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Guo et al., 2021; Io et al., 2021; Kagawa et al., 2022; Yu et al.,

2021; Liu et al., 2021) and primitive endoderm (PrE) (Linneberg-

Agerholm et al., 2019). Primed hPSCs were reported to differen-

tiate into cells resembling trophectoderm (TE), based on the







The naive-to-primed transition is guided by MAPK signaling in

mouse PSCs and embryos (Kunath et al., 2007), whereas active

TGF-b/NODAL signaling is required for hPSCsmaintenance (Val-

lier et al., 2009; Osnato et al., 2021). Therefore, we tested

whether the inhibition of these pathways using small-molecule

inhibitors of MAPK (PD0325901) and ALK4/5/7 (A8301), respec-

tively, can induce an amnion fate in partially primed hPSCs (Fig-

ure 2B). The repression of each of these pathways for 5 days

resulted in the downregulation of the pluripotency genes

POU5F1 and NANOG, and the upregulation of the common

TE/AME markers GATA2, GATA3 and TFAP2C (Shao et al.,

2017a). Furthermore, joint inhibition of MAPK and ALK4/5/7

(referred to as ‘‘AP’’ condition hereafter, A8301 + PD0325901)

caused the largest and most consistent upregulation of these

TE/AME genes (Figure 2C). Most strikingly, in AP conditions,

numerous epithelial spheres spontaneously grew out of the

monolayer while remaining attached to the surface of culture

plates (Figures 2D and 2E; Videos S1 and S2). Immunofluores-

cence showed that the sphere-forming cells expressed

GATA3, CDX2, and epithelial marker E-cadherin, and lacked

the pluripotency factor POU5F1 (Figure 2F; Video S3).

To identify a window of competence to produce these self-

assembling cavitating spheres, we systematically probed the

ability of hPSCs to respond to AP conditions during the formative

transition (Figure 2G). The highest potential for the generation of

the spheres in AP was observed between days 3 and 6 of the

naive-to-primed transition (Figures 2H and 2I); thereafter, this

ability rapidly declined and was not detectable beyond day 7-8

and for the conventional primed hPSCs.

We also observed some spheres in differentiated cultures ob-

tained directly from naive hPSCs, but they were of a smaller size

and at a lower number as compared with the cells derived from

partially primed hPSCs. Naive hPSCs showed a consistent delay

of about 24–48 h in the downregulation of pluripotency markers

POU5F1, NANOG, and SOX2, and in the upregulation of the TE/

AME genes CDX2, HAND1, GATA2, GATA3, TFAP2A, and

TFAP2C, during AP induction as compared with partially primed

hPSCs, validated by qRT-PCR (Figure 2J) and immunostaining

(Figure 2K). A large proportion of naive hPSCs treated with AP

still expressed POU5F1, indicating their resistance to differenti-

ation. The delay and lower efficiency of generating the spheres

were also confirmed by time-lapse microscopy (Video S4) of

AP-induced naive hPSCs and partially primed hPSCs. Therefore,

the exit from naive pluripotency is required for the competence

to differentiate into the self-assembling epithelial spheres.

Recent studies reported bone morphogenetic protein (BMP)-

dependent differentiation of primed hPSCs to amniotic epithe-

lium (Shao et al., 2017b; Guo et al., 2021; Io et al., 2021);

therefore, we tested the effect of BMP in our differentiation sys-

tem. The presence of BMP4 or an inhibitor of BMP receptor

DM3189 did not interfere with the sphere formation and marker

expression by the partially primed hPSCs in the AP condition

(Figures S4A and S4B). Thewindow of competence for formation

of the cavitating structures during the naive-to-primed transition

was not affected by exogenous BMP4 (Figure S4C). Remark-

ably, BMP inhibition significantly extended this window to days

3–8, with some spheres still emerging in cultures obtained

from hPSCs even after 10 days of the transition. The decline in

the ability to form spheres strongly correlated with the detection

of neural markers PAX6 and SOX1 by flow cytometry and qRT-

PCR upon BMP inhibition (Figures S4D and S4E). In contrast,

beyond day 10 of the transition hPSCs upregulated markers of

late amnion GABRP and VTCN1 in AP or AP + BMP4 (Fig-

ure S4E). Therefore, primed hPSCs produce cells with character-

istics of the late amnion upon joint inhibition of MAPK and

NODAL in a BMP-dependent manner, in line with previous re-

ports (Guo et al., 2021; Io et al., 2021), which we termed AME-

L-like cells. In contrast, partially primed hPSCs differentiate to

a distinct lineage through a novel BMP-independent process

that has not been reported previously.

Taken together, hPSCs transiently gain the ability to form self-

assembling epithelial structures during the naive-to-primed tran-

sition. The maximum capacity for doing so is observed in hPSCs

after the irreversible exit from naive pluripotency and before the

acquisition of primed features, thus closely matching the period

of emergence of amnion during embryonic development. The

differentiated cells spontaneously cavitate, express common

TE/AME factors, and are devoid of late amnion markers, which

together suggest an early amnion identity for these cells. We

therefore termed them AME-E-like cells. As hPSCs reach the

primed state, they switch this differentiation capacity to the abil-

ity to produce AME-L-like cells.

Transcriptome profiling during AME-E induction of
partially primed hPSCs
Transcriptional changes during the differentiation of partially



lysosome activity, lipid and cholesterol biosynthesis, and mem-

brane trafficking, consistent with the epithelialization, rapid in-

crease of cell size, and membrane expansion events that are

observed during cavitation. Immunofluorescence for organelle

markers AIF (apoptosis-inducing factor), PDI (protein disulphide

isomerase) and LAMP1 (lysosomal associated membrane

protein 1) further confirmed the reorganization of intracellular

structures, such as the reduction of mitochondrial content,

expansion of the endomembrane system, and an increase in

lysosomal activity (Figure 3D).

Molecular signatures of trophectoderm and early and
late amnion in primates
Our findings have provided evidence that there are two distinct

pathways of amniogenesis in primate embryos, the early and

the late, whereby the early pathway shared transcriptional





similarity with the TE lineage. Next, we sought to identify the mo-

lecular signatures defining these three lineages, and for this we

compared the transcriptomes of hsTE, hsAME-E, and cyAME-

L3. Hierarchical clustering analysis of all genes differentially ex-

pressed between any of these cell populations revealed seven

major clusters (Figure 4A; Data S4). Overall, hsTE, hsAME-E

and cyAME-L3 showed expression patterns specific for each

lineage; hsTE and cyAME-L3 had uniquely expressed genes

(clusters 1 and 6, n = 300 and 421, respectively) and only a small

fraction of common genes not detected in the hsAME-E (cluster

7, n = 56). In contrast, hsAME-E largely shared expression of

markers with either of these lineages (clusters 2 and 5, n = 351

and 353 genes, respectively). Moreover, the genes enriched in

hsAME-Ewere not exclusively expressed but were also detected

in at least one of the alternative lineages (clusters 3 and 4, n = 185

and 354, respectively). Therefore, the early amnion lineage com-

bines transcriptional features of both the TE and the late amnion.

As the next step, we used the molecular signatures of hsTE,

hsAME-E, and cyAME-L3 to validate the identity of their putative

in vitro counterparts differentiated from naive, partially primed,

and primed hPSCs, respectively, using the published RNA-seq

datasets (Guo et al., 2021



hPSC-derived AME-E-like and AME-L-like cells





from the upregulation of STB-characteristic genes in amniotic

epithelium. Most importantly, hPSC-derived AME-E-like cells

clustered with hsAME-E cells, whereas AME-L-like cells group-

ed with cyAME-L3. This result was consistent in both analyses.

Therefore, the PCA results strongly suggest that AME-E-like

and AME-L-like cells belong to the amnion lineage correspond-

ing to earlier and later developmental stages, respectively.

The upregulation of STB markers in our in vitro differentiation

system was intriguing, especially because we did not observe

substantial cell fusion associated with STB phenotype (Video

S3) in differentiated cultures. We tested the dynamics of hsSTB

markers during the early amnion lineage progression in the em-

bryo and found that 403 genes out of 1,488 (27%) were upregu-

lated (Figure 6C), including known STB-characteristic genes

CGB3, CGB5, CGA, and S100P. Most of these genes were not

induced in the late amnion or nonneural ectoderm lineages.

Therefore, this partial upregulation of STB signatures is charac-

teristic of the early amnion progression both in vitro and in the

embryo.

Next, we performed differential gene expression analysis of

our hPSC-derived subpopulations and identified markers char-

acteristic for AME-E-like, AME-L-like, PSC-like, and STB-like

cells in all pair-wise combinations, and additionally markers spe-

cific for each subpopulation as compared with the rest of the

cells (Data S5). The expression of these markers was checked

in selected cell types in embryos (Figures 6D and 6E). This anal-



hPSCs can differentiate to an epithelium that transcriptionally re-

sembles early embryonic amnion and readily recapitulates the

morphogenetic features of amnion formation, particularly cavita-

tion. In contrast, primed hPSCs can differentiate to cells tran-

scriptionally matching late amnion thus reproducing the second

wave. These windows of competence to differentiate to the early

and the late amnion-like cells during the naive-to-primed hPSCs

transition in vitro accurately match the timing of the two waves in

embryos according to histological and transcriptomic data

(Luckett, 1975; Enders et al., 1986; Xiang et al., 2020; Ma

et al., 2019). Therefore, our findings reconcile the seeming asyn-

chrony between the ability of primed hPSCs to differentiate to

amniotic epithelium and the timing of amniogenesis in the em-

bryo. Interestingly, while AME-L-like cells grew as 2D monolayer

in our work and several other reports (Guo et al., 2021; Io et al.,

2021), Fu and co-workers observed formation of cavities when

primed hPSCs were induced in a 3D gel-like culture system

(Shao et al., 2017a, 2017b; Zheng et al., 2019). Therefore, it is

possible that the amniotic epithelium of the late wave contributes

to an additional expansion of the cavity after it has been initiated

during the early wave.

The discovery of the early wave of amniogenesis particularly

contributes to the understanding of the evolutionary divergence

of amniogenesis (Figure 7). In reptiles and birds, the amnion is

formed after gastrulation by folding (Patten, 1952; Blackburn

and Flemming, 2009), and therefore this mechanism is possibly

ancestral (van der Horst, 1949). In embryos with the folding

type of amniogenesis, the amniotic epithelium lining the cavity
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Peter

Rugg-Gunn (peter.rugg-gunn@babraham.ac.uk

mailto:peter.rugg-gunn@babraham.ac.uk


ThermoFisher Scientific) in the ratio 1:1; 0.5% N2 (Cat. 17202048, ThermoFisher Scientific), 1% B27 (Cat. 17504044, ThermoFisher

Scientific), 2mML-glutamine (Cat. 25030024, ThermoFisher Scientific), 100mM2-mercaptoethanol (Cat. M7522, Sigma-Aldrich). Gel-

trex (A1413302, ThermoFisher Scientific) was added at a concentration 0.5ml/ml to the culture medium during re-plating. Naı̈ve hPSC

were passaged using TrypLE Express (Cat. 12604021, ThermoFisher Scientific) as single cells. 10mM ROCK inhibitor (Y-27632, Cat.

688000, Millipore) was added for 24 hours after passaging.

Conventional primed H9 hPSC (WA09, WiCell) were cultured in mTeSR-E8 media (Cat. 05990, STEMCELL Technologies) (Chen

et al., 2011) on Geltrex pre-coated plates and passaged using 0.5mM EDTA in PBS. All cells were cultured in a humidified incubator

with 5% O2 and 5% CO2 at 37
�C.

Formative transition
The formative transition (capacitation) was performed as described previously (Rostovskaya et al., 2019). Prior to the formative tran-

sition, naı̈ve hPSC were passaged once feeder-free to reduce the number of fibroblasts in the culture. For this, naı̈ve hPSC cultured

on MEF were dissociated with TrypLE Express, plated in the medium for naı̈ve hPSC maintenance supplemented with 10mM ROCK

inhibitor to non-coated tissue culture grade plates, and then Geltrex was added directly to the cells at a final concentration 1ml/cm2.

For the formative transition, naı̈ve hPSC were dissociated with TrypLE Express and plated onto Geltrex-coated tissue culture plates

at a seeding density of 1.6x104/cm2 in the media for naı̈ve hPSC maintenance supplemented with 10mM ROCK inhibitor. After 48

hours, the cells were washed with DMEM/F12 supplemented with 0.1% BSA and the medium for capacitation was applied. Capac-

itation was performed using N2B27 supplemented with 2mM XAV939. The medium was refreshed every 1-2 days. The cells were

passaged at confluency by dissociation using TrypLE Express and plating to Geltrex pre-coated dishes with a dilution 1:2; 10mM

ROCK inhibitor was added for 24 hours after dissociation.

In vitro differentiation of hPSC
For differentiation to AME-E-like cells, partially primed hPSCwere dissociated to single cells using TrypLE Express and counted. The

cells were plated toGeltrex-coated tissue culture plates at a seeding density of 1x105/cm2 in differentiationmediumwith 10mMROCK

inhibitor, and further cultured for 5 days. Differentiation medium was prepared as following: N2B27 basal medium, 1mM PD0325901

and 1mM A8301 (Cat. 2939, Tocris Bio-Techne). 100nM LDN193189 (alternative name DM3189, Cat. 1509, Axon Medchem) or

20ng/ml BMP4 (Miltenyi Biotec) were optionally added to the medium. The mediumwas changed daily. When the spheres appeared,

the mediumwas refreshed by careful exchange of half volume of the medium, and the volume of the medium per well was increased.

Differentiation to TE-like cells was performed according to Guo et al. (2021) and Io et al. (2021). For differentiation to AME-L-like

cells, primed hPSC were dissociated to single cells using TrypLE Express and counted. The cells were plated to Geltrex-coated tis-

sue culture plates at a seeding density of 1x105/cm2 in differentiation medium with 10mM ROCK inhibitor, and further cultured for

5 days. Differentiation medium was prepared as following: N2B27 basal medium, 1mM PD0325901, 1mM A8301 (Cat. 2939, Tocris

Bio-Techne) and 20ng/ml BMP4 (Miltenyi Biotec). The medium was changed daily.

METHOD DETAILS

qRT-PCR
Total RNA was extracted using RNeasy Mini Kit (74104, Qiagen) and 500ng was used for reverse transcription using RevertAid First

Strand cDNA Synthesis kit (ThermoFisher Scientific). Quantitative PCR was performed with Brilliant III Ultra-Fast SYBR Green qRT-

PCR Master Mix (Agilent). Primer sequences are listed in key resources table.

Western blot



For intracellular markers staining, the cells were incubated in Fixation Buffer (00-8222-49, ThermoFisher Scientific) for 30min

at +4�C, washed with Permeabilization Buffer (00-8333-56, ThermoFisher Scientific), and stained with anti-PAX6 (Cat#561552,

BD Biosciences) antibody diluted 1:100 with Permeabilization Buffer and 5% donkey serum for 1 hour at +4�C. Detection was

done using a BD Fortessa instrument (BD Biosciences) with analysis using FlowJo software.

Immunofluorescence
The cells were plated to 8-well chambered microslides (Cat. 80826, IBIDI) or standard tissue culture 24-well plates. For staining of

AME-E-like cells, all washing stepswere performed by careful exchange of half of the liquid volume to preserve the 3D structures. The

cells were fixed with 4% formaldehyde in PBS for 15min followed by three washes in PBS. Cell permeabilization was done with 0.5%

Triton X-100 in PBS for 10min followed by three washes in PBS. The cells were incubated with a blocking solution containing 3%BSA

and 0.1% Tween-20 in PBS for 30min. All steps above were performed at room temperature. Incubation with primary antibodies



Library quality was confirmed with Agilent TapeStation 4200 (High Sensitivity D1000 ScreenTape to evaluate library sizes) and

Qubit 4.0 Flourometer (ThermoFisher Qubit� dsDNA HS Assay Kit to evaluate dsDNA quantity). Each sample was normalized

and pooled in equal molar concentration. To confirm concentration pool was qPCRed using KAPA Library Quantification Kit on

QuantStudio 6 Flex before sequencing. Pool was sequenced on S2 flowcell on Illumina NovaSeq6000 sequencer with following pa-

rameters: 28 bp, read 1; 8 bp, i7 index; and 91 bp, read 2.

Single-cell 10X RNA-seq samples were processed using the CellRanger count pipeline (v3.1.0) as Single Cell 3’ (v3) data using

default parameters. The resulting data were analysed using Seurat package V4.0.1 (Hao et al., 2021). The cells were filtered using

the following quality control thresholds: proportion of the largest gene not more than 5%; proportion of mitochondrial transcripts

not more than 10%; number of detected features between 2,500 and 6,500 (AP3 sample) or between 2,000 and 6,000 (AP8 sample);



QUANTIFICATION AND STATISTICAL ANALYSIS
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