were generated by BLIMPI-
tdTomato and TFAP2C-GFP double-knockin Naive(BTAG) and Naive(G6-OE)
cells. Green, TFAP2C-GFP; purple, BLIMP1-tdTomato; white, DAPI. The yellow
arrowheadsindicate BTAG double-positive cells. n = 4 biologically independent

enablingthemto generate subsequent lineages (for example, PGC-like
and HEP cells) in a manner mimicking human embryogenesis.
Although naive hPSCs were reported to differentiate into the
hypoblast lineage?, reanalysing the RNA-seq data revealed that they
lack several pre-implantation hypoblast markers, suggesting that
they resemble extraembryonic endoderm or mesoderm cells at the
post-implantation stage. Thus, our study demonstrates robust and
reproducible induction of pre-implantation hypoblast-like cells. In
particular, FGF and BMP plus inhibition of WNT and activin A signal-
ling pathways were critical for inducing naive hPSCs to hypoblasts
specific to the pre-implantation-stage blastocyst. Our findings extend
ourunderstanding of the signalling pathways essential to specifying all
three cell types of the blastocyst. Namely, naive epiblast can be main-
tained with FGF and aPKC inhibition, the trophectoderm with FGF and
TGFBinhibition, and the hypoblast with FGF and BMP4 activation plus
TGFpinhibition (Fig. 2i). These data also reveal that the signalling path-
ways thatarerequired toinduce the hypoblast of blastocystsin humans
differ significantly from those in mice using either ACL** or activin
A +retinoicacid®, akinto the differences in trophectoderminduction.
However, hypoblastinduction with the transcription factors GATA6
and GATA4 induces naive hPSCs to hypoblast, similar to in mice.
Although transgene copy numbers and insertion sites may be variable
because we used the PB system, we reproducibly obtained more than
80% PDGFRA" cells from five independently established DOX-inducible
GATA6 H9 hPSCs (Extended Data Fig. 2a). At the same time, our data
show that thelevels and duration of GATA6 overexpression are critical.
Torecapitulateamorein vivo like scenario and determine thein vivo
function and contribution of G6-nHyCs and 7F-nHyCs, we performed
mouse-human interspecies chimera assays. Whereas naive hPSCs
integratedintotheICM, injected 7F- and G6-nHyCs contacted the ICM
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and expressed SOX17, similar to the late morulae-early blastocysts of
mouse embryos, and never contributed to the epiblast lesion (Extended
Data Fig.10g-h). Furthermore, 7F- and G6-nHyCs contributed to the
visceral endoderm and extraembryonic lesions in embryonic day 6.5
embryos, suggesting that both chemically and genetically induced
nHyCs are functionally competent to form mouse-human chimera
(Extended DataFig.10i-1). Notably, 7F-nHyCs contributed to the mouse
visceral endoderm more efficiently than G6-nHyCs (Extended Data
Fig.10l). Although we titrated the DOX concentration, high levels of
GATA6 mRNA may have resulted in off-target effects and caused some
functional disadvantages. As 7F induction is a non-genetic chemical
induction method, 7F may enable naive hPSCs to differentiate into
hypoblast under more physiologically relevant conditions compared
with GATA6 overexpression.

The hypoblast-like cells that we generated efficiently and repro-
ducibly assemble into bilaminoids, proceeding to mimic human
peri-implantation development, including the formation of the
pro-amniotic-like cavity and anterior-posterior patterning of the epi-
blast. We showed by genetic modulation that this patterningis caused
by aDKK1/OTX2 hypoblast-like domain. Although naive hPSCs can dif-
ferentiate into trophectoderm and TB, we did not detect TB-like cells
inbilaminoids until day 6, exceptinincomplete aggregates withoutan
amniotic cavity (Extended DataFig. 6p), eventhough TBs may emergein
later stages. Moreover, asthere hasbeennoreportabout the early stages
of in vivo human amnion just after implantation (Carnegie stage 5),
we could only estimate the gene expression profiles of the emergent
amnion from Carnegie stage 7%, in vitro cultures of human embryos®
or primed hPSC-derived amnion-like cells™.

Notably, the separated co-cultures of additional trophectoderm-like
cellsenhanced the formation of the pro-amniotic-like cavity and early



post-implantation epiblast growth (Extended Data Fig.10f). This indu-
cive effect by the trophectodermis regulated in part by secreted mol-
eculesIL-6 and PDGF, as shown using both genetic-and chemical-based
approaches. A recent report suggested that the in vitro early amnion
expresses the AQP3 channel that may initiate amniotic cavity forma-
tion*®. Furthermore, AQP3 is one of the STAT3-target genes predicted
by transcription factor binding motifanalysis*’. Furthermore, assay for
transposase-accessible chromatin with sequencing (ATAC-seq) data
suggest that this predicted STAT3-binding sitein AQP3is openinboth
naive and primed hPSCs (Extended Data Fig. 7s). As our quantitative
PCR (qPCR) data showed that AQP3 was upregulated in epiblast-like
cells by co-culture with nTB (Extended Data Fig. 7t), further studies
may confirm anIL-6 dependency.

Recently, during revisions of this Article, stem-cell-based post-
implantation models using in vitro epiblast- and hypoblast-like cells
were reported®* > (Supplementary Table 7). While the developmental
window of our model extends from blastocyst to peri-gastrulation by
starting with naive hPSCs that reflect day 5 pre-implantation epiblast
and hypoblast, other models start from the post-implantation stage.
Thus, our model covers a wider developmental time window from
pre-implantation and precisely matches the natural developmental
sequence and timing. Furthermore, considering that our bilaminoid
model does not necessarily require genetic manipulation, it offers
aflexible, alternative way for generating peri-implantation embryo
models in vitro, with an efficiency that is comparable to the other
models using RSeT and extended pluripotent stem cells (EPSCs)*"*
(Extended Data Figs. 60 and 7u,w and Supplementary Table 7).
Importantly, functional assays with genetic modifications are almost
impossible in human embryos but, using bilaminoids, we performed
several lineage-specific gene modifications and identified interactions
between these lineages. Finally, alimitation of our bilaminoidsis that
theamnionis covered by hypoblast whenit should bein direct contact
with the TB. Nevertheless, our study, together with the other human
stem cell-based embryo models, will drive scientific discoveries in
biomedical science.
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Methods

Datareporting

The experiments were not randomized. The investigators were not
blinded to the group allocation of experimental samples or the out-
come assessment. No statistical methods were used to predetermine
sample sizes.

Ethics statement

Our embryo model lacks TBs and does not intend to recapitulate the
full conceptus. Thus, our models are considered to be non-integrated
embryo models and are not considered to be human embryos accord-
ing to the ISSCR. Our work fully complies with current ISSCR 2016
and 2021 guidelines and follows the Guidelines on the Utilization of
Human Embryonic Stem Cells in Japan. The CiRA Ethics Committee,
aninternal committee at CiRA, approved our research plan for human
ES cell research (CiRA08-08), human iPSC research (CiRA18-21) and
recombinant DNA experiments (190438). The WiCell lines H1 and
H9 were used under agreements 10-WO-0098 and 10-W0O-0099 for
aresearch program entitled “Understanding mechanisms of pluri-
potency”. Bilaminoid models were generated using H9 ES cells, 551B1
iPSCsand 1390G3iPSCs. These cell lines were consented for use in this
study. Human-to-mouse interspecies chimeraresearch was approved
by the Research Ethics Committee of the University of Tokyo, and was
conducted after receiving approval from the Ministry of Education,
Culture, Sports, Science and Technology (MEXT) Japan after confirma-
tion of compliance by the Specified Embryo Expert Committee. This
approvalincludes the establishment of human iPSCs from peripheral
blood samples. Signed informed consent was obtained from the vol-
unteers before human peripheral blood samples were collected to
establishiPSCs. The approvediPSCline, PBO04, was used for interspe-
cies chimera assays.

Cell culture

Cellswere cultured under 5% 0, and 5% CO,. Human ES cell lines H1 and
H9 (WiCell Research Institute) and human iPSCs (AdiPSCs'®, 585B1°*
and 1390G3%) were cultured on mouse embryonic fibroblasts (MEFs)
(1x106 cells per six-well plate).

Primed hPSCs were maintained in DMEM/F12 (08460-95, Nacalai
Tesque) containing 20% Knockout Serum Replacement (10828028,
Thermo Fisher Scientific), 1% non-essential amino acids (11140-050,
Thermo Fisher Scientific), 4 ng ml™ recombinant human basic fibro-
blast growth factor 2 (bFGF; NIB47079000, Oriental Yeast) and 0.1 mM
2-mercaptoethanol (M3148, Sigma-Aldrich). Cultures were passaged
every 5-7 days as small clumps using dissociation buffer containing
0.025% trypsin (15090-046, Thermo Fisher Scientific), 1 mg ml™ col-
lagenase IV (17104-019, Thermo Fisher Scientific), 20% Knockout Serum
Replacement and 1 M CacCl,.

Naive hPSCs were maintained in t2iLGo medium, consisting of a
chemically defined medium, N2B27 (NDiff227,Y40002, TakaraBio) sup-
plemented with1 uM PD0325901 (PD03; 4192, Tocris), 1 uM CHIR99021
(CH;SML1046, Sigma-Aldrich), 10 ng ml™ recombinant human LIF (hLIF;
300-05, Peprotech) and 3 uM Go6983 (Go; 2285, Tocris) as previously
described'®. The components of the N2B27 medium were DMEM/F12,
Neurobasal medium, N2 and B27°%. Naive hPSCs were passaged every
3-5days using Accutase (A6964, Sigma-Aldrich).

Resetting primed hPSCs to naive hPSCs by NANOG and KLF2 over-
expression was performed as previously described®. In brief, PB vec-
tors (2 pg) carrying DOX-inducible KLF2 or NANOG and a PB-M2rtTA
expression vector (2 pg) were co-transfected with pBase helper plasmid
(4 pg) using the Neon Transfection System (Program 14, Invitrogen).
The medium was switched to t2iL plus DOX (1 uM) for resetting. Cells
weresplitevery 5-7 days after dissociation with Accutase. After 2 weeks,
DOX was withdrawn, and the PKC inhibitor Go6983 (3 uM) was added
(t2iLGo). Cells were maintained on MEF feeders throughout.

Chemical conversion to naive hPSCs was performed as previously
described®. Primed hPSCs (1 x 10* cells per cm?) were seeded onto
MEF feeder cells under primed hPSC medium with 10 pM Y-27632.
The medium was switched the next day to cRM-1 (N2B27, 1 puM
PDO03, 10 ng mI™ hLIF, and 1 mM valproic acid sodium salt (P4543,
Sigma-Aldrich)). On day 3, the medium was replaced with cRM-2
(N2B27,1uM PD03,10 ng mI hLIF, 2 pM Go and 2 pM XAV939; X3004,
Sigma-Aldrich). Dome-shaped naive colonies were observed around
2 weeks after seeding. Reset cells were passaged and maintained on
MEF feeders under t2iLGo. Chemical conversion to naive hPSCs using
5iLA was also performed as described previously”. Here, 2 x 10° cells
per cm?*were seeded on MEF feeder cells under primed hPSC medium
with 10 ptM Y-27632. The medium was switched the next day to 5iLA
medium (N2B27 plus1uMPDO03,1 uM CH, 1 pM WH-4-023 (H620061),
0.5 tM SB590885 (2650, R&D Systems), 10 UM Y-27632,10 ng mI ' hLIF
and 20 ng ml™activin A (338-AC-010, R&D Systems). After conversion
tonaive hPSCs, the cells were maintained under t2iLGo on MEF feeder
cells.

Mouse ES cells were cultured on agelatine-coated dish in 2iL (N2B27,
1uM PDO3, 3 uM CH and 10 ng mI hLIF). Cells were passaged every
2-3 days using Accutase.

Naive hPSCs form tightly packed small colonies and expressed GFP
if carrying the EOS-GFP reporter, which consists of an OCT3/4 distal
enhancer and an early transposon promoter® 2> (Extended Data
Fig.1a). Naive hPSCs expressed the naive-specific genes KLFI17 and
TFCP2L1 (Extended Data Fig. 1b,c) but primed and expanded PSCs did
not®®, All cell lines were routinely checked for mycoplasma contamina-
tion (Lonza-MycoAlert), and all samples analysed in this study were
not contaminated.

GATAG6 overexpression

GATA6, GATA4 and SOX17 were cloned into a DOX-inducible PB vector
coupled to a rtTA expression construct (KW110)*. PB-GATA6 vector
(2 ng), PB-GATA4 vector (2 pg) or PB-SOX17 vector (2 pg), and pBase
helper plasmid (2 pg) were transfected into naive or primed hPSCs
using the Neon Transfection System (Program 20 for naive hPSCs;
Program 14 for primed hPSCs). Then, 2 days later, G418 was added
(200 pg mI™) for about 2 weeks. Naive or primed hPSCs with inducible
GATA6, GATA4 or SOX17 were maintained in naive or primed medium.
For transgeneinduction, MEF feeder cells were removed by incubation
onagelatine-coated dish after dissociation to single cells. Then, 1 x 10°
cells per cm?*were seeded into a dish coated with fibronectin (FCO10,
Millipore) or iMatrix-511 silk (Laminin511-E8) (892021, Matrixome).
The serum medium consisted of GMEM (G5154, Sigma-Aldrich), FBS
(10437028, Thermo Fisher Scientific), 2 mM L-glutamine (25030081
Thermo Fisher Scientific),1 mM sodium pyruvate (11360-070, Thermo
Fisher Scientific), NEAA and 0.1 mM 2-ME. Hypoblast induction by
serummediumis showninFig.1b and Extended Data Fig.1d-h. Except
for these experiments, all other analyses were performed in serum-free
conditions. As aserum-free basal medium, we used the N2B27 medium
(NDiff227;Y40002, Takara Bio). The components of the N2B27 medium
were DMEM/F12, Neurobasal, N2 and B27°¢. BSA is included in N2 and
B27.For nHyC induction, 25 ng ml™ recombinant human FGF4 (FGF4;
100-31) and 1 pg mI™ heparin sodium (081-00131, Wako) were added
to the basal medium. The medium was changed every day.

Hypoblast specification using chemical components

In brief, 5 x 10* per cm? naive hPSCs were seeded onto laminin511-E8
in the N2B27 medium. Six factors, 25 ng ml™ FGF4 (+1 pg ml™ heparin
sodium), 10 ng ml™ recombinant human BMP4 (BMP4; 314-BP, R&D),
10 ng mI recombinant human PDGF-AA (Peprotech, 100-13A), 1 uM
XAV939, 3 uM A83-01 (2939, Tocris) and 0.1 pM retinoic acid (R2625,
Sigma-Aldrich), were added on day 0. On day 2, the medium was
switched to seven factors (six factors and 10 ng ml™ recombinant
human IL-6) (IL-6; 47066000, Oriental Yeast). In some experiments,
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500 ng ml™ recombinant human BMP2 (BMP2; 47304000, Oriental
Yeast) or 50 ng ml™ recombinant human BMP6 (BMP6; 120-06, Pep-
rotech) was used instead of BMP4. N2B27 medium without vitamin A
was made in house.

Hypoblast induction from mouse ES cells

Two previously reported protocols were used for hypoblastinduction
from mouse ES cells****. Mouse ES cells were maintained under 2iL
conditions. In the first protocol, 5 x 10*per cm? mouse ES cells were
seeded onto gelatine under RPMI1640 (12633012, Thermo Fisher Sci-
entific) with 2 mM L-glutamine, B27 minus insulin (A1895601, Gibco),
20 ng ml™ activin A, 3 pM CHIR and 10 ng mI™ hLIF?**, In the second
protocol, 5 x10* per cm? mouse ES cells were seeded onto gelatine
under 10 nM retinoic acid and 20 ng ml™ activin A*°. The medium was
changed every day in both conditions.

Marmoset embryo cultures

Allanimal experiments were approved by the Animal Experiment Com-
mittee at CiRA and Kyoto University (Approval number 16-75-6) and the
Institutional Animal Care and Use Committee of the Central Institute for
Experimental Animals (CIEA:17029A and 18031A). Naturally fertilized
embryos were collected from the uterus by non-invasive flushing®.
Embryos (morulae or blastocyst) were cultured under Sequential Blast
(Origio, 83050010). When embryos reached the blastocyst stage,
the zona pellucidae were removed using acidic Tyrode’s solution
(Sigma-Aldrich), and the embryos were processed forimmunosurgery
using a custom rabbit polyclonal anti-marmoset antibody. ICM were
seeded on laminin511-E8 under N2B27 plus 7F, 4F (FGF4, BMP4, A83,
XAV) or control (PDO3, LDN, A83, XAV) for 3 days, fixed and analysed
using anti-SOX17 antibodies.

Generation of bilaminoids

Ten naive hPSCs (Naive(WT)) and 40 naive hPSCs or GFP-expressing
naive hPSCs expressing GATA6 under DOX treatment (Naive(G6-OE) or
naive-GFP(G6-OE)) were seeded in each well of a microwell array® or
Elplasia plate (4441, Corning) under t2iLGo plus 10 uM Y27632 without
Matrigel or Geltrex. After 24-36 h of aggregation (day 0), the medium
was switched toN2B27 with 0.1 uM DOX. Onday 2, DOX was withdrawn.
Bilaminoids were cultured under N2B27 until day 10. To identify the
signalling pathways involved, 10 ng mI™ BMP4, 300 nM LDN193189
(LDN, SML0559, Sigma-Aldrich), 3 pM A83-01, 10 ng ml* activin, 1 pM
XAV and1puM CHIR were added from day 4 to day 6. Inthe experiments
noted in the text, 10 ng mI™IL-6, 1 uMJAK inhibitor 1 (JAKi, 420099,
Sigma-Aldrich) or 10 ng mI™ PDGF-AA was added from day O to day 4.
The medium was changed every day. To collect PGCLCs, bilaminoids
were cultured under N2B27 + 200 ng mI™ BMP4 from day 5 to day 9.

Co-culture with bilaminoid and nTB

Bilaminoid and nTB were co-cultured using a cell culture insert (Tran-
swell). nTBwas induced from naive hPSCs on the Transwell. Bilaminoids
were generated by culturing a mixture of 10 naive hPSCs (Naive(WT))
and 40 naive hPSCs or GFP-expressing naive hPSCs expressing GATA6
under DOX treatment (Naive(G6-OE) or Naive-GFP(G6-OE)) in each well
of an Elplasia plate under t2iLGo plus 10 uM Y27632. After 24-36 h of
aggregation (day 0), nTB on the Transwell was placed on the Elplasia
plateunder N2B27 with 0.1 uM DOX. On day 2, the DOX was withdrawn.
Co-cultures continued until day 4.

Aggregates generated by hPSCs and sorted cells

A mixture of 100 naive or primed hPSCs and 100 sorted cells express-
ing GFP (naive 7F-, 4F-, G6-PDFRA" cells, primed G6-PDGFRA" cells,
PDGFRA" RACL cells, and CXCR4'CDH1" definitive endoderm cells)
were seeded in each well of an Elplasia plate under N2B27 plus 10 pM
Y27632. The medium was changed every other day. Aggregates were
evaluated onday 4.

Generation of LAMBI-KO lines

To KO the LAMBI gene, two gRNAs targeting exon 3 (gRNA 1)*' and
exon 6 (gRNA 2) of human LAMBI were designed and inserted into
pSpCas9(BB)-2A-mCherry (Extended Data Fig.9c):gRNA1, 5’-GTCCTGG
GCTCAAGTCGAT-3’; and gRNA 2, 5-ATCTTGCTAGCAGGCTGAAA-3’.
pSpCas9/gRNA plasmid (5 pg) was electroporated into primed H9
humanEScells (NeonProgram14). Then, 2 dayslater, mCherry* cellswere
sorted by flow cytometry and seeded at alow density. About 10 colonies
were picked 7-8 days after seeding, and genomic DNA was extracted.
DNA was amplified and sequenced using the following primers:
gRNA1, Fw5-CCCCCGCTTGTTCGTTTTTTTCGG-3’,Rv5’-TCACCTGCA
AGTGGCTGACGATACAG-3’; and gRNA 2, Fw 5-TCCGTGTCCTTC
TCCTTTCG-3’, Rv 5-CAGGAAATGTGTGGCGGATG-3’. The generated
LAMBI-KO primed hPSCs were reset to naive hPSCs.

Generation of CERI-knockin lines

CERI-H2B-GFPreporter cells were generated from primed H9 human
ES cells by replacing the endogenous stop codon of the CERI gene
with a T2A-H2B-GFP-LoxP-SV40-NeoR-LoxP cassette using CRISPR-
Cas9 homology-directed repair (Extended Data Fig. 8i). H2B-GFP
accumulates in the nucleus. gRNA targeting the stop codon of
human CERI was designed and inserted into pX330-U6-Chimaeric_
BB-CBh-hSpCas9: gRNA, 5-TCCCAGGATTCCTTTATCCCAGG-3'. For
the donor vector, approximately 1,000 bp upstream and downstream
ofthe CRISP-Cas9 cleavage site was prepared by long PCR, fused with
a T2A-H2B-GFP-LoxP-SV40-NeoR-LoxP cassette and cloned into a
TOPO vector. pSpCas9/gRNA and the donor vector (1 ug each) were
electroporated into primed H9 human ES cells (Neon Program 14).
Then, 2 days later, G418 was added (200 pg ml™) for about 2 weeks.
The cellswere collected and seeded on MEFs at alow density. Colonies
were picked 7-8 days after seeding, and genomic DNA was extracted.
DNA was amplified by PCR and sequenced. The SV40-NeoR gene was
deleted from the CERI-H2B-GFPline by the transient introduction of
acre-expressing vector. The generated CERI-H2B-GFP-primed hPSCs
were reset to naive hPSCs.

The measure of the anterior-posterior axis of bilaminoids
Angles between T* nuclei and CER1-H2B-GFP, OTX2, LEFTY or DKK1
nuclei on sections of bilaminoids were analysed. The centre of the T*
nuclei was defined as 0°. Angles were averaged for each aggregate.

Generation of IL6-KO lines

To KO the /L6 gene, two sgRNAs that targeting exon 2 (sgRNA 1) and
exon 3 (sgRNA 2) of human /L6 were designed and inserted into
pSpCas9(BB)-2A-mCherry (Extended DataFig. 7j): sgRNA1, 5’-GAAGTCT
TGCTTAACTGTTTG-3’;and gRNA 2, 5-TAGACCTAAGTTACTCCATG-3'.
pSpCas9/sgRNA plasmid (5 pg) was electroporated into primed H9
human ES cells (Neon Program 14). Then, 2 days later, mCherry*
cells were sorted by flow cytometry and seeded at a low density.
Colonies were picked 7-8 days after seeding, and genomic DNA was
extracted. DNA was amplified and sequenced using the following
primers: sgRNA 1, Fw 5~-AGCCCACCGGGAACGAAAGAGAAGCT-3’,
Rv5-GGCAGAACCAGAATTCGAGTGTGGGCTC-3’;and sgRNA 2, Fw5’-G
AACACAGGAGGGGAGATTGGGAGCCCA-3’, Rv 5-GGGGATCCTTC
TCTGATTGTCCCCCTTG-3". The generated IL6-KO primed hPSCs were
reset to naive hPSCs.

Measurement of IL-6

Naive hPSCs were plated (1.5 x 10° cells per cm?) on iMatrix-coated
Transwell plates and differentiated intonTB as described above (day 0).
Onday 3, the nTB induction medium was replaced with NDiff 227. As
controls, hPSCswere plated (1.5 x 10° cells per cm?) oniMatrix-coated
Transwell plates under each medium (naive hPSCs, t2iLGo; primed
hPSCs, AKO2N). On day 3, the hPSC medium was replaced with NDiff



227. The cell culture supernatants were collected on day 5 and centri-
fuged toremove debris. The levels of IL-6 were quantified using an IL-6
ELISA kit (Abcam, ab178013) according to the manufacturer’s protocol.
Theabsorbance at 450 nm was measured using a plate reader (TECAN,
Infinite 200 PRO). Each sample was analysed in duplicates.

Generation of naive hPSCs overexpressing OTX2, DKK1 and
GP130/GCSFR

For OTX2 overexpression, OTX2fused to ERT2wasinserted into the PB
vector (PB-OTX2-ERT2). The PB-OTX2-ERT2 vector and pBase helper
plasmid were transfected into naive hPSCs expressing GATA6 under
DOX treatment (Naive(G6-OE)). To generate bilaminoids, OTX2-ERT2
was activated by treatment with 100 nM 4-hydroxytamoxifen (tamox-
ifen) from day 4 to day 6.

For DKK1 overexpression, DKK1I fused to destabilizing domain (DD)
was cloned into the PB vector (PB-DD-DKK1). The PB-DD-DKK1 vector
and pBase helper plasmid were transfected into naive hPSCs expressing
GATA6 under DOX treatment (Naive(G6-OE)). To generate bilaminoids,
DD-DKKI was activated by treatment with 500 nM Shield1 (Takara,
632189) from day 4 to day 6.

To activate JAK/STAT3 signalling, GP130/GCSFR chimeric receptor
(Y118F) cDNA was inserted into the PB vector (PB-Y118F). The PB-Y118F
vector and pBase helper plasmid were transfected into naive hPSCs
(Naive(WT) or Naive(G6-OE)). Togenerate bilaminoids, STAT3 signalling
was activated the treatment with G-CSF from day O to day 4.

RACL induction from naive hPSCs

Naive hPSCs (H9) were differentiated under RACL conditions as
described previously?*%2, The cells were plated (5 x 10* per cm?) onto
MEF feeder cells and cultured under RACL medium, composed of RPMI
1640 mediumwith GlutaMAX (61870036, Thermo Fisher Scientific), B27
minus insulin (A1895601, Gibco), 100 ng ml™activin A, 3 uM CHIR, and
10 ng mI'LIF, for 7 days. The medium was changed every other day. On
day 7, the cells were dissociated by Accutase, and PDGFRA" cells were
sorted. Anti-feeder antibody was used to remove the MEF feeder cells.

Definitive endoderminduction

Primed hPSCs were differentiated into definitive endoderm as
described previously®®. Primed hPSCs were seeded on an uncoated
bacterial dish to form EBs under StemFit AKO2N (AKO2N, Ajinomoto)
plus 10 uM Y27632. After 2 days, the EBs were washed and cultured
under N2B27 with 200 ng ml™ activin A and 3 uM CHIR. The next day,
the medium was replaced with N2B27 and 200 ng ml™ activin A and
cultured for 2 more days. The EBs were dissociated using Accutase,
and CXCR4'CDHI" definitive endoderm cells were sorted and used
for the experiments.

TBinduction from naive hPSCs

Naive hPSC-derived TB-like cells (nTBs) were induced as described
previously?**. H9 naive hPSCs (5 x 10* cells per cm?) were plated onto
laminin511-E8 (0.15 pg cm™ iMatrix511 silk) under NDiff 227, 2 uM
A83-01,2 uM PDO03, 10 ng mI" BMP4 and 10 pM Y27632. The next day,
the medium was changed to NDiff 227, 2 uM A83-01, 2 uM PDO03, and
1pg mlJAK inhibitor I (JAKi, 420099, Sigma-Aldrich). On day 3, the cells
were dissociated by Accutase, and HAVCRI'ENPEP” (refs. 21,22,65,66)
nTBs were sorted and recultured for further experiments.

Transwell assay

The Transwell assay was performed as previously described" on Tran-
swell 12-well plates with porous polyester membrane inserts (0.4 pm
poresize; Corning). The membraneinserts were coated with 1% Geltrex
dilutedinDMEM/F12for1h.Foramnion-likecellinduction, primedhPSCs
were seeded on membrane inserts at a density of 3 x 10* cells per cm?
under mTeSR plus 10 uM Y27632. Then, 18 h after cell seeding, the
medium was switched to E6 supplemented with bFGF (20 ng ml™) and

BMP4 (50 ng ml™) and cultured for 48 h. For G6-nHyCs and 7F-nHyCs,
day 3PDGFRA" cells were sorted and recultured on membrane inserts
atadensity of 9 x 10* cells per cm? overnight. Primed hPSCs were col-
lected as small clumps and seeded onto the membraneinserts under E6
medium supplemented with bFGF (20 ng mI™). The cells were cultured
foranother 48 or 96 h before analysis. The medium was changed every
other day.

Flow cytometry and cell sorting

Cellswere dissociated into single cells by Accutase or trypsin, washed
andblocked in HBSS (14185052, Thermo Fisher Scientific) with 1% BSA
(A2153, Sigma-Aldrich) onice for 30 min. Staining was performed on
icewiththe following: biotinylated PDGFRA antibodies (BAF322, R&D),
CEACAM1 + CEACAMS5 antibodies (Ab91213, Abcam) and directly con-
jugated antibodies in HBSS with 1% BSA for 30 min. After washing,
Streptavidin-APC (405207, BioLegend) was used as the secondary anti-
body for PDGFRA-biotin. Alexa Fluor 488 was used for the CEACAM1
antibody. Flow cytometry and cell sorting were performed on the BD
LSR Fortessa (BD) or FACS Ariall (BD) system. Datawere analysed using
FlowJov.10.7.2. Alist of the antibodies used is provided in Supplemen-
tary Table 7.

qPCR withreverse transcription

Total RNA was extracted using the RNeasy Kit (74106, Qiagen). Total
RNA (0.5 pg) wasreverse-transcribed into cDNA with anoligo-dT primer
using SuperScriptlV (18090050, Thermo Fisher Scientific). qPCR was
performed using QuantStudio3 (Thermo Fisher Scientific) and QuantS-
tudiol2K (Thermo Fisher Scientific) with TagMan Fast Universal Master
Mix (4364103, Thermo Fisher Scientific) and TagMan probe or PowerUP
SYBR Green Master Mix (A25743, Thermo Fisher Scientific) according
to the manufacturer’s instructions. The results were analysed using
QuantStudio Design & Analysis v.1.4.1 (Thermo Fisher Scientific).

Immunostaining

Cells were fixed in 4% paraformaldehyde (09154-85, Nacalai Tesque) for
10 minatroomtemperature. After fixation, the cells were washed with
PBS, permeabilized in PBS plus 0.5% Triton X-100 for 1 h, and blocked
in PBS plus 1% BSA and 0.05% Tween-20 (PBS-BT) for 2 h. Primary anti-
bodies were diluted in PBS-BT and incubated at 4 °C overnight. After
washing, secondary antibodies were diluted at 1:2,000 and incubated
at room temperature for 2 h or at 4 °C overnight. Nuclei were stained
with DAPI. Fluorescentimages were obtained using the confocal laser
scanning microscope TCS SP8 (Leica) or LSM710 (Zeiss). Cavity volume
(Fig. 4e,h) was quantified from confocal z-stack images using Imaris
software v.10.0.0 (Bitplane). PAR6 and F-actin images were used to
quantify cavity volume with the Surfaces program.

Western blot analysis

Forwesternblotanalysis,1 x 10°cellswerelysedwithRIPAbuffer(08714-04,
Nakalai Tesque). SDS sample buffer was added, and the mixture was
incubated at 93 °Cfor 3 min. The extracted proteins were separated on
Bollt4-12%, Bis-Tris, 1.0 mm, Mini Protein Gel (N\W04120BOX, Thermo
Fisher Scientific) and blotted onto an Immobilon-P PVDF Membrane
(IPVHOO0010, Merck) using a Mini PROTEAN Tetra Cell (Bio-Rad). The
transferred membranes were incubated with the following primary
antibodies: a-tubulin (ab7291, Abcam), pSMAD1/5/9 (9511, Cell Signal-
ing Technology), pPSMAD?2 (3108, Cell Signaling Technology), pMAPK
(4376, Cell Signaling Technology), pSTAT3 (9131, Cell Signaling Tech-
nology) and STAT3 (564533, BD Bioscience). The primary antibodies
were detected with anti-rabbit IgG, HRP-linked antibodies (7074, Cell
Signaling Technology) and anti-mouse IgG, HRP-linked antibodies
(7076, Cell Signaling Technology), followed by detection using ECL
Prime Western Blotting Detection Reagent (RPN2236, Amersham).
Chemiluminescence images were acquired using the ImageQuant
LAS 4000 (GE Healthcare) and Ambersham ImageQuant 800 (Cytiva)
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systems. Uncropped westernblotimages are shownin Supplementary
Figs.2and 3.

RNA-seq analysis

For RNA-seq, samples were collected after removing MEFs by gelatine
treatment. RNA was purified using the miRNeasy Mini Kit (217004,
Qiagen), and 200 ng RNA and the TruSeq Stranded mRNA LT Sample
Prep Kit (RS-122-2101, lllumina) were used for library construction.
RNA-seq libraries were sequenced using the NextSeq 500 High Output
v2Kit (75 Cycles, FC-404-2005) (Illumina). The sequenced reads were
trimmed to remove low-quality bases and adaptor sequences using
cutadapt (v.1.15)”. The trimmed reads were mapped to the human refer-
ence genome (hg38) using TopHat2*® with GENCODE v.27%. Uniquely
mapped reads (MAPQ > 20) were used for further analyses. Each gene
expression level was calculated as reads per kilobase per million
mapped reads (FPKM) using cufflinks (v.2.2.1)”°. Genes expressed at
low levels (defined as genes with FPKM < 5: UHC, PCA, FPKM < 1: correla-
tion coefficients) across allsamplesin each dataset were excluded from
subsequent analyses. Expression values were normalized to the median
or mean of all datasets or a specific condition. Heat-map preparation,
correlation analyses, hierarchical clustering analyses and PCA were
performedusingR (v.3.3.2). The correlation analysisin Fig. 2d examined
differentially expressed genesinthe epiblast and hypoblast of human
embryos’ (Supplementary Table 3). The ontogenic gene set between TB
and amnion determined previously® was used for correlationanalysisin
Extended DataFig.8e. We analysed the following previously published
RNA-seq datasets available at the Gene Expression Omnibus (GEO):
GSE138012 (ref. 23), GSE52658 (ref. 71) and GSE75748 (ref. 35).

scRNA-seq analysis (Smart-seq)

Bilaminoids (D6) were manually picked. Before sampling bilaminoids,
aggregates surrounded by nHyCs were identified by stereomicroscope
and amniotic cavity formation was additionally confirmed by micros-
copy using the Celldicoverer 7 (Zeiss) system (Extended Data Fig. 8a).
The choice of the right bilaminoids that contain an amniotic cavity
is critical. Each bilaminoid was transferred in a drop of Accutase and
incubated at 37 °C for 15-20 min, then dissociated into single cells by
repeated pipetting using glass capillaries. Each single cell was trans-
ferredintoindividual PCR tubes and immediately frozenin Smart-seq
HT lysis buffer.

To collect amnion-like cells (AmLCs), PGCLCs and HEP-like cells
(HEPLCs), bilaminoids on day 9 were dissociated by Accutase. VTCN1*
cells (AMLCs), TFAP2C-GFP'BLIMP1-tdTomato® cells (PGCLCs) or
CD34" (HEPLCs) were sorted as single cells and immediately frozenin
Smart-seq HT lysis buffer.

Thelibraries for scRNA-seqwere prepared using the SMART-seq HT
kit (Z4436N, Takara) according to the manufacturer’sinstructions. The
libraries were then sequenced on the NovaSeq 6000 or NextSeq 500
(Illumina) system with paired-end sequencing.

Single-cell data analyses were performed according to the methods
described previously** and associated scripts (from https://github.
com/zhaocheng3326/CheckBlastoids_scripts).In brief, human embry-
onic datasets, cells from the PASE model and blastoids datasets were
downloaded as described previously*. The downloaded datasets and
our Smart-seq HT data were preprocessed and quantified for gene
expression as described in the above scripts based on each single-cell
method. We used the Cell Ranger pipeline (v.3.1.0, 10x Genomics) for
allhuman10x Genomics single-cell datasets and STAR aligner (v.2.5.1b)
and RSEM (v.1.3.1) tool for Smart-Seq datasets. To minimize bias on gene
expression data, downloaded raw sequencing data were mapped to
the same human reference genome (refdata-cellranger-GRCh38-3.0.0
downloaded from the 10x Genomics website) and quantified for gene
expression in the same computational environment. According to
the above CheckBlastoids scripts with the gene expression matri-
ces, we performed quality control, normalization, cell annotation,

integrated analyses, clustering and visualization using the R Seurat
package (v.4.0.4).

Data comparison with bulk RNA-seq and published scRNA-seq
Tominimize data processing discrepancies (Fig. 2h), the raw fastq files
of published SMARTer v2 scRNA-seq data’, published bulk RNAseq***
and our bulk RNA-seq data were mapped and quantified into count
data using STAR (v.2.7.8a; --soloType SmartSeq) with the same refer-
ence genome used inthe Cell Ranger pipeline described above. Onthe
basis of the published scRNA-seq data’, cells with nfeature > 6,000,
nCountbetween 50,000 and 1,800,000, and low mitochondrial gene
expression (<15%) were used for further analysis. We reannotated 173
cells and identified them as pre-Epi, post-Epi, PSA-Epi, intermediate
post-Epi, intermediate PSA-Epi, hypoblast, pre-trophectoderm and
post-implantation CT (Supplementary Table 3). The count matrix of
SMARTer v.2scRNA-seq data and our bulk RNA-seqwere imported into
R (v.3.5.1) using DeSeq2v.1.22.2, and the expression levels were calcu-
lated as transcripts per million (TPM). Low-expression genes (TPM < 5
inallsamples) were excluded, and log-scaled TPM values were used to
perform the PCA analysis using R (v.3.5.1).

ATAC-seq analysis

ATAC-seqdataofnaive and primed hPSCs were obtained from the GEO
(GSE101074)7%. ATAC-seq signals of naive hPSCs and primed hPSCs at
the AQP3locus were visualized by Integrative Genomics Viewer (IGV).
The predicted STAT3-binding sites were previously reported”.

Interspecies chimeraformation

The human iPSC line PB004, following approval by the ethics com-
mittee at the University of Tokyo and by MEXT (Ministry of Education,
Culture, Sports, Science, and Technology) Japan, was used for interspe-
cies chimera experiments. Ten cells of naive hPSCs or nHyC induced by
7F or GATA6 and sorted by PDGFRA on day 3 were microinjected into
mouse morulaembryos. Then, 2 days after theinjection, 7F-nHyCs and
naive hPSCs were confirmed to have contributed to late morulae-early
blastocysts of mouse embryos.

BDF1xB6 mouse embryos were collected in M2 medium (M7167,
Sigma-Aldrich) at the eight-cell or morulastage, transferred into KSOM
medium (MR-121, Sigma-Aldrich), and cultured for several hours.
A piezo-driven micro-manipulator (Primetech) was used to drill into
the zona pellucida under a microscope, and 10 naive hPSCs or nHyCs
were introduced into the subzonal space of each embryo. After the
injection, the embryos underwent follow-up cultureinN2B27 medium
until the blastomere stage. They were then transferred into the uteri
of pseudopregnant recipient ICR mice for in vivo chimera assays. For
invitro chimeraassays, chimericembryos were cultured under N2B27
medium for 2 days.

Statistical analysis and reproducibility
Statistical tests were performed using GraphPad Prism v.9.4.1 and
v.10.0.3.Errorsand error bars represent the s.e.m. from a minimum of
threeindependent experiments. In all of the experiments, the number
of biologically independent experiments is indicated in the caption.
nvalues in the figure panels represent the number of aggregates
analysed. All of the experiments were performed independently at
least twice. Data were tested for normality using the Shapiro-Wilk
test. Normally distributed data were analysed using parametric tests
(unpaired t-test or analysis of variance), and non-normally distributed
datawere analysed using nonparametric tests (Mann-Whitney U-tests
or Kruskal-Wallis test) as indicated in figure legends. Regarding the
efficiency of generating aggregates, significant differences among
conditions were evaluated using Fisher’s exact test based on the total
number of aggregates analysed.

In Fig. 1b, representative images of ten biologically independent
experiments are shown (n =10). In Fig. 1c, typical results of three
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biologically independent experiments are shown (n = 3). In Fig. 2b,
representative images of 44 biologically independent experiments are
shown (n =44).InFig.2c, representativeimages of two biologically inde-
pendent experiments are shown (n = 2).InFig. 2e, typical results of three
biologically independent experiments are shown (n = 3). In Fig. 2f,g,
representative images of two biologically independent experiments
are shown (n=2).In Fig. 3b, representative images of three biologi-
callyindependent experiments are shown (n =3).InFig.3c, bar charts
show the mean value of two biologically independent experiments
(n=2).InFig.3d, representative images of two biologically independ-
entexperiments are shown (n =2). All F-actin-accumulated aggregates
co-expressed PODXL or aPKC. About 10% of aggregates contained
a cavity. InFig. 4b, cell number was measured from two biologically
independent experiments (n = 2). A total of ten aggregates on each
day was counted. InFig. 4c, representative images of two biologically
independent experiments are shown (n = 2). In Fig. 4d, the cavity for-
mation rate was measured from two biological replicates (n=2).In
Fig. 4e, the cavity volume was measured from three biological replicates
(n=3).InFig.4f, representative images of four biologically independ-
entexperimentsareshown (n =4).InFig.4g, the cavity formationrate
was measured from four biological replicates (n=4). In Fig. 4h, the
cavity volume was measured from four biological replicates (n =4).In
Fig. 4i, the cavity formation rate was measured from three biological
replicates (n=3).In Fig. 4j, representative images of five biologically
independent experiments are shown (n =5). In Fig. 5d, angles were
measured from three biologically independent experiments (n = 3).
Atotal of ten aggregates expressing T and CERI-H2B-GFP were ana-
lysed. Angles were averaged for each aggregate. In Fig. 5e, atotal of 14
aggregates expressing Tand OTX2 were analysed (n = 3). Angles were
averaged for each aggregate. In Fig. 5f, the proportion of T-expressing
bilaminoids was measured from two biological replicates (n=2).In
Fig. 5g, 24 aggregates were analysed in naive(WT) cells only (n=2).
Most aggregates (32 out of 36) surrounded by nHyCs(G6-OE) formed
basement membranes between nHyCs and nEpiCs (n=2).InFig.5h, the
cavity formation rate was measured from three biological replicates
(n=3).InFig. 6a, representative images of three biologically inde-
pendent experiments are shown (n =3). Approximately 68% of day 9
bilaminoids had flattened epithelial cells expressing ISL1and GATA3.In
Fig. 6b, representative images of four biologically independent experi-
ments (n =4). Approximately 41.6% of day 9 bilaminoids had flattened
epithelial cells expressing BLIMP1-tdTomato and TFAP2C-GFP. In
Fig. 6c, representative images of three biologically independent experi-
ments are shown (n =3). Approximately 42.8% of D9 bilaminoids had
CD34 and ERG double-positive cells.

InExtended Data Fig. 1a, representative images of two biologically
independent experiments are shown (n = 2).In Extended DataFig. 1b,
bar charts show the mean value of two biologically independent
experiments (n = 2). In Extended Data Fig. 1c, representative images
of two biologically independent experiments are shown (n=2). In
Extended Data Fig. 1d, bar charts show the mean value of two biolog-
icallyindependent experiments (n =2). In Extended DataFig. 1e, rep-
resentative images of three biologically independent experiments are
shown (n=3).InExtended DataFig. If, typical results of two biologically
independent experiments areshown (n = 2).In Extended Data Fig.1g,
bar charts show the mean value of two biologically independent
experiments (n =2).In Extended DataFig. 1h, bar charts show the mean
value of two biologically independent experiments (n = 2).In Extended
DataFig.1i, typical results of two biologicallyindependent experiments
are shown (n =2). In Extended Data Fig. 1j, bar charts show the mean
value of two biologically independent experiments (n =2).In Extended
DataFig. 1k, typical results of three biologically independent experi-
ments are shown (n =3). In Extended Data Fig. 11, bar charts show the
mean value of two biologically independent experiments (n=2). In
Extended Data Fig.1m, typical results of three biologically independ-
ent experiments are shown (n =3).In Extended DataFig. 1n, bar charts

show the mean value of three biologically independent experiments
(n=3).In Extended Data Fig. 2a, 5 independent cell lines were estab-
lished,andbar chartsshowthemeanvalue ofn =13 (electrophoration-1),
n =3 (electrophoration-2), n=5 (electrophoration-3), n=28
(electrophoration-4), n =22 (electrophoration-5). In Extended Data
Fig.2b, bar charts show the mean value of two biologically independ-
entexperiments (n = 2).In Extended Data Fig. 2¢, typical results of two
biologically independent experiments are shown (n =2).In Extended
Data Fig. 2d, three independent cell lines were established, and bar
charts show the mean value of three n = 6 (electrophoration-1), n=2
(electrophoration-2), n = 2 (electrophoration-3) biologically independ-
ent experiments. In Extended Data Fig. 2e, typical results of two bio-
logicallyindependent experiments are shown (n = 2). In Extended Data
Fig. 3b, typical results of two biologically independent experiments
are shown (n=2). In Extended Data Fig. 3¢, typical results of two bio-
logically independent experiments are shown (n = 2). In Extended Data
Fig.3d, representative images of two biologically independent exper-
iments are shown (n =2). In Extended Data Fig. 3e, typical results of
two biologically independent experiments are shown (n=2). In
Extended Data Fig. 3f, bar charts show the mean value of two biologi-
cally independent experiments (n =2). In Extended Data Fig. 3g, rep-
resentative images of three biologically independent experiments
(n=3).In Extended Data Fig. 4b, bar charts show the mean value of
two biologically independent experiments (n = 2). In Extended Data
Fig. 4c, typical results of two biologically independent experiments
are shown (n=2).In Extended Data Fig. 4d, typical results of two bio-
logicallyindependent experiments are shown (n = 2). In Extended Data
Fig. 4g, typical results of two biologically independent experiments
are shown (n=2).In Extended Data Fig. 4h, typical results of two bio-
logicallyindependent experiments are shown (n = 2).In Extended Data
Fig. 4i, typical results of two biologically independent experiments
are shown (n =3). In Extended Data Fig. 4k, typical results of two bio-
logically independent experiments are shown (n =2).In Extended Data
Fig. 41, bar charts show the mean value of two biologically independ-
ent experiments (n = 2). In Extended Data Fig. 4m, typical results of
two biologically independent experiments are shown (n=2). In
Extended DataFig. 5a, typical results of two biologically independent
experiments are shown (n=2). In Extended Data Fig. 5b, bar charts
show the mean value of two biologically independent experiments
(n=2).In Extended Data Fig. 5c, typical results of two biologically
independent experiments are shown (n =2).In Extended Data Fig. 5d,
bar charts show the mean value of two biologically independent
experiments (n=2). In Extended Data Fig. 6a, representative images
of three biologically independent experiments are shown (n=3). In
Extended DataFig. 6b, long/short axes were measured from four bio-
logically independent experiments (n =4). In Extended Data Fig. 6d,
the proportion of aggregates was measured from two biologically
independent experiments (n =2). In Extended Data Fig. 6e, repre-
sentative images of three biologically independent experiments are
shown (n =3).InExtended Data Fig. 6f, the relative distance from the
centre of aggregates was measured from two biologically independent
experiments (n =2). In Extended Data Fig. 6g, the distribution of
Naive-GFP(G6-OE) in bilaminoids was measured from two biologically
independent experiments (n =2). In Extended Data Fig. 6h, a total of
ten aggregates on each day was counted (n = 2). In Extended Data
Fig. 6i, aggregate size was measured from two biologically independ-
entexperiments (n =2). The number of total aggregates analysed for
each group is shown at the top. In Extended Data Fig. 6j, bar charts
show the mean value of two biologically independent experiments
(n=2).InExtended DataFig. 61, bar charts show the mean value of two
biologically independent experiments (n =2). In Extended Data
Fig. 6m, representative images of two biologically independent exper-
iments are shown (n =2). In Extended Data Fig. 6n, the proportion of
aggregates was measured fromn=6 (N+G6N),n=5(N+7F),n=4
(N+4F),n=5(N+G6P),n=4(N+RACL),n=4(N+DE),n=5(P +G6N),
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n=3P+7F),n=3(P+4F),n=4(P+G6P),n=3 (P+RACL),n=4
(P+DE), n=6 (N(WT) + N(G6-OE)) biologically independent experi-
ments. The number of aggregates analysed for each group is shown
atthetop.InExtended DataFig. 60, the efficiency of bilaminoid forma-
tion was measured from n=6 (N+G6N), n=5 (N+7F), n=6
(N(WT) + N(G6-OE)) biologically independent experiments. The number
of aggregates analysed for eachgroupis shown at the top. In Extended
DataFig. 6p, the efficiency of bilaminoid formation was measured
fromn=6(N+G6N),n=5(N+7F),n=6 (N(WT) + N(G6-OE)) biologi-
cally independent experiments. The number of aggregates analysed
for each group is shown at the top. In Extended Data Fig. 6q, repre-
sentative images of three biologically independent experiments are
shown (n =3). In Extended Data Fig. ér, typical results of three bio-
logically independent experiments are shown (n = 3).In Extended Data
Fig. 6s, representative images of n =3 (585B1) and n = 4 (1390G3) bio-
logicallyindependent experiments are shown. In Extended Data Fig. 6t,
typical results of three biologically independent experiments are
shown (n =3).InExtended DataFig. 7a, the cell number was measured
fromtwo biologicallyindependent experiments (n = 2). Atotal of ten
aggregates on each day was counted. In Extended Data Fig. 7b, the
aggregate size was measured from two biologically independent
experiments (n =2). The number of total aggregates analysed for each
group is shown at the top. In Extended Data Fig. 7c, representative
images of three biologically independent experiments are shown
(n=3).In Extended Data Fig. 7d, the proportion of aggregates sur-
rounded by nHyCs was measured from three biologically independent
experiments (n =3). The number of total aggregates analysed for each
group is shown at the top. In Extended Data Fig. 7e, representative
images of three biologically independent experiments are shown
(n=3).InExtended Data Fig. 7f, the efficiency of cavity formation and
volume of the amniotic cavity of aggregates were measured fromn =5
(585B1) and n =4 (1390G3) biologically independent experiments.
The number of total aggregates analysed for each group is shown at
the top. In Extended Data Fig. 7h, the cavity formation rate was meas-
ured from five biological replicates (n=5). The number of total aggre-
gates analysed for each group is shown at the top. In Extended Data
Fig. 7i, the cavity formation rate was measured from two biological
replicates (n =2). The number of total aggregates analysed for each
group is shown at the top. In Extended Data Fig. 7k, bar charts show
the mean value of two biologically independent experiments (n =2).
InExtended Data Fig. 71, typical results of three biologically independ-
entexperiments are shown (n = 3).In Extended Data Fig. 7m, bar charts
show the mean value of two biologically independent experiments
(n=2).InExtended DataFig.7n, the aggregate size was measured from
two biologically independent experiments (n = 2). The number of total
aggregates analysed for each group is shown at the top. In Extended
Data Fig. 70, typical results of two biologically independent experi-
ments are shown (n =2).In Extended Data Fig. 7p, the bar charts show
the mean value of two biologically independent experiments (n = 2).
In Extended Data Fig. 7q, representative images of three biologically
independent experiments are shown (n = 3). In Extended Data Fig. 7r,
cellnumber was measured from two biologically independent exper-
iments (n=2). A total of 12 aggregates (WT + G6), 13 aggregates
(WT +G6-Y) and 14 aggregates (WT-Y + G6) was counted. In Extended
Data Fig. 7t, bar charts show the mean value of two biologically inde-
pendent experiments (n =2). In Extended Data Fig. 7u, the efficiency
ofbilaminoid formation was measured from six biologically independ-
entexperiments (n = 6). The number of aggregates analysed for each
group is shown at the top. In Extended Data Fig. 7v, bar charts show
the mean value of two biologically independent experiments (n = 2).
InExtended DataFig. 7w, the efficiency of cavity formation and volume
of the amniotic cavity of aggregates were measured from two bio-
logicallyindependent experiments (n=2). The number of aggregates
analysed for each group is shown at the top. In Extended Data Fig. 7x,
representative images of two biologically independent experiments

are shown (n =2). In Extended Data Fig. 7y, representative images of
four biologically independent experiments are shown (n=4). In
Extended Data Fig. 8a, representative images of three biologically
independent experiments are shown (n = 3). In Extended DataFig. 8j,
representative series of z sections images of three biologically inde-
pendent experiments are shown (n = 3).InExtended Data Fig. 8k, angles
were measured fromn =2 (LEFTY) and n = 2 (DKK1) biologically inde-
pendent experiments. A total of 21 aggregates surrounded by
nHyCs(G6-OE) and expressing LEFTY and T was counted. A total of 14
aggregates surrounded by nHyCs(G6-OE) and expressing DKK1and T
was counted. In Extended DataFig. 8, the proportion of T-expressing
bilaminoids was counted from two biologically independent experi-
ments (n =2). Thenumber of total aggregates analysed for each group
isshown at the top. In Extended Data Fig. 8m, bar charts show the mean
value of two biologically independent experiments (n = 2). In Extended
DataFig. 8n, bar charts show the mean value of two biologically inde-
pendent experiments (n =2).In Extended Data Fig. 9d, typical results
of two biologically independent experiments are shown (n=2). In
Extended DataFig. 9e, the bar charts show the mean value of two bio-
logically independent experiments (n = 2). In Extended Data Fig. 9h,
the bar charts show the mean value of two biologically independent
experiments (n=2). In Extended Data Fig. 10a, representative series
of zsections images of three biologically independent experiments
(n=3).Atotal of 68% of day 9 bilaminoids had flattened epithelial cells
expressing ISL1and GATA3. In Extended Data Fig.10b, representative
images of three biologically independent experiments are shown
(n=3).InExtended Data Fig. 10c, representative images of three bio-
logicallyindependent experiments are shown (n = 3). In Extended Data
Fig.10d, representative images of three biologically independent
experiments are shown (n = 3).In Extended Data Fig.10e, typical results
of three biologically independent experiments are shown (n=3).In
Extended Data Fig. 10g, representative images of two biologically
independent experiments are shown (n = 2). In Extended DataFig.10j,
representative images of four biologically independent experiments
areshown (n=4).InExtended Data Fig.10k, representative images of
n=4(7F) and n=2(G6) independent experiments are shown.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All newly generated RNA-seq were deposited at the GEO under acces-
sionnumber GSE131747. Publicly available data used in this study were
obtained from the following sources: GSE138012 (primitive endo-
derm)®; GSE52658 (ref. 71) and GSE75748 (ref. 35) (definitive endo-
derm); GSE144994 (naive PSC derived trophectoderm)?; GSE136447
(ref.5),E-MTAB-3929 (ref.2), GSE66507 (ref.3), E-MTAB-9388 (ref. 8) and
GSE171820 (ref. 16) (human embryo); GSE171820 (ref. 16), GSE134571
(ref.12), GSE156596 (ref.14), GSE150578 (ref.15) and GSE177689 (ref.17)
(humanembryo model); and GSE101074 (ATAC-seq data)”. Any other
data and information are available on request. Full scan images for
Extended Data Figs. 3b and 70 are provided in Supplementary Figs. 2
and 3. Source data are provided with this paper.

Code availability

No custom code or algorithms were developed for the data analysis
inthis study.
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Extended DataFig.1|Naive and Primed hPSCs and GATA6 overexpression.
a.Morphology of naive and primed hPSCs. Upper panels show primed H9 ESCs,
H1ESCs, and AdiPSCs. Lower panels show naive H9 ESCs, H1 ESCs, and AdiPSCs.
EOS-GFP was expressed in naive but not primed H9-EOS hPSCs. Primed hPSCs
were cultured in KSR/FGF2. Naive (VPA) are hPSCs reset by the method
reported by Guo etal. (2017)?°. Naive (NK2) are hPSCs reset by the method
reported by Takashima et al. (2014)'8. Naive (SiLA) are hPSCsreset by the
method reported by Theunissen etal. (2014)". After resetting, naive hPSCs
were culturedint2iLGo.N=2.b. Gene expression patterns of naive and primed
hPSCs. Pluripotent genes were upregulated in naive (purple) compared with
primed hPSCs (blue).KLF17and TFCP2L1were strongly upregulated in naive
hPSCs. P, primed hPSCs; V, naive hPSCs (VPA); 5, naive hPSCs (5iLA); NK, naive
hPSCs (NK2).N=2. Y-axis showslogscale. c.Immunofluorescence of OCT3/4,
NANOG, and KLF17 in naive and primed hPSCs. Magenta, indicated proteins;
Blue, DAPI.N =2.d. Gene expression patterns of GATA6, GATA4,SOX17,and
PDGFRAin H9 naive and primed hPSCs on days (D) 0, 2, and 4 after transgene
overexpression. Naive and primed hPSCs were seeded on MEF under serum
medium.DOX (0.1 pM) was added from day O to 4. Expression levels were
normalized to GAPDH. GATA6(H9), hPSCs carrying a doxycycline (DOX)-
inducible GATA6 transgene, GATA4(H9), hPSCs carrying a doxycycline (DOX)-
inducible GATA4 transgene, SOX17(H9), hPSCs carrying a doxycycline (DOX)-
inducible SOX17transgene, WT, wild type. N = 2. e. Bright-field images of naive
and primed H9 hPSC-derived cellsinduced with GATA4 or SOX17 overexpression
under serum-containing conditions as depictedin (o) on D3. N = 3. f. Kinetics of
PDGFRA changes after the overexpression of GATA6, GATA4, or SOX17transgene
innaive and primed H9 hPSCs by DOX under serum-containing conditions asin
(0). PDGFRA expression was measured by flow cytometry. Blue, unstained
control; Red, samples.N=2.g.Expression levels of hypoblastand mesoderm
genesinH9 naive and primed hPSCs on DO and corresponding PDGFRA" cells
after GATA6 overexpression (G6-PDGFRA") under serum-containing conditions
asin (o) onD3 (seef). N, naive; P, primed; White, DO control; Purple, naive
G6-PDGFRA’ cells; Blue, primed G6-PDGFRA’ cells. Expression levels were
normalized to GAPDH.N = 2. h.Expressionlevels of hypoblast and mesoderm
genesinH9 naive and primed hPSCs on DO and corresponding PDGFRA" cells
after GATA4 overexpression (G4-PDGFRA") under serum-containing conditions
asin (0) onD3.N, naive; P, primed; White, DO control; Purple, naive G4-PDGFRA"

cells; Green, primed G4-PDGFRA’ cells. Expression levels were normalized to
GAPDH.N=2.i.PDGFRA expression of naive and primed hPSC-derived cells
with GATA6 overexpression under N2B27 plus FGF4 on D3. Flow cytometry was
performedonD3.N=2.j. GATA6 (Total) and PDGFRA expression and DOX
treatment period. Naive and primed hPSCs were cultured under N2B27
mediumasin (o), except for DOX. DOX was added from DO to D1(24 h), D2 (48 h),
or D3 (72h).qPCR was performed on D3.In naive hPSCs, DOX treatment for 72 h
induced more GATAG6 (Total) butless PDGFRA expression than for 48 h.In
primed hPSCs, DOX treatment for 72 hinduced the highest GATA6 (Total) and
PDGFRA expression.N =2. Y-axis showslogscale.N =2.k.PDGFRA expression
and DOX treatment period. PDGFRA expression was measured by flow
cytometryinnaive and primed hPSC-derived cells with GATA6 overexpression
onD3.The culture condition was the same asin (j). In naive hPSCs, DOX
treatment for 48 hinduced PDGFRA expression most efficiently. In primed
hPSCs, DOX treatment for 72 hinduced PDGFRA expression most efficiently.
N=3.1. GATA6 (Total) and PDGFRA expression, as measured by qPCR, in naive
and primed hPSC-derived cells at 6,24, and 72 hafter DOX induction. Naive and
primed hPSCs were cultured under N2B27 asin (o) below, except for DOX. DOX
(0,0.1,0r10 pM) was added to the N2B27 medium. Ten micromolar DOX
induced more GATA6 but less PDGFRA expression. N = 2. Y-axis shows log scale.
m.PDGFRA expression after DOX induction. PDGFRA expression was
measured by flow cytometry in naive and primed hPSC-derived cells with
GATA6 overexpressionon D3. The culture condition was the same asin (I). One
hundred nanomolar DOX induced PDGFRA most efficiently in naive and
primed hPSCs.N=3.n.Cellnumber on D3 after DOX induction. The culture
conditionwas the sameasin (I). 4 x 10° naive hPSCs and 3.5 x 10° primed hPSCs
were seeded and counted on D3. Ten micromolar DOX treatment resulted in the
lowest number of cells. N = 3. Kruskal-Wallis and Dunn’s multiple comparisons
test.N=3.0.Scheme for the PDGFRA induction by GATA6 overexpression.
Naive hPSCs wereseeded on Laminin511-E8 under N2B27 medium plus FGF4 or
serum-containing medium (see Fig.1b, Extended Data Fig.1d-h, 2a). DOX (0.1 pM)
wasadded from DO to D2. Primed hPSCs were seeded on Laminin511-E8 under
N2B27 or serum-containing medium. DOX (0.1 M) was added from DO to D3.
(N=) shows biologically independent experiments. Bar charts: (n) mean + SEM,
(b), (g), (h), (j) mean. Line charts: (d), (I) mean. Scale bars: (a), 100 pm; (c), 25 um;
(e),50 um.
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Extended DataFig.2|See next page for caption.
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Extended DataFig. 2| Transcriptome analysis after GATA6 overexpression
innaive and primed G6-PDGFRA’ cells. a. PDGFRA expression measured by
flow cytometry 3 days after GATA6 induction in naive H9 hPSCs. Five DOX-
inducible hPSClines were independently established. Linel (N =13), Line2

(N =3),Line3 (N =5),Line4 (N =28),Line5 (N =22).b. Gene expression patterns
innaive hPSCs on DO and PGFRA" cells on D3 in serum (S) or serum-free (SF)
medium conditions. Expression levels were normalized to GAPDH.N=2.c.
PDGFRA expression after DOX induction. PDGFRA expression was measured
by flow cytometry in naive hPSC-derived cells with GATA4 overexpression on
D3.The culture condition was the same asin Extended Data Fig.10. One
hundred nanomolar DOXinduced PDGFRA expression most efficiently in naive
hPSCs.N=2.d.PDGFRA expression measured by flow cytometry 3 days after
GATA4inductioninnaive H9 hPSCs. Three DOX-inducible hPSClines were
independently established. Linel (N = 6),Line2 (N=2),Line3(N=2).e.
Immunofluorescence for hypoblast and pluripotency markers in naive hPSCs
onDOand D3. GATA6, GATA4, SOX17,and FOXA2 were upregulated, but OCT3/4
and NANOG were downregulated in D3 naive-derived cells after theinduction
of GATA6 overexpressionin SF.Red/Green, indicated proteins; Blue, DAPI.
Scalebar, 50 pm. N = 2. f. Relative gene expression dynamics after GATA6
overexpression. The top 25 Epi and hypoblast marker genes were measured by
RNA-seq. Epiand hypoblast marker genes were identified by Petropoulos et al.
(2016)*in human embryos. All Epi marker genes were expressed in naive hPSCs.
After GATA6induction, most Epi genes were downregulatedin D1and D3
PDGFRA’ cells. However, the top 25 hypoblast marker genes were upregulated
innaive D3 PDGFRA’ cells. Half of the hypoblast genes were also upregulated in
primed D3 PDGFRA" cells. g. Relative gene expression dynamics after GATA6
overexpression. Epiand hypoblast marker genes wereidentified by Stirparo
etal.(2018)” inhuman embryos. The top 20 Epi and hypoblast marker genes
were measured by RNA-seq. h. Relative expression dynamics of pluripotency,

primitive streak, definitive endoderm, and mesoderm genes after DOX-
induced GATA6 overexpression. The gene sets were defined by Loh etal. (2014)".
Primitive streak, definitive endoderm, and mesoderm genes were upregulated
inprimed G6-PDGFRA’ cells. i. Relative gene expression profiles of post-
implantation Epi (Post late Epi) marker genes after DOX-induced GATA6
overexpression. The post-implantation Epi gene set was identified by
Nakamura etal. (2016)* using cynomolgus pre-and post-implantation embryos.
These genes were upregulated in primed hPSCs and primed hPSC-derived
PDGFRA’ cells. j. Expression dynamics calculated by the RNA-seq analysis of
primitive streak and mesoderm genes. Primed G6-PDGFRA" cells displayed
higherlevels of primitive streak and mesoderm markers than naive G6-PDGFRA*
cells. k. Gene expression profiles from the scRNA-seq analysis of human embryos
reported by Stirparo et al. (2018)". MIXL1, EOMES, and HANDI were expressed in
afractionofhypoblast cellsinembryos. Expression patterns arerepresented
as box-and-whisker plots. Y-axis shows Log,(FPKM +1). Z, zygote (3 cells); 4,
four-cell stage (10 cells); 8, eight-cell stage (16 cells); M, morula (28 cells); I, ICM
(43 cells); E, Epi (54 cells); H, hypoblast (38 cells). l. Expression dynamics
calculated by the RNA-seq analysis of Epi and hypoblast genes. Naive G6-
PDGFRA’ cellsdisplayed an upregulation of hypoblast markers and a
downregulation of pluripotency markers. m. Gene expression profiles
extracted fromthe single-cell RNA-seq analysis of humanembryosreported

by Stirparo etal.” confirmed the hypoblast gene expression profilesin (e).
Expression patterns are shown as box-and-whisker plots. Y-axis shows
Log,(FPKM +1).Z, zygote (3 cells); 4, four-cell stage (10 cells); 8, eight-cell stage
(16 cells); M, morula (28 cells); I, ICM (43 cells); E, Epi (54 cells); H, hypoblast

(38 cells). (N=) shows biologically independent experiments. Box plots: (k), (m)
centreline, median; box, the 25th and 75th percentiles range; whiskers,
1.5xIQR. Bar charts: (a), (d) mean + SEM, (b) mean. Scale bars: (e) 50 pm.
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Extended DataFig. 3 |Naive hPSCs differentiateinto hypoblast lineage
with 7F without GATA6 overexpression. a. RNA expression of secreted factors
andreceptors after GATA6 overexpressionin naive hPSCson DO, D1, and D3.
N=2.b.Westernblot showing SMAD1/5/9, STAT3, and MAPK phosphorylation
and pSMAD2 repression after GATA6induction on D3. Naive G6, naive hPSCs
after GATA6 overexpression. N =2.c. PDGFRA expression measured by flow
cytometry 3 days after 7F induction (BMP2 or BMP6) in naive H9 hPSCs. Blue
indicates the unstained control.N = 2. d. Bright-field images of naive HIESCs
and naive AdiPSCs 3 days after 7F induction. N =2.e. PDGFRA expression was
measured by flow cytometry in naive HLESCs and AdiPSCs 3 days after 7F
treatment. Blue indicates negative control. N = 2. f. Gene expression in naive
7F-PDGFRA" cells on D3. Naive H9 ESCs (H9), HLESCs (H1), and AdiPSCs (AdiPS)
were cultured in 7F medium for 3 days, with PDGFRA" (+) and PDGFRA' (-) cells
sorted and analysed by qPCR.N = 2. g. Bright-field image of primed hPSCs 3
daysafter 7Finduction. N=3.h.Relative gene expression dynamics after 7F
induction. The genesets are the same as those in Extended Data Fig. 2f. H9
ESCs, HIESCs, and AdiPSCs were cultured in 7F or GATA6-overexpression
conditions. PDGFRA cells were sorted on D1(GATA6 overexpression) or D3

(7F or GATA6 overexpression) and analysed by RNA-seq.i. Common
transcriptional factors of 7F-and G6-nHyC. (Step 1) To identify the
transcriptional factors of nHyC, 202 transcriptional factors were extracted
(Supplementary Table 3) from the previously reported 1474 DEGs of Epi and
hypoblasts (Stirparo et al. 2018)” using the Riken transcriptional database
(http://genome.gsc.riken.jp/TFdb/htdocs/) and the BaseSpace correlation
engine (Illumina) (Terms: Transcription, DNA-dependent). (Steps 2 and 3)
Twenty-five transcriptional factors were identified as upregulated genesin
nHyC (H9, H1, AdiPS) compared with naive hPSCs and primed hPSCs (Log,Fold
change >2). (Step 4) Toidentify stably expressed transcriptional factors,
7F-nHyCand G6-nHyC were compared, and 16 genes were extracted (-2<Log,Fold
change <2). (Step 5) nHyC-marker transcription factors were identified by
comparing nHyC and primed PDGFRA" cells. According to the plots, three
genes, HNF4A, FOXA2, and SP8, were expressed more than 4-fold higher in
nHyC; HNFIB, NFE2L2,and COL4AI were expressed 2-fold higher. j. Expression
patterns of HNF4A, FOXA2,and SP8calculated from the RNA-seq data. (N=)
shows biologically independent experiments. Bar charts: (a), (f) mean, (j)
FPKM. Scalebars: (d), (g), 50 pm.
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Extended DataFig. 4 |Surface markers and signalling molecules of human
hypoblast cells. a. Gene expression patterns of PDGFRA and new hypoblast
cell surface markers ANPEP and CEACAMI in pre-implantation human embryos.
RNA-seqdatafrom Stirparo et al. (2018)” are shown as box-and-whisker plots.
Y-axis shows Log,(FPKM +1). zygote (3 cells), 4 cell (10 cells), eight cell (16 cells),
morula (28 cells), ICM (43 cells), Epi (54 cells), hypoblast (38 cells). b. Expression
patterns of PDGFRA, ANPEP, and CEACAMI1inday DO hPSCs and D3 PDGFRA"
cellsmeasured by qPCR. PDGFRA was expressed in cells derived from naive
and primed hPSCs, ANPEP expression was 100-fold higher in naive G6-and
7F-PDGFRA" cells (nHyC) thanin primed G6-PDGFRA" cells, and CEACAM1 was
expressed only in G6-and 7F- PDGFRA" cells (nHyC). Primed hPSCs and primed
G6-PDGFRA" cells did notexpress CEACAMI. N = 2. Y-axis shows log scale.
c.Flowcytometry of ANPEP and CEACAM1 expressionin PDGFRA" cells from
naive hPSCson D3.N =2.d. Flow cytometry for PDGFRA, ANPEP,and CEACAM1
during the re-priming process. Naive hPSCs were cultured in primed hPSC
medium (Essential 8: ES™) for 3 days. N =2.e. ANPEP and CEACAMI1 expression
indefinitiveendoderm (DE) cells. DE cells and hPSCs do not express ANPEP or
CEACAMI1.RNA-seqdata of primed hPSC-derived DE cells were reported by
Lohetal. (2014)" and Chuetal. (2016)*. Pri: primed hPSCs, Na: naive hPSCs,
Hy:nHyC.N =2.f. Pdgfra, Anpep, and Ceacaml expression in mouse embryos.
Dot plotimages were obtained from the Genome-wide Rodent and Primate
Preimplantation Atlas’. zygote (3 cells), 4 cell (12 cells), eight cell (36 cells),
morula (49 cells), ICM (90 cells), Epi (19 cells), hypoblast (44 cells). g. PDGFRA

expressionin 7F minus one factor. Naive hPSCs were cultured in 7F or 7F minus
one factor. PDGFRA expression was measured on D3 by flow cytometry. Almost
no PDGFRA expressionwas detected in cells cultured in 7F minus FGF4 or BMP4.
7F minus A83-01(A83), XAV939 (XAV),IL6,PDGF-AA, or RAreduced the PDGFRA
expression.N=2.h.PDGFRA expression in 7F minus one factor plus one
opposing factor. PDGFRA expression was measured on D3 by flow cytometry.
7F minus A83 or XAV but with Activin A or CHIR (CH) reduced the PDGFRA
expressionto around 0%, while 7F minus IL6 plus JAKikilled half of the cells
duringdifferentiation. Of the cellsthat survived, 11% expressed PDGFRA.N = 2.
i.Flow cytometry of PDGFRA and CEACAM1or ANPEPin cells cultured in 6F
(-RA) medium.N2B27 medium without vitamin A (retinyl acetate) was used as
thebasalmedium (N2B27*). N = 3.j. Minimum essential growth factors with A83
and XAV for hypoblastinduction. Naive hPSCs were cultured in growth factor(s)
with A83 and XAV. A total of22% of cells expressed CEACAM1, ANPEP, and
PDGFRAwhen grown in FGF4 and BMP4 (4F). Colour blocksindicate the
percentage of the protein expression. N =2.k. Flow cytometry related to (j).
I.qPCR for hypoblast markersin PDGFRA" cells on D3 after 7F, 4F, or 2F treatment.
N=2.m.Flowcytometry for PDGFRA and CEACAM1or ANPEPin cells treated
with A83 and XAV. Signalling inhibition did notinduce nHyC. N2B27*: N2B27
mediumwithout vitamin A (retinyl acetate). N = 2. (N=) shows biologically
independent experiments. Box plots: centre line, median; box, the 25thand
75th percentiles range; whiskers, (a) 1.5 x IQR; (f) the minimum and maximum
values. Bar charts: (b), (e), (I) mean.
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Extended DataFig. 5|Signalling for hypoblast specificationdiffers
between humans and mice. a. PDGFRA expressionin mouse ESCs with
chemicalinduction was measured by flow cytometry. Mouse ESCs cultured in
2iL were treated with Activin A+ CHIR99021 + LIF (ACL)**, Activin A + RA (AR)*°,
or 7F.N=2.b.Hypoblast marker gene expression patterns in differentiated
cellsfrommouse ESCs. Mouse ESCs cultured in 2iL at DO were treated with ACL,
AR, or 7F, and RNA was collected on DO, D3, and DS. Sox7, a mouse hypoblast
marker, was upregulated on D5by ACL or AR treatment butnotby 7F.N=2.c.
Kinetics of PDGFRA and CEACAM1 expressionin naive hPSCsinduced by 7F/4F
or RACL. Hypoblast markers PDGFRA and CEACAM1 were expressed on D3 and
D5in 7F/4F-induced cells. Only PDGFRA was expressed on D7 in RACL-induced
cells.N=2.d.Gene expression patterns of PDGFRA' cellsin 7F/4F nHyC on D3
and RACL cellson D7.PDGFRA" cellswere sorted on D3 (7F/4F) or D7 (RACL).
Geneexpression levels were measured by gPCR. N = 2. e. Principal component
analysis (PCA) of RNA-seq data from this study (7F/4F/2F-and G6-PDGFRA*
cells) and Linneberg et al. (2019)*>. RNA-seq data (GSE138012)* are indicated:

naive hPSCs, Linneberg_t2iLGo or Linneberg_2iL; hypoblast-like cells,
Linneberg_RACL; primed hPSCs, Linneberg_primed. All other celltypes are
fromthisstudy. f. Unsupervised hierarchical clustering (UHC) of
transcriptomes using RNA-seq data from this study and Linneberg et al.?>. Cells
culturedin RACL from Linneberg et al. clustered with primed hPSC-derived
cells.g. Correlation coefficients for cynomolgus embryos and human cells
from this study and Linneberg et al. (2019)** based on 719 common ontogenic
genesreported by Nakamura etal. (2016)* (Supplementary Table 3). Cells from
cynomolgus embryos were classified as ICM, pre-implantation Epi (Pre-EPI),
hypoblast, post-implantation Epi (early stage: PostE-EPI, late-stage: PostL-EPI),
orgastrulating cells (early: Gastl, middle: Gast2a, late: Gast2b). The colour
codeisthesameasin (f). h. Scatter plot of the normalized loading scores of the
PCAinFig.2h.Key genesare annotated. The distributionindicated that PC2
described the cell type (trophoblast and Epi), while PC3 described the
development (from pre-implantation to post-implantation) (Fig. 2h). (N=)
shows biologicallyindependent experiments. Bar charts: (b), (d) mean.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138012
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Extended DataFig. 6 | Bilaminoids generated by naive hPSCs and nHyC.
a.Representative images of cellaggregates consisting of Naive (WT) (50 cells/
well) only, Naive-GFP (G6-OE) (50 cells/well) only, or Naive (WT) (10 cells/well)
and Naive-GFP (G6-OE) (40 cells/well). N = 3. b. Ratios of the long axis to the
shortaxis of cellular aggregates. The axes of aggregates generated by Naive
(WT) only or Naive (WT) and Naive-GFP (G6-OE) were measured on D4. The
mixed aggregates of Naive (WT) and Naive-GFP (G6-OE) are more spherical
than Naive (WT) only. Purple, mixed aggregates; Black, Naive (WT) only. N=4.
c.Representative series of Z-sections of Naive (WT) and Naive-GFP (G6-OE)
aggregateson D2and D4 stained for GFP (Green), OCT3/4 (Purple), and PAR6
(White). Theintervalis 3 pm. The number ofimagesincludedis 23 (D2) and 24
slices (D4). N=3.d. Efficiency of rosette formationon D2 and D4. Aggregates
were composed of Naive (WT) only or Naive (WT) and Naive (G6-OE). Green,
PAR6; Purple, SOX17; White, OCT3/4; Blue, DAPI. N = 2. Representative images
ofaggregates areshownontheright.e. Time-lapseimages of aggregates from
0to48hafterinduction.nHyC(G6-OE) werein the periphery of the aggregates
at48h.Green, nHyC(G6-OE); Purple, nEpiC. N =3.f. Relative distance from the
centreof aggregates. The distance of the nucleus of nHyC(G6-OE) and nEpiC
fromthe centre of aggregates was measured at the level of the maximum
cross-section for each aggregate. Ten aggregates were counted for each
condition.N =2.g. Distribution of Naive-GFP (G6-OE) in bilaminoids on day 4.
Although GFP-positive cells in nEpiC were observed, no GFP-positive cellsin
nEpiC expressed SOX17. Sixty-three aggregates on D4 were analysed. N=2.h.
Cellnumber of each aggregateondays 0, 2,4,and 6. Ten aggregates on each
daywere counted. N =2.i.Maximum cross-sectional area of each aggregate
fromDOtoD6.Thesize ofeachaggregate grew fromDOtoD6.N=2.j.Gene
expression patternsinsorted cells from aggregates generated by Naive (WT)
only or Naive (WT) and Naive-GFP (G6-OE) on D2 and D4. G(+), GFP* cells; G(-),
GFP cells; WT + G6, mixed aggregates of Naive (WT) and Naive-GFP (G6-OE);
WT, aggregates of Naive (WT) only; N, naive hPSCs; P, primed hPSCs. N =2. k.
GATA6 expressionin human pre-implantation embryos. Box plots were
obtained from the Genome-wide Rodent and Primate Preimplantation Atlas’.
zygote (3 Cells), 4 cell (10 cells), eight cell (16 cells), morula (28 cells), ICM (43
cells), Epi (54 cells), hypoblast (38 cells).l. GATA6 expressionin nHyC of the
aggregates. Aggregates generated by Naive (WT) and Naive-GFP (G6-OE) were
sortedonD2,D4,and D6. Total and endogenous expression (GATA6 (Total) and
GATA6 (Endo), respectively) were measured by qPCR.N =2.m. Time-lapse
images of anaggregate from 48 hto 80 hafterinduction. Lifeact, a small
peptide with an affinity for actin microfilaments (F-actin)*, wasintroduced
into naive hPSCs. Aggregates of Naive-Lifeact (nEpiC) and Naive-DsRed
(G6-0OE) (nHyC(G6-0OE)) were cultured for 4 days. The time-lapse images show
anaccumulation of Lifeactin the centrestartingataround 64 h.N=2.n.

Efficiency of bilaminoid generation. Aggregates were composed of naive or
primed hPSCs and naive PDGFRA" cellsinduced by GATAG6, 7F, or 4F (7F/4F-,
G6-nHyC), primed PDGFRA’ cellsinduced by GATA6, RACL cells, or ECAD'CXCR4"*
definitiveendoderm cells. For induction experiments, GFP-expressing cells
were used. Aggregates were fixed and stained with F-actin (Purple) on D4.
Although all sorted cell types surrounded Epi cells, aggregates witha
pro-amniotic cavity were formed only by 7/4F- and G6-nHyC. Aggregates made
by the mixture of Naive (WT) and Naive-GFP (G6-OE) formed pro-amniotic
cavities most efficiently. Naive and primed PDGFRA" cells were sorted by
PDGFRA onD3.RACL cells were sorted by PDGFRA on D7. Representative
images of aggregates areshown on the right. G6-N, G6-nHyC; 7F-N, 7F-nHyC;
4F-N, 4F-nHyC; G6-P, primed G6-PDGFRA’ cells; RACL, PDGFRA*RACL on D7;
DE, definitive endoderm cells sorted by ECAD*CXCR4* on D3.N =6 (N + G6N),
5(N+7F),4(N+4F),5(N+G6P),4(N+RACL),4(N+DE),5(P+G6N),3(P+7F),
3(P+4F),4(P+G6P),3(P+RACL),4 (P+DE), 6 (N(WT)+N(G6-OE)). o. Efficiency
ofbilaminoid formation on D4 extracted from (n). The efficiency of aggregates
containingmore than 10 nEpiC cells and 10 nHyC with spatial separation
(inner-outer) isshown.N=6(G6-N), 5 (7F-N), 6 (N(G6-OE)+N(WT)). p. Efficiency
ofbilaminoid formation on D4 extracted from (n). The efficiency of bilaminoids
where nEpiC were surrounded by nHyC(G6-OE) and had an accumulation of
F-actinon D4 isshown.N=6(G6-N),5(7F-N), 6 (N(G6-OE)+N(WT)). Two-tailed
Fisher’s exact test.q. Immunofluorescentimages of aggregates on Dé6.Blue,
GATA2; Purple, F-actin; Yellow, SOX17; White, DAPI. Epiblastsinincomplete
aggregates withoutanamniotic cavity partially expressed GATA2, while there
were no GATA2 cellsin bilaminoids. N = 3. r. Induction efficiency to
HAVCRI'ENPEP' trophoblast. Cell aggregates of H9 Naive (WT) or Naive (WT) +
Naive (G6-OE) were cultured under trophoblast induction medium for 3 days.
N=3.s.Immunofluorescentimages of aggregates on D4. Blue, GATA2; Purple,
F-actin; Yellow, SOX17; White, DAPI. Bilaminoids wereinduced from 558B1 or
1390G3 naive hPSCs. Epiblastsinincomplete aggregates without an amniotic
cavity partially expressed GATA2, while there were no GATA2" cellsin
bilaminoids. N =3 (585B1), N=4(1390G3). t. Induction efficiency to
HAVCRI'ENPEP* trophoblast. Cell aggregates of 585B10or 1390G3 Naive (WT) +
Naive (G6-OE) were cultured under trophoblastinduction medium for 3 days.
N =3.(n=) atthe top shows the number of aggregates analysed for each group.
(N=) shows biologicallyindependent experiments. Box plots: (h), (p) centre
line, median; box, the 25th and 75th percentiles range; whiskers, 1.5 x IQR.

(k) centre line, median; box, the 25th and 75th percentiles range; whiskers, the
minimum and maximum values. Dot plot (i): purple bars, medians. Violin plots:
(f) centre dot, mean; whiskers, 1.5 x IQR. Bar charts: (n), (0) mean +SEM, (d), (g),
(j), mean, (q), (s), percentage. Line charts: (1), mean. Scale bars: (c), (d), 20 um;
(e), (m), 40 um; (n), (q), (s), SO pm.



Article

d e h )
Cell number Aggregation size(um?) Naive (WT ) + Naive (G6-OE) Aggregates surrounded Naive (WT) + Naive (G6-OE)
nHyC n=283302269 192 211 106 157 nTB(- nTB(+) 2 by nHyC nTB(-) nTB(+)
100 e . " g - -
EEH:m:RS:MB 20000 PO.000T p=000121 p<0.0001 % n=726 : >
o Bilaminoid ] s 75 ~
g 15000]7 Blammnoid+nTe, ] >
60 ° &
'f‘ 8 . & 50 ?
10000 p @
§
20 5000 % % g 25
8
o
nTB - B HEE M M
D2 D4 D6 D0 D2 D4 D6 F m f
i 0 ormation o
f Bilaminoid D4 (585B1) Secretion factor ranking (Human blastocyst) /SOX17/0CT3/4 & cavity(%)
F-actin/ / Forme;tlon of Cavity volume TETOPS EPITOP5 Hypo TOP5 Naive (WT) + Naive (G6-OE) > g n=134197 164
nTB(-) nTB(+) Caavsloy <50u9) = 1(4 wm) TE_EPI Fypo TE EPI Fypo TE EPI Hypo _ N2B27 +IL6 +PDGF_ 5%
GDF3 £8
. 100000 £ 540
10000 WNT7A NODAL{I / 2
1000 PDGFA FGF4 ez
o 100, @ WNTG TGFB3 ge20
10 WNT3 82
- = Value Value Va\ue i <3 N2 L6 *BD
nTB "TB 3 -0.15 0.15 »= Formation of cavity (%) B27 GF
Bilaminoid D4 (1390G3) 1990F™ /| 750[POGFA 100 Emb'as' i 100 122
F-actin/ ] Formation of _ Cavity volume 4| 500 / ped \ 50 Mural TE S5 | p<00001 p<0.000t
nTB(+) cavity (%) (nm?) 20| Z 50 _/ \ %) < Polar TE S060
n=117 148 n=14 14 0 7020304050 0 1020 30 40 50 7020 30 40 50 3%40
30 10000 1000 ALK 1000 POGFRA 21| gq0[I6R 500fI5ST / £3
20 ? 9 500 600 300 8520
1000} \ 53
10 %l BN, _d AN s00L__ 1001~ —] 2=
0 1020304050 0 102030 40 50 7020304050 0 1020304050 2
oL 100 n
Pseudotime
nTB nTB
. n I i i 2
j Human Exon2 Exon3 k 120 L6 (Pg/mi) r wT KO #1 Aggregation size(um?)
L6 of : n=120 103 98 93
o -
locus 1 1 | 53.9% 41.0% 30000 <0000, p=00235
#1 # 1201 <
o g ' .
5 -CCACTCACCTCTTCAGAACGAATTGACAAACAAATTCGGTAY  C S|
3 -GAAGTCTTGCTTAACTGTTTG-5' < ]
RNA(#1) ol Tl “1
IL6 KO #1 9 N P WT# #2 s ; ey 7
5 -CCACTCACCTCTT--GAACGAATTGACAAACAAATTCGGTA-3' IL6 KO e _
2bp deletion —TB ENPEP-PE
m
WT ENPEP HAVCR1 TACSTD2 GATA2
5 -GATGCTTCCAATCTGGATTCAATGAGGTACCAACTTGTCG-3' 009 012 0.009 009 ° 012
3' -TAGACCTAAGTTACTCCATG-§' E 0.06 0.08: 0.006 5] 0.06 ol 0.08
IL6 KO #2 9RNA®2) %
5 -GATGGCTGAA- TGGATTCAAT-3' 003 0.04 0.003 0.03 0.04
200p 2 0 0 0
Table of KO efﬁclency e E 004 TEAP2A (45 TFAP2C 09, OCT3/4 o 12 NANOG
Sequenced KO WT, hetero, K] 0.10 06 0.09
or 3n frameshift Eoo2 006
‘ #1 12 5(42%) 7(58%) 2 0.05 03 003
#2 12 6(50%) 6(50%) o _i o o
o (Da) q t u Naive PSCs + 7F-N (i) centve
SSTAT3 00 WIHGE W+ oY, WY+ c6® AQP3 (i)  “N2B27 +IL6 otal aggregaes(%)
100 X =814 899
STAT3 - o) ++p<0.0001
a-tubulin| s o s &
G-CSF - L ¥
WT-Y G6-Y
I
P 2o.04 SOCS3 r iv“) N2B27  +IL6
< = Bilaminoids/
120 _p_oosss 120 total aggregates(%)
80. .p<0.0001
40 i ‘\ Bilaminoid D4 "
Chr9:33447397-33447405 + E(TEP‘;C) 8
nEpiG] WT WT WTY. nEpie| WT WT WTY prodeiad oy e 4 ==
nHyC[ G6 G6-Y G6 nHyC| G6 G6-Y G6 0
N2B27 +IL6
w N
EVX1 (i) Nalve PSCs + 7F-N (i) (iil) nEpiC+nHyC/ (V) Bilaminoids/
o 7 TE total aggregates(%) total aggregates(%)
z . 673 n=685__ 673
a p<0.0001 15| p<0.0001 ===
g MIXL1 a
2 0) N2B27
3 0
8 = N2B27 +nTB N2B27 +nTB
2 0.008 SNAI2 0.000 EOMES 5 Cavity vg;ume (vi) Bilaminoids containing
S © (U’ T(+) cells(%)
20 oo4l ' 0. ooogl ‘“ o n=19,.. 30 n=19 80
N g8 SE§ P N SR3 923 P ° e P00,
WT WT WT wWT
+G6 +G6
X GFPITFAP2AIT N2B27 +nTB +nT8
Primed PSCs ~ Primed PSCs . Primed PSCs  Primed PSCs  Primed PSCs
+AMLC-GFP +G6/7F-nHyC-GFP Primed PSCs  ,AMC-GFP +G6-nHyC-GFP +7F-nHyC-GFP GATAG
Primed PSCs ;
D0 [lawaal| [l &
GATA6
Transwell
membrane l
EamFGFTFAPZA+
02 T wial] Maclom
l E6+bFGF T[ TFAP2A/
4
0¢ Tlawal]  Tnctel] GATAS
TFAP2A+

Extended DataFig.7|See next page for caption.




Extended DataFig.7 | Trophoblast enhances epiblast progression. a. Cell
number of nHyCin each aggregate on D2, D4,and D6. Ten aggregates oneach
daywere counted. N =2.b. Maximum cross-sectional area of bilaminoids and
bilaminoids + nTBs from DO to D6. N = 2. Two-tailed Mann-Whitney’s U test. c.
Immunofluorescentimages of aggregates with or without nTB on D6. Red,
SOX17; White, DAPI.N =3.d. Proportion of aggregates surrounded by nHyC,
generated withor without nTB,onD6.N = 3. e.Immunofluorescentimages of
aggregates surrounded by nHyC with or without nTB on D6. Aggregates
surrounded by nHyC were collected under a stereomicroscope. Blue, PAR6;
Purple, SOX17; White, DAPI. N = 3. f. Immunofluorescent images, efficiency of
cavity formation, and volume of the amniotic cavity of aggregates on D4
generated by twoiPScelllines, 585B1and 1390G3. Purple, F-actin; Yellow,
SOX17; Blue, GATA2; White, DAPI.N =5 (585B1), N =4 (1390G3). g. Heatmap of
the top Ssecreted factors of TE, EPI,and Hypo in human embryos™ (upper).
Pseudotime expression* of secreted factors and receptors from TE-specific
factorsidentified in the upper panel (lower). h. Bilaminoids on D4 after IL6 or
PDGF-AAtreatment. Cavity formation rate (right). Sky blue, PAR6; Purple,
SOX17; White, OCT3/4; Blue, DAPI.N = 5. Two-tailed Fisher’s exact test. i. Cavity
formation rate of bilaminoids on D4 under JAK/STAT signalling pathway
inhibition. N=2. Two-tailed Fisher’s exact test.j. Design of the CRISPR targets
for /L6 knockout (KO). Two different Cas9 sgRNAs targeting /L6 (#1 and #2) were
separately transfected to primed hPSCs. CRISPR target sitesand DNA sequences
ofboth alleles are shown. The table shows the efficiency of homozygous /L6 KO.
k.Secretionof human IL6.nTBs were generated from naive hPSCs (WT, IL6KO#1,
and IL6KO#2).IL6 secreted by nTBs into the cultured medium was measured by
ELISA.N =2.1. Trophoblastinduction on D3 from naive hPSCs (WT, IL6KO#1,
and IL6KO#2). N =3.m. qPCR analysis in HAVCR1" ENPEP* cells of naive hPSC
(WT, IL6KO#1, and IL6KO#2) 3 days after trophoblast induction.N=2.n.
Maximum cross-sectional area of each aggregate on D4. Bilaminoids were
generated without nTB, with nTB (WT) or nTB (IL6KO#1, #2). N = 2. Kruskal-
Wallis and Dunn’s multiple comparisons test. p value, adjusted. o. Western blot
showing STAT3 phosphorylation after G-CSF treatment. GP130/GCSFR
chimaeric gene (Y118F), which activates STAT3 signalling in the presence of
G-CSF, wasintroduced into Naive (WT) or Naive (G6-OE). Protein was collected
2 hafter G-CSF treatment of naive hPSCs. N = 2. p. SOCS3 expression after
G-CSF treatment. RNA was collected 2 h after G-CSF treatment of naive hPSCs.
N=2.q.Representativeimmunofluorescentimages of aggregates on D4.
Aggregates were generated by Naive (WT) + Naive (G6-OE), Naive (WT) + Naive
(G6-OE-Y118F(G6-Y)), or Naive (WT-Y118F(WT-Y)) + Naive (G6-OE). N =3.r. Cell
numbers of nEpiCand nHyC in eachaggregate on D4. Ten aggregates of each
condition were counted. N =2.One-way ANOVA and Dunnett’s multiple
comparisonstest.pvalue,adjusted, 12 aggregates (WT + G6),13 aggregates

(WT +G6-Y), 14 aggregates (WT-Y + G6).s. ATAC-seq signal of naive hPSCs and
primed hPSCs at the AQP3locus. A STAT3 binding motif was previously
predicted in thislocus”. ATAC-seq data was obtained from Pastor et al.”.
t.qPCRanalysis for nEpiC in bilaminoids on D 4. nEpiC in bilaminoids, with or
without nTB, were sorted as GFP on D4. AQP3 expression was measured. N = 2.
u.Bilaminoids generated by naive hPSCs and G6- or 7F-PDGFRA’ cells (G6-N

or 7F-N) after IL6 treatment on D4. (i, ii) Low- and high-magnification
immunofluorescentimages of aggregates on D4. (iii) The efficiency of
bilaminoid formation calculated using the alternative criteria, in which an
aggregate containing more than 10 epiblast-like cells surrounded by more than
10 hypoblast-like cells are defined as bilaminoids. N = 6. (iv) The efficiency of
bilaminoid formation analysed with the stringent criteria, in which a bilaminoid
isdefined asan aggregate surrounded completely by nHyCin asingle complete
amniotic-like cavity. Purple, F-actin; Green, nHyC; White, DAPI. N = 6. Two-
tailed Fisher’s exact test (iii, iv). v. qPCR analysis for aggregates on D2, D4, and
Dé6.nEpiCincellaggregates weresorted as GFP onD2,D4,and D6. WT +G6,
mixed aggregates of Naive (WT) and Naive-GFP (G6-OE); WT, aggregates of
Naive (WT) only; N, naive hPSCs; P, primed hPSCs. N = 2. w. Bilaminoids
generated by naive PSCs and 7F-PDGFRA" cells (7F-N) after nTB treatment on
Dé. (i, ii) Low- and high-magnification immunofluorescentimages of
aggregateson D6. (iii) The efficiency of bilaminoid formation calculated using
thealternative criteria, in which an aggregate containing more than10 epiblast-
like cells surrounded by more than 10 hypoblast-like cells are defined as
bilaminoids. (iv) The efficiency of bilaminoid formation analysed with the
stringentcriteria, in which abilaminoid is defined as an aggregate surrounded
completely by nHyCinasingle complete amniotic-like cavity. (v) The cavity
volume of bilaminoids with or without nTB. (vi) T-positive cells in bilaminoids
withor without nTB. Yellow, T; Purple, F-actin; Green, nHyC; White, DAPI. N =2.
Two-tailed Fisher’s exact test (iii, iv) and Two-tailed Mann-Whitney’s U test (v).
x. Transwell co-culture assay. Primed hPSCs only, primed hPSCs + amniotic
ectoderm cells*, and primed hPSCs + nHyC (G6 or 7F) were cultured on
Transwell plates for 4 days. Green, amniotic ectoderm or nHyC; White, TFAP2A;
Purple, T; Blue, DAPI.N = 2.y. Immunofluorescent images foramnion markers
ofbilaminoids onDé. Yellow, ISL1; Blue, OCT3/4; Green, TFAP2A; Purple, GATA6;
White, DAPI. Aggregates were generated by Naive (WT) + Naive (G6-OE) together
withnTB.N=4.(n=) atthe top shows the number of aggregates analysed for
eachgroup. (N=) shows biologically independent experiments. Box plots: (a),
(f), (r), u(iv), (w(iv)), (w(v)) centre line, median; box, the 25th and 75th percentiles
range; whiskers, 1.5 xIQR. Dot plots: (b), (n) red bars, medians. Bar charts: (d),
(f), (h), (u(iii)) mean £ SEM, (i), (k), (m), (p), (t), (v), (w(iii)), (w(vi)) mean. Scale
bars: (c), (e), (u(i)), (w(i)), 200 pm; (F), (q), (y), 50 pm; (h), (u(ii)), (w(iD)), (x), 20 pm.
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Extended DataFig. 8| Global gene expression profiles and anterior-
posterior axis formation of bilaminoids. a. Representative bright field
images of bilaminoids for Smart-seq. Hypoblast, epiblast, and the cavity are
colour-coded: nHyC, green; nEpiC, red; Cavity, yellow. N = 3. b. Uniform
Manifold Approximation and Projection (UMAP) of integrated data sets of 215
single cells from 23 bilaminoids, 5 published human embryos**>#'*and 5 stem
cell-based embryo models?**. Resolution:2.8. c. Expression of lineage marker
genes. The gene expressionlevels are plotted on UMAP and shown as feature
plots.d. Dot plot showing our annotations and the reported annotations from
human blastocyst data', Carnegie stage 7 (CS7) post-implantation human
embryo data®, humanblastoid data”, and amniotic sac embryoid (PASE)
model2. The sizes and colours of dots indicate the proportion and number of
cellsannotated to the corresponding cell types, respectively. e. Correlation
coefficients of invitroinduced cells with trophoblast and amnioticectoderm
of humanembryos. Theamnion of D6 bilaminoids and amnion cluster of this
study highly correlated to amniotic ectoderm. Cell types and ontogenic genes
betweenamniotic ectoderm and trophoblast were previously reported®e.

f. Percentage of each cell type in bilaminoids on D6. Six, eight, and nine
bilaminoids wereindependently collected and analysed by Smart-seq. Hyp,
hypoblast; Epi, epiblast; PriS, primitive streak; Mes, mesoderm; Am, amnion.
N=3.g.Unsupervised hierarchical clustering (UHC) of nHyCs of D6 bilaminoids
andrelative gene expression of anterior visceral endoderm (AVE) marker genes.
One cluster of nHyC strongly expresses AVE marker genes. h. PCA analysis of
nHyCs of D6 bilaminoids (Left) and loadings (right). AVE marker genes are
labelled.i. Design of the CRISPR targets for CER1-H2B-GFP knock-in (KI). The
neo cassette wasremoved by Cre expression. j. Representative Z-series images

of anaggregate on D6. A series of confocal Z-sections of the aggregates of Naive
(WT) +Naive (G6-OE) on D6 stained for OTX2 (Purple), T (Yellow), GATA4 (Blue),
and DAPI (White). N=3.k. Anterior-posterior axis of D6 bilaminoids. Bilaminoids
were generated by Naive (WT) + Naive (G6-OE). Purple, LEFTY, DKK1; Yellow or
Green, GATA6 + PAR6; White, T; Blue, DAPI. Purple arrowheads indicate T'-
nucleus. Yellow arrowheadsindicate LEFTY' or DKK1* cells. Angles between T
nucleiand LEFTY" or DKK1" cells on sections of bilaminoids were measured. The
centre of T nucleiwas defined as O degrees. LEFTY: 21 aggregates surrounded
by nHyC (G6-OE) and expressing LEFTY and T were counted. N = 2. DKK1: 14
aggregates surrounded by nHyC (G6-OE) and expressing DKK1and T were
counted. N =2. Two-tailed Mann-Whitney’s U test (LEFTY), Two-tailed t-test
(DKK1).1.Overexpression of DKK1in Naive (G6-OE) suppressed T expressionin
the nEpiC of D6 bilaminoids. DKK1with Destabilized domain (DD-DKK1) was
introduced into Naive (G6-OE) and was stabilized by Shield1. Bilaminoids were
generated by Naive (WT) + Naive-GFP (G6-OE) that contain DD-DKK1. Blue,
PARG6; Yellow, T; Purple, GATA6; White, DAPI. The proportion of T-expressing
bilaminoids was counted under Shieldl (-) or (+) conditions. N = 2. Two-tailed
Fisher’sexact test. m. qPCR analysis of D6 bilaminoids. Bilaminoids were
generated by Naive (WT) + Naive-GFP (G6-OE) that contain tamoxifen-inducible
OTX2 (OTX2-ERT2). RNA was collected under tamoxifen (-) or (+) conditions.
40H (-) or (+), tamoxifen (=) or (+). N =2.n.qPCR analysis of D6 bilaminoids.
Bilaminoids were generated as (I). RNA was collected under Shield1 (-) or (+).
N=2.(n=) atthe top shows the number of aggregates analysed for each group.
(N=) shows biologicallyindependent experiments. Box plots: (k) centreline,
median; box, the 25th and 75th percentiles range; whiskers, 1.5 x IQR. Bar charts:
(1), (m), (n) mean, (f) percentage. Scale bars: (a), (j), (1), 50 pm; (k), 20 pm.
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Extended DataFig.9|LAMBI1knockout nHyC and gene expression profiles
ofbilaminoids. a. Expression of integrinsin each cluster (Fig. 5b). Only cells
from bilaminoids were extracted and analysed. Expression levels are shown as
violinplots. b. Expression of laminins in each cluster. Only cells from bilaminoids
were extracted and analysed. Expression levels are shown as violin plots.
c.Design of the CRISPR targets for LAMBI knockout (KO). Two different sgRNA
with CAS9 for LAMBI (#1 and #2) were separately transfected to primed hPSCs.
CRISPRtargetsites and DNA sequences of both alleles for the indicated
knockoutlines are shown.#1linehasalbpinsertion,and#2linehasalbp
deletion. The table at the bottom shows the efficiency of homozygous LAMBI
KO.KO was confirmed as biallelic frame-shift nonsense mutations.

d. Verification of the loss of LAMB1 expression by immunofluorescence. LAMBI
KO #1and #2 primed hPSCs containing DOX-inducible GATA6 were reset to
naive hPSCs (Naive LAMB1KO-hPSC(G6-OE)). The loss of LAMB1 was confirmed
after DOXinductiononD3.Purple, LAMBL; Yellow, SOX17; Blue, DAPI. Expression

of PDGFRA on D3 after GATA6 overexpression. Naive LAMB1KO-hPSC(G6-OE)
were cultured under N2B27 medium asin Extended Data Fig.1o. PDGFRA
expression was measured by flow cytometryonD3.N = 2. e. Gene expression
patterns of PDGFRA’ cells. Hypoblast marker genes in PDGFRA’ cellson D3
were measured by qPCR. N = 2. Y-axis shows log scale. f. Expression of secreted
factors. Only cells from bilaminoids were extracted and analysed. Expression
levels are shown as violin plots. g. Violin plots of receptor expression. Only cells
frombilaminoids were extracted and analysed. Expression levels are shown as
violin plots. h. Gene expression patterns in nEpiC of bilaminoids cultured
under N2B27 medium with BMP, ACTIVIN, or WNT signalling ligands or inhibitors
onD6. Bilaminoids were generated by the mixture of Naive (WT) and Naive-GFP
(G6-OE). Agrowth factor or inhibitor to BMP, ACTIVIN, or WNT signalling was
added fromD4 to D6. GFP nEpiC were sorted on D6.N = 2. (N=) shows biologically
independent experiments. Bar charts: (e), (h) mean. Scale bars: (d), 20 um.
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Extended DataFig.10|Bilaminoids onD9 and interspecies chimaeraassays.

a.Z-seriesimages of bilaminoid on D9. A series of confocal Z-sections of a
bilaminoid of Naive (WT) and Naive (G6-OE) on D9 stained for ISL1 (Blue),
GATA3 (Yellow), and DAPI (White). N =3.b. Z-seriesimages of bilaminoid on D9.
White, GATA3; Purple, OCT3/4; Green, Naive-GFP(G6-OE); Blue, DAPI.N =3.
c.Anterior-posterior axis of bilaminoids on D9. Blue, ISL1; Purple, T; Yellow,
OTX2; White, DAPI.N=3.d.PGC marker gene expression in bilaminoids on D9.
Bilaminoids were generated by BLIMP1-tdTomato and TFAP2C-GFP double
knock-in Naive (BTAG) and Naive (G6-OE). BTAG- and SOX17-triple-positive
cellsareindicated by yellow arrowheads. Purple, SOX17; Blue, TFAP2C-GFP;
Yellow, BLIMP1-tdTomato; White, DAPI. N =3.e. VTCN1" cells, BLIMP1-
tdTomato TFAPA2C-GFP" cells,and CD34" cellsin D9 bilaminoids. VTCNI" cells,
BLIMP1-tdTomato TFAPA2C-GFP* cells, or CD34" cellsin D9 bilaminoids were
sorted as single cells by flow cytometry and used for Smart-seq libraries. N =3.
f. The efficiency and workflow to obtain bilaminoids. Bilaminoids were
analysed on Dé6.1L6 improved cavity formation similar to the co-cultures of
nTB.g.Embryonicday (E) 4.5 hatched mouse-human chimaerablastocysts.
Naive hPSCs or 7F- or G6-nHyC were injected into mouse morulaembryos.
Afterinjection, theembryos were cultured invitro for two more days. Human

cellsare marked by tdTomato (Purple), and hypoblasts are marked by SOX17
(Blue). N=2.h. Theefficiency of mouse-human chimaerablastocysts at E4.5.
nHyC never contributed to Epi.i.Interspecies chimaeraembryos developed
inuteroatE6.5.7F-nHyC (tdTomato)-injected embryos were transplanted into
pseudopregnant miceonE3.5and collected at E6.5. Controlindicates
non-chimaericlittermate.N = 4(7F), N = 2(G6). j. Confocal images of mouse-
human chimaeraembryo developedinuteroatE6.5. 7F-nHyC-injected
embryoswere collected at E6.5and stained for SOX17 (Green) and DAPI
(White). nHyC-derived cells marked by tdTomato were detected in the visceral
endoderm lesion (yellow arrowhead) and extraembryoniclesion (red arrows).
White arrowhead, EPI. N = 4. k. Confocalimages of mouse-human chimaera
embryo developedinutero (E6.5). G6-nHyC-injected embryos were collected
atE6.5and stained by SOX17 (Green) and DAPI (White). nHyC-derived cells
marked by tdTomato were detected in the visceralendoderm lesion (yellow
arrowhead). White arrowhead, EPI. N = 2.1. Asummary of mouse-human
chimaeraembryosatE6.5inutero. 7F-and G6-nHyC-derived cells contributed
tovisceralendodermin post-implantation embryos. (N=) shows biologically
independent experiments. Scale bars, 50 pm.
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Life sciences study design

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

Sample size No statistical methods were used to predetermine sample size. Sample sizes were determined based on similar studies performed on stem
cell-based model (ex. Zheng et al, Nature, 2019; Moris et al, Nature, 2021; Kagawa et at Nature 2022)

Data exclusions  No data were excluded.

Replication All experiments were conducted with at least two biologically independent experiments. Exact number of experiments and samples are
indicated in figures, figure legends and the section of Statistic and Reproducibility in the Methods.

Randomization  Samples were allocated based on the corresponding test conditions.

Blinding Investigators were not blinded to group allocation during data collection and analysis, as these were nonsubjective.

Behavioural & social sciences study design

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

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the

rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.




Ecological, evolutionary & environmental sciences study design

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

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.
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Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? [ | Yes [ Ino

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

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

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI D ChlP-seq
Eukaryotic cell lines D IXI Flow cytometry
Palaeontology and archaeology IXI D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Antibodies

Antibodies used All antibodies used in this study are commercial and described in Supplymentary table 7.

Rabbit monoclonal anti-GATA6 (clone D61E4) Cell Signaling Technology Cat# 5851
Mouse monoclonal anti-GATA6 (clone 222228) R&D systems Cat# MAB1700

Goar polyclonal anti-GATA6 R&D systems Cat#t AF1700

Goat polyclonal anti-GATA4 Santa Cruz Biotechnology Cat# sc-1237

Rat monoclonal anti-GATA4 (clone eBioEvan) Thermo Fisher Scientific Cat# 14-9980-82
Goat polyclonal anti-SOX17 R&D systems Cat# AF1924

Rabbit monoclonal anti-FOXA2 (clone D56D6) Cell Signaling Technology Cat# 8186
Mouse monoclonal anti-NANOG eBioscience (clone hNanog.2) Cat# 14-5769-82

Mouse monoclonal anti-NANOG eBioscience (clone hNanog.2) Cat# 14-5768-80

Mouse monoclonal anti-Oct4 Santa Cruz Biotechnology (clone C-10) Cat# sc-5279

Goat polyclonal anti-Oct4 Santa Cruz Biotechnology Cat# sc-8628

Rabbit monoclonal anti-Oct4 (clone C30A3) Cell Signaling Technology Cat# 2840

Rat monoclonal anti-GFP (clone GFO90R) Nacalai Tesque Cat# 04404-84

Rabbit polyclonal anti-DsRed Takara Cat# 632496

Rabbit polyclonal anti-PARDEB (PAR6) Santa Cruz Biotechnology Cat# sc-67393

Mouse monoclonal anti-PARD6B(PAR6) (clone B-10) Santa Cruz Biotechnology Cat# sc-166405
Mouse monoclonal anti- PODXL (clone 222328) R&D systems Cat#t MAB1658

Mouse monoclonal anti- PKCT (aPKC) (clone H-1) Santa Cruz Biotechnology Cat# sc-17781
Goat polyclonal anti-Brachyury (T) R&D systems Cat# AF2085

Rabbit monoclonal anti-Brachyury (T) (clone D2Z73J) Cell Signaling Technology Cat# 81694
Mouse monoclonal anti-OTX2 (clone D-8) Santa Cruz Biotechnology Cat# sc-514195

Goat polyclonal anti-Lefty R&D systems Cat#t AF746

Rabbit monoclonal anti-DKK1 (clone D5V6L) Cell Signaling Technology Cat# 48367

Rabbit polyclonal anti-Laminin Abcam Cat# ab11575

Rabbit polyclonal anti-Laminin beta-1 Thermo Fisher Scientific Cat# PA5-27271

Rabbit polyclonal anti-KLF17 Atlas Antibodies Cat# HPA024629

Goat polyclonal anti-GATA3 R&D systems Cat# AF2605

Mouse monoclonal anti-AP2alpha (TFAP2A) (clone 3B5) Santa Cruz Biotechnology Cat# sc-12726
Mouse monoclonal anti-ISL1&ISL2 (clone 39.4D5) DSHB Cat# 39.4D5

Goat polyclonal anti-Islet-1(ISL1) R&D systems Cat# AF1837

Rat monoclonal anti-CD34 abcam (clone MEC 14.7) Cat# ab8158

Rabbit monoclonal anti-ERG (clone A7L1G) Cell Signaling Technology Cat# 97249

Rabbit polyclonal anti-GATA2 NOVUS Cat# NBP1-82581

Mouse monoclonal anti-a-tubulin (clone DM1A) Abcam Cat# ab7291

Rabbit polyclonal anti- pSMAD1/5/9 Cell Signaling Technology Cat# 9511

Rabbit monoclonal anti- pSMAD2 (clone 138D4) Cell Signaling Technology Cat# 3108
Rabbit polyclonal anti- pSTAT3 Cell Signaling Technology Cat# 9131

Mouse monoclonal anti-STAT3 (clone 84/Stat3) BD Cat# 610189

Rabbit monoclonal anti-pMAPK (clone 20G11) Cell Signaling Technology Cat# 4376

Biotin goat polyclonal anti-PDGFRA R&D systems Cat# BAF322

Biotin human monoclonal anti-TIM-1 (HAVCR1) (clone REA384) Miltenyi Biotec Cat# 130-106-023
Mouse monoclonal anti-CEACAM1+CEACAMS (clone 4/3/17) Abcam Cat# ab 91213

PE mouse monoclonal anti-ANPEP (clone WM15) BioLegend Cat# 301703

APC mouse monoclonal anti-CD34 (clone 4H11) Thermo Fisher Scientific Cat# 17-0349-41
APC mouse monoclonal anti-B7-H4 (VTCN1) (clone MIH43) BioLegend Cat# 358108

PE mouse monoclonal anti-CD249(ENPEP) (clone 2D3/APA) BD Cat# 564533

APC rat monoclonal anti-CD140a(PDGFRA) (clone APAS) Thermo Fisher Scientific Cat# 17-1401-81
PE rat monoclonal anti-Feeder cells (clone mEF-SK4) Miltenyi Biotec Cat# 130-120-166
Alexa Flour 555 Phalloidin Thermo Fisher Scientific Cat# A34055

Alexa Flour Plus 647 Phalloidin Thermo Fisher Scientific Cat# A30107

Alexa Flour 488 Donkey anti-Mouse Thermo Fisher Scientific Cat# A-21202

Alexa Flour 488 Donkey anti-Rabbit Thermo Fisher Scientific Cat# A-21206

Alexa Flour 488 Donkey anti-Goat Thermo Fisher Scientific Cat# A-11055

Alexa Flour 488 Donkey anti-Rat Thermo Fisher Scientific Cat# A-21208

Alexa Flour 555 Donkey anti-Mouse Thermo Fisher Scientific Cat# A-31570

Alexa Flour 555 Donkey anti-Rabbit Thermo Fisher Scientific Cat# A32794

Alexa Flour 555 Donkey anti-Goat Thermo Fisher Scientific Cat# A21432

Alexa Flour 555 Goat anti-Mouse Thermo Fisher Scientific Cat# A21424

Alexa Flour 555 Goat anti-Rabbit Thermo Fisher Scientific Cat# A21429

Alexa Flour 647 Donkey anti-Mouse Thermo Fisher Scientific Cat# A32787

Alexa Flour 647 Donkey anti-Rabbit Thermo Fisher Scientific Cat# A32794

Alexa Flour 647 Donkey anti-Goat Thermo Fisher Scientific Cat# A32816
Streptavidin-APC Biolegend Cat# 405207

Goat polyclonal anti-rabbit 1gG, HRP-linked antibody Cell Signaling Technology Cat# 7074
Horse polyclonal anti-mouse IgG, HRP-linked antibody Cell Signaling Technology Cat# 7076
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Validation Validation statement of antibodies used in this study are available on the manufacturers' websites.

GATAG (5851): https://www.cellsignal.jo/products/primary-antibodies/gata-6-d61e4-xp-rabbit-mab/5851
GATA6 (MAB1700): https://www.rndsystems.com/products/human-gata-6-antibody-222228 mab1700




GATA6
GATA4

AF1700): https://www.rndsystems.com/products/human-gata-6-antibody_af1700

sc-1237): https://www.scbt.com/ja/p/gata-4-antibody-c-20

GATA4 (14-9980-82): https://www.thermofisher.com/antibody/product/Gata-4-Antibody-clone-eBioEvan-Monoclonal/14-9980-82
SOX17 (AF1924): https://www.rndsystems.com/products/human-sox17-antibody_af1924

FOXAZ2 (8186): https://www.cellsignal.jp/products/primary-antibodies/foxa2-hnf3b-d56d6-xp-rabbit-mab/8186

NANOG (14-5769-82): https://www.thermofisher.com/antibody/product/Nanog-Antibody-clone-hNanog-2-Monoclonal/14-5768-82
NANOG (14-5768-80): https://www.thermofisher.com/antibody/product/Nanog-Antibody-clone-hNanog-2-Monoclonal/14-5768-80
Oct4 (sc-5279): https://www.scbt.com/ja/p/oct-3-4-antibody-c-10

Oct4 (sc-8628): https://www.scbt.com/ja/p/oct-3-4-antibody-n-19

Oct4 (2840): https://www.cellsignal.jp/products/primary-antibodies/oct-4a-c30a3-rabbit-mab/2840

GFP (04404-84): https://www.nacalai.co.jp/ss/ec2/ec-srchdetl.cfm?
HP=1&I=JP&Ic=1&syohin=0440484&syubetsu=3&catalog=&SiireC=&MakerC=&yoro=&mv=1

DsRed (632496): https://catalog.takara-bio.co.jp/com/manual_info.php?unitid=U100004743

PARDG6B (sc-67393): https://www.scbt.com/ja/p/pard6b-antibody-m-64

PARDG6B (sc-166405): https://www.scbt.com/ja/p/pardéb-antibody-b-10

PODXL (MAB1658): https://www.rndsystems.com/products/human-podocalyxin-antibody-222328 mab1658

PKCZ (sc-17781): https://www.scbt.com/ja/p/pkc-zeta-antibody-h-1

Brachyury (AF2085): https://www.rndsystems.com/products/human-mouse-brachyury-antibody_af2085

Brachyury (81694): https://www.cellsignal.jp/products/primary-antibodies/brachyury-d2z3j-rabbit-mab/81694

OTX2 (sc-514195): https://www.scbt.com/ja/p/otx2-antibody-d-8

Lefty (AF746): https://www.rndsystems.com/products/human-mouse-lefty-antibody_af746

DKK1 (48367): https://www.cellsignal.jp/products/primary-antibodies/dkk1-d5v6l-rabbit-mab/48367

Laminin (ab11575): https://www.abcam.co.jp/laminin-antibody-ab11575.html

Laminin beta-1 (PA5-27271): https://www.thermofisher.com/antibody/product/Laminin-beta-1-Antibody-Polyclonal/PA5-27271
KLF17 (HPA024629): https://www.sigmaaldrich.com/catalog/product/sigma/hpa024629?lang=ja&region=JP

GATA3 (AF2605): https://www.rndsystems.com/products/human-gata-3-antibody_af2605

TFAP2A (sc-12726): https://www.scbt.com/ja/p/ap-2alpha-antibody-3b5

ISL1&ISL2 (39.4D5): https://dshb.biology.uiowa.edu/39-4D5

ISL1 (AF1837): https://www.rndsystems.com/products/human-islet-1-antibody_af1837

CD34 (ab8158): https://www.abcam.co.jp/products/primary-antibodies/cd34-antibody-mec-147-ab8158.html

ERG (97249): https://www.cellsignal.jp/products/primary-antibodies/erg-a7l1g-rabbit-mab/97249

GATA2(NBP1-82581): https://www.novusbio.com/products/gata-2-antibody nbp1-82581

a-tubulin (ab7291): https://www.abcam.co.jp/alpha-tubulin-antibody-dm1a-loading-control-ab7291.html

pSMAD1/5/9 (9511): https://www.cellsignal.jo/products/primary-antibodies/phospho-smad1-ser463-465-smad5-ser463-465-smad9-
ser465-467-antibody/9511

pSMAD?2 (3108): https://www.cellsignal.jp//products/primary-antibodies/phospho-smad2-ser465-467-138d4-rabbit-mab/3108
pSTAT3 (9131): https://www.cellsignal.jp//products/primary-antibodies/phospho-stat3-tyr705-antibody/9131

STAT3 (610189): https://www.bdbiosciences.com/ja-jp/products/reagents/western-blotting-and-molecular-reagents/purified-
mouse-anti-stat3.610189

pPMAPK (4376): https://www.cellsignal.jp//products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-20g11-rabbit-
mab/4376

PDGFRA (BAF322): https://www.rndsystems.com/products/human-pdgf-ralpha-biotinylated-antibody_baf322

HAVCR1 (130-106-023): https://www.miltenyibiotec.com/JP-en/products/tim-1-antibody-anti-human-reafinity-
rea384.html#conjugate=biotin:size=100-tests-in-1-ml

CEACAM1+CEACAMS (ab91213): https://www.abcam.co.jp/ceacam1-ceacam5-antibody-4317-ab91213.html

ANPEP (301703): https://www.biolegend.com/ja-jp/products/pe-anti-human-cd13-antibody-875?GrouplD=BLG10247

CD34 (17-0349-41): https://www.thermofisher.com/antibody/product/CD34-Antibody-clone-4H11-Monoclonal/17-0349-42
PDGFRA (17-1401-81): https://www.thermofisher.com/antibody/product/CD140a-PDGFRA-Antibody-clone-APA5-
Monoclonal/17-1401-81

VTCN1 (358108): https://www.biolegend.com/ja-jp/explore-new-products/apc-anti-human-b7-h4-antibody-8919?
GrouplD=BLG11552

ENPEP (564533): https://www.bdbiosciences.com/ja-jp/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/pe-mouse-anti-human-cd249.564533

Feeder cells (130-120-166): https://www.miltenyibiotec.com/ES-en/products/feeder-cells-antibody-anti-mouse-mef-sk4.html#gref
Phalloidin AF555(A34055): https://www.thermofisher.com/order/catalog/product/A34055#/A34055

Phalloidin AF647(A30107): https://www.thermofisher.com/order/catalog/product/jp/ja/A30107

Donkey anti-Mouse IgG(H+L) AF488 (A-21202): https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-IgG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21202

Donkey anti-Rabbit IgG(H+L) AF488 (A-21206): https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-
Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206

Donkey anti-Goat IgG(H+L) AF488 (A-11055): https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-1gG-H-L-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-11055

Donkey anti-Rat IgG(H+L) AF488 (A-21208): https://www.thermofisher.com/antibody/product/Donkey-anti-Rat-1gG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-21208

Donkey anti-Mouse IgG(H+L) AF555 (A-31570): https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-I1gG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31570

Donkey anti-Rabbit IgG(H+L) AF555 (A32794): https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-1gG-H-L-Highly-
Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32794

Donkey anti-Goat IgG(H+L) AF555 (A21432): https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-IgG-H-L-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-21432

Goat anti-Mouse IgG(H+L) AF555 (A21424): https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Highly-
Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21424

Goat anti-Rabbit IgG(H+L) AF555 (A21429): https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-1gG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-21429

Donkey anti-Mouse IgG(H+L) AF647 (A32787): https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-IgG-H-L-Highly-
Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32787
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Donkey anti-Rabbit IgG(H+L) AF647 (A32794): https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-
Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32794

Donkey anti-Goat IgG(H+L) AF647 (A32816): https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-IgG-H-L-Highly-
Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32816

Streptavidin-APC (405207): https://www.biolegend.com/ja-jp/products/apc-streptavidin-1470?GrouplD=GROUP23

rabbit IgG, HRP-linked (7074): https://www.cellsignal.jp/products/secondary-antibodies/anti-rabbit-igg-hrp-linked-antibody/7074
mouse IgG, HRP-linked (7076): https://www.cellsignal.jp/products/secondary-antibodies/anti-mouse-igg-hrp-linked-antibody/7076

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Human ESC lines H1 and H9 (WiCell Research Institute, Madison, WI, USA), human iPSCs generated from adult adipose-
derived stem cells (AdiPSCs) (Takashima et al., 2014), human iPSCs 585B1 (Sasaki et al., 2015), 1390G3 (Yamashiro et al.,
2018) and PB004, mouse ES cells (Kallkan et al. 2017) were cultured. PBO04 iPS cell line is an approved iPS cell line for the
interspecies chimera experiment by Japanese government.

Authentication All cell lines have been authenticated by original sources and also authenticated in-house by observation of colony
morphology, RT-gPCRs, immunostaining, RNA-seq and/or in vitro differentiation.
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Mycoplasma contamination We constantly check the contamination of mycoplasma. All cell lines are negative for mycoplasma test.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information).

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

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

Animals and other organisms

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

Laboratory animals Common marmoset(Callithrix jacchus) embryos: Naturally fertilized embryos were collected from the uterus by non-invasive flushing.
Individual numder of embryo' parents (female/male): 14725/15058, 14051/14239, 14551/14752, 14014/13584, 14551/14752,
13745/14002, 13221/12888, 14694/14320, 15143/14730, 13835/YX002. We did not confirm sex of common marmoset embryos.
BDF1xB6 mouse embryos were collected at eight-cell and morula stage. Recipient female ICR mice were purchased from SLC
Japan(Shizuoka, Japan). We did not confirm sex of mouse embryos.

Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All animal experiments were approved by the Animal Experiment Committee at CiRA and Kyoto University (Approval number
16-75-6) and the Institutional Animal Care and Use Committee of the Central Institute for Experimental Animals (CIEA: Approval
number 17029A and 18031A). Interspecies chimera formation experiment using human iPSC line PBO04 were approved by the ethics
committee at the University of Tokyo and by the Japanese government.

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

Human research participants

Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."




Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

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

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

[] crops and/or livestock
[ ] Ecosystems

O0oogds

[ ] Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:
Yes
Demonstrate how to render a vaccine ineffective
Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen
Alter the host range of a pathogen
Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

OO0oodOoods
ooogoogo

Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication.  provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.
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Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot
number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChiP-seq data. For custom code that has been deposited into a community

repository, provide accession details.
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Flow Cytometry

Plots

Confirm that:
|z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|z| 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).
|X| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation Cells were dissociated into single cells by Accutase or trypsin, washed, and blocked in HBSS (Cat. 14185052, Thermo Fisher
Scientific) with 1% BSA (Cat. A2153, Sigma-Aldrich) on ice for 30 min. Staining was performed on ice.

Instrument BD LSR Fortessa (BD) or FACS Aria Il (BD)

Software Data were analysed using FlowJo.

Cell population abundance Cell sorting was performed and the sorted populations were evaluated by gPCR.

Gating strategy Cell population was gated by FSC/SSC and doublet cells were removed. Then dead cells were removed by DAPI and the

remaining cells were analysed.
Gating strategies are included in the Supplementary Figure 1.

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

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).




Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,

slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ]Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.qg. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
D |:| Functional and/or effective connectivity

D |:| Graph analysis

D |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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