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Abstract

The development of a complex multicellular organism from a single fertilised cell necessitates
differentiation and morphogenesis. Both processes are guided by a variety of signalling cues,
often arising from interactions between developing tissues. During uterine implantation in
mammals, such interactions occur between the embryonic epiblast as well as the extra-
embryonic primitive endoderm and trophectoderm. However, our understanding of the specific
signals exchanged between these tissues that drive their transition from pre- to post-
implantation stages remains incomplete. This is also due to the inherent challenges associated
with studying mammalian embryos, as they are concealed within the uterus during

development.

Alternatively, stem cells derived from both embryonic and extra-embryonic lineages of
the conceptus have become invaluable tools for investigating the signalling pathways involved
in lineage differentiation. Over the past decade, there has been increasing use of these cells to
generate embryoids, which are stem cell-based models replicating aspects of differentiation
and morphogenesis in vitro. Embryoids can be formed by combining embryonic and extra-
embryonic stem cells, thereby offering valuable insights into the interactions between them.
Nevertheless, current stem cell culture conditions and embryoid protocols require further
refinement to accurately mimic the embryo at defined developmental stages. Arguably,
identifying the signals exchanged between embryonic and extra-embryonic lineages directing
their developmental progression can inform us about the signalling requirements of their in vitro
equivalents. Enhancing the fidelity of stem cells to their in vivo counterparts should then again

improve current embryoid models, ensuring greater reliability in the results obtained from them.

In this PhD thesis, embryonic and extra-embryonic stem cell lines were utilised across
three projects, each with its own objectives related to understanding the developmental
progression of embryonic and extra-embryonic lineages during implantation. The results of
these projects will be discussed focusing on two overarching themes. Firstly, the contribution to
advancing integrated embryoid models that mimic embryonic and extra-embryonic tissues
during implantation stages. Secondly, the progress made in understanding the culture
requirements of extra-embryonic stem cells. Specifically, the work presented here contributed
to refining trophoblast stem cell culture conditions, which could enhance blastoid models.
Additionally, novel stem cell-based models of primitive endoderm and epiblast co-development
were established. Finally, | used publicly available resources to predict signalling interactions
between epiblast, primitive endoderm, and trophectoderm at the onset of implantation in silico.
Subsequent investigation of predicted signalling interactions revealed a previously undescribed
role of Wnt signalling in maintaining stem cells of the extra-embryonic primitive endodermin an
undifferentiated state. Collectively, this work expands our toolkit of embryoid models for
studying development during implantation and makes advancements in the culture conditions

of extra-embryonic stem cells.



Zusammenfassung

Die Entwicklung eines komplexen multizellularen Organismus aus einer einzigen befruchteten
Zelle erfordert Differenzierung und Morphogenese. Beide Prozesse werden durch eine Vielzahl
von Signalen gesteuert, die haufig aus Interaktionen zwischen den sich entwickelnden
Geweben hervorgehen. Wahrend der Einnistung in die Gebarmutter von Sdugetieren kommt es
zu solchen Interaktionen zwischen dem embryonalen Epiblast sowie dem extraembryonalen
primitiven Endoderm und Trophektoderm. Unsere Kenntnisse lber die spezifischen Signale, die
zwischen diesen Geweben ausgetauscht werden und den Ubergang von der Pra- zur
Postimplantationsphase steuern, sind jedoch noch unvollstandig. Dies liegt auch an den
Schwierigkeiten, die mit der Untersuchung von Saugetierembryonen verbunden sind, da diese

wahrend ihrer Entwicklung in der Gebarmutter unzuganglich sind.

Alternativ dazu sind Stammzellen, die sowohl aus embryonalen als auch
extraembryonalen Linien des Konzeptus stammen, zu wertvollen Instrumenten fur die
Untersuchung der Signalwege geworden, die an der Differenzierung der Linien beteiligt sind. In
den letzten zehn Jahren wurden diese Zellen zunehmend zur Erzeugung von Embryoiden
verwendet, d. h. von stammzellbasierten Modellen, die Aspekte der Differenzierung und
Morphogenese in vitro nachbilden. ,,Embryoids® kdnnen durch die Kombination von
embryonalen und extraembryonalen Stammzellen gebildet werden und bieten so wertvolle
Einblicke in die Interaktionen zwischen ihnen. Dennoch mussen die derzeitigen
Kulturbedingungen fir Stammzellen und die Protokolle fir Embryoids weiter verfeinert werden,
um den Embryo in bestimmten Entwicklungsstadien genau nachzubilden. Die Identifizierung
der Signhale, die zwischen embryonalen und extraembryonalen Zelllinien ausgetauscht werden,
um deren Entwicklungsfortschritt zu steuern, kann uns Aufschluss Uber die
Signalanforderungen ihrer in vitro Gegenstiicke geben. Die Verbesserung der Ubereinstimmung
von Stammzellen mit ihren in vivo Pendants sollte dann wiederum derzeitige Embryomodelle

verbessern und eine groBere Zuverlassigkeit der mit ihnen erzielten Ergebnisse gewahrleisten.

In dieser Doktorarbeit wurden embryonale und extraembryonale Stammzelllinien in drei
Projekten verwendet, wobei jedes Projekt eigene Schwerpunkte in Bezug auf das Verstandnis
des Entwicklungsverlaufs embryonaler und extraembryonaler Linien wahrend der Implantation
setzte. Die Ergebnisse dieser Projekte werden mit Blick auf zwei Ubergreifende Themen
diskutiert. Erstens, den Beitrag zur Weiterentwicklung integrierter embryonaler Modelle, die
embryonale und extraembryonale Gewebe wahrend der Implantationsstadien nachbilden.
Zweitens, die Fortschritte im Verstandnis der Kulturanforderungen von extraembryonalen
Stammzellen. Insbesondere trugen die hier vorgestellten Arbeiten dazu bei, die
Kulturbedingungen fur Trophoblasten-Stammzellen zu verfeinern, was Blastoidmodelle
verbessern konnte. Dartber hinaus wurden neue stammzellbasierte Modelle fur die
gleichzeitige Entwicklung von primitivem Endoderm und Epiblast erstellt. SchlieBlich nutzte ich
offentlich zugangliche Ressourcen, um Signalinteraktionen zwischen Epiblast, primitivem
Endoderm und Trophektoderm zu Beginn der Implantation in silico vorherzusagen. Die

v



anschlieBende Untersuchung der vorhergesagten Signalinteraktionen ergab eine bisher
unbeschriebene Rolle des Wnt-Signalwegs flr die Erhaltung der Stammzellen des
extraembryonalen primitiven Endoderms in einem undifferenzierten Zustand. Insgesamt
erweitert diese Arbeit unser Repertoire an Embroymodellen zur Untersuchung der Entwicklung
wahrend der Implantation und bringt Fortschritte hinsichtlich der Kulturbedingungen fur

extraembryonale Stammzellen.
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CHAPTER 1:
Introduction

To form a complex multicellular organism from a single cell zygote, cells must self-organise into
emerging tissue structures (morphogenesis) and simultaneously give rise to increasingly
specialised cells of the definite tissues (differentiation). Which signals guide morphogenesis
and differentiation, how signals are generated at the correct time and place, and how they are

interpreted are some of the fundamental questions in developmental biology.

Uterine implantation marks a time of significant morphogenetic and cell fate changes in
the embryo. At the onset of implantation, the blastocyst stage conceptus is a fairly simple
structure consisting of only three distinct lineages: the epiblast, the trophectoderm, and the
primitive endoderm (PrE)(Rossant & Tam, 2009). Only cells of the epiblast will later form the
foetus, while the trophectoderm and PrE are the precursors for vital extra-embryonic tissues,
specifically the placenta and the yolk sac (Artus & Hadjantonakis, 2012). Irrespective of their
embryonic or extra-embryonic fate, all three lineages undergo multiple differentiation events
during implantation, which coincide with a drastic increase in the structural complexity of the
conceptus (Figure A)(Rossant & Tam, 2009; Artus & Hadjantonakis, 2012; Takaoka & Hamada,
2012; Rossant, 2018). Coordination of these developmental changes requires the
communication between embryonic and extra-embryonic lineages through signalling
molecules and other morphogenetic cues. However, studying the interactions between
embryonic and extra-embryonic cells and their role in directing differentiation and

morphogenesis in the mammalian embryo is technically challenging.

Importantly, stem cell cultures resembling the epiblast, trophectoderm, or PrE, at pre-
and post-implantation stages have been established. These cells serve as invaluable in vitro
tools for revealing the genetic basis and signalling requirements underlying lineage
commitment and differentiation. Given the ethical and practical constraints associated with the
use of embryos for research, there has been a growing utilisation of these cells to generate
embryoids — stem cell-based structures which mimic aspects of differentiation and
morphogenesis in vitro. Embryoids can integrate cells of embryonic and extra-embryonic
lineages, thereby offering valuable insights into the interactions between them. However,
current culture conditions, particularly for extra-embryonic stem cells, largely struggle to
precisely capture cells in defined developmental states. This limitation inevitably translates to
embryoid models, likely hindering their accuracy in mimicking the embryo. Arguably, gaining a
deeper understanding of the signals exchanged between embryonic and extra-embryonic
lineages at specific stages in development could help refine current culture conditions for their
in vitro equivalents. Enhancing the fidelity with which stem cells replicate their in vivo
counterparts, should ultimately improve the dependability of stem cell cultures and embryoids

as tools for studying embryo development.

In the following, this chapter provides an overview of the late pre- to early post-

implantation stages and the signalling cues known to control cell fate decisions and

1



morphogenesis during this time in development. It specially highlights signalling interactions
between embryonic and extra-embryonic lineages that direct developmental progression during
implantation. Additionally, this chapter summarises how embryonic and extra-embryonic

lineages as well as their interactions and co-development have been modelled in vitro.

» mural

» Epi (naive) —— Epi (rosette) ———» Epi (primed)

ICM

—» DVE/AVE
PE » PE

v

Figure A. Pre- to post-implantation development in mouse.

The corresponding embryonic day (E) is indicated at the bottom left of the respective developmental stage. Refer to
the main text for details. Abbreviations: A: anterior, Ab: abembryonic, BM: basement membrane, D: distal, DVE/AVE:
distal VE/anterior VE, E: embryonic, emVE: embryonic VE, EPC: ectoplacental cone, Epi: epiblast, ExE: extra-
embryonic ectoderm, exVE: extra-embryonic VE, ICM: inner cell mass, P: posterior, PE: parietal endoderm, Pr:
proximal, PrE: primitive endoderm, RM: Reichert’s membrane, TE: trophectoderm, TGCs: trophoblast giant cells, VE:
visceral endoderm, ZP: zona pellucida, *: pro-amniotic cavity

Note that while certain aspects are conserved, early post-implantation development is
species specific. However, the mouse has been extensively used to study uterine implantation
and is also the model organism for the following empirical work. Therefore, this chapter
summarises our knowledge in mouse unless indicated otherwise.



1.1. Specification of blastocyst lineages pre-implantation

1.1.1. Trophectoderm and inner cell mass

Compaction and initial fate acquisition

Compaction of the blastomeres at the 8-cell stage into a tight ball-like structure precedes the
initial cell fate decision, which specifies the trophectoderm as the first extra-embryonic lineage.
Compaction coincides with polarisation of all cells, marked by the apical expression of polarity
markers such as atypical protein kinase C (aPKC) and the partitioning defective (PAR) proteins
PAR3 and PARDG6B (Plusa et al, 2005; Vinot et al, 2005). Two consecutive rounds of cleavage
then create a 16-cell and further a 32-cell morula with distinct inner and outer cells. Apical-
basal polarity is retained in the outer cells, while the inner cells become apolar (Johnson &
Ziomek, 1983). This difference in polarity is directly coupled to trophectoderm fate specification
through differences in Hippo pathway activity. Here, Angiomotin (AMOT) has a centralrole in
translating cell polarity information into Hippo signalling activity (Cockburn et al, 2013; Hirate et
al, 2013). Hippo signalling is active in the inner cells which prevents the translocation of Yes-
associated protein (YAP) to the nucleus. Conversely, in outer cells, Hippo signalling is
repressed, leading to nuclear accumulation of YAP. In the nucleus YAP functions together with
TEA domain family transcription factor 4 (TEADA4) to activate trophectoderm specific genes such
as caudal-related homeobox 2 (Cdx2) and GATA binding protein 3 (Gata3) (Nishioka et al, 2008,
2009; Ralston et al, 2010). At the same time, YAP represses the expression of Sex determining
region Y-box 2 (Sox2) in the outer cells, thereby restricting the expression of this first

pluripotency factor to the inner cells (Frum et al, 2018).

Lumenogenesis, formation of embryonic-abembryonic axis, and fate restriction
Concurrent with the onset of trophectoderm specification, a fluid-filled lumen, the blastocoel,
forms at the interface between the trophectoderm and the inner cells. The formation of the
lumen is driven by the fusion of microlumens that emerge between cell contacts, resulting in
the development of a single dominant lumen (Dumortier et al, 2019). Further expansion of the
lumen also involves the activity of Na+/K+ ATPases and aquaporins in the trophectoderm cells
to facilitate osmosis-based fluid transport across the trophectoderm (Manejwala et al, 1989;
Barcroft et al, 2003). This process of lumenogenesis ultimately leads to the formation of the
blastocyst, characterised by a single layer of trophectoderm cells enveloping the inner cell
mass (ICM), which is positioned on one side of the trophectoderm. The positioning of the ICM
establishes the primary axis during development, known as the embryonic-abembryonic axis
(Rossant & Tam, 2009; Takaoka & Hamada, 2012). At the blastocyst stage, ICM and
trophectoderm fate are further confined. Reliant on CDX2, expression of the ICM specific core
pluripotency factors Octamer binding transcription factor 4 (OCT4) and NANOG are repressed
in trophectoderm cells (Ralston & Rossant, 2008). Conversely, the repression of trophectoderm
target genes by OCT4, SOX2 and NANOG retains ICM identity (Loh et al, 2006).



1.1.2. Primitive endoderm (PrE) and Epiblast

FGF4 signalling as a regulator of fate specification

Immediately after blastocyst formation, the ICM gives rise to the embryonic epiblast and the
second extra-embryonic lineage, the PrE. Lumen expansion during blastocyst formation seems
to directly affect successful lineage specification, possibly through luminally deposited
Fibroblast growth factor 4 (FGF4)(Ryan et al, 2019). FGF/extracellular signal-regulated kinase
(ERK) signalling has been identified as a key determinant in specifying PrE versus epiblast fate
(Lanner & Rossant, 2010; Yamanaka et al, 2010). Genetically deleting Fgf4, FGF receptor 2
(Fgfr2), or Growth factor receptor-bound protein 2 (Grb2) completely prevents PrE formation
(Feldman et al, 1995; Arman et al, 1998; Cheng et al, 1998; Goldin & Papaioannou, 2003;
Chazaud et al, 2006). Moreover, culture of blastocysts with FGF4 strongly promotes PrE
commitment (Yamanaka et al, 2010), while in the presence of FGF/ERK inhibitors cells of the
ICM acquire epiblast fate at the expense of PrE (Nichols et al, 2009). Hence unsurprisingly, the
amount of FGF4 is crucial for attaining the right balance of PrE and epiblast cells in the
blastocyst (Krawchuk et al, 2013).

Fgf4 is the first gene to exhibit bimodal expression in ICM cells as early as E3.25 (Ohnishi
etal, 2014). These expression differences likely stem from stochastic gene expression variation
among otherwise identical ICM cells. From E3.5 onward, a reciprocal expression pattern
emerges where Fgf4 is expressed in epiblast-biased and Fgfr2 in PrE-biased cells (Guo et al,
2010; Ohnishi et al, 2014), thereby generating a bias towards FGF4 secreting and FGF4 receiving
cells. Interestingly, FGF4 primarily acts through FGFR1, expressed by all ICM cells, for PrE
specification, implying that PrE-specific FGFR2-mediated signalling may play an additional role
beyond lineage specification (Kang et al, 2017; Molotkov et al, 2017)(refer also to section 1.3.1.

for more details).

Transcriptional regulators of PrE and epiblast fate

Acquisition of PrE fate relies on the transcription factor GATA6, while the transcription factor
NANOG mediates epiblast commitment (Chazaud et al, 2006). Both are initially co-expressed
(Guo et al, 2010), suggesting that the final cell fate is determined by downregulation of one of
the factors. Mutual repression of the two transcription factors has been proposed as a
mechanism through which either PrE or epiblast fate are restricted (Chickarmane & Peterson,
2008), and in vitro models indicate direct regulatory interactions between GATA6 and NANOG
(Singh et al, 2007; Wamaitha et al, 2015). However, autonomous GATA6/NANOG circuits must
be coupled to FGF/MEK signalling to reliably complete lineage restriction at appropriate
PrE/epiblast ratios (Bessonnard et al, 2014; Schroter et al, 2015). NANOG is needed for Fgf4
expression and in turn FGF/ERK signhalling represses Nanog (Frankenberg et al, 2011).
Conversely, FGF/ERK signalling maintains Gata6 expression (Kang et al, 2013), likely indirectly
through alleviation of NANOG mediated repression of the Gata6 promotor (Frankenberg et al,
2011).



Lineage segregation, polarisation, and epithelialisation

GATA6+ and NANOG+ cells specify in a salt and pepper manner in the ICM (Chazaud et al,
2006). Subsequently, PrE cells physically segregate from epiblast cells and align at the cavity-
facing surface (Bassalert et al, 2018). Therefore, unlike trophectoderm and ICM fate, which is
determined by cell position (outer vs. inner cells), epiblast and PrE fate precede their position in
the conceptus. How PrE and epiblast cells sort into distinct compartments has long been
unclear. Differential adhesion (Foty & Steinberg, 2004), differences in surface tension (Lecuit &
Lenne, 2007), or differential cell-cell affinity between the two lineages (Amack & Manning, 2012;
Mattre et al, 2012) have been proposed as underlying mechanisms. However, recent work by
Yanagida et al. demonstrates that none of the proposed mechanisms can sufficiently explain
robust lineage sorting (Yanagida et al, 2022). Rather than static physical parameters, they show

that it is enhanced surface fluctuations, or blebbing, of PrE cells that facilitate their sorting.

As PrE cells reach the blastocoel interface they polarise and epithelialize (Gerbe et al,
2008). This is accompanied by the asymmetric localisation of aPKC to the apical cell surface of
PrE cells (Saiz et al, 2013), and the subsequent formation of a basement membrane by the
polarised PrE (Gerbe et al, 2008). Interestingly, both aPKC and basement membrane
components like laminin and collagen are already expressed in unsorted PrE precursors (Saiz et
al, 2013; Ohnishi et al, 2014; Moghe et al, 2023) and have also been implicated in lineage
sorting. For instance, inhibiting aPKC right after epiblast and PrE specification prevents PrE
sorting (Saiz et al, 2013; Moghe et al, 2023). Additionally, a recent preprint proposes that the
formation of an increasing laminin gradient within the ICM towards the blastocoel surface
directs active PrE migration, potentially driven by aPKC mediated cell polarisation (Moghe et al,
2023). This is in line with findings that integrin f1 and laminin y1 are essential for correct PrE
segregation (Kim et al, 2022a). Hence, it might require the combination of PrE-specific surface
properties (Yanagida et al, 2022) and PrE maturation factors, such as aPKC or laminin, to
accomplish lineage sorting. Completion of consecutive PrE polarisation, epithelialisation, and
basement membrane formation defines the late blastocyst stage at which the conceptus will

initiate implantation.



1.2, Early post-implantation development

1.2.1. Trophectoderm and its derivatives during implantation

Trophectoderm patterning and attachment

Prior to implantation, the blastocyst must hatch from the zona pellucida, a glycoprotein matrix
that encapsulates the conceptus during blastocyst formation (Wassarman et al, 2004). This
process is facilitated by proteolytic enzymes which are secreted by the trophectoderm (Perona
& Wassarman, 1986). After hatching, the trophectoderm mediates blastocyst attachment to the
uterine epithelium. The mouse blastocyst specifically attaches from the abembryonic side
(Mole et al, 2020), indicating that there are functional differences between the trophectoderm
along the embryonic-abembryonic axis. Indeed, the trophectoderm diverges into the polar
trophectoderm at the embryonic and the mural trophectoderm at the abembryonic pole
(Rossant & Tam, 2009). Distinction of the trophectoderm into polar and mural regions is marked
by differential expression levels of CDX2, which are higher in the polar region (Donnison et al,
2005; Strumpf et al, 2005; Christodoulou et al, 2019; Suzuki et al, 2022a). Additionally, cortical
tension is lower in the polar trophectoderm (Chan et al, 2019). Cells of the polar side have been
described as more proliferative (Copp, 1978; Gardner, 2000) and generate a proliferation flow
that helps expand the mural population of the blastocyst (Copp, 1978; Gardner, 2000;
Christodoulou et al, 2019). Later, a tissue boundary is established between the polar and mural
trophectoderm, characterised by a high actomyosin contractility between trophectoderm cells
expressing CDX2 at high and low levels (Christodoulou et al, 2019).

Trophectoderm derivatives and invasion

After enabling attachment, cells of the mural trophectoderm are the first to terminally
differentiate and give rise to trophoblast giant cells (Cross, 2000; Sutherland, 2003). These cells
undergo an epithelial to mesenchymal-Llike transition to acquire an invasive phenotype that is
necessary for the conceptus to invade into the uterus (Mobley et al, 2017). Consistent with the
reported downregulation of CDX2 in the mural trophectoderm, Cdx2 overexpression
counteracts differentiation into trophoblast giant cells and represses adhesion- and migratory-
related genes such as Integrin B3 (ltgb3)(Suzuki et al, 2022b). On the other hand, cells of the
polar trophectoderm, which express CDX2 at high levels, morphologically transform into
columnar cells (Christodoulou et al, 2019) and give rise to the extra-embryonic ectoderm (ExE)
and the ectoplacental cone. Cells of the EXE maintain Cdx2 and Eomesodermin (Eomes)
expression, making them a pool of self-renewing precursors for placenta formation (Simmons &
Cross, 2005; Bedzhov et al, 2014a).The ectoplacental cone also contains subpopulations of
proliferating cells which are a continuous supply of “secondary” trophoblast giant cells (Cross,
2000).



1.2.2. Epiblast cup formation

Epithelialisation and formation of the pro-amniotic cavity

As the blastocyst implants, the epiblast with the overlying PrE invaginates into the blastocoel
towards the mural trophectoderm. This coincides with the epiblast transitioning from an
amorphous ball of cells into a cup-shaped, polarised epithelium that surrounds the pro-
amniotic cavity (Bedzhov et al, 2014a). Restructuring of the epiblast into a single-cell-layer
epithelium is necessary to later ensure its robust patterning, for example during anterior-
posterior axis formation (Girgin et al, 2021). Epiblast morphogenesis was originally proposed to
be accomplished by the interplay of two sighals: one that induces apoptosis of inner epiblast
cells, and another rescue signal that allows cells in contact with the basement membrane to
survive (Coucouvanis & Martin, 1995; He et al, 2010). Thereby, cavitation would occur through
regulated cell death, resulting in a remaining single layer of epiblast cells adjacent to the
basement membrane. However, it was later shown that apoptosis-mediated cavitation is not
the mechanism underlying epiblast morphogenesis. Instead, the pro-amniotic cavity is a result
of hollowing lumenogenesis (Bedzhov & Zernicka-Goetz, 2014). Induced by the formation of a
basement membrane, cells of the epiblast polarise and reorganise into a rosette-like structure
where all apical domains face towards the centre of the rosette. Lumen formation is
subsequently initiated at the rosette centre, likely caused by membrane separation through
charge repulsion due to the apical expression of proteins with high negative charges, such as
Podocalyxin (Orlando et al, 2001; Meder et al, 2005; Bedzhov & Zernicka-Goetz, 2014). Further

lumen expansion eventually gives rise to the epiblast cup around E5.5.

Transition of epiblast pluripotency

The morphological transition of the epiblast from an unpolarised cell cluster in the blastocyst to
a polarised epithelium at E5.5 coincides with changes in epiblast cell state. Although epiblast
cells are pluripotent throughout this period (i.e. capable of generating every cell in a mature
organism), the early pre-implantation epiblast differs from the late post-implantation epiblast
both transcriptionally and epigenetically. Right after its specification at the blastocyst stage, the
epiblastis considered to be in a developmental ground state or “naive” (Nichols & Smith, 2009).
Naive pluripotency is marked by the expression of the transcription factor Kriippel-like factor 4
(KLF4), alongside the general pluripotency factors NANOG, OCT4, and SOX2 (Morgani et al,
2017; Nichols & Smith, 2009). On the contrary, after epithelialisation, the early post-
implantation epiblast becomes "primed". KLF4 is no longer expressed, levels of NANOG
expression decrease, and instead cells upregulate markers of primed pluripotency such as
Orthodenticle Homeobox 2 (OTX2) and OCT6 (Neagu et al, 2020). Moreover, in female embryos,
one of the X chromosomes is inactivated in the primed epiblast, while both X chromosomes are
active in the naive epiblast (Nichols & Smith, 2009).

In addition, other states of intermediate pluripotency have been suggested as part of a
developmental continuum. For example, “formative” pluripotency has been proposed as a
transitionary state between naive and primed (Smith, 2017; Kinoshita et al, 2021). Further, a
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"rosette" state of pluripotency has been described, characterised by the expression of both
naive (KLF4) and primed (OTX2) markers during epiblast polarisation and rosette formation
(Neagu et al, 2020). While these pluripotency states are transient in the embryo, the different
nuances of pluripotency can be captured in vitro (see also section 1.3.2)(Morgani et al, 2017;
Neagu et al, 2020; Kinoshita et al, 2021). Stem cells can be maintained in culture in distinct
pluripotency states by diverse molecular mechanisms, offering valuable insights into the
signalling requirements for sustaining specific pluripotency states and facilitating transitions
between them (Wang & Wu, 2022). Nevertheless, if and how the transitions in pluripotency are
mechanistically coupled to epiblast morphogenesis in the embryo is still unknown. A recent
study, however, suggests that the small GTPase Ras Associated Protein 1 (Rap1) can coordinate
epiblast morphology in sync with pluripotency state (Kim et al, 2022b).

1.2.3. Visceral and parietal endoderm formation

Formation of the parietal endoderm

Once the PrE epithelial layer is established, PrE cells at the interface with the trophectoderm
adopt an elongated morphology that is characteristic of migratory cells (Enders et al, 1978).
These cells start migrating along the luminal side of the trophectoderm towards the
abembryonic pole of the blastocyst and form the parietal endoderm (PE)(Enders et al, 1978;
Rossant, 1987; Filimonow & de la Fuente, 2022). Epithelial-to-mesenchymal transition is
believed to facilitate the acquisition of a migratory phenotype, and proposed as an essential
step for PrE-to-PE specification (Veltmaat et al, 2000; Filimonow et al, 2019). Following
migration, these cells secrete large amounts of extracellular matrix components. Thereby they
contribute alongside the trophectoderm to the formation of the Reichert’s membrane, a thick
basement membrane between the PE and the trophectoderm (Leivo et al, 1980; Hogan et al,
1980; Smith & Strickland, 1981).

Formation of the visceral endoderm and posterior/anterior visceral endoderm

PrE cells that remain in contact with the epiblast during early post-implantation development
mature into the visceral endoderm (VE). Differentiation of PrE into VE strongly relies on the
transcription factor Hepatocyte nuclear factor 4 (HNF4A), expression of which is regulated by
GATAG6 (Duncan et al, 1997; Morrisey et al, 1998). VE cells have microvilli and contain lots of
phagocytic and pinocytotic vesicles, features related to their efficient processing of maternal
nutrients (Kadokawa et al, 1987; Bielinska et al, 1999). Additionally, the VE secretes
apolipoproteins as transport molecules and overall functions in nutrient uptake and transport
(Bielinska et al, 1999). As the polar trophectoderm expands into the ExE, the visceral endoderm
also aligns this extra-embryonic region of the egg cylinder. This results in the separation of the
VE into an extra-embryonic VE (exVE) associated with the ExE, and an embryonic VE (emVE) that
overlies the epiblast (Enders et al, 1978; Perea-Gomez et al, 2007).



A subgroup of cells located at the distal tip of the embryonic VE undergo specialisation
into the distal visceral endoderm (DVE), which is distinct from the remaining VE in its gene
expression (Zhu et al, 2023). Morphologically this becomes apparent as a localised thickening
of the VE epithelium (Rivera-Pérez et al, 2003). Initially the prevailing view was that DVE cells
migrate proximally, towards the prospective anterior side of the embryonic VE, thereby forming
the anterior visceral endoderm (AVE)(Rivera-Pérez et al, 2003; Srinivas et al, 2004; Rossant &
Tam, 2009). The AVE subsequently serves as a crucial signalling centre that determines anterior-
posterior polarity in the embryo (see also section 1.3.1.). However, accumulating evidence now
suggests that DVE and AVE arise independently despite sharing similar markers (Takaoka et al,
2011; Hoshino et al, 2015; Zhu et al, 2023).

1.3. Interactions between embryonic and extra-embryonic tissues
during implantation

So far, the differentiation and morphogenetic events that occur during the pre- to post-
implantation transition have primarily been laid out descriptively. This section highlights known
interactions between embryonic and extra-embryonic lineages that regulate development
during these stages in vivo. It also summarises current stem cell models that recapitulate pre-
and post-implantation development in vitro, thus providing excellent study systems to further

dissect the signalling interplay between embryonic and extra-embryonic lineages.

1.3.1. Embryonic and extra-embryonic tissue interactions in vivo

Epiblast signalling for PrE specification and survival during pre-implantation stages
Signalling interactions between the epiblast and the PrE at the blastocyst stage regulate PrE
specification, survival, and proliferation. As discussed in section 1.1.2., FGF4 is the key signal
driving PrE specification (Feldman et al, 1995; Goldin & Papaioannou, 2003; Chazaud et al,
2006). Specifically, the interaction between FGF4, secreted by epiblast precursors, and FGFR1,
expressed by all cells of the ICM, induces PrE fate commitment (Kang et al, 2017; Molotkov et al,
2017). Additional signalling of FGF4 through PrE-specific FGFR2, is believed to have only a
secondary role in PrE fate commitment (Kang et al, 2017; Molotkov et al, 2017). Instead, FGF4 —
FGFR2 signalling promotes PrE survival and proliferation after specification (Molotkov et al,
2017; Molotkov & Soriano, 2018; Goissis et al, 2023). Interestingly, PrE-specific expression of
FGFR2 is enhanced by BMP4 (Goissis et al, 2023), a signal which in vivo likely also originates
from the epiblast, as the expression of Bmp4 is specific to the epiblast at the early blastocyst
stage (Guo et al, 2010).

While FGF4 - FGFR1 signalling is understood to mediate PrE specification via the
MEK/ERK pathway (Yamanaka et al, 2010; Molotkov & Soriano, 2018), FGF4 — FGFR2 signalling

for PrE survival relies on downstream activation of Phosphoinositide 3-kinase (PI3K) (Molotkov &



Soriano, 2018). Another receptor acting through PI3K for PrE survival and proliferation is
platelet-derived growth factor receptor alpha (PDGFRA)(Artus et al, 2010, 2013; Molotkov &
Soriano, 2018; Bessonnard et al, 2019). The corresponding ligand, platelet derived growth factor
subunit A (PDGFA), is expressed by the epiblast (Ohnishi et al, 2014). Loss of PDGFRA leads to
increased PrE apoptosis and a reduction in the number of PrE cells (Artus et al, 2013). However,
this decrease in PrE cell number does not coincide with a compensatory increase in the number
of epiblast cells as observed in Fgf4” or Fgfr1”-embryos, or embryos treated with a MEK
inhibitor (Kang et al, 2013, 2017; Nichols et al, 2009). This suggests PDGFRA-mediated
signalling for PrE survival while emphasising the role of FGF4 acting through FGFR1 as the signal
for PrE specification. Overall, FGF4 produced by epiblast precursors serves as a signal for both
PrE specification and later PrE maintenance downstream of FGFR2 activation. Survival before
lineage segregation is also facilitated through PDGFRA, with the interacting ligand likely
provided by the epiblast.

Epiblast signalling for EXE expansion and proliferation during implantation stages

Just like the PrE, both the pre-implantation trophectoderm and the post-implantation ExE
express FGFR2 (Ciruna & Rossant, 1999; Haffner-Krausz et al, 1999; Molotkov et al, 2017).
Deletion of Fgfr2 is embryonically lethal, proposed as a result of impaired expansion of the polar
trophectoderm into the ExE (Arman et al, 1998; Kunath et al, 2004). FGF4, secreted by the
epiblast, acts on the adjacent polar trophectoderm to maintain it in an undifferentiated,
proliferative state, ultimately driving its expansion into ExE (Tanaka et al, 1998; Kunath et al,
2004; Christodoulou et al, 2019). Accordingly, undifferentiated, self-renewing stem cell lines
can be derived from the trophectoderm and ExE using FGF4 (Tanaka et al, 1998)(see also
section 1.3.2.). FGF4 stimulation of FGFR2 activates the ERK cascade and promotes the
expression of CDX2, an essential transcription factor for maintaining multipotent progenitors in
both trophectoderm and ExE (Murohashi et al, 2010; Bedzhov et al, 2014a).

Additional factors besides FGF4 were suggested to mediate the expression of ExE-
specific genes including Cdx2 and Eomes (Tanaka et al, 1998). Later, Nodal was identified as
another epiblast-derived signal that maintains the niche of undifferentiated cells in the ExE
(Guzman-Ayala et al, 2004). Specifically, the epiblast secrets Nodal propeptides which are
activated extracellularly through cleavage by Furin (Spc7) and PACE4 (Spc4), proteases
expressed by the ExE (Beck et al, 2002; Guzman-Ayala et al, 2004). Nodal signalling sustains an
undifferentiated niche in the ExE, and in addition maintains FGF4 expression in the epiblast
(Guzman-Ayala et al, 2004). Therefore, Nodal also indirectly promotes the maintenance of
multipotent EXE progenitors by sustaining FGF4 — FGFR2 signalling. Collectively, FGF4 and
Nodal, originating from the epiblast, promote the expression of Cdx2 and Eomes, thereby
maintaining an undifferentiated, proliferative population of cells first in the polar trophectoderm

and subsequently in the ExE.
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Epiblast remodelling through trophectoderm and PrE

Following implantation, the expansion and invagination of the polar trophectoderm pushes the
epiblastinto the blastocoelic cavity (Christodoulou et al, 2019; Weberling & Zernicka-Goetz,
2021). As previously mentioned (section 1.2.2.), this coincides with further remodelling of the
epiblastinto a polarised rosette. The key cue for polarisation is the formation of a basement
membrane, assembled by the PrE between itself and the epiblast (Wallingford et al, 2013;
Bedzhov & Zernicka-Goetz, 2014). Deletion of the laminin y1 subunit impairs establishment of
the basement membrane and results in embryonic lethality at early post-implantation stages,
underscoring the significance of basement membrane formation at this developmental stage
(Smyth et al, 1999).

Interactions of cells with a basement membrane and subsequent cell polarisation are
facilitated by integrins and have been extensively described in various epithelial models
(Aumailley et al, 2000; Yu et al, 2004; Akhtar & Streuli, 2013). Consistent with this, deletion of
integrin B1 leads to failure of rosette formation in the epiblast, segregation and detachment of
the PrE from the epiblast, and ultimately peri-implantation lethality (Fassler & Meyer, 1995;
Stephens et al, 1995; Moore et al, 2014; Mole et al, 2021). Notably, apical-basal polarity can
initially be established in ltgb” cells, but integrin B1 appears crucial for maintaining this polarity
based on in vitro models of epiblast morphogenesis (Molé et al, 2021). The same study found
that by the action of integrin B1 at the basolateral domain, actomyosin becomes apically

confined, which is needed for epiblast maturation and lumen formation.

Further transition of the epithelialized epiblast into a cup shape is speculated to be
guided by the Reichert’s membrane, which could constrict horizontal epiblast growth and
instead directs vertical expansion into a cup morphology (Weberling & Zernicka-Goetz, 2021). In
summary, this illustrates how the formation of basement membranes by extra-embryonic
lineages drives epiblast morphogenesis during implantation and is indispensable for

embryogenesis to advance beyond early implantation stages.

DVE fate restriction through epiblast and ExE

Nodal, originating from the epiblast, is a crucial signal for driving the specification of DVE fate in
the VE through Mothers against decapentaplegic homolog 2 (SMAD2)-mediated transcriptional
activation, as evidenced by a failure of DVE formation in Nodal” and Smad’ embryos (Waldrip
et al, 1998; Brennan et al, 2001). Interestingly, Nodal expression by the VE itself is necessary to
maintain normal levels of Nodal in the epiblast (Kumar et al, 2015). Downstream of Nodal-
SMAD?2 signalling, the transcription factors LIM homeobox protein 1 (LHX1), Forkhead box
(FOX)A2, and FOXH1, promote the expression of DVE specific markers Left-Right Determination
Factor 1 (Lefty1) and Cerberus 1 (Cer7)(Perea-Gémez et al, 1999; Takaoka et al, 2006). Early
expression of Lefty7 and Cer1 can be detected in some PrE cells of the blastocyst, indicating
that DVE specification already commences at pre-implantation stages (Takaoka et al, 2006;
Torres-Padilla et al, 2007). At least the expression of Lefty1 has also been shown to depend on
Nodal-responsive FOXH1 at this earlier developmental stage (Takaoka et al, 2006).
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The spatial confinement of the DVE to the distal tip of the embryonic VE at E5.5 is
thought to be the result of an inhibitory BMP gradient emanating distally from the EXE (Rodriguez
et al, 2005; Yamamoto et al, 2009). The ExE expresses BMP ligands, including Bmp4
(Coucouvanis & Martin, 1999), expression of which is again induced by FGF4 signalling from the
epiblast (Gotoh et al, 2005; Murohashi et al, 2010). The significance of the ExE in restricting DVE
differentiation was demonstrated by physically removing it at E5.5, resulting in the expansion of
DVE markers throughout the VE (Rodriguez et al, 2005; Mesnard et al, 2006). This phenotype
could be rescued by culturing explants lacking the ExE in the presence of BMP4 (Yamamoto et
al, 2009). When cultured with BMP4 from E5.2 to E5.5, embryos with an intact EXE showed a
loss of Cer7 and Lefty1 expression (Yamamoto et al, 2009). Conversely, culture with Noggin, a
BMP inhibitor, led to an expansion of the Cer1 and Lefty1 positive region in E5.5 embryos. Taken
together, these data support a model where Nodal signalling from the epiblast induces DVE
fate, while BMP4 from the ExXE opposes DVE fate, resulting in the formation of a confined Cer1,

Lefty1 positive population of DVE cells around E5.5 (Figure B, left).

Figure B. DVE specification and
anterior-posterior patterning.

Refer to the main text for details.
Abbreviations: DVE/AVE: distal visceral
endoderm/anterior visceral endoderm,
E: embryonic day, emVE: embryonic
visceral endoderm, ExE: extra-embryonic
ectoderm, exVE: extra-embryonic
visceral endoderm

Anterior-posterior patterning of the epiblast through signalling of AVE and ExE

Around E6.5, a distinct population of AVE cells emerges at the epiblast-EXE boundary on one
side of the embryo, marking its future anterior side. Despite sharing a similar gene expression
profile, proximally migrating DVE cells are not direct precursors of the AVE (Takaoka et al, 2011;
Takaoka & Hamada, 2012; Zhu et al, 2023). Instead, cells acquire AVE fate de novo, with the DVE
suggested to guide asymmetric migration of the emerging AVE (Takaoka & Hamada, 2012). The
AVE is characterised by the expression of Hex and Hesx1. Observations that the anterior side of
the embryo consistently arises in proximity to the Hex-positive AVE led to the initial proposal
that extra-embryonic tissues may instruct embryonic tissue patterning (Thomas & Beddington,
1996; Thomas et al, 1998). Later, it became clear that the AVE establishes anterior identity in the
epiblast by shielding it from the posteriorizing signals Nodal, Wnt, and BMP (Rossant & Tam,
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2009; Arnold & Robertson, 2009; Takaoka & Hamada, 2012; Mole et al, 2020). Nodal is secreted
by the epiblast and enhances BMP4 signalling from the ExE, leading to the upregulation of Wnt3
in the epiblast, which, in turn, positively regulates Nodal transcription (Figure B, right)(Arnold &
Robertson, 2009; Robertson, 2014). Unilateral expression of the signalling antagonists Lefty1
(Nodal antagonist), Cer7 (Nodal and BMP antagonist), Dkk1, and Sfrp1 (Wnt antagonists) by the
AVE establishes BMP, Nodal, and Wnt sighalling gradients throughout the epiblast, thereby
driving its anterior-posterior regionalisation (Belo et al, 1997; Perea-Gomez et al, 2002;
Yamamoto et al, 2004; Kemp et al, 2005). In conclusion, breaking symmetry and establishing an
anterior-posterior axis during early post-implantation development requires coordinated
signalling interactions between the epiblast, AVE, and ExE, eventually providing the basis for the

posterior initiation of gastrulation.

1.3.2. Modelling embryonic and extra-embryonic co-development in vitro

Self-renewing stem cell lines resembling the epiblast, trophectoderm, or PrE, at pre-and post-
implantation stages have been established in vitro. These lines have proven essential in
revealing the genetic basis and signalling requirements that underlie lineage commitment,
maintenance, and differentiation. Although stem cell cultures can capture certain
characteristics of embryonic and extra-embryonic lineages in vitro, these systems lack the
structural complexity inherent to embryos. Consequently, developmental processes that
require a structural context and/or depend on the interactions with other lineages, such as
tissue patterning or regionalised differentiation events, cannot be studied using conventional
culture methods. In response, various stem cell-based embryo models (“embryoids”) have
been developed, which recapitulate specific aspects of embryonic development and allow to
address questions that need the consideration of a 3D tissue architecture (Matthews et al,
2021). These models are of particular interest for studying human development, given the
ethical and legal constraints associated with research involving human embryos. Embryoids
can consist entirely of stem cells from a single lineage (non-integrated models), but have also
been generated by combining embryonic and extra-embryonic stem cells (integrated
models)(Rossant & Tam, 2021). Formation of embryoids leverages the ability of stem cells to
self-organise into complex structures, representing a valuable bottom-up approach to decipher
the cell-cell interactions that underlie the emergence of complexity during development. In the
following section | will first discuss the stem cell equivalents of the three blastocyst lineages
and then provide examples of how these cells have been combined to create embryoids. For the
latter, | will specifically concentrate on embryoids that can offer insights into embryonic and

extra-embryonic lineage interactions.

In vitro equivalents of the epiblast from pre- to post-implantation stages
Embryonic stem cells (ESCs) are regarded the in vitro counterpart of the embryonic pre-
implantation epiblast. These cells could be derived from the blastocyst and were initially

cultured on a feeder layer of mitotically inactivated fibroblasts in a medium containing foetal
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bovine serum (Evans & Kaufman, 1981; Martin, 1981). Under these culture conditions, ESCs
retained their pluripotency, as demonstrated by their ability to contribute to chimeric mice
(Bradley et al, 1984). The need for feeder cells was later replaced by using Leukaemia inhibitory
factor (LIF)(Williams et al, 1988). However, due to the use of serum, the culture conditions
remained largely undefined and permitted heterogeneity within ESC cultures (Marks et al,
2012). Eventually, the combination of LIF with an inhibitor of glycogen synthase kinase-3
(GSK3)(i.e. canonical Wnt activator) and a MEK inhibitor efficiently promoted self-renewal and
facilitated the establishment of homogenous cultures (Ying et al, 2008; Wray et al, 2011; ten
Berge et al, 2011). These conditions, often referred to as 2i (2 inhibitors) maintain a state of
naive pluripotency, resembling the developmental ground state of the pre-implantation epiblast
(Ying et al, 2008; Nichols & Smith, 2009).

In contrast, the establishment of primed pluripotent stem cell lines requires entirely different
signalling cues. Unlike for naive ESCs, MEK signalling must be activated through FGF, and in
combination with active Activin/Nodal signalling allows for the derivation of primed epiblast
stem cells (EpiSCs) from the post-implantation epiblast (Brons et al, 2007; Tesar et al, 2007).
Consistent with the developmental trajectory in vivo, naive ESCs can transition into primed
EpiSCs in response to modified signalling cues. However, EpiSCs cannot revert to an ESC state
unless forced by transgenic expression of the naive-specific transcription factor KLF4 (Guo et al,
2009). Activin is also used to capture cells of formative pluripotency in vitro, but unlike EpiSCs
these cells do not rely on FGF signalling and require Wnt inhibition (Kinoshita et al, 2021). Again,
formative stem cells fail to revert to a naive state when exposed to 2i culture conditions. This
stands in contrast to cells of another intermediate pluripotency state, referred to as rosette
stem cells. Despite also being cultured in Wnt-off and MEK-off conditions, these cells can be
converted back into an ESC state by reactivating Wnt through GSK3 inhibition (Neagu et al,
2020).

Both, ESCs and EpiSCs correspond to the in vivo epiblast and thus only give rise to
embryonic lineages in chimaeras (Bradley et al, 1984; Nagy et al, 1993; Huang et al, 2012; Wang
& Wu, 2022). However, there have been efforts to culture pluripotent cells which maintain the
capacity to differentiate into embryonic as well as extra-embryonic lineages. This includes
extended pluripotent stem cells (EPSCs) (Yang et al, 2017b) and expanded pluripotent stem
cells (Yang et al, 2017a).

Trophoblast stem cells from pre- and post-implantation stage embryos

Extra-embryonic trophoblast stem cell (TSC) lines can be directly derived from the embryo. In
line with the role of FGF4 for polar trophectoderm and EXE expansion (Tanaka et al, 1998;
Kunath et al, 2004; Christodoulou et al, 2019), the derivation of TSCs was first achieved by
supplementing medium with FGF4 and Heparin alongside foetal bovine serum and feeder cell
conditioned medium (Tanaka et al, 1998). TSCs retain the ability to differentiate into
trophectoderm derivatives and, upon injection into a blastocyst, chimerise the placental
portion of the conceptus (Tanaka et al, 1998). TGFB and Activin were identified as additional key
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factors that maintain TSC proliferation (Erlebacher et al, 2004), possibly mimicking the role of
Nodal for maintaining the undifferentiated cells of the EXE in vivo (Guzman-Ayala et al, 2004).
The use of TGFB and Activin could replace feeder cell conditioned medium, resulting in a more
chemically defined TSC culture medium (Erlebacher et al, 2004). However, culture of TSCs still
relied on serum, an undefined component with high batch-to-batch variability. Eventually, a
defined, serum free, feeder free protocol was developed, which also employed TGFB1 and FGF4
(Kubaczka et al, 2014). Shortly after, another chemically defined protocol was published thatin
addition to FGF2 and Activin A included a canonical Wnt inhibitor and an inhibitor of the Rho-
associated protein kinase p160ROCK (Ohinata & Tsukiyama, 2014).

Each of these protocols enables the derivation of TSCs from both pre-implantation
trophectoderm as well as post-implantation ExE. Accordingly, TSCs express markers common
to both trophectoderm and EXxE, including CDX2, EOMES, and ELF5, albeit with considerable
heterogeneity (Kubaczka et al, 2014; Kuales et al, 2015; Motomura et al, 2016). This
heterogeneity has been suggested to reflect a range of differentiation states among TSCs
(Motomura et al, 2016), however, it remains unclear which specific developmental stage TSCs

represent in vitro.

PrE and its derivatives in vitro

Extra-embryonic stem cell lines, originating not only from the trophectoderm but also from the
PrE, have been successfully established. Initially, extra-embryonic endoderm (XEN) stem cells
were derived from mouse blastocysts on feeder cells in a serum-containing medium, with or
without FGF4 supplementation (Kunath et al, 2005). XEN cells display characteristics of the PrE,
PE, and VE, suggesting that they constitute a mixed population of different pre- and post-
implantation states (Brown et al, 2010). When incorporated into chimaeras, XEN cells
preferentially contribute to the PE, indicating a bias of XEN cells towards PE fate specification
(Kunath et al, 2005). However, culture of XEN cells with Nodal or BMP4 leads them to adopt a
phenotype more resembling the VE (Julio et al, 2011; Artus et al, 2012), in accordance with the
role of these signalling molecules for VE differentiation in vivo (Mesnard et al, 2006; Yamamoto
etal, 2009).

Extra-embryonic endoderm stem cells have also been generated through differentiation
of ESCs. This can be achieved either chemically using Wnt signalling agonists and Activin
(Anderson et al, 2017), or by overexpressing transcription factors crucial for PrE fate
commitment, such as Gata4 or Gata6 (Mulvey et al, 2015; Wamaitha et al, 2015).

In an effort to establish cell lines that more accurately resemble the pre-implantation
PrE, so called primitive XEN (pXEN) cells were derived from the embryo by reducing serum
concentrations and adding LIF and PDGF to the medium (Zhong et al, 2018). More recently,
another protocol was published that utilised a combination of FGF4, Heparin, PDGF, and a
GSKS3 inhibitor to generate stable PrE stem cell (PrESC) lines (Yasuhide et al, 2022). These cells
transcriptionally resemble the pre-implantation PrE and show contribution to the PE as well as
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the VE in chimaeras. While the importance of FGF4 and PDGF for PrE lineage commitment and
maintenance in vivo has been well-described (discussed in section 1.3.1.), the role of Wnt
activation through GSK3 inhibition in maintaining PrESCs with pre-implantation characteristics

remains unclear.

Blastocyst-like structures generated from stem cells

Efforts to reconstruct the pre-implantation conceptus using only stem cells resulted in the
creation of blastoids. In a first approach, TSCs were seeded on top of ESC aggregates inside
agarose microwells, prompting cells to self-organise into structures that closely resemble the
pre-implantation blastocyst (Rivron et al, 2018). Remarkably, co-culturing TSCs and ESCs in a
blastocyst-like morphology altered their transcriptome to more closely resemble that of their in
vivo counterparts, emphasising the significance of tissue architecture and lineage interactions
in guiding proper lineage behaviour. Specifically, the model revealed that signals originating
from the epiblast, including BMP4 and Nodal, can instruct trophectoderm proliferation and
contribute to trophectoderm epithelial morphogenesis (Rivron et al, 2018). However, due to the
limited capacity of ESCs to differentiate into extra-embryonic lineages, PrE-like cells were
largely underrepresented in the inner cell compartment of blastoids (Rivron et al, 2018; Zhang et
al, 2023). In an attempt to increase the number of PrE-like cells, TSCs were combined with
aggregates of EPSCs instead of ESCs, resulting in the formation of EPS-blastoids (Sozen et al,
2019). Attributed to the extra-embryonic potential of EPSCs, PrE-like cells were specified more
efficiently in EPS-blastoids. The authors reported that EPS-blastoids, unlike those generated
with ESCs, could morphologically transition into early post-implantation-like structures (Sozen
etal, 2019). This underscores the importance of interactions among all three blastocyst

lineages for successful developmental progression beyond pre-implantation stages.

Several alternative blastoid models have emerged that do not require the use of TSCs.
Instead, these models rely on cells that have been capacitated through different methods to
generate both embryonic and extra-embryonic blastoid lineages (Kime et al, 2019; Li et al, 2019;
Xu et al, 2022; Zhang et al, 2023). These blastoids thus form from only a single starting cell type,
potentially offering in vitro tools suitable to explore the cell-cell interactions underlying earlier
differentiation and morphogenetic events during blastocyst formation. In this vein, formation of
blastoids with all three lineages from only a single cell type could serve as a useful assay to
evaluate the enhanced potential of cell lines established in the ongoing pursuit of capturing
totipotency in vitro (Malik & Wang, 2022).

To ensure the accuracy and reliability of findings obtained from blastoids, itis crucial to
assess their fidelity in replicating the blastocyst embryo and its progression to post-
implantation stages. While several studies have demonstrated that blastoids can elicit an
implantation response when transferred back into the uterus, their developmental potential
beyond implantation remains constrained (Rivron et al, 2018; Sozen et al, 2019; Kime et al,
2019; Li et al, 2019). Structures recovered from blastoid-induced deciduae are widely

unorganised, ultimately leading to their resorption and inability to develop into bona fide

16



embryos. Furthermore, despite morphological similarities, generating blastoids with cell types
accurately resembling all three blastocyst lineages, as well as achieving their appropriate ratios,
has proven to be challenging. Comparative analysis of single-cell transcriptomic data from
blastoids across different protocols and actual embryos revealed the presence of cell
populations in blastoids with transcriptional profiles that do not correspond to any relevantin
vivo lineage (Posfai et al, 2021; Zhang et al, 2023)(except for Kime et al, 2019, which did not
generate single-cell transcriptomic data). Thus, further refinement of blastoid models to reliably

mimic in vivo development will be necessary.

Nevertheless, the development of mouse blastoids, along with advances in human stem
cell culture, has paved the way for the generation of blastoids also from human stem cells (Fan
etal, 2021; Liu et al, 2021; Yanagida et al, 2021; Yu et al, 2021; Kagawa et al, 2022). Particularly
when combined with uterine models, human blastoids now present an unprecedented

opportunity to gain insights into human specific aspects of implantation.

Recapitulating interactions between epiblast and extra-embryonic endoderm using stem
cells

While blastoids aim to recapitulate the full pre-implantation conceptus, partial models of only
the inner epiblast and PrE lineage have also been established. When aggregated into embryoid
bodies, ESCs on the outside of the aggregate would spontaneously differentiate into PrE-like
cells, providing a first primitive model to study the signals supporting PrE specification and
maturation (Shen & Leder, 1992; Murray & Edgar, 2001; Hamazaki et al, 2004). However, PrE-like
cells can be generated from ESCs more efficiently through induced transient overexpression of
the PrE-specific factors Gata4 or Gata6 prior to their aggregation (Mathew et al, 2019). The
resulting “ICM organoids” present a robust model of epiblast and PrE co-development,
spanning the period from lineage specification to early post-implantation stages (Mathew et al,
2019). Initially, ICM organoids comprised NANOG+ and GATA6+ cells in a salt-and-pepper
distribution, reminiscent of the inner cells at an early blastocyst stage. However, after 2 days,
GATAG6+ cells had sorted to the outside of the aggregates and subsequently established a basal
membrane between themselves and the inner ESCs. This coincided with the maturation of the
inner cells, as reflected by the downregulation of NANOG (Mathew et al, 2019).

A similar model of human epiblast and hypoblast co-development has recently been
published, combining wild type ESCs with cells that were genetically or chemically
differentiated into hypoblast before aggregation (Okubo et al, 2024). Again, the hypoblast-like
cells sorted to the outside of the aggregates, where they acquired a visceral endoderm-like fate.
Remarkably, these cells then also specified AVE-like cells, capable of inducing anterior-

posterior patterning of the underlying epiblast-like cells (Okubo et al, 2024).

AVE-like cells also specified in another recently established model which again relied on
transient Gata4 overexpression in mouse ESCs to specify a layer of VE-like cells surrounding an
epithelialized layer of undifferentiated ESCs (BELAs)(Schumacher et al, 2023). Strikingly, the
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subpopulation of AVE-like cells was spatially confined, contrary to expectations based on
knowledge from the embryo where AVE restriction is believed to rely on signalling from the ExE
(Rodriguez et al, 2005; Mesnard et al, 2006; Yamamoto et al, 2009). Instead, the observations in
BELAs now support an alternative model where the AVE can be spatially restricted
independently of the ExE. The study further suggests Wnt signhalling as another pathway
influencing DVE fate commitment, with active Wnt signalling countering DVE differentiation
(Schumacher et al, 2023). This idea is supported by the expression of Wnt antagonists like Dkk7,
Sfrp1, and Sfrp5 in the DVE. This system therefore challenges current models of embryonic
tissue patterning in mouse, emphasising the power of stem cell-based models to help dissect

the minimum requirements of developmental events.

Embryoids recapitulating post-implantation embryonic and extra-embryonic lineages

A partial model of the early post-implantation embryo was developed by combining single ESCs
with clumps of TSCs in Matrigel (Harrison et al, 2017). Cells self-organised into structures
termed ETS embryos, which recapitulate the developmental steps from approximately E5.5 to
E6.5. In these structures, ESCs formed a polarised epithelium surrounding a central lumen,
while TSCs sat on top this epithelium and eventually polarised, creating their own lumen that
connected with that of the ESCs (Harrison et al, 2017). Formation of ETS embryos highlighted
the crucial role of epiblast-derived Nodal signals in EXE lumenogenesis. Expanding on the
approach of ETS embryos, EpiTS embryoids were created by combining pre-formed aggregates
of ESCs and TSCs (Girgin et al, 2021). By combining either epithelialized or non-epithelialized
ESC aggregates with aggregates of TSCs, the authors demonstrated that epithelialisation is a

major determinant for proper anterior posterior patterning.

However, these models lack cells from the extra-embryonic endoderm lineage. This was
subsequently addressed by incorporating XEN cells in ETS embryos, leading to the development
of ETX-embryos (Sozen et al, 2018; Zhang et al, 2019). XEN cells were able to engulf the epiblast
and ExE- like compartments, resembling the VE in vivo. The inclusion of XEN cells replaced the
need for Matrigel, as XEN cells could provide a laminin-containing basement membrane which

induced lumenogenesis in the ESC and TSC compartments.

With the addition of XEN cells, ETX embryos exhibited features of gastrulation more
efficiently compared to ETS embryos (Sozen et al, 2018). However, their ability to fully
recapitulate gastrulation remained limited. Recognising the inherent bias of XEN cells towards
PE rather than the required VE, an alternative approach was introduced (Amadei et al, 2020). In
this protocol, XEN cells were replaced by ESCs differentiated into PrE-like cells by transiently
overexpressing Gata4, resulting in the formation of ETiX embryos. ETiX embryos have
significantly enhanced developmental potential, as they robustly establish an AVE-like
signalling centre, which allows these embryoids to gastrulate (Amadei et al, 2020). Remarkably,
by employing novel ex utero culture systems, the developmental capabilities of ETiX embryos
could recently be significantly extended (Amadei et al, 2022).
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Structures similar to ETiX embryos have been generated exclusively from ESCs. In this
process, not only the extra-embryonic endoderm but also the trophectoderm lineage is derived
through transient overexpression of lineage specific transcription factors (Langkabel et al, 2021;
Lau et al, 2022; Tarazi et al, 2022). These embryoids have also demonstrated an extended
developmental potential when cultured in ex utero culture devices (Lau et al, 2022; Tarazi et al,
2022).

1.4. Outline and objectives of the presented PhD research

This thesis combines three projects with my partial or full contribution. Although each project
pursued its specific objectives related to understanding the developmental progression of
embryonic and extra-embryonic lineages during implantation, they collectively relied on the use

of embryonic and extra-embryonic stem cells.

Specifically, Chapter 2 comprises a published project aimed at refining the culture
conditions for trophoblast stem cells by considering the in vivo interactions between epiblast
and trophectoderm. The work underscores the pivotal role of the epiblast in patterning the
trophectoderm, leading to the generation of polar and mural regions with distinct functions

during implantation.

Chapter 3 presents another published project, aimed at developing an integrated stem
cell-based model that recapitulates the co-development of the epiblast and PrE from pre- to
post- implantation stages. Additionally, it outlines an approach to enhance the incorporation of
PrE-like cells in blastoids which promotes the transition of blastoids towards post-implantation-
like stages. Overall, this work highlights the reciprocal interactions that drive epiblast and PrE

co-development during the pre- to post-implantation transition.

Chapter 4 summarises my own, unpublished work. | first aimed to identify interactions
between all three blastocyst tissues more comprehensively using single cell sequencing data.
Following up on predicted interactions between the two extra-embryonic tissues, the PrE and
trophectoderm, defines a role of Wnt signalling in blocking differentiation of PrE-like cells in
vitro. Moreover, we found that Wnt signalling also prevents PrE-like cells from establishing a
basal membrane in a model of epiblast/PrE co-development — a crucial morphogenetic cue for

developmental progression.

Given the significance of stem cells and embryoids as indispensable tools to study
embryonic development, the concluding chapter will integrate the findings of the presented
projects, focusing on two main aspects: (1) the progress made in integrated embryoid models of
embryonic and extra-embryonic lineages during implantation stages, and (2) the advancements

in our understanding of the culture requirements of extra-embryonic stem cells.
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CHAPTER 2:
Epiblast inducers capture mouse trophectoderm stem cells in
vitro and pattern blastoids for implantation in utero

Part of the work performed during my PhD was published in Cell Stem Cell 29 (7), 1102-1118,
July 7, 2022 (https://doi.org/10.1016/j.stem.2022.06.002), and this publication is included as

the following chapter. A summary of my exact contributions is provided at the end of this page.
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2.3. Contributions

In this study, my contributions included conducting blastoid experiments, as depicted in Figure
5l and 5J as well as Figure S5M and S5N. Additionally, | performed experiments to demonstrate
the re-establishment of CDX2 heterogeneity in TSC cultures, as illustrated in Figure S2I-K.
Furthermore, | conducted experiments to optimise the Dox concentration for the Cdx2 inducible
cell line, as shown in Figure S6A. Lastly, | generated Wnt7b” and Wnt6” TSC lines (Figure S7D),

which were utilised for subsequent experiments shown in Figure 7 and Figure S7.
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SUMMARY

The embryo instructs the allocation of cell states to spatially regulate functions. In the blastocyst, patterning of
trophoblast (TR) cells ensures successful implantation and placental development. Here, we defined an optimal
set of molecules secreted by the epiblast (inducers) that captures in vitro stable, highly self-renewing mouse
trophectoderm stem cells (TESCs) resembling the blastocyst stage. When exposed to suboptimal inducers,
these stem cells fluctuate to form interconvertible subpopulations with reduced self-renewal and facilitated dif-
ferentiation, resembling peri-implantation cells, known as TR stem cells (TSCs). TESCs have enhanced capacity
to form blastoids that implant more efficiently in utero due to inducers maintaining not only local TR proliferation
and self-renewal, but also WNT6/7B secretion that stimulates uterine decidualization. Overall, the epiblast main-
tains sustained growth and decidualization potential of abutting TR cells, while, as known, distancing imposed
by the blastocyst cavity differentiates TR cells for uterus adhesion, thus patterning the essential functions of

implantation.

INTRODUCTION

Toimplant into the uterus, mammals form a blastocyst comprising
an inner epiblast (EPI) that later forms the body, surrounded by a
fluid-filled, epithelial cyst called trophectoderm (TE) composed of
trophoblasts (TRs) that will form the placenta. The EPI is placed
asymmetrically in the TE cyst, a positioning that defines the first
developmental axis (polar-mural, a.k.a. embryonic-abembryonic).
Along this axis, the TE abutting the EPI (polar TE) proliferates and
self-renews to progressively build the placenta into a composite
organ that fulfills crucial functions (e.g., gas exchange, excretion
of waste products, and functions that are immunological). The
separation from the EPI, on the other hand, is associated with
TE differentiation, decreased proliferation, and the capacity to
attach to the uterus (Copp, 1978; Das et al., 1994; Gardner,
2000; Klaffky et al., 2001). Thus, one function of the blastocyst
cavity is to separate the pools of TRs that will form the placenta
or mediate the initial uterus attachment. In response to blastocyst
implantation, uterine cells proliferate and undergo functional
changes to create the decidua, a cocoon required for a successful

1102 Cell Stem Cell 29, 1102-1118, July 7, 2022 © 2022 The Authors. Published by Elsevier Inc.

pregnancy. Faulty decidualization is associated with infertility and
miscarriages (Cha et al., 2012).

The TR lineage develops in a different way as compared to the
EPI lineage: while the EPI lineage progress through pluripotency
via a sequence of irreversible and epigenetically engraved lock
steps with different signaling requirements (Nichols and Smith,
2012), TR progenitors self-renew in vivo thanks to a niche environ-
ment generated at the EPI/TR interface. This environment is
currently defined by a number of soluble (Guzman-Ayala et al.,
2004) and extracellular matrix (Kiyozumi et al., 2020) molecules
that promote proliferation while inhibiting precocious differentia-
tion, thus maintaining self-renewal. FGF4 is a niche factor pro-
duced by the EPI starting in mid-stage blastocysts (E3.25; Guo
et al., 2010; Ohnishi et al., 2014) whose importance is evidenced
by Oct4~~ mutant blastocysts that fail to express FGF4 but
respond to exogenous FGF4 by increasing TR proliferation (Nich-
ols etal., 1998). FGF4 induces the phosphorylation of ERK in some
of the polar TE cells (E3.25-4.5) (Azami et al., 2019), which pro-
motes proliferation and prevents differentiation and apoptosis
(E4.5-5.0) through FGF receptors (Chai et al., 1998), FRS2 (Gotoh
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etal., 2005), SHP2 (Yang et al., 2006), and the signaling effector ki-
nase ERK2 (Hatano et al., 2003; Saba-El-Leil et al., 2008). During
implantation, a tissue descending from the polar TE, the extraem-
bryonic ectoderm (ExE), maintains the TR progenitors and has a
continuous requirement for ERK signals between at least E4 and
E8 (Corson et al., 2003; Azami et al., 2019). TGFB superfamily
members also contribute to the post-implantation maintenance
of TR progenitors through activity of the Nodal receptor ACVR1B
(Gu et al., 1998), the Nodal pro-protein convertases PCSK6
(PACE4) (Constam and Robertson, 2000) and Furin (Roebroek
et al., 1998), and the effectors SMAD1 (Aubin et al., 2004) and
SMAD2 (Weinstein et al., 1998). Finally, the Hippo and Notch path-
ways are important regulators of the initial TE specification (Nish-
ioka et al., 2009; Rayon et al., 2014), and IGF2 is expressed at
high levels in the polar TE (Nakamura et al., 2015), EXE, ectopla-
cental cone (EPC), allantois, and chorion (Lee et al., 1990) and con-
tributes to TR proliferation (Gardner et al., 1999; Constancia et al.,
2002; Zechner et al., 2002).

The EPI/TR interface is a dynamic and regulative environment:
the EPI sustains FGF4 production that stimulates BMP4 secretion
from the ExE (Lawson et al., 1999; Murohashi et al., 2010) that
might act as a direct niche factor (; Graham et al., 2014; Rivron
et al., 2018) but also indirectly induces the EPI to express Nodal
and Wnts (E6) (Ben-Haim et al., 2006; Miura et al., 2010). Nodal
and Wnt ligands act in autocrine ways on the EPI but also feed
back onto the TR progenitors to maintain self-renewal in part by
regulating FGF4 expression (Guzman-Ayala et al., 2004; Ben-
Haim et al., 2006). Altogether, this interface is a hotspot of regula-
tive interactions maintaining the TR progenitors that are thought to
persist until the mid-gestation placenta (Guzman-Ayala et al.,
2004; Ueno et al., 2013; Natale et al., 2017).

In the presence of FGF4, TR progenitors isolated either from
the blastocyst (E4.5) or EXE (E6.5) can proliferate and self-renew
in vitro as TR stem cells (TSCs) (Tanaka et al., 1998). This shows
that these progenitors possess an intrinsic, long-term self-
renewal potential maintained by an EPI inducer. Here, we show
that TSCs, which are notoriously heterogeneous (Sebastiano
et al.,, 2010; Wu et al., 2011; Ohinata and Tsukiyama, 2014;
Kuales et al., 2015; Motomura et al., 2016; Perez-Garcia et al.,
2021), comprise fluctuating, interconvertible subpopulations
resembling peri-implantation TRs. However, an optimal set of
EPI inducers captures stable, highly self-renewing TRs resem-
bling the blastocyst TE. We term these lines trophectoderm
stem cells (TESCs). We show that TESCs not only maintain a
high self-renewing capacity while inhibiting precocious differen-
tiation but also secrete Wnt ligands that contribute to the
decidual reaction in utero. Observing the behavior of TESCs
and TSCs, we argue that optimal exposure to inducers sustains
high self-renewal after implantation, while suboptimal exposure
enables the concomitance of interconvertible subpopulations
facilitating the exit from self-renewal and differentiation.

RESULTS

The transcriptome of pre- and post-implantation
trophoblast cell types

In late mouse blastocysts, the transcription factor (TF) Caudal
Type Homeobox 2 (CDX2) (Donnison et al., 2005; Strumpf
etal., 2005) marks the polar TE. We confirmed that CDX2 expres-
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sion decreases in the mural TE of E4.5 blastocysts, while KRT18
increases (MRNA and protein levels, Figures 1A and S1A). We
first analyzed the transcriptomes of peri-implantation TRs to
identify hallmarks for these states and candidate signaling path-
ways regulating them. Unsupervised clustering of E4.5 TE cells
(late blastocyst stage) using an existing single-cell mRNA
sequencing (scRNA-seq) dataset (Nakamura et al., 2015)
confirmed a transcriptomic distinction between polar and mural
TE (Figure 1B). We identified 2,107 differentially expressed genes
(DE-Gs) (average LogFC +0.25, p < 0.05, Figure S1B and
Table S1A). Polar TE had increased expression of TFs regulating
TR self-renewal (Cdx2, Esrrb, and EIf5) (Donnison et al., 2005;
Strumpf et al., 2005; Gao et al., 2018), Wnt ligands Wnt7b and
BMP1/4/8b, and the receptor li6st (Figure 1D). Consistent with
the established role of the MAPK pathway in regulating TR prolif-
eration (Nichols et al., 1998; Tanaka et al., 1998), we found a
pathway enrichment (Fgfr1, Mapk1, Map2k1, Grb2, and Spry2)
and an upregulation of the proliferation machinery (Cdk1,
Ccnb1-2, Ccnd1, Mki67, and Pcna) (Figures 1C and 1D). Polar
cells also more abundantly expressed effectors of the SMAD
signaling pathway (E2f4, Smad3, Smad4, and Smad7) (Nakao
et al., 1997; Ishisaki et al., 1999) and Pcsk®6, a secreted pro-con-
vertase that cleaves the TGFf family member pre-Nodal to locally
enhance its potency. This supports an earlier role for SMAD
signaling than previously reported (Tsuiji et al., 2003; Guzman-
Ayala et al., 2004; Mesnard et al., 2011). Similarly, Hippo pathway
members (Amot, Lats2, Ywhab, and Wwc1) and targets (Max,
Myc, and Ccnd1) that regulate Cdx2 were also more abundant
in the polar TE (Figures 1C, 1D, and S1C). We confirmed the pres-
ence of FGF4, BMP4, Nodal, and IL11 transcripts in the blasto-
cyst EPI by single-molecule FISH (smFISH) (IL11 is also detected
in the TE, Figure S1D). Finally, ERK, SMAD1/5/8, and STAT are
phosphorylated in the TE, although ERK is restricted to few TRs
(Figure S1D). We concluded that, beyond FGF signaling, the
STAT, SMAD, and Hippo pathways are enhanced in the polar
TE. We also extracted markers of the polar region (Ly6a, Gsto1,
and Ddah1, Figure 1D and Table S1A) for their high expression.
Mural TE had increased expression of integrins (ltga5/6/7/v), lam-
inins (Lama1/b1/b2), galectins (Lgals1 and Lgalsl), Hb-egf, and
ephrins (Efnal/b1/b2), consistent with an adhesive and repul-
sive/invading phenotype initiating implantation (Klaftky et al.,
2001; Sutherland, 2003; Barrientos et al., 2014) (Figure S1C).
The mural TE was additionally characterized by molecules asso-
ciated with the formation of intermediate filaments (Krt8/18) and
tight junctions (Ocln, Pard3, and Pard6b/g) and by TFs Gata2,
KIf4/5/9, Tfap2a, and Tcf7/2 (Figure 1D).

High CDX2 expression also marks the post-implantation ExE
(E6.5), while KRT18 is strongly expressed in surrounding cells
(Figure 1E). When we compared the transcriptome of TE and
ExE TRs using another published metadata set (Posfai et al.,
2021) (Figures 1F and S1E-S1H), we identified 2,971 DE-Gs
(average LogFC +0.25, p < 0.05, Figure S1E and Table S1B),
inferring differences in cell-cycle regulation and cell-cell adhe-
sion (Figure S1l). Developmental progression was reflected by
increased expression of EIf5, Tead2, Id1, Cited2, Ascl2, Eome-
sodermin (Eomes), Hand1, and Sox2 and decreased expression
of Cdx2, Kif5, Tead4, Gata2/3, Ly6a, and Spry2 TFs (Figure S1J).
Expression of the secreted ligands Bmp4 and Igf2 increased,
whereas genes associated with insulin signaling decreased.
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Figure 1. The transcriptomic transitions of pre- and post-implantation TRs
(A) Immunostaining for CDX2 and KRT18 showing uniform protein distribution at E3.5 but polar or mural bias in E4.5 blastocysts. Higher CDX2 expression in the

polar region was detected in 65% of late blastocysts (11/17). Scale bar, 40 um.

(B) Unsupervised clustering analysis (distance map from RacelD pipelines) of E4.5 TE single cells confirms the presence of two subpopulations: polar and mural.

Each column and row represent a single cell from each group.

(C) Gene ontology analysis based on differentially expressed genes between polar and mural TE.

(D) Heatmap showing fold expression changes of indicated genes in the polar TE compared to the mural TE (see also Table S1).

(E) In an E6.5 (post-implantation) conceptus, CDX2 expression is restricted to the EXE and does not correlate with KRT18 localization. Scale bar, 150 um.
(F) Spearman correlation analysis of TE and ExE at various developmental stages shows transcriptomic differences between TE and ExE.

See also Figure S1.

Altogether, this analysis highlights specific EPI inducers, TRs
signaling pathway activities, and markers that define TR pro-
gression around implantation time.

Trophoblast stem cells encompass multiple
subpopulations reflecting the trophectoderm,
extraembryonic ectoderm, and differentiated
trophoblasts

TSCs’ intercellular heterogeneity has been visualized by CDX2
and EOMES immunofluorescence (Figure 2A) (Kuales et al.,
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2015; Motomura et al., 2016). To resolve transcriptional profiles
of subpopulations, we performed bulk RNA-seq of 1,000
CDX2"9" and CDX2'°" TSCs derived from a CDX2-eGFP re-
porter mouse line (McDole and Zheng, 2012) (Figure 2B) and
cultured in chemically defined medium complemented with
FGF4/TGFB1 (TX medium; Kubaczka et al., 2014), which are
the minimal molecules necessary for maintaining in vitro TR
proliferation and self-renewal. We identified 1,941 DE-Gs
(FC > 1.5, p < 0.01, Table S2). CDX2"9" TSCs were enriched
for TFs regulating self-renewal (Esrrb, Eomes, and EIf5),
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Figure 2. TSCs comprise heterogeneous and interconvertible states reflecting peri-implantation stages

(A) Naive GFP signal of CDX2-eGFP TSCs. Scale bar, 40 pm.

(B) CDX2M9" and CDX2'°™ TSCs were sorted out with flow cytometry for RNA-seq.

(C) mRNA expression of self-renewal, polar, and differentiated marker genes in CDX2"9" and CDX2'°" TSCs (based on three independent bulk RNA-seq results).
Dark and light green represent CDX2"9" and CDX2'°" TSCs, respectively.

(D) Gene ontology analysis based on differentially expressed genes enriched in CDX2"9" compared to CDX2'°" TSCs.

(E) Single-cell transcriptome analysis upon removal of minimal inducers.

(F) Gene set enrichment analysis (GSEA) for TE and EXE genes. Clusters 3, 4, and 5 are considered to be TSCs and show different gene enrichment, indicating
heterogeneity of TSCs. Data were analyzed by Wilcox likelihood-ratio test.

(G) Unsupervised cell clustering analysis (distance map) of TSCs and 6-day-differentiated TSCs.

(legend continued on next page)
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cell-cycle components, the Hippo pathway, and some polar
markers (Ly6a and Ddah7). In contrast, the CDX2"°% TSCs
showed higher expression of differentiation markers Krt8 and
Gata2 (Figures 2C and 2D).

Next, we delineated TSCs’ heterogeneity through scRNA-seq
analysis (Figures 2E and S2A). Three subpopulations (cluster 3,
4, and 5) were present (Figure 2E). One of these clusters (cluster
4) was enriched for TE-associated genes (GSEA, Normalized
Enrichment Score [NES]: 1.75; e.g., Gata3 and Ly6a), including
genes associated with epithelia (Cldn4/6, Krt18, Epcam, Ctnnal,
Lgals9, Krt8/18, and Iltga6) (Table S3A). Another cluster (cluster
3) was enriched for EXE genes (GSEA, NES: 1.8; e.g., Eomes,
EIf5, Hand1, Tead2, Id1, Cited2, and Bmp4) (Figures 2F and
S2B and Table S3B). The third one (cluster 5) was significantly
depleted in both TE and ExE genes (Figure S2C) and reflected
more differentiated TRs. Upon removal of FGF4/TGFpB1, cells
differentiated as indicated with a decrease in self-renewal and
TE-related transcripts and an increase in differentiation-associ-
ated transcripts (Figure S2D).

By analyzing single TSCs and 6-day-differentiated TSCs, we
obtained a different resolution of the heterogeneity profile. Unsu-
pervised clustering analysis separated TSCs into four subpopu-
lations and 6-day-differentiated TSCs into two subpopulations
(Figure 2G). Cells aligned along a Monocle-predicted pseudo-
time trajectory (Figures 2H and S2E) (Trapnell et al., 2014) in
which low pseudotime values corresponded to a TSC subpopu-
lation with higher Cdx2 and Esrrb expression levels, while the
next cells along pseudotime values showed higher expression
of EIf5, consistent with ExE identity (Figure 2H). Following in
the trajectory were cells abundant for Tfap2c and Ascl2 expres-
sion and TFs marking the ExE/EPC (Guillemot et al., 1994;
Auman et al., 2002; Werling and Schorle, 2002; Latos et al.,
2015), while the highest pseudotime values marked cells ex-
pressing the TR differentiation markers Fit1 or Gem1. Impor-
tantly, we identified differentiated TRs within TSCs (9%, Fig-
ure S2E), showing that FGF4/TGFB1 consent to spontaneous
differentiation. We confirmed the presence of subpopulations
using smFISH with cells rich in either Cdx2, Gsto1, and Esrrb
or Ascl2, Gem1, and Krt18 transcripts (Figure S2F). This was
further confirmed at the protein level (CDX2/KRT18, Figure S2G).
Taken together, these analyses show that FGF4/TGFB1 consent
to the maintenance of concomitant subpopulations reflecting the
blastocyst TE, post-implantation ExXE, and more differenti-
ated TRs.

Trophoblast stem cells’ subpopulations reflect
functionally different and interconvertible stem cell
states

Next, we examined whether CDX2"9" and CDX2'°" TSCs repre-
sent functionally different states. Using flow cytometry analysis,

Cell Stem Cell

we observed that CDX2M9" cells were present in all cell-cycle
phases, while CDX2'°" cells were predominantly in the GO/G1
phases (Figure 2I). Consistently, CDX2"" cells had a 30% clo-
nogenicity rate, three times higher than that of CDX2'°" cells (Fig-
ure 2J), which were more prone to differentiate upon removal of
FGF4/TGFB1 (P/1 and Synb mark TR giant cells and syncytiotro-
phoblasts, respectively; Figure 2K).

Protein fluctuation can occur stochastically but synchronously
for members of the same biological pathway, which generates
heterogeneity (Sigal et al., 2006). When we conducted live imaging
of CDX2-eGFP TSCs, we observed transitions between the
CDX2"9" and CDX2"°" states (Figure S2I and Video S1) reminis-
cent of fluctuations in ESCs (Chambers et al., 2007; Hayashi
etal., 2008; Hastreiter et al., 2018). Thus, we investigated whether
subpopulations were capable of interconversion. Within 5 days af-
ter sorting of CDX2"9" or CDX2'°" cells, these subpopulations re-
established the initial heterogeneity (Figure 2L), and analysis of
multiple sortings over 50 days showed that the initial transcrip-
tome was restored (Figures S2I and S2J). We concluded that
these states are reversible and that heterogeneity is an intrinsic,
possibly regulated property of TSCs under minimal conditions.
However, the CDX2'°" cells proliferated more slowly than the
CDX2"9" cells (Figure S2K), suggesting a priming mechanism.

In EXE and TSCs, the Cdx2 locus is marked with high levels of the
activating H3K4me3 mark, while these levels decrease upon differ-
entiation (Rugg-Gunnetal., 2010). Accordingly, H3K4me3 levels at
the Cdx2 promoter were 50% lower in CDX2'°" TSCs, suggesting
either reduced promoter activity or fewer active promoters (Fig-
ure S2L). In contrast, levels of the active transcription marker
H3K9Ac were comparable between populations. We concluded
that the Cdx2 locus remains accessible and can be reactivated,
for example in response to an environmental factor such as a
growth factor, but is subjected to reversible epigenetic regulations
that prime CDX2"°" TRs for differentiation. This transcriptomic and
epigenetic reversibility is consistent with the reversibility of the
mural TE, as shown by blastocyst microdissection/recombination
(Gardner et al., 1973; Gardner, 1983). Overall, we concluded that
FGF4/TGFB1 allow fluctuating, interconvertible, peri-implanta-
tion-like TR states with different proliferation and self-renewing po-
tentials, a phenomenon that facilitates differentiation.

Exposure to optimal embryonic inducers generates
stable CDX2"¢" trophoblast stem cells

Next, we investigated the impact of combined EPI inducers. We
tested individual molecules acting on pathways found active in
the TE (Figure S1D) for their capacity to induce CDX2 in TSCs
(Figures 3A and S3A and Table S4). Nine molecules acted in a
dose-dependent manner including IL11, Activin, BMP4/7,
1-Oleoyl Lysophosphatidic Acid (LPA) (Yu et al., 2012, 2021;
Goto et al., 2015), 8-Br cAMP, XAV939, and the PPAR

(H) Pseudotime heatmap for visualization of expression patterns along with marker genes for various differentiation states. For clusters, see also Figure S2E.
(l) Cell-cycle analysis of TSCs shows a correlation between CDX2 expression (higher CDX2 content in red, lower in blue) and the cell-cycle state.
(J) Colony formation potential of single CDX2"9" and CDX2'°¥ cells based on three independent experiments. Data are means + SEM, analyzed by Student’s

t test.

(K) mRNA expression of differentiated marker genes in CDX2"9" andCDX2'°" TSCs.
(L) Percentage of the different subpopulations upon pure subpopulation sorting and further independent culture, based on three independent experiments and a
total of 96 wells of cells for each condition. Dark green for CDX2"9", gray for CDX2™"e™mediate jight green for CDX2'°Y.

For each panel, *p < 0.05, **p < 0.01, **p < 0.001. See also Figure S2.
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Figure 3. Optimal embryonic inducers capture TR stem cells with a transcriptome more akin to the TE

(A) Strategy to identify CDX2 expression regulators with CDX2-eGFP TSCs. Chemicals with a CDX2"9"/CDX2'°" ratio bigger than 1.25 were considered positive
modulators.

(B) List of 21 different cocktails using a combination of nine different CDX2 regulators (left). Green, yellow, and red color with percentage indicate the relative
concentration of each modulator. Actual modulator concentrations are indicated in Figure S3A. The 21 cocktails were ranked based on the average CDX2"s/
CDX2"°" ratio after 10 passages (right). Colors from 0 to eight indicate CDX2"9"/CDX2'°¥ ratio based on flow cytometry.

(C) CDX2M9"/CDX2'°" ratios of TSCs upon combination of the top cocktail (Tx21) with either Matrigel or Laminin 521 (L521) coated plates. Data are means = SEM,
analyzed by one-way ANOVA. ***p < 0.001.

(D) Flow cytometry showing that Tx21 compounds combined with L521 dramatically increase the percentage of CDX2"9" cells.

(E) Schematic view of each group preparation.

(F) GSEA for polar TE genes with TSCs exposed to optimal inducers for 15 days.

(G) Pseudotime heatmap for visualization of expression patterns along with self-renewal, polar, differentiated, and classical TSCs marker genes. Most self-
renewal and polar genes are enriched in TXV TSCs compared to TX or differentiated TSCs.

See also Figure S3.
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receptor agonist Rosiglitazone) (CDX2M9"/CDX2'°" ratio >1.25,
Table S4). We excluded the autocrine factor IGF2, previously
proposed to guide TR differentiation (Lee et al., 2019) (Fig-
ure S3B). Because secreted molecules act synergistically during
development, we explored combinations using factorial design
(Hutchens et al., 2007) by culturing TSCs for 10 passages while
monitoring CDX2 expression (Figure 3B). Although all combina-
tions initially induced CDX2, most cultures (17/21) collapsed af-
ter two passages due to a lack of proliferation or attachment. The
remaining four conditions supported a sustainable, long-term in-
crease in CDX2 expression without apparent cell death. Through
principal component analysis, we identified IL11, BMP7, LPA,
Activin, and 8-Br cAMP (Tx21 medium) as most beneficial, evi-
denced by higher expression of self-renewal TFs (Cdx2, Eomes,
Esrrb, and EIf5) and lack of upregulation of differentiation
markers (e.g., EXE/EPC marker Ascl2) (Figures S3C-S3E). We
then tested eight different laminin proteins to replace Matrigel,
and we selected laminin L521 based on its expression in the
blastocyst, its support of TSC proliferation, and an increase of
CDX2 expression (Figures 3C, 3D, and S3F-S3H). An optimal
set of molecules includes FGF4 (25 ng/mL), TGFB1 (2 ng/mL),
Activin (50 ng/mL), IL11 (50 ng/mL), BMP7 (25 ng/mL), 8-Br
cAMP (200 pM), LPA (5 nM), and L521 coating, hereafter referred
to as TXV (for TX plus five compounds).

Trophoblast stem cells exposed to optimal epiblast
inducers maintain a trophectoderm-like transcriptome
We next analyzed the transcriptome of TXV TSCs. In-bulk ana-
lyses showed that a transcriptome shift occurred within 48 h
and was further enhanced after 15 days (1,360 and 3,473 DE-
G, respectively, p < 0.05) (Figure S3I and Tables S5AA,
Tables S6AS6B, and S7). After 15 days, GSEA showed that polar
TE genes were significantly enriched, including Cdx2, Eomes,
and Ly6a, whereas mural and ExXE genes were not (Figures 3E,
3F, and S3J). Notably, transcripts for molecules reported to
mediate mural TE/endometrium interactions (Lgals1, Hb-edf,
and Efnat) (Fujii et al., 2006; Lim and Dey, 2009; Barrientos
etal.,2014; You et al., 2018) (Figure S3K) and transcripts for mol-
ecules that increase upon EXE progression (Elf5, Tead2, Id1,
Ascl2, and Hand1) (Figure S1J) were decreased (Table S6A).
Gene ontology analysis showed differences in transcription
(448 genes, Benjamini = 1.4 x 107'3), cell-cell adhesion (79
genes, Benjamini = 3.9 x 107'2), and cell cycle (159 genes, Ben-
jamini = 8.7 x 107%) (Tables S5A and S6A). A transcriptome shift
was confirmed in three lines from different genetic backgrounds
(Figure S3L).

Exposure to increased FGF4 concentrations or genetic induc-
tion of Cdx2 (48 h, Figure S3J) led to different transcriptome
shifts as compared to TXV (Tables S5B, S6B, S6C, and S7),
which suggests that the set of inducers acts more broadly,
possibly on CDX2 upstream regulators such as Notch signaling
(Notch4 and Rbpj) (Figure S3l and Tables S5B, S6B, S6C, and
S7). scRNA-seq analysis (unsupervised clustering and monocle
analysis) assigned the lowest pseudotime values to TXV TSCs
and reflected a developmental trajectory with initially high
expression of TE TFs (Cdx2, Eomes, and EIf5) and polar markers
(Ly6a, Ddah1, Hspd1, Gsto1, and Utf1) (Figures 3G, S3M, and
S3N). Cells with the lowest pseudotime values expressed high
levels of KIf5 and Tead4, two TFs essential for early TE specifica-
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tion (Shindo et al., 2002; Yagi et al., 2007; Ema et al., 2008; Nish-
ioka et al., 2008; Lin et al., 2010). These were followed by cells
highly expressing the polar TE markers Ly6a and Esrrb, and
Duox2 and Gsto1, previously described as markers for bona
fide TR progenitors (Kubaczka et al., 2014; Kuales et al., 2015)
(Figure S3N). TE epithelia genes were also prominent at low
pseudotime value (Figure S30). Collectively, we concluded
that an optimal set of EPI inducers (MAPK, Hippo, SMAD, and
STAT; see Table S5A) maintain a state better reflecting the TE
transcriptome and prevent the expression of blastocyst mural
TE and post-implantation EXE genes.

Epiblast inducers enhance trophoblast stem cells’ self-
renewal, enhance derivation of lines, and repress
differentiation

Culturing TSCs in TXV enhanced clonogenicity (40%, 2-fold,
p < 0.0028; Figures 4A and 4B), mirroring levels of ground state
ESCs (Ying et al., 2008). We also measured increased efficiency
for TR progenitor derivation from blastocysts (percentage of
CDX2*/EOMES™ cells, Figures 4C, S4A, and S4B) in the three
different genetic backgrounds tested, including C57BL/6J
mice (Ohinata and Tsukiyama, 2014). Cell line derivation was
highly efficient from both E3.5 blastocysts and E6.5 isolated
ExE (Figure S4C), showing the reversibility of EXE progenitors.
In these lines, the number of differentiated KRT8/18M9" cells
reduced (2%-8%) and increased upon exposure to the PPARd
receptor agonist GW501516 that confers TE implantation com-
petency (Xie et al., 2008) (Figures 4D and 4E). The polar protein
LYBA was also increased (Figures 4F-4H and S4E). Upon growth
factor removal, TXV TSCs differentiated as evidenced by a
decrease in Cdx2 expression (day 1) and upregulation of the
ExXE/EPC marker Ascl2 (day 2-3) (Figure 4l). Although TX TSCs
required a transition to serum-containing medium to chimerize
the placenta (Kubaczka et al., 2014), TXV TSCs contributed to
the TE when injected into morula-stage embryos (Figure S4F)
and chimerized the ELF5* EXE compartment (E7.5, Figures 4J,
4K, and S4G-S4l). We did not observe embryonic contribution.

Epiblast inducers enhance the epithelial phenotype and
morphogenetic potential of trophoblast stem cells

The transcriptome of TXV TSCs was enriched in epithelia tran-
scripts including those related to extracellular matrix organiza-
tion, cell adhesion, pathways related to ECM-receptor interac-
tion, focal adhesion, cytoskeleton, and tight junctions (e.g.,
Cldn4, Cldn6, Tjp2, and Jam2) that contribute to TE morphogen-
esis (Moriwak et al., 2007) (Figure S30). By quantifying pheno-
typic changes of single-cell morphologies using E-CADHERIN/
Hoechst-staining segmentation, we extracted 161 morpho-
metric features from both TX TCSs (502 cells) and TXV TSCs
(297 cells) (Figure S5A). After being ranked based on the p value
scores (Mann-Whitney; Methods S1), the top 20% morpho-
metric features separated the two populations (Figures S5B
and S5C). TXV TSCs had significantly larger cell size and nuclei
areas and were more circular and less lobulated (Figure S5D).
Cells reflecting the TE should efficiently undergo epithelial
morphogenesis. As compared to TX TSCs, TXV TSCs more effi-
ciently formed blastoids that were larger and more circular
(Figures 5A-5D and S5E). This was partly due to an enhanced
autonomous potential measured by a higher capacity to
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form trophospheres (cavitation efficiency and circularity)
(Figures S5F-S5H). This was also due to an enhanced response
to ESCs as TXV TSCs formed blastoids that had a larger diam-
eter, a feature that did not occur in trophospheres (Figures 5B
and S5G). Because TX and TXV TSCs proliferate at similar rates
in blastoids (Figure S5I), we concluded that the increased diam-
eter was due to enhanced swelling in response to inducers. Blas-
toids correctly localized the basal adherens junctions (E-CAD-
HERIN [E-CAD]) and apical cytoskeletal protein (KRT8/18)
(Figure 5E). Taken together, these observations show that TXV
TSCs have an enhanced epithelial phenotype and morphoge-
netic functions, consistent with the TE.

Cumulatively, we showed that TSCs cultured in TXV (1)
enhance their transcriptomic similarity to the TE, (2) enhance
their self-renewal, (3) repress gene expression associated with
differentiation, (4) maintain their potential to rapidly differentiate
and chimerize the ExXE, and (5) have an enhanced potential to
recapitulate features of TE epithelial morphogenesis. Therefore,
we call these cells TESCs.

Epiblast inducers spatially pattern the polar-mural axis

Next, we asked whether inducers spatially pattern the polar-
and mural-like states that confer specific functions during im-
plantation. Single TRs isolated from blastoids formed a pseu-
dotime trajectory (Figure S5J) that included three transitioning
clusters (Figure S5K). Cells with low pseudotime values more
abundantly expressed transcripts for Esrrb, Cdx2, and Ly6a
(Figures 5F and 5G) and numerous polar genes (Ly6a, Gsto1,
Ddah1, Utf1, and Duox2). In contrast, the cluster with the high-
est pseudotime value showed enhanced expression levels of
mural markers (Krt8/18, Ndrg1, Basp1, Ctsb, Fit1, and
Slcbab) and of Lgals1, which mediates endometrial interaction
(Sood et al., 2006; Shi et al., 2013; Barrientos et al., 2014) (Fig-
ure 5F). Using smFISH, we confirmed that the polar marker
Ly6a was more prominently expressed in the blastoid polar
cells (7/10) (Figures 5H and S5L). At the protein level, the axis
defined by CDX2 and KRT8/18 formed at a low efficiency
similar to that in previously reported blastoids formed either
with ESCs (Rivron et al., 2018) or with EPSCs (Sozen et al.,
2019) (Figure S5M). However, this frequency increased when
FGF4/TGFB1 were removed from the medium (45.5% versus
28.6% for CDX2 and 73.2% versus 50.8% for KRT8/18, see
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method details) (Figures 51, 5J, S5M, and S5N). We concluded
that the absence of these molecules leaves the blastoid EPI-
like cells as the main source of positional information, which fa-
cilitates mural differentiation. Accordingly, when exposed to
TXV molecules, blastocysts maintained ELF5 and LYBA expres-
sion in the mural cells, which were less able to become KRT8/
18"9" (Figures 5K and S50). Collectively, these data indicate
that EPI inducers act locally to pattern the TE axis.

Proximity to inducers maintains the trophectoderm
decidualization capacity

After the initial attachment (~E4.5-5.0), the blastocyst instructs
the uterus to form an enveloping decidual tissue (~E5.0-7.5)
but the contribution from different pools of TRs is unknown. Pre-
vious experiments showed that trophospheres are composed of
differentiated TRs and have a diminished potential to induce de-
cidualization (Gardner and Johnson, 1972; Rossant and Tamura-
Lis, 1981; Rivron et al., 2018). Here, we examined whether the
polar TE might be critical for decidua formation. To minimize
signaling between conceptus and uterus, we first used fixed
blastoids. They were incapable of inducing decidua formation
(Figures 6A and 6B, p < 0.0001). Along with the diminished po-
tential of trophospheres to decidualize the uterus (Rivron et al.,
2018), this suggests that blastoids actively instruct decidualiza-
tion. Blastoids formed with TESCs or with TSCs including a
CDX2 inducible transgene (CDX2i-TSCs, Figure S6A) had an
enhanced capacity for decidualization as compared to TSCs
blastoids (Figures 6C and 6D, 18.7% versus 7.6%, p = 0.0002;
Figure 6F, p = 0.0128). They formed larger deciduae similar in
size to that of the blastocyst (Figure 6E) and achieved a higher
receptivity rate (Figure S6B, 96.7% versus 64.9%). We
concluded that inducers contribute in making the TE competent
for decidualization. Blastoids formed from ESCs also had a
higher potential to regulate decidualization as compared to blas-
toids formed from EPSCs (Figure 6E). Finally, a GW501516 treat-
ment of blastoids reduced CDX2 expression and diminished
their potential for decidualization (Figures 6G, 6H, and S6C).
Overall, we concluded that EPI inducers regulate CDX2 expres-
sion, which endows TRs with the capacity to decidualize the
uterine tissues, consistent with CDX2 genetic loss-of-function
experiments in which null blastocysts fail to implant (Strumpf
et al., 2005).

Figure 4. TXV TSCs have an enhanced capacity to self-renew, a lessened propensity to spontaneously differentiate, and a maintained po-

tential to contribute to development

(A) Fluorescence-activated cell sorting (FACS) analysis of cell-cycle profiles of cells cultured in TX and TXV medium based on DNA content measured using

Hoechst 34580.

(B) Colony formation efficiency of single sorted TX and TXV TSCs based on three independent experiments and a total 288 wells of cells for each condition.
(C) Ratio of CDX2/EOMES double-positive cells within outgrowths from C57BL/6J mouse blastocysts.
(D and E) Immunostaining against KRT18 and KRT8 (D) and quantification of KRT18- or KRT8-positive cells (E) in TX and TXV TSCs and in TXV TSCs treated with

GW501516.

(F) LYBA and KRT18 expression in the E4.5 blastocysts. LYBA was enriched in the polar TE compared to the mural TE and shows clear contrast to KRT18.
(G and H) Immunostaining (G) and flow cytometry (H) analysis for LY6A of TX and TXV TSCs.

(l) Differentiation dynamics of TXV TSCs upon removal of optimal inducers. A sample was taken every 24 h for 6 days after compound removal at t0.

(J) Schematic view for the cell types in E3.5 blastocyst and their derivatives in E7.5 conceptus.

(K) Immunostaining against GFP and ELF5 in E7.5 chimeric embryos obtained upon the injection of blastocysts with serum-cultured TSCs, TX-cultured TSCs, and
TXV-cultured TSCs. Non-injected Ctrl represents E7.5 conceptus, which developed from blastocysts that were not injected with TSCs but that, similar to injected
blastocysts, underwent laser incision of the Zona Pellucida.

For each graph, data are means + SEM, analyzed by Student’s t test: **p < 0.01, ***p < 0.001. Scale bars: 40 um in (D); 150 um in (F) and (G); 300 pm in (K). See also
Figure S4.
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Figure 5. Embryonic inducers pattern the embryonic-abembryonic axis

(A) Percentage of microwells containing a blastoid (based on circularity, diameter, and presence of one single cavity).

(B and C) Diameter (B) and circularity (C) of all structures formed in all microwells for TSCs cultured in TX or TXV medium.

(D) Representative images of microwells containing TX and TXV blastoids.

(E) Blastoid formed from TXV TSCs stained for E-CAD and KRT8/18. Scale bars, 40 um.

(F) The top differentially expressed genes when comparing clusters 1 and 2 (see Figure S5K) were plotted for the single cells obtained from polar and mural TE
from Nakamura et al. (2015). Each column indicates a single cell from the respective group.

(G) Pseudotime heatmap for the polar genes Esrrb and Cdx2 and Ly6a (see also Figures S5J and S5K).

(H) smFISH staining for Ly6a in a blastoid and blastocyst. Scale bars, 20 um.

(legend continued on next page)
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Figure 6. Embryonic inducers capacitate TRs for decidualization
(A) Timeline for uterus transfer and deciduae recovery.

(B) Decidua formation efficiency of live and fixed (dead) blastoids at E7.5. Fixed blastoids were chosen as a negative control instead of concanavalin A (ConA)-
coated beads or sesame oil since the latter two have been reported to induce a uterine reaction by physical or signaling interactions (Cuatrecasas and Tell, 1973).
(C) E7.5 deciduae induced by blastocysts, TSCs blastoids, and TESCs blastoids.

(D) Quantification of the implantation efficiency.
(E) Quantification of the size of E7.5 decidua.

(F) Decidua formation efficiency of blastoids formed from CDX2 overexpression inducible TSCs (CDX2i) + doxycycline (Dox) treatment.
(G) Immunostaining of blastoids formed from GW501516-treated TESCs showed reduced CDX2 expression as well as increased KRT18 expression.

(H) Quantification of the decidua formation efficiency at E7.5.

For (B), (D), (F), and (H), each dot represents an individual mouse. In (C)—(E), each dot represents one decidua. For each graph, data are means + SEM, analyzed by
Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars: 0.5 cm in (C); 100 um in (G). See also Figure S6.

WNT6/7B are downstream effectors of CDX2
contributing to decidualization

We sought to identify molecules (1) whose secretion is regulated
by CDX2 and (2) that could contribute to decidualization. Using
the computational framework SCENIC (Aibar et al., 2017), we
identified multiple Wnt ligands (Wnt6 and Wnt7b) and receptors
(Fzd2/7/10) with promoter regions predicted to be bound by
CDX2 (two interaction sites for Wnt6, one for Wnt7b promoter re-
gion; Figure 7A). In blastocysts, Wnt7b transcripts are the most
abundant, followed by Wnt6. In addition, Wnt7b transcripts are

enriched in CDX2"9" relative to CDX2'°" TSCs and upon Cdx2
overexpression (Figure S7A). Consistent with arole for Wntin de-
cidualization (Mohamed et al., 2005), WNT7B is highly expressed
in the TE and its derivatives (Figure 7B), and Wnt6/7b expression
is maintained in the ExE (Figure S7B). This expression pattern is
conserved in humans with Wnt6/7b transcripts being also abun-
dant in the TE (Figure S7C) (). Consistent with a role for TE-
secreted Wnt ligands in decidualization, 8-cell embryos cultured
with porcupine inhibitor (IWP2, 2.5 uM, 48 h) formed blastocysts
that had a significantly decreased potential for decidualization

(I) Immunostaining for CDX2 and KRT18 as marker proteins for axis formation in the blastoid. Shown is a representative 3D projection of a TESCs blastoid formed

without addition of TGFB1. Scale bar represents 50 um.

(J) Percentage of blastoids with an axis for CDX2 or KRT18. Plotted are the mean percentages of five individual experiments (total 40-60 blastoids per group).
(K) Immunostaining of blastocysts cultured with TXV factors for 6 or 20 h. Scale bar, 40 pm.
For each graph, data are means + SEM, analyzed by Student’s t test and one-way ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S5.
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Figure 7. Decidualization by TRs proceeds partly through CDX2 and the secretion of WNT6/7B
(A) CDX2 ChlP-seq analysis of Wnt7b and Wnt6 genes. Peaks in Assay for Transposase-Accessible Chromatin using sequencing (ATAC) show chromatin

accessibility. TSS, transcription start site.

(B) Immunostaining of an E4.5 blastocyst and an E6.5 conceptus for WNT7B and E-CAD. WNT7B was detected in the TE rather than the EPI at E4.5. In the E6.5
conceptus, E-CAD™* cells surrounded WNT7B* cells, reminiscent of the CDX2 and KRT18 expression pattern (Figure 1E). The data indicate that WNT7B is en-

riched in polar TE derivatives.

(C and D) E7.5 deciduae induced by IWP2-treated blastocysts (C) and quantification of the implantation efficiency (D). Arrows indicate resolving deciduae. Each

dot represents an individual mouse.

(E) Quantification of the size of E7.5 decidua from Wnt7b KO blastoids (left) and Wnt6 KO blastoids (right). Each dot represents one decidua.
For each graph, data are means + SEM, analyzed by Student’s t test: *p < 0.05, **p < 0.01, **p < 0.001. Scale bars: 40 and 80 um in (B) top and bottom,

respectively; 0.5 cm in (C). See also Figure S7.

(Figures 7C and 7D). Many deciduae were immature or resorbed
(Figure 7C, arrow). To first model the autocrine functions of Wnt
ligands specifically in the TE, we formed trophospheres with
Wnt6 or Wnt7b knockout (KO) TESCs (Figures S7D-ST7F)
(Meistermann et al., 2021). Consistent with a role for WNT activity
in TE formation (Rivron et al., 2018), these trophospheres had a
decreased cavitation capacity (Figure S7G). This suggests an
autocrine function for WNT/7B in TE morphogenesis. Of note,
Whnt controls Hippo pathway activity in several other systems.
Finally, we observed that blastoids formed with Wnt6 or Wnt7b
KO TESCs initially attached to the uterus comparably to wild
type (E5.5, Figures S7H and S7I). Thus we did not detect an early
attachment defect, often associated with mural TE functions.
However, later (E7.5), the diameter of the deciduae was signifi-
cantly decreased (Figures 7E and S7J). Note that a 20%
decrease in sphere diameter correspond to a 2-fold decrease
in volume. Taken together, we concluded that the EPI inducers
not only locally maintain the TR progenitors, but also support
the secretion of Wnt ligands for decidua formation.

DISCUSSION

For development to occur, embryos must maintain progenitors
that fuel growth while allowing a subset of cells to differentiate
in order to fulfill functions. Here, we show that a specific com-
bination of EPI inductions increases the optimality of the TF
network (CDX2, EOMES, and ESRRB), enhances self-renewal,
and prevents differentiation. On the contrary, suboptimal expo-
sure to inducers favors a fluctuation of the progenitor state,
creating reversible subpopulations with facilitated differentia-
tion. We propose that the dynamic regulation of this EPI/TR
interface endows the progenitor pool with a flexible strategy
for either maintaining more progenitors or generating differenti-
ated cell types. We surmise that cellular heterogeneity arises as
the embryo exploits a suboptimal environment to control an
equilibrium between interconvertible TR populations. This EPI/
TR interface and the reversibility of cellular states would endow
the progenitor pool with adaptive and regulative properties to
synchronize tissue development, thus acting as a checkpoint.
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Conceivably, the rapid geometric changes (size and shape) of
the developing embryo influence the exposure to EPI inducers,
thus linking morphogenesis with the maintenance of TR
progenitors.

The origin of the observed heterogeneity and plasticity of
TSCs is unknown. Upstream CDX2 regulators (e.g., Hippo/
Notch signaling components) can vary stochastically (Sigal
et al., 2006) due to the properties of intracellular biochem-
ical loops or to fluctuations in cell-cell membrane interac-
tions. CDX2 expression might also be regulated by geomet-
rical or mechanical cues as observed during the morula-to-
blastocyst transition. Beyond inductions, both the intrinsic
properties of biochemical networks and extrinsic geometric
cues might thus contribute to distributing cell states.
Signaling pathways act as CDX2 regulators but also as in-
ducers of histone remodeling. For example, Notch activates
target genes with trimethylation of H3K4 by inhibiting
dimethyl-transferase (KDM5A) activity (Rayon et al., 2014;
(Liefke et al., 2010)). Hippo signaling also controls histone
remodeling (Hillmer and Link, 2019). Our data showed higher
trimethylation of H3K4 (H3K4me3) in CDX2"9" cells. Thus, in
the CDX2'°" TRs that are prone to differentiation, epigenetic
mechanisms might act as feedforward loops engraving the
differentiation path.

Blastoids formed from TESCs spontaneously generate a
gene expression pattern along the axis. We conclude from
these experiments of reconstruction that, following subtle
early patterning events (Graham and Zernicka-Goetz, 2016;
Zhang and Hiiragi, 2018), the EPI produces inductive signals
that significantly contribute to axis formation. This process ul-
timately ensures the blastocyst/uterus interaction of implanta-
tion. We propose that inducers, including LPA, FGF4, Nodal,
BMP4, BMP7, and IL6/11, contribute toward regulating
CDX2 expression in the polar TE, which impacts proliferation,
self-renewal, and epithelial morphogenesis but also the
expression of WNT ligands that contribute to decidualization.
The regulation of WNT ligands might be a mechanism with po-
tential translational applicability to human implantation (Koler
et al., 2009).

Altogether, this study provides a framework to explain
how the conceptus leverages inductions and TR state fluctu-
ation to maintain progenitors, facilitate differentiation, or allo-
cate and balance the functions necessary for implantation
to occur.

Limitation of study

Although blastoids formed with ESCs and TESCs implant better
into the uterus and form decidua more efficiently than blastoids
formed with ESCs and TSCs, we did not observe the formation of
a fetus. The minimal requirements for development to occur are
not yet met.

We selected WNT6 and WNT7b as downstream effectors of
CDX2 based on RNA-seq, ChIP, TESC and CDX2 overexpres-
sion analysis in TSCs, and the expression pattern of these genes
in the TE of human blastocysts. We propose that these WNT li-
gands follow the dynamical expression pattern of CDX2. Howev-
er, decidualization is a complex process that involves multiple
players. Beyond WNT6/7b, other molecules secreted by the
conceptus might affect decidualization.
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Data and code availability

® The raw data of the scRNA-seq, bulk RNA-seq, and ATAC-seq reported in this paper have been deposited to the
GeneExpression Omnibus (GEO) database and are publicly available as of the date of publication. Accession numbers are
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OPEN ACCESS

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Stem cells and culture condition

TSCs (F4 GFP and CDX2-eGFP TSCs which were a kind gift from Janet Rossant (Hospital for Sick Children, Toronto, ON, Canada;
Department of Molecular Genetics, University of Toronto, Toronto, ON, Canada) and Jacqueline Deschamps (Developmental Biology
and Stem Cell Research, Hubrecht Institute, Utrecht, Netherlands), respectively) were cultured following a previously published pro-
tocol (Kubaczka et al., 2014). Dishes were coated with 0.1% Matrigel, and cells were cultured in basal TX medium, which consists of
DMEM/F12 (phenol red-free, with |-glutamine, or made in house, Media Lab IMBA, Vienna) supplemented with insulin (19.4 ng/mL),
|-ascorbic-acid-2-phosphate (64 png/mL), sodium selenite (14 ng/mL), sodium bicarbonate (543 ng/mL), and holo-transferrin (10.7 png/
mL). For TX culture, basal TX medium was further supplemented with FGF4 (25 ng/mL), TGFB1 (2 ng/mL), and heparin (1 ung/mL). TXV
cultured cells were plated on laminin 521-coated plates (10 ug/ml diluted in PBS without Mg2?* and Ca®*) in basal TX medium sup-
plemented with FGF4 (25 ng/mL), TGFB1 (2 ng/mL), heparin (1 png/mL), IL11 (50 ng/mL), Activin (50 ng/mL), Bmp7 (25 ng/mL), LPA
(5 nM) and 8-Br cAMP (200 puM). Upon TSCs seeding (both in TX and TXV), Rock inhibitor (Y-27632, 2 uM) was added to help the
attachment of TSCs onto the plates. TSCs were differentiated by changing the medium to basal TX medium without FGF4,
TGFB1 nor any other CDX2 regulator. This medium was maintained for 6 days.

TS medium cultured cells were plated on MEF in RPMI-1640 medium supplemented with 20% FBS, GlutaMax (1x, Gibco,
35,050,038), Sodium pyruvate (1x, Gibco, 11,360,070), HEPES (10 mM, made in house, Media Lab IMBA, Vienna),
2-Mercaptoethanol (100 uM, Gibco, REF 31350010), FGF4 (25 ng/mL), and heparin (1 pg/mL). ESCs (G4 WT ESCs which were a
kind gift from Andras Nagy (Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, ON, Canada; Department of Mo-
lecular Genetics, University of Toronto, Toronto, ON, Canada)), and H2B-RFP V6.5 sub-clone (V6.5 cell line was derived from C57BL/
6 x 129/Sv background and obtained from the laboratory of Rudolf Jaenisch (The Whitehead Institute for Biomedical Research and
Department of Biology, MIT, Cambridge, MA 02142, USA)) were cultured under 2i conditions B27N2 medium (Ying et al., 2008) in
gelatin-coated plates without MEF. Cells were routinely passaged using either accutase or trypsin which was quenched with trypsin
soybean inhibitor.

Mouse lines and embryos

All animal experiments (e.g., blastocyst flushing and uterus transfer) were conducted using 8-20-week-old female mice on a
BBCBAF1 background, unless noted otherwise (e.g., C57BL/6J, FVB/N, and 129/Sv background for the TSCs derivation experi-
ment). Mice were maintained at the IMP/IMBA animal house. All animal experiments were approved by the IMP/IMBA animal house
and performed in accordance with the guidelines of the institution.

For the blastocyst flushing, super-ovulation was performed. Briefly, PMSG (5-6 1U per mouse, Holzel Diagnostika, OPPAQ01037)
was injected into females between 14:00-15:00h and followed by hCG injection (5-6 IU per mouse, MSD, Chorulon 1500 IU) within
47-48 h. Mice were mated on the same night hCG was injected (19:00-20:00h) and checked for plugs the next morning. Three or four
days after checking the plug (for E3.5 or E4.5 blastocysts, respectively), the uterus was explanted and flushed with M2 medium (Milli-
pore Sigma, MR-015P-D). For further culture of blastocysts, M2 or M2 supplemented with TXV factors (doubled concentration) were
used for six or 20 h.

Six days after checking the plug (for E6.5 embryos), the uterine wall was gently removed with forceps. The deciduae were fixed with
4% formaldehyde overnight at 4°C and washed with PBS (three to four x for 1 h each). After EtOH-xylene-paraffin dehydration pro-
cessing, the deciduae were embedded in paraffin and sliced to 2-um thickness.

METHOD DETAILS

Generation of inducible Caudal Type Homeobox 2 overexpression cell lines

Inducible CDX2 TSCs were generated in the F4 TSCs line. pCAG-PBase (5 ng) and PB-TAC-Cdx2-ERP (5 ng) were transfected by
NEPA21 electroporation (Nepa Gene Co. Ltd) into 1x10° cells in single-cell suspension. One day after transfection puromycin
(1 ng/ml) was added for 7 days and the selected cells were maintained in a lower concentration of puromycin (0.1 ng/ml).

Generation of WNT6 and WNT7B knockout trophoblast stem cells

WNT6 and WNT7B KO TSCs were generated in the F4 TSCs line using a CRISPR-Cas9 system. Cells were electroporated (NEPA21
Super Electroporator, Nepa Gene Co., Ltd.) to transfect plasmids containing a specific guide RNA sequence (Figure S7D), as well as a
Cas9, and BFP sequence. 10 g of plasmid were used to transfect 1x10° cells. BFP positive cells were FACS sorted the next day.
After their expansion, BFP negative cells were FACS sorted individually onto inactivated MEFs for clonal expansion and cultured in
TXV medium. MEFs were depleted and cells were genotyped by Sanger sequencing. The effect of genomic editing on gene expres-
sion was confirmed by gRT-PCR using primers that amplify the 3'UTR and Western Blot (Figure S7E and S7F). Sequence information
for all primers and sgRNAs used in this study are available in Methods S3.
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Cell cycle analysis
After trypsinization, 1x10% TSCs and TESCs were incubated in 0.5 mL of TX medium with 10 ug/ml Hoechst 34580 for 30 min at 37°C.
After the incubation time, tubes with cells were placed on ice and analyzed on a FACS Canto II.

Colony formation assay
Single cells were sorted into MEF coated plates with either TX or TXV medium. Medium was changed every 48 h and the number of
wells containing colonies was assessed 7 days after sorting.

Combinatorial screen

A library of all compounds tested in the combinatorial screen can be found in Table S4. To identify positive modulators for CDX2 in-
duction, CDX2-eGFP TSCs were cultured in TX medium for 24 h and then exposed to new TX media containing the different concen-
trations of individual compounds. After 48 h, CDX2 expressions of TSCs in each condition were analyzed by flow cytometry (FACS
Fortessa, and FlowdJo). For the experiment in Figure S3B, IGF2 (50 ng/mL) and ZSTK474 (PI3K inhibitor, 200 nM) were added to the
medium.

Immunofluorescence

Samples were fixed using 4% formaldehyde in PBS for 20-30 min at room temperature (RT) followed by three washing steps with
PBS. A 0.3% triton solution in PBS (PBS-T) was used for permeabilization for 30-60 min at RT, followed by a 1-2 h blocking step
with 0.1% PBS-T + 2% BSA +3% serum (goat or donkey serum complementary to the host of the secondary antibody). Samples
were then incubated overnight with the primary antibody diluted in blocking solution at 4°C. A detailed summary of all primary anti-
bodies used in this study is provided in Methods S4. The next day samples were washed three times in 0.1% PBS-T and incubated
with the corresponding secondary antibodies for 1 h at RT. Hoechst was used for counterstaining with or without WGA. Images were
taken with one of the following microscopes: PerkinElmer Ultraview VoX spinning disk microscope, confocal Axio Observer inverted
microscope equipped with a Yokogawa CSU X1 Spinning disk, and Olympus IX3 Series (IX83) inverted microscope equipped with a
dual-camera Yokogawa W1 spinning disk. The images were analyzed with Fiji and photoshop.

Whole tissue staining/clearing and 3D imaging of embryos

After checking the expression of naive GFP in the chimeric embryos, we performed whole tissue staining and clearing as previously
reported ((Kubaczka et al., 2014); Seong et al., 2018). Briefly, the dissected E6.5 embryos were incubated in Reagent 1 [25% (w/w)
urea, 25% (w/w) N,N,N’,N'- tetrakis (2-hydroxypropyl) ethylenediamine, 15% (w/w) Triton X-100 in distilled water] for 3 days at 37°C,
and washed with PBS (1 h) and with 0.1% Triton X-100 in PBS (PBS-T) (1 h x 2 times) at RT. The embryos were incubated with a
blocking buffer (10% donkey serum in 0.5% PBS-T) overnight at 4°C, and then incubated for 4 days at 4°C with gentle rocking
and the GFP, EIf5 antibodies (Methods S4). The embryos were incubated with fluorescent probes for 2 days at 4°C with gentle rock-
ing, and Hoechst was used to detect nuclei. A PBS-T (0.3%) wash followed each antibody and Hoechst incubation (1 h x 3 times).
The embryos were incubated in Reagent 2 [44% (w/w) sucrose, 22% (w/w) urea, 9% (w/w) 2,2’,2"-nitrilotriethanol, 0.1% (w/w) Triton
X-100 in distilled water] for tissue clearing at least 1 day at 37°C with gentle rocking. Immunofluorescence was detected using an
Olympus 1X83 inverted microscope equipped with a dual-camera Yokogawa W1 spinning disk.

Single-molecule FISH

TSCs plated on glass coverslips were allowed to grow and subsequently fixed using RNase free 4% PFA in PBS +1% Acetic Acid for
20 min. After fixation, all samples were processed as described in the Quantigene ViewRNA kit instructions (Affymetrix, QVC0001).
Briefly, after three washes with RNase free PBS, samples were incubated for 10 min in a detergent solution. This was followed by
three washes with RNase free PBS after which samples were incubated for 5 min at RT with Q protease. Samples were again washed
three times with RNase free PBS, and incubated with the probes of interest diluted in Probe set diluent at 40°C for 3 h (in a humidified
chamber). After three washes with wash buffer, samples were incubated at 40°C for 30 min with a preamplifier diluted in amplifier
diluent and washed again for three times. Samples were then incubated at 40°C for 30 min with amplifier diluted in amplifier diluent.
Samples were washed again three times with wash buffer and incubated at 40°C for 30 min with label diluted in label probe diluent.
After two washes, they were washed once more for 10 min. Samples were then incubated for 15 min in RNase free PBS with Hoechst
and WGA as counterstains followed by three washes with RNase free PBS. Blastocysts or blastoids were carefully placed in
mounting media in glass bottom 3.5 mm plates. All samples were imaged with a 63x oil immersion objective on a PerkinElmer Ultra-
view VoX spinning disk microscope.

Single-molecule FISH polarity quantification

Single molecule fluorescence in situ hybridization (smFISH) confocal images were taken with a z-step of 0.3 um. Given the complexity
of an analysis performed in 3D that would require an algorithm capable of segmenting cells and quantifying the number of transcripts
in 3D, we decided to quantify a 2D projection of the slices that included the ICM and blastocoel. Those z stack projections were ori-
ented with the polar side on the left and the mural side on the right and then analyzed for average column pixel intensity, allowing us to
plot an average pixel intensity histogram. An intensity profile was plotted for each embryo and gene. Each blastocyst is structurally
different showing distinct cavity sizes, which implies that a different percentage of the TE is in contact with the ICM for each embryo.
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In order to compare the expression of polar and mural TE, we divided the length of the embryo in three segments of equal distance,
irrespective of the total diameter. The intermediate segment was considered a transition stage between the polar and mural regions
and therefore was not included in the next analyses. The polar and mural segments of the profile were analyzed by comparing the
average pixel intensities of each pixel column included in the segment.

High content imaging

Each colony was imaged for E-CADHERIN, CDX2 and Nuclei stainings. E-CADHERIN staining was used for manual cell segmentation
in Imaged. Cell profiler was used for analysis of cell segmentation and the other stainings. Measurements obtained in the Cell profiler
were used for further analysis using a Python pipeline. After discarding dividing cells based on the nuclear staining, a total of 502
control cells and 297 TXV TSCs cells were analyzed.

Live cell imaging

For the live cell imaging, CDX2-eGFP TSCs were seeded in glass bottom 12 well plates coated with Matrigel in TX medium at 25,000/
cm2 density and they were incubated for 24 h at 37°C, 5% CO2. At the end of the 24h the medium was replaced with fresh medium
and then the well plate was transferred to UltraVIEW spinning disk confocal microscope (PerkinElmer) for live imaging analysis. The
stage area was set up to 37°C, 5% CO2 prior to the experiment. Images were collected every 12 min (5 timepoints per hour) for a total
of 60 h in the GFP channels. The analysis of the live imaging data was completed with Imaged.

Flow cytometry
Dissociated TSCs/TESCs with 0.05% trypsin were stained for 30 min on ice with the 100 ng of LYBA antibody, and were incubated on
ice with anti-rat Alexa 647 (See Methods S4). Each antibody incubation was followed by a wash with FACS buffer (PBS plus 2% FBS).
After resuspension of cells with FACS buffer, flow cytometry was conducted using FACS LSR Fortessa (BD). We used at least 10,000
cells for gating. Data was analyzed by FlowJo software. With CDX2-eGFP TSCs/TESCs, we directly used the cells for the flow cy-
tometry after dissociation.

Blastoids made by H2B-RFP ESCs and CDX2-GFP TSCs (see ‘Blastoids formation’ section below) were dissociated with 0.05%
trypsin. By plotting them with GFP and RFP, GFP* TR cells were sorted out for further analysis.

For CDX2-high, -low cell sorting, we dissociated CDX2-GFP TSCs and sorted the cells with FACS aria Ill based on naive GFP
signal. For CDX2-high and -low groups (H and L), we use top and bottom 10% of GFP* cells, respectively.

qRT-PCR

RNA was harvested using either the RNeasy Mini Kit (Quiagen, 74,104) or the innuPREP RNA Mini Kit 2.0 (Analytik Jena, 845-KS-
2040050) according to the manufacturer’s instructions. For cDNA synthesis RNA was incubated with 2.5 uM OligodT primer (New
England Biolabs, S1316S) and 0.5 uM dNTPs (in house, Molecular Biology Service IMBA Vienna) at 65°C for 5 min. Reverse transcrip-
tion was then performed using the SuperScript™ Il Reverse Transcriptase (Invitrogen, 18,080,044) together with RNaseOUT™ Re-
combinant RNase Inhibitor (Invitrogen, 10,777,019) according to the protocol provided by the manufacturer. For the gPCR reactions
GoTag gPCR Master Mix (Promega, A6001) was used. All gPCRs were performed using a Bio-Rad CFX Connect Real-Time PCR
System. Relative expression levels of target genes were calculated with the AACT method using Hprt as an endogenous reference
gene for internal normalization. Sequence information for all primers can be found in Methods S83.

RNA sequencing

For bulk sequencing 1000 control and TXV cultured cells were used for Trizol RNA extraction. Both bulk and single cell sequencing
was performed following the Cel Seq 2 protocol (Hashimshony et al., 2016). In-bulk samples were first normalized and then analyzed
using the DESeq?2 package in Rstudio. Triplicates for each group (F4 GFP in TX TXV, TX differentiated, and TXV differentiated) were
analyzed. Genes were considered differentially expressed when showing a 1.5-fold expression change with a p value < 0.05. The
DAVID gene ontology online tool was used for gene enrichment analysis.

Mapping and processing of single-cell mRNA sequencing data

Read one contains the cell or section barcode and the unique molecular identifier (UMI). Read two contains the biological information.
Reads 2 with a valid cell barcode were selected and mapped using STAR-2.5.3a with default parameters to the mouse mm10
genome, and only reads mapping to gene bodies (exons or introns) were used for downstream analysis. Reads mapping simulta-
neously to an exon and to an intron were assigned to the exon. For each cell or section, the number of transcripts was obtained
as previously described (Grun et al., 2014). We refer to transcripts as unique molecules based on UMI correction.

Analysis of single-cell nRNA sequencing data
To analyze CEL-Seq single cell sequencing experiments, mouse genomic sequence and annotation from NCBI GRCm38.p6 were
used. Reads were trimmed using trim_galore v0.6.4 and subsequently aligned to the mouse genome (GRCm38.p6) using STAR
v2.7.6a. UMI quantification and raw count matrixes generation were performed using umi_tools v1.0.1.

Further analysis was performed in R v4.0.4 with Seurat v3.2.3. Cells with a number of genes comprised between 200 and 2500 or
with > 5% mitochondrial genes were retained. Standardization of per gene expression values through the cells was performed using
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NormalizeData, FindVariableFeatures and ScaleData; top 2000 variable genes were selected. Principal Component analysis was
performed with RunPCA function whereas clusters were identified using FindNeighbours and FindClusters at a resolution of 0.8.
Cluster marker genes and differentially expressed genes were detected with the Wilcox likelihood-ratio test using the
FindMarkers function with logfc.threshold = 0.1. Uniform Mani-fold Approximation and Projection was used for the visualization.

Gene enrichment analysis was performed using GSEA V4.1.0 using the preranked function. Cluster genes identified using
FindMarkers from the Seurat package were ranked according to the p value and the log fold change before conducting the gene
enrichment analysis. Gene sets used in the preranked GSEA were obtained by performing differentially gene expression (as
described above) between annotated polar and mural cells at the 4.5 blastocyst stage by (Nakamura et al., 2015) (GSE63266)
and TE and EXE by (Posfai et al., 2021) (GSE145609). For the latter, annotations were kept as provided by the authors meaning
that we included single TE cells from E2.5, E2.75, E3.0, E4.5 and EXE cells from E7.0 and E7.5 in our analyses.

Data was analyzed using the monocle and RacelD pipelines (Grun et al., 2014; Grin et al., 2016; Posfai et al., 2021) to organize cells
into pseudotime trajectories (Trapnell et al., 2014) and generate unsupervised clustering heatmaps.

Caudal Type Homeobox 2 ChIP-seq analysis

Publicly available datasets for CDX2 ChIP-seq (GSM2412032), the corresponding input control (GSM2412036), and chromatin
accessibility (ATAC-seq, GSM2412027) for mouse TSCs were reanalyzed. Briefly, raw sequencing reads were trimmed using Trim-
momatic SE for Truseq2:SE adapters and were aligned to mouse mm10 reference genome using default parameters of Burrows-
Wheeler Aligner. BigWig files were generated utilizing the bamCoverage function using RPKM normalization from deepTools
3.3.2. Reads from input signals were subtracted using bamCompare utilities. Normalized reads for both ChlP-seq and ATAC-seq
were used for visualization with Integrative Genomics Viewer (IGV).

Chromatin immunoprecipitation PCR (ChiP-PCR)
Chromatin immunoprecipitation was performed using the ChIP-IT High Sensitivity kit (Active Motif, cat no 53040 version A6),
following the included protocol. Briefly, the frozen cell pellets were resuspended in Chromatin Prep Buffer and nuclei isolated by
douncing for 40 times on ice using a tight-fitting pestle. Samples were placed in an ice bath and sonicated to a size range of 200-
800 base pairs using a probe sonicator. Input chromatin was prepared by treating a sample of the sonicated chromatin with RNAse
A and Proteinase K, followed by de-crosslinking at 80°C for 2 h. The de-crosslinked DNA was precipitated using ethanol and the Pre-
cipitation Buffer and Carrier included in the kit, spun down, washed with 70% ethanol and resuspended in DNA Purification Elution
Buffer (included in kit). Chromatin immunoprecipitation was performed using 0.7-2.5 ug chromatin and 4 pg anti-H3K9Ac (Active
Motif 61,251) or anti-H3K4Me3 (Diagenode C15410003) antibody. After overnight incubation at 4°C with rotation, the reactions
were incubated with Protein G agarose beads (included in kit) for 3 h at 4°C with rotation to capture the antibody/chromatin com-
plexes. The beads were recovered and washed five times using the columns and wash buffer included in the kit, and the bound chro-
matin eluted twice using the included elution buffer. The eluded chromatin was treated with Proteinase K and de-crosslinked at 80°C
for 2 h, after which the DNA was purified using the included purification columns and recovered in a 200 pL elution buffer (included).
gPCR was carried out on a BioRad CFX machine using a SYBRgreen based master mix. The amount of precipitated chromatin as a
percentage of input for each analyzed region was determined using standard curves created from input chromatin in amounts
ranging from 0.005 ng to 50 ng. Primer sequences are listed in Methods S2.

Chimeric embryo formation

Defrosted 8-cell embryos (Janvier Lab, Quickblasto) were cultured in KSOM medium (Sigma, MR-101D) for 4-5 h (37°C, 5% CO2). A
micromanipulator was used to inject 8-12 F4 GFP TESCs or TSCs into the morula or early blastocyst cavity with the aid of a laser
(Hamilton Throne, Xyrocos). TSCs/TESCs injected blastocysts were then transferred into the uterine horns of E2.5 pseudopregnant
females. A maximum of seven blastocysts were used per horn. E6.5 embryos were isolated in PBS by gentle dissection and fixed with
4% formaldehyde. The embryos were stained using whole tissue staining and clearing methods described below.

Trophoblast stem cells line derivation and staining

E3.5 blastocysts were isolated from pregnant females. Zona pellucida was removed using Tyrode’s acid solution before placing them
in MEF-coated plates with TS, TX, or TXV medium. The medium was changed every 48 h. The outgrowth was monitored daily and was
passaged on day 5-7 depending on cell growth. With proper size, the colonies were fixed, and immunofluorescence was performed
as described above.

For TSCs line derivation from E6.5 conceptus in TXV medium, we isolated the ExE from E6.5 conceptus by manually cutting off the
EPI, EPC, and visceral endoderm. The ExEs were placed on MEF in TXV medium, and the medium was changed every 48 h. The
outgrowths were dissociated after 2 to 3 days and colonies became visible within the next 5 days. Both E3.5 and E6.5-derived
TSCs were cultured on MEF for three passages, and then transferred to laminin-coated plates.

Blastoid formation

Full protocol link: https://protocolexchange.researchsquare.com/article/nprot-6579/v1). Agarose microwell arrays were casted us-
ing a custom PDMS stamp and incubated overnight in mES serum containing media. After washing the chips with PBS, an ESC so-
lution of 150k cells/ml was dispensed in the central chip and allowed to settle. After 20 min, an additional 1 mL of mES medium was
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added. 24-28 h later, mES medium was removed and a TSCs/TESCs solution of 150k cells/ml was dispensed. After allowing the cells
to fall in the microwells, 1 mL of blastoid media was added to the wells. WNT7B or WNT6 KO blastoids were made from normal ESCs
and WNT7b or WNT6 KO TSCs. The rest of the procedure was the same as the general protocol.

mMES medium is DMEM high glucose medium (made in house, Media Lab IMBA, Vienna) supplemented with 10% FBS, GlutaMax
(1x, Gioco, 35,050,038), Non-essential amino acid (1x, Gibco, 11,350,912), HEPES (10 mM, made in house, Media Lab IMBA,
Vienna), 2-Mercaptoethanol (100 pM, Gibco, REF 31350-010), LIF (1000 U/ml, Sigma, ESG1107), and 1x Penicillin/streptomycin
(Gibco, 15,140,122). Blastoid medium consisted of 50% basal TX medium and 50% WNT3A conditioned medium supplemented
with 20 uM Y-27632 (MedChem Express, HY-10583), 3 uM CHIR99021 (MedChem Express, HY-10182), 1 mM 8-Br cAMP
(BIOLOG, B 007-500), 25 ng/mL FGF4 (R&D systems, 5846F4), 15 ng/mL TGFB1 (Peprotech 100-21), 30 ng/mL IL11 (Peprotech,
220-11), 1 pg/mL heparin (Sigma-Aldrich, H3149) and 1x Penicillin/streptomycin (Sigma, P0781). An additional shot of 8-Br cAMP
was added to each well 24 h after TSCs/TESCs seeding to add another 1 mM per well. Blastoids were analyzed 65 h after TSCs/
TESCs seeding unless noted otherwise.

To culture EPSCs and to make blastoids formed from the association of EPSC and TESCs, we followed the variation on our initial pro-
tocolas described inthe reference (Sozen et al., 2019), at the exception of the initial TSCs culture conditions that were replaced by TESCs.

Uterus transfer and decidua analysis

Four hours before uterus transfer, the blastoid medium was replaced with DMEM high glucose medium. Picked blastoids from the
microwells were placed on four ring-well plate and briefly washed with DMEM high glucose medium. With the few medium, 10-12
blastoids were transferred into the only one of the uterine horns of E3.5 pseudopregnant females, unless noted otherwise. E7.5
deciduae were explanted 4 days after uterus transfer. The bulb which has a clearly bigger diameter than the width of a normal uterus
was considered as a decidua, and the number of deciduae was confirmed by three different scientists by performing blind test. We
took decidua pictures with the ruler, and measured the length of deciduae from mesometrium side to anti-mesometrium side
(perpendicular to the direction of the cervix from the ovary) with Fiji.

For the fixed blastoids transfer, blastoids were fixed with 4% formaldehyde in PBS for 30 min at RT. The blastoids in the control
group were in the PBS for 30 min to be fair. After enough washing with PBS, the blastoids were transferred. For the Cdx2i blastoids,
225 nM (100 ng/mL) of doxycycline was added when the TSCs were seeded on the microwells with a blastoid medium. For the blas-
toids with GW501516, 3 uM of GW501516 was added 1 day before the uterus transfer (around 40-45 h after TSCs seeding).

For the comparison experiment of blastocysts with TSCs and TESCs blastoids, freshly isolated E3.5 blastocysts from pregnant
females were directly transferred into the E3.5 pseudopregnant recipients. For IWP2 treatment before uterus transfer, we cultured
eight cell-embryos in KSOM either with or without IWP2. After 2 days, they developed late blastocysts (E4.0-E4.5) and were trans-
ferred to the uterus.

Blue band assay

Two days after uterus transfer, 0.4% trypan blue (Thermofisher Scientific, T10282, 10 uL per 1g of mouse weight) was injected
through intravenous (i.v.) injection. After 30 min, the mice were sacrificed and E5.5 uteri were analyzed. For Figure 7C, only four
to six blastocysts were transferred to prevent overlap of individual blue bands.

Western Blot

For protein isolation, TSCs were lysed using RIPA buffer (Thermo Fisher Scientific, 89,900). For western blotting, proteins were trans-
ferred to 0.2um Nitrocellulose membranes (Bio-Rad, 1,620,112), and membranes were then blocked with 0.1% PBS-T (PBS plus
0.1% Triton X-100) containing 5% skim milk at RT for 1 h. To detect specific proteins of interest, WNT7B and a-TUBULIN antibodies
were used (See Methods S4). Horseradish peroxidase (HRP)-conjugated secondary antibodies were then used. Each antibody in-
cubation was followed by washing with 0.1% PBS-T. Luminescence was detected with a Bio-Rad ChemiDoc MP Imaging System.

SCOPE and PTUI

Wnt family expression levels in the mouse embryo were analyzed with SCOPE (https://scope.aertslab.org/) using data resources
from (Posfai et al., 2021) (GSE145609) for the analysis of transcriptomic differences between the TE and ExE. Wnt family expression
levels in the human embryo were analyzed with PTUI (https://bird2cluster.univ-nantes.fr/demo/PseudoTimeUl/human/PTUI.html) by
using data resources from ().

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software) and Excel (Microsoft). All error bars represent the
SEM(SEM). Data were analyzed using a one-way ANOVA, a two-tailed t-test (for a difference in means), Mann-Whitney analysis, or
Wilcox likelihood-ratio test. The statistical analysis used for each dataset is indicated in the figure legend. A p value < 0.05 was
considered statistically significant at the 95% confidence level. The number of biological (hon-technical) replicates for each exper-
iment is indicated in the figure legends. All representative images shown are from experiments that have been performed in triplicate
at least, except Figure S4H (two independent experiments with pooled 36-40 embryos).
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Figure S1. (Related to Figure 1)
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Figure S1. The transcriptomic transitions of pre- and post-implantation trophoblasts. Related to
Figure 1.

A. smFISH for Cdx2 mRNA in a E4.5 blastocyst. Scale bars represent 40 um. B. Volcano plot showing
differentially expressed genes between polar and mural TE cells. C. Heatmap showing the fold
expression change of indicated genes in the polar TE compared to the mural TE. D.
Immunofluorescence staining using antibodies specific to phosphorylated forms of proteins, and
smFISH performed on freshly isolated blastocysts for key pathway effectors (pSMAD1/5/8, pSTAT,
pERK) and ligands (BMP4, IL11, Nodal, FGF4). E. Volcano plot showing differentially expressed
genes between EXE and TE. F. Using cluster tree, the data set published by Posfai et al. (2021) was
reclustered. A resolution of 0.5 was chosen to generate the 5 clusters annotated in F. See also Material
method (Analysis of scRNA-seq data). G. UMAP plot generated for the Posfai et al. (2021) data set.
Unsupervised clustering showed distinct transcriptional differences between the cells from TE and EXE.
H. UMAP plot with original annotations as published (Posfai et al. 2021). I. Gene ontology analysis
based on differentially expressed genes between TE and ExE. J. Heatmap showing fold expression
changes of indicated genes in the EXE compared to the TE.



Figure S2. (Related to Figure 2)
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Figure S2. TSCs comprise heterogeneous and interconvertible states reflecting peri-implantation
stages. Related to Figure 2.

A. Single cell transcriptome analysis upon removal of minimal inducers. The UMAP plot shows
transcriptional shifts of differentiated TSCs over time. B. Gene set enrichment analysis (GSEA) for
polar and mural genes in cluster 3 (vs.4 and 5), and C. ExE and TE genes in cluster 5 (vs.3 and 4). Data
were analyzed by Wilcox likelihood-ratio test. D. UMAP plot showing distribution of various self-
renewal, ExE, TE and differentiation-associated (Diff.) marker genes. E. Control TSCs and
differentiated TSCs were located in a pseudotime trajectory by Monocle (left). Clustering analysis (t-
SNE) of control TSCs and differentiated TSCs (right). Orange dots (TSCs) are clearly visible in clusters
of blue dots or late pseudotime. F. smFISH for self-renewal, polar (Cdx2, Esrrb, Gstol) and
differentiated transcripts (4scl2, Geml, Krt18) show heterogeneity of TSCs. No probes were used as a
negative control. Scale bars represent 150 um for the left column, and 40 um for the middle and right
column. G. Anti-correlation of CDX2 and KRT18 expression in TSCs. Scale bars: 150 um. H. CDX2
intensity measurement from a TSCs and its descendants over time (one parent cell — two F1 cells —
four F2 cells. Each line represents one cell tracked over time). Daughter cells from both divisions
showed similar fluorescence levels right after division, but later oscillated substantially. I. Schematic
view of serial cell sorting strategy for CDX2-high and -low TSCs. J. Pearson correlation map of TSCs
sorted once, twice, or three times based on CDX2 expression. Even after several rounds of cell sorting,
TSCs maintained their transcriptome with minor variation, and we could not distinguish the
transcriptome of CDX2-high cells from that of CDX2-low cells. Notably, the shift of the transcriptome
of TSCs that happens over time is more important than the difference between the transcriptome of cells
recovered following a CDX2-high or CDX2-low sorting, suggesting plasticity between CDX2-high and
-low cells. K. CDX2-low cells proliferate slower. The graph displays the cell numbers reached at the
first passage after expansion of CDX2-high and low population sorted from the HL, LH, and LL
population in the third sort. L. ChIP-PCR analysis of genomic DNA from flow cytometry-sorted CDX2-
eGFP cells for H3K4me3 (left) and H3K9Ac (right) histone modifications. Nanog, Cdx2 neg and
Intergenic are negative controls; Mfsd10 is a positive control. Data are means+s.e.m., analyzed by
Student’s t-test: ***p<(0.001.
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igure S3. (Related to Figure 3)
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Figure S3. Optimal embryonic inducers capture trophoblast stem cells with a transcriptome more
akin to the trophectoderm. Related to Figure 3.

A. Positive modulators which induce CDX2 expression. We assessed the CDX2-high/CDX2-low ratio
of each condition by flow cytometry. Based on the results of an initial screen (Table S6), we identified
9 compounds as positive regulators of CDX2. For all graphs, control results (untreated groups, n = 10)
were set to 1 and omitted from the graphs. Concentrations marked with # were considered as 100% in
Figure 3B. Red asterisks indicate final compound concentrations used in TXV medium (concentration
with highest induction and lowest p-value in each group). Data are means + s.e.m., analyzed by
Student’s t-test: *p<0.05, **p<0.01, ***p<0.001. B. CDX2 (eGFP) intensity changes in CDX2-eGFP
TSCs with IGF2 or PI3K inhibitor (ZSTK474) treatment. Each dot represents an independent
experiment. Data are means=s.e.m., analyzed by one-way ANOVA. **p<0.01. C. Bulk transcriptome
analysis allows us to compare the overall expression of key trophoblast markers for each culture
condition. D. Expression of Cdx2 and Eomes (as un-differentiated markers) and Ascl2 (as a partially
differentiated marker) for the 4 best compound combinations based on 3 independent bulk RNA-seq
results. E. CDX2-high/CDX2-low ratio of single compounds or Tx21 (TXV) induction, highlighting a
synergistic effect of compounds. F. Normalized rpm from bulk RNA-seq of late blastocysts, TSCs, and
ESCs. Laminin alpha 5, beta 2, and gamma 1 (marked with #) were the most abundant laminins in
blastocyst (in vivo) and TSCs culture (in vitro). Three numbers of laminin refer to the composition of
laminin-alpha (Lama), -beta (Lamb), and -gamma (Lamc) chains (e.g., L521 =laminin-alpha 5, laminin-
beta 2, and laminin-gamma 1). G. Quantification of proliferation of Tx21 TSCs on L521 compared to
Matrigel control. H. Flow cytometry with CDX2-eGFP TSCs cultured in Tx21 on Matrigel or L521.
Both conditions showed a high proportion of CDX2-high cells, but Tx21 TSCs on L521 had less CDX2-
low cells compared to those on Matrigel (N =4, p = 0.0178). 1. Principal component analysis (PCA) of
bulk RNA-seq with TXV TSCs (exposure to optimal inducers for 2 or 15 days), CDX2 overexpressed
TX TSCs, and TX TSCs with high concentration of FGF4 (100 ng/ml). J. Gene set enrichment analysis
(GSEA) for mural TE and EXE genes with TSCs exposed to optimal inducers for 15 days. K. Expression
levels of transcripts associated with mural trophoblasts - endometrium interactions during implantation.
The p-value is indicated below the respective bar. L. PCA of bulk RNA-seq of 3 different TSCs lines
in TS, TX, and TXV medium. M. Unsupervised gene clustering analysis (distance map from RacelD
pipelines) of single cells from control, TXV and differentiated TSCs. N. Pseudotime heatmap for
visualization of expression patterns along with polar, mural, and classical trophoblast marker genes. O.
Pseudotime heatmaps for epithelial and tight junction markers from control, TXV and differentiated
TSCs.



Figure S4. (Related to Figure 4)
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Figure S4. TXV TSCs have an enhanced capacity to self-renew, lessened propensity to
spontaneously differentiate, and maintained potential to contribute to development. Related to
Figure 4.

A. CDX2 and EOMES staining of blastocyst outgrowths 5-6 days after plating, and B. ratio of
CDX2/EOMES double positive cells in 3 different mouse strains. Regardless of the mouse strain, TSCs
cultured with optimal inducers maintained CDX2/EOMES double positive cells at higher levels than
TSCs cultured in TS or TX medium. C. In the TXV medium, TSCs lines were derived from E3.5
blastocysts and E6.5 EXE, Outgrowth formation efficiency: 92% for both E3.5 blastocysts (55/60) and
E6.5 isolated EXE (12/13); establishment of lines: 96% and 83%, (passage 4, 44/46 for E3.5; 10/12 for
E6.5). The left figures show cell outgrowths and derived TSCs (from E3.5 and E6.5, arrows), and E6.5
conceptus and extracted EXE. D. Examples of immuno-stained blastocysts for KRT18 and E. LY6A. F.
Morula and early blastocysts with injected TS and TXV TSCs. G. Immunostaining against GFP, ELFS,
and images of auto-fluorescence and bright field (BF) in E7.5 chimeric embryos. We used auto-
fluorescence controls to confirm the specificity of the signal. H. Efficiency of chimerism. ‘n’ is the total
number of analyzed embryos from 2 independent experiments. I. Data listing the information on
chimeric embryo formation. For each graph, data are meansts.e.m., analyzed by Student’s t-test:
*p<0.05, ***p<0.001. Scale bars: 100 pum in A, C and F (inset: 50 um); 40 um in D and E; 300 pm in
G.



Figure S5. (Related to Figure 5)
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Figure S5. Embryonic inducers pattern the embryonic-abembryonic axis. Related to Figure 5.

A. Bright field (left) and high-content imaging of TX and TXV TSCs segmented based on Hoechst and
E-CADHERIN (E-CAD) staining (right). We listed up the ranking of differential morphometric features
based on the p-value after Mann-Whitney statistical analysis. The top 20% differential morphometric
features were chosen for further analysis. Scale bars represent 100 um and 40 pum for the left and right
panel, respectively. B. Representative t-SNE map plotting each cell based on its morphological features.
With some overlap, TX and TXV TSCs form distinct clusters, indicating differences in morphological
features. C. Heatmap of unsupervised clustering (distance map) based on the top 20% differential
morphometric features of TX TSCs (red) and TXV TSCs (blue). Well-clustered blue and red bands (top)
indicate morphological differences between TX and TXV TSCs. D. Violin plots of the value distribution
for some top-ranked differential morphometric features. Data were analyzed by Cell Profiler, and
Student’s t-test. E. WGA-stained structures allowed us to perform a semi-automated acquisition of
morphological parameters. F. Percentage of microwells containing a cavitated trophosphere. G.
Trophosphere diameter, and H. trophosphere circularity for TX and TXV TSCs. I. Number of cells per
blastoid formed from either TX or TXV TSCs. J. Pseudotime trajectory of single TSCs isolated from
blastoids with Monocle clustering analysis. K. The monocle clustering analysis groups the cells in three
clusters. Grey arrow indicates directionality of pseudotime trajectory shown in G. L. Ly6a smFISH
quantification for blastoids (left) and blastocysts (right). Bright and dark gray colored dots indicate the
mural and polar cells, respectively. M. Quantification of axis formation. Based on the expression pattern
of CDX2 or KRT18, blastoids either showed an axis, random expression (no axis), no expression, or a
reverse axis. Bars represent the mean percentage of either 5 or 3 independent experiments as indicated
by n. N. Immunostaining for CDX2 and KRT18 as marker proteins for axis formation in the blastoid.
Shown are representative 3D projections of blastoids formed without addition of TGFB1. Scale bar
represents 50 pm. O. Immunostaining for LY6A and ELFS5 in blastocysts that were cultured with TXV
factors (embryonic inducers) for 20 hours. Scale bar represents 40 pm. Data are analyzed by Student’s
t-test: *p<0.05, **p<0.01, ***p<0.001.



Figure S6. (Related to Figure 6)
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Figure S6. Embryonic inducers capacitate trophoblasts for decidualization. Related to Figure 6.

A. CDX2 overexpression according to different concentrations of doxycycline (Dox). We chose 225
nM of Dox to induce CDX2i cells, since levels of CDX2 overexpression plateaued at higher
concentrations. B. Ratio of recipients with at least one decidua. Two to five independent experiments
were performed, and 4-8 mice were analyzed for each experiment. ‘n’ is the total number of recipients.
C. Immunostainings against CDX2 in TXV TSCs (TESCs) treated with GW501516 showed reduced
CDX2 expression. Scale bar represents 40 pm. For each graph, data are means+s.e.m., analyzed by
Student’s t-test: *p<0.05, **p<0.01, ***p<0.001.



Figure S7. (Related to Figure 7)
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Figure S7. Decidualization by trophoblasts proceeds partly through CDX2 and the secretion of
WNT6/7B. Related to Figure 7.

A. Comparison of Wnt7b mRNA expression between mural and polar, CDX2-high and -low, CDX2i
TSCs + Dox, based on bulk RNA-seq data (Tables S1, S3, and S11). B. Summary of Wnt family
expression in mouse TE and ExE acquired using SCOPE. C. Summary of Wnt family expression in
human embryos acquired using PTUI. D. Schematic view showing which exons were targeted using a
CRISPR/Cas9 system to generate the indicated Wnt knock-out clones (clone D9 and E4 for Wnt7b;
clone G7 and A10 for Wnt6). Although we used the same sgRNA for D9 and E4, they have different
frameshift mutations. For WNT6 KO cell lines, A10 and G7 were generated from two different sgRNAs
(see Table S15). E. Confirmation of Wnt7b KO with qRT-PCR, and F. western blot. Introduction of
insertion-deletions is expected to elicit nonsense-mediated decay of the mutant mRNA, thus decreasing
Wnt7b mRNA expression in D9 and E4 TSCs. a-TUB = alpha-TUBULIN. G. Cavity formation ratio
of TESCs, D9, E4 (Wnt7b KO), and A10, G7 (Wnt6 KO) trophospheres. H. E5.5 deciduae induced by
TESCs and Wnt7b KO blastoids visualized by blue dye injection, and I. quantification of the
implantation efficiency at ES.5. Scale bar represents 0.5 cm. J. Decidua maintenance at E7.5 with Wnt7b
KO, and Wnt6 KO blastoids. Each dot represents an individual mouse. For each graph, data are
meansts.e.m., analyzed by Student’s t-test: *p<0.05, **p<0.01, ***p<0.001.
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ABSTRACT

Embryogenesis is supported by dynamic loops of cellular interactions.
Here, we create a partial mouse embryo model to elucidate the
principles of epiblast (Epi) and extra-embryonic endoderm co-
development (XEn). We trigger naive mouse embryonic stem cells to
form a blastocyst-stage niche of Epi-like cells and XEn-like cells (3D,
hydrogel free and serum free). Once established, these two lineages
autonomously progress in minimal medium to form an inner pro-
amniotic-like cavity surrounded by polarized Epi-like cells covered
with visceral endoderm (VE)-like cells. The progression occurs
through reciprocal inductions by which the Epi supports the primitive
endoderm (PrE) to produce a basal lamina that subsequently regulates
Epi polarization and/or cavitation, which, in return, channels the
transcriptomic progression to VE. This VE then contributes to Epi
bifurcation into anterior- and posterior-like states. Similarly, boosting
the formation of PrE-like cells within blastoids supports developmental
progression. We argue that self-organization can arise from lineage
bifurcation followed by a pendulum of induction that propagates over
time.

KEY WORDS: Blastoids, Primitive endoderm, Extra-embryonic
endoderm/epiblast rosette, Post-implantation development,
Embryonic stem cells, Pro-amniotic cavity

INTRODUCTION

In certain species, extrinsic positional cues create a pre-pattern for
development, e.g. through the local deposition of maternal RNA on
one side of a Drosophila egg. However, mammalian development
appears to rather favor decentralized and regulative principles,
termed self-organizing, that prevail over more deterministic
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behaviors (e.g. pre-patterned hard-wired genetic programs).
Accordingly, 16-cell stage mouse blastomeres can be dissociated
and re-aggregated to form a competent blastocyst in minimal
medium (Tarkowski et al., 2010; Suwinska et al., 2008; Posfai et al.,
2017). Such a logic leverages the properties of gene regulatory
networks and molecular noise to achieve cellular decision making
(Semrau et al., 2017; Balazsi et al., 2011), and of non-linear cellular
interactions to ensure lineage divergence and progression. In the
mouse blastocyst, such principles are at play between the embryonic
and extra-embryonic tissues (Arnold and Robertson, 2009),
ensuring trophoblast/inner cell mass (Niwa et al., 2005) and
epiblast (Epi)/primitive endoderm (PrE) development (Frankenberg
etal.,2011; Bessonnard et al., 2014; Chazaud et al., 2006). This logic
also supports organogenesis (Briscoe, 2019; Olson, 2006; Zuniga,
2015). To better understand these loops of cellular interactions, we
created a partial mouse embryo model undergoing phenomenological
self-organization and observed sequences of reciprocal inductions
supporting its autonomous progression over time.

The early mammalian conceptus consists of three lineages: the
pluripotent epiblast (Epi), which forms the embryo proper; and the
two extra-embryonic lineages — the trophoblast and primitive
endoderm (PrE) — that contribute to the placenta and yolk sac,
respectively (Rossant and Tam, 2009; Lokken and Ralston, 2016).
In mice, the bifurcation between PrE and Epi cells is established
between E3.25 and E4.5 (Schrode et al., 2014; Onishi and Zandstra,
2015; Chazaud et al., 2006; Bassalert et al., 2018; Plusa et al.,
2008), and is marked by the timed expression of the transcription
factors Oct4, Nanog, K1f4 and Sox2 in the Epi (Neagu et al., 2020),
and Gata6, Pdgfra, Gata4, Sox17 and Sox7 in the PrE (Lokken and
Ralston, 2016; Artus et al., 2013; Lo Nigro et al., 2017).
Experiments suggest that PrE specification is initiated by lineage
priming (Ohnishi et al., 2014) that exploits polycomb (Illingworth
et al., 2016), chromatin modifier (Goolam and Zernicka-Goetz,
2017) and small-RNA (Ngondo et al., 2018) activities, along with
the progression of gene regulatory networks (Lokken and Ralston,
2016) and intercellular signaling circuitries [e.g. FGF/Mapk/Erk
(Azami et al., 2017; Kang et al., 2017; Molotkov et al., 2017,
Ohnishi et al., 2014; Krawchuk et al., 2013; Schréter et al., 2015;
Wigger et al.,, 2017; Chazaud et al., 2006; Yamanaka et al.,
2010; Wicklow et al., 2014), Lif/Stat (Morgani and Brickman,
2015; Onishi and Zandstra, 2015), Nodal/Smad2/3 (Mesnard et al.,
2006; Papanayotou and Collignon, 2014), Bmp4/Smad4 (Graham
et al., 2014; Wang et al., 2004) and Wnt/B-catenin (Corujo-Simon
et al., 2017; ten Berge et al., 2011) pathways]. The initial PrE cell
specification is reinforced by Epi inductions made through FGF4
signaling (Mulvey et al., 2015; De Caluwé¢ et al., 2019; Molotkov
and Soriano, 2018; Artus et al., 2013; Frum and Ralston, 2015;
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Houston, 2017) to progressively lock cell fates, to promote their
physical segregation, and to promote the epithelialization and lining
of the PrE along the blastocoel cavity (Meilhac et al., 2009;
Burtscher and Lickert, 2009; Saiz et al., 2013; Brimson, 2016). This
process is regulative as it senses and adjusts the mutually allocated
cell numbers (Plusa and Hadjantonakis, 2018; Grabarek et al., 2012;
Mathew et al., 2019; Yamanaka et al., 2010). Here, we further
explore the extent by which the Epi and PrE co-develop.

The use of microsystems to control cell numbers (Vrij et al.,
2016a) and of chemically defined medium (Kubaczka et al., 2014)
opens possibilities to increase the control, throughput and screening
capacities of embryo models (Vrij et al., 2016a; Rivron et al.,
2018a). Previously, we induced the formation of blastocyst-like
structures by combining trophoblast stem cells (TSCs) and ESCs,
which we termed blastoids (Rivron et al., 2018a). Blastoids generate
PrE-like cells from the ESCs, as confirmed in later studies (Sozen
etal., 2019; Posfai et al., 2021), and thus make up the three founding
cell lineages. However, the limited expansion of the PrE-like cells is
likely to restrict their potential to develop. Here, we run
combinatorial screens of proteins, GPCR ligands and small
molecules in a microwell array platform and in chemically
defined conditions. This directs ESCs to rapidly and efficiently
co-form blastocyst-stage PrE- and Epi-like cells. These cells then
develop synergistically in minimal medium to form a structure
resembling the post-implantation Epi and extra-embryonic
endoderm tissues (XEn), referred to as Epi/XEn. We apply this
model to test the share of autonomous development of the Epi/XEn
module. We observe mutual inductions between the Epi and PrE
that support the potential for growth, viability, specification
and morphogenesis that underlic aspects of post-implantation
development. We propose that development can be driven by
sequences of reciprocal interactions between progressively
diverging cell types.

RESULTS

Naive pluripotency enhances the ESCs potential for

PrE differentiation

Forming tissues of appropriate size is crucial to ensure relevant
concentrations and distributions of biological parameters (e.g.
molecules and mechanical forces). We used a high-content
screening platform of non-adherent hydrogel microwells in 96-well
plates (Vrij et al., 2016b) to reproducibly aggregate small and
defined numbers of ESCs that reflected the number of inner cells
within blastocysts (Fig. 1A). The cell number followed a Poisson
distribution across the 430 microwells (7-12 cells per microwell) and
the cells aggregated within 24 h (Fig. 1B, Fig. S1). We quantified
PrE differentiation via in situ imaging of a fluorescent reporter under
the promoter for Pdgfro. (ESCsPdefio-h2b-eo™ Fig 1A) (Artus et al.,
2010; Plusa et al., 2008). EBs survived in serum-free N2B27 medium
supplemented with leukemia inhibitory factor (Lif) but did not
proliferate and formed only a few Pdgfro” cells (yield of Pdgfro*
EBs: 1%, Fig. 1C, Fig. S2). In contrast, the addition of serum induced
the appearance and proliferation of Pdgfro” cells (44%, Fig. 1C,
P<0.001). Consistent with a previous report (Schroter et al., 2015),
we observed that an initial 2D expansion in chemically defined
N2B27/2i/Lif medium supporting a naive pre-implantation-like
state (Ying et al., 2008) enhanced the susceptibility for formation
of Pdgfror” cells, when compared with expansion in serum-containing
medium that captures concomitant peri-implantation-like populations
(Neagu et al., 2020) (Fig. 1C). We concluded that, similar to the
blastocyst cells (Artus et al., 2010; Plusa et al., 2008), formation
of Pdgfro” cells is favored by an initial permissive state, along

with signals present in serum that regulate specification and
proliferation.

A three-dimensional screen reveals signaling pathways that
regulate Pdgfro expression

Signaling molecules have been proposed to influence PrE
specification, including Lif (Morgani and Brickman, 2015),
retinoic acid (Cho et al., 2012), FGF (Yamanaka et al., 2010;
Chazaud et al., 2006; Goldin and Papaioannou, 2003), GSK3/-
catenin (Krawetz and Kelly, 2008; Price et al., 2013) and Nodal
(Niakan et al., 2013; Mesnard et al., 2006). In the conceptus, these
molecules activate pathways that are likely to act synergistically but
investigating their respective interactions and functions remains
difficult. We thus modulated these pathways in EBs. Although Lif
(10 ng/ml) increased the yield of Pdgfro” EBs in serum cultures (30%
yield, 3.6-fold increase, Fig. 1D), addition of retinoic acid (RA;
10 nM) further improved the process (91% yield, 3-fold increase,
Fig. ID) and increased the number of Pdgfra” clusters per EB
(5.5-fold increase, Fig. 1D, clusters are defined as Pdgfro:” cells found
within the equatorial plane of EBs, see Materials and Methods). In
contrast, the effect of these two molecules appeared restricted in
serum-free N2B27/Lif medium (16% yield). Consistent with a
synergistic action of multiple pathways, we concluded that Lif and
RA support but are not sufficient to efficiently form Pdgfro* cells.

We then created a small library of activators and inhibitors of
signaling pathways that are active in the blastocyst (Table S1). We
first tested them individually in a serum-containing medium and
measured the percentage of Pdgfro* EBs (yield) and the number of
Pdgfro.” clusters per EB. FGF4 (100 ng/ml) and the GSK3f
inhibitor CHIR99021 (6 M), which act on pathways active in the
blastocyst Epi (ten Berge et al., 2011; Azami et al., 2019), increased
the yield (44% and 81%, respectively) and the number of clusters
per EB (both 1.6-fold; Fig. 1E,J). Inhibiting Wnt secretion (IWP2)
and Wnt processing (XAV939) did not significantly affect
specification (Fig. 1E). We concluded that the FGF and GSK3p/B-
catenin pathways regulate Pdgfro.* cell specification.

In contrast, although BMP signaling has been proposed to
contribute to PrE development (Graham et al., 2014), activation of
the SMAD pathway by activin A and TgfB1 elicited a decline, albeit
non-statistically significant, of either the yield or Pdgfra™ cell
number. Consistently, the Tgfp receptor inhibitor SB431542 and the
Alk1/2 inhibitor ML347 (BMP signaling) enhanced the formation
of Pdgfra* cells (Fig. 1I), whereas the BMP pathway inhibitor
LDN193189 prevented proliferation (Fig. 1I). We concluded that
ESCs might have lost the potential to respond to the TgfP signaling
pathway or that this pathway acts on elements other than PDGFRa,
thereby preventing detection of its effect. We concluded that the
activation of the FGF and inhibition of the GSK3f and TgfB
pathway facilitate the generation of Pdgfror” cells from naive ESCs.

A three-dimensional screen reveals GPCR ligands inducing
Pdgfro expression

Next, to complement the action of classical developmental
pathways, we investigated the potency of signaling through
G-protein-coupled receptors (GPCR) by screening for 264 GPCR
ligands, informed by previous findings that cAMP modulates
Pdgfro. expression in EBs (Vrij et al., 2016a). DL-adrenaline, a
B-adrenoceptor agonist acting upstream of the cAMP/PK A pathway,
strongly increased the yield of Pdgfra™ EBs (206%) without
affecting the overall size of EBs or the number of clusters (Fig. 1E).
Accordingly, 8Br-cAMP (3200 uM) also increased the yield of
Pdgfro* EBs by 91% when compared with serum/Lif alone,
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Fig. 1. See next page for legend.

Fig. 1E) (Vrij et al,,

1333 10

0
Sb43 [uM]

2016a) without affecting EBs size. We
concluded that DL-adrenaline and cAMP potentiate naive ESCs for

Pdgfro. expression independent of proliferation. Altogether, we
concluded that FGF4, GSK3p/B-catenin, Lif, RA, DL-adrenaline
and cAMP individually increase the expression of Pdgfro.

A combinatorial screen delineates a chemically defined
medium inducing Pdgfro expression

Because signaling molecules often act in concert, we ran
combinatorials of molecules, this time in serum-free medium

0 2 10 50 250
BMP7 [ng/ml]

(N2B27 medium, Fig. S3A,B). Using a factorial design screening
approach (Hutchens et al., 2007), we tested combinations of
8Br-cAMP, DL-Adrenaline, Lif, FGF4, sodium orthovanadate,
CHIR99021, ML347, SB431542, RA and activin A at effective
concentration ranges. Specific combinations preserved EB viability
and integrity, and induced PrE-like specification (measured by
EB projection area, circularity, and Pdgfra and Gata6 expression,
respectively; Figs S3C and S4). Among the selected 21
combinations, a medium containing 8Br-cAMP (1 mM), RA
(10 nM), FGF4 (100 ng/ml) and CHIR99021 (5uM) led to a
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Fig. 1. The initial naive state of ESCs and specific signaling pathways
induce efficient co-development of the PrE-/Epi-like niche in vitro.

(A) High-content screening (HCS) method for 96-well plates imprinted with
agarose microwell arrays (430 microwells per well) in which EBs are formed
(each microwell captures a single EB), cultured and imaged (2D mid-focal
plane). (B) Schematic of experimental set-up, including ESC expansion and
EB-based primitive endoderm (PrE) differentiation. (C) Top and right:
quantified yield of PrE-differentiation (Pdgfra*, left axis) and proxy for EB size
(2D projection area, right axis) derived from ESCs expanded in naive (N2B27/
2i/Lif) versus serum/Lif conditions. Bottom: fluorescence images show the
nuclei (blue) and Pdgfro-h2b-gfp* clusters (green) within EBs formed by
combinations of different formation and ESC expansion media. Bright-field
images of ESCs expanded in N2B27/2i/Lif or serum/Lif [on mouse embryonic
fibroblasts (mEFs)]. Scale bars: 200 um. (D) Yield of Pdgfro-h2b-gfp* EBs and
the number of GFP™ clusters per EB in N2B27 or serum media supplemented
with or without Lif and with or without RA. Data are mean+s.d. obtained from
n=4 wells, with each well containing ~400 EBs. ANOVA with Bonferroni post-
hoc test (***P<0.001, **P<0.01). (E-J) Dose-response curves showing the
effect of different soluble pathway modulators after 96 h in culture on the yield
of Pdgfra-h2b-gfp* EBs (blue), the number of Pdgfra-h2b-gfp* clusters per EB
(red) in median focus plane (10x objective) and the EB projection area (as a
proxy for EB size, green). All values were normalized to H,O/DMSO controls.
Mean and s.d. values were obtained from n=3 or 4 wells, with every well
containing ~400 EBs. ANOVA with Tukey’s multiple comparison test
(****P<0.0001, ***P<0.001, **P<0.01, *P<0.05). (K) Schematic for chemically
induced differentiation of EBs towards PrE. (L) Graph shows yields for PrE
differentiation (left axis) and EB projection area (right axis) using the induction
cocktail. Low [C] indicates lower concentrations of cAMP (1 mM) and
CHIR99021 (3 uM). Representative fluorescent images of indicated
conditions. PrE inductions in Lif and RA/Lif media are shown for comparison.
Scale bars: 200 ym; 40 pm (insets). Data are meanzs.d. obtained from n=4
wells, with each well containing ~400 EBs. ANOVA with Tukey’s multiple
comparison test (***P<0.001). Images in C, K and L are taken after 96 h of
culture.

stark upregulation of the yield of Pdgfra" EBs (78%, Fig. 1K,L,
Fig. S4C). Consistent with the important role of RA (Niakan et al.,
2013; Cho et al., 2012), depleting this molecule from the induction
medium reduced the yield significantly (Fig. 1L). However, the
synergy with other factors was essential for robust and efficient
induction (Fig. 1L). This chemically defined inductive medium
also reduced the number of dead cells per EB to levels similar
to serum-containing medium (Fig. S5B), and cells no longer
required the presence of Lif for maintaining viability or Pdgfro
expression (Fig. S5A).

Formation of a partial blastocyst model with PrE- and

Epi-like cells

Within 24 h of induction, double-positive (Nanog"/Gata6")
cells and double-negative cells emerged in a salt and pepper-like
distribution between Nanog'/Gata6™ cells, as observed in the
E3.5 blastocyst (Chazaud et al., 2006; Saiz et al., 2020) (Fig. 2A,
Fig. S6). Over time, the relative number of Gata6" cells increased
(Fig. 2A, Figs S6 and S7) and the initially intermingled cell types
spontaneously segregated to form an outer layer of cells expressing
Gata6 (Meng et al., 2018; Schrode et al., 2014; Wang et al., 2010;
Cai et al., 2008; Lavial et al., 2012) and Sox17 (Qu et al., 2008;
Kinoshita et al., 2015; Artus et al., 2011), and inner Nanog™ cells
(96 h, Fig. 2B and Fig. S8), consistent with the segregation of
the PrE and Epi that occurs in the E4.5 blastocyst (Chazaud et al.,
2006). The observation of robust proportioning of Nanog” and
Gata6" cells, despite exposure to inductive molecules, might point
at regulatory circuits ensuring a balance between the two cell types,
as previously proposed (Raina et al., 2020), and was disturbed
upon FGF/Mapk/Erk signaling inhibition (Fig. S9). Notably,
the chemically defined inductive medium and its individual
components did not interfere with Epi and PrE cell specification

in mouse blastocysts (Fig. S10), thereby suggesting that additional
layers of regulation prevent unbalancing of these cell numbers.

We then characterized the Epi- and PrE-like cells by isolating
them based on Pdgfro. antibody labeling and analyzing them via
single-cell transcriptomics (96 h). Principal component (PC)
analysis showed two distinct subpopulations along the PC1 axis
that corresponded to the Pdgfro™ and Pdgfror” cells (Fig. 2C), with
the top differentially expressed genes reminiscent of those for
Epi- and PrE-like cells, respectively (Fig. S11A). The Pdgfro.*
cells expressed Gata6, Gata4, Pdgfra, Sox7, Fgfr2 and SoxI7 at
higher levels than the Pdgfro™ cells, which preferentially expressed
E4.5 Epi genes such as Nanog, Sox2, Esrrb, Fgf4 and Oct4
(Fig. 2D). Gene set enrichment analysis (GSEA) comparing the
Pdgfro." and Pdgfro~ cells with PrE cells from E4.5 mouse embryos
(Mohammed et al., 2017) showed statistically significant (P<0.001)
enrichment scores of 0.686 and —0.545, respectively (Fig. 2E).
In contrast, these cells were not significantly enriched in the
transcripts of peri-implantation stage VE cells (ES.5, enrichment
score of 0.317, gene list in Table S3). We concluded that these two
cellular populations best reflect the Epi and PrE at a peri-
implantation blastocyst stage.

However, we observed that, in contrast to the relatively
homogeneous transcriptome of the Epi-like cells, the PrE-like
cells were scattered along the PC2 axis (Fig. S11A,B, Table S2).
Additional analysis showed that, although they reflected E4.5 PrE
rather than ES.5 visceral endoderm (VE) cells, they were primed for
the peri-implantation divergence occurring around E5.0 between
the parietal endoderm (PE)-expressing markers [such as Fst
(follistatin) and Vim (vimentin)] and VE-expressing the markers
[Dab2 and Podx! (podocalyxin)] (Fig. 2F). tSNE clustering also
revealed these two PrE subpopulations (Fig. 2G, Fig. S12A) with
mutually distinct expression levels of PE genes (Edgar et al., 2013),
such as Vim, Fst, Thbd, Sema6 and Nog, and VE genes (Edgar
et al., 2013; Pfister et al., 2007) such as Amn, Cubn, Dab2, Podxl
and Apoe (Fig. 2H, Fig. S12B). Compared with the VE-like
subpopulation, the PE-like subpopulation showed higher expression
levels for extracellular matrix (ECM) proteins, including Col4al,
Col4a2, Nidl, Lamal, Lamcl and Sparc (Fig. S12A), which are
necessary for the deposition of a thick multilayered basal lamina,
named Reichert’s membrane, along the inner side of the
trophoblasts (Salamat et al., 1995). We produced a list of
differentially expressed genes that may be used as potential early
markers for PE and VE (Figs S11B and S12A, Table S2). From
these data, we performed gene ontology term analysis (Table S2). In
the VE-like subpopulation, genes encoding cell polarity regulators
that are typical of an epithelium (e.g. Jam3, Cfll, Lmna, Amot and
Gjal) and of a response to Tgfp pathway activation (Dab2 and
Runx1) were enriched when compared with those in the Epi. We
concluded that, beyond an intrinsic program regulated by Gata6
(Morrisey et al., 1998; Cai et al., 2008), the Epi might induce TgfB
activity in the VE, a pathway that often regulates epithelialization.
Of note, a role for Nodal has previously been proposed later on (at
E5.0) during the peri-implantation stage for VE specification
(Mesnard et al., 2006; Edgar et al., 2013; Pfister et al., 2007).
Altogether, this model points to the neutrality of Nodal, activin,
Tgfbl, BMP4 or BMP7 in the initial specification of the PrE but to a
possible role for TgfB pathways in the initiation of the VE.

Overall, we concluded that the chemically defined medium
induced co-formation and spatial organization of blastocyst-stage
PrE- and Epi-like cells, the former being primed for bifurcating into
both VE and PE lineages. These populations recapitulate known
intercellular signaling circuitries, including Epi-produced FGF4 that
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Fig. 2. EBs form a niche that includes both Epi- and PrE-like cells with putative PE and VE populations. (A) Total cell numbers per PrE-induced EB at 24,
48,72 and 96 h (left), and associated average contribution of double-positive (Nanog*, Gata6*), double-negative (Gata6~, Nanog~), Gata6" and Nanog™ cells per
EB over time (right). The image depicts double-positive (Gata6* and Nanog*, white arrows) cells found within PrE-induced EBs at 24 h (confocal spinning disk
fluorescence image, single plane). EBs were randomly selected and pooled from n=3 wells. (B) Immunofluorescence images of Sox17, Pdgfro-H2B-GFP, Nanog
and Gatab of PrE-induced EBs after 96 h of culture. Scale bars: 50 um. (C) Principal component analysis of single-cell transcriptomics data for PrE-induced EBs
after 96 h of culture in microwells. (D) Violin plots of RNA normalized transcript counts for PrE and Epi markers found in Pdgfro.” cells (PrE) and Pdgfre.~ cells (Epi).
(E) Gene set enrichment analysis (GSEA) comparing the gene expression signature of the Pdgfra* (first and second images) and Pdgfro (third and fourth
images) cell cluster to mouse embryo E4.5 PrE, E5.5 VE, E4.5 Epi and E5.5 Epi (Mohammed et al., 2017). ES, enrichment score; NES, normalized enrichment
score. (F) Heatmap depicting single-cell RNA expression data of the top and bottom 30 most differentially expressed genes along the PC2 axis in the
subpopulation of Pdgfra™ cells. (G) tSNE mapping delineates three putative subpopulations: E4.5 Epi, early VE and early PE. (H) tSNE maps for the early VE
genes Amot, Amn, Podxl, Apoe, Dab2, Dkk1 and Foxa2, and for the PE genes Vim, Thbd, Grem2, Fst, Nog, Cubn and Nid1. Axes labels are tSNE dimension 1

(vertical) and 2 (horizontal). Color intensity correlates with expression level.
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contributes to PrE specification and TgfB superfamily members that
shape the VE.

The PrE/Epi model progresses into a post-implantation
rosette and pro-amniotic-like cavity in minimal conditions

In utero, Epi rosettes form at the time of blastocyst implantation.
This coincides with the deposition of a laminin-rich basal lamina by
the PrE that polarizes the underlying Epi and triggers the formation
of the pro-amniotic cavity (Fig. 3A) (Li et al., 2003). Accordingly,
Epi-like rosettes can form in the absence of PrE cells when ESCs are
encapsulated in Matrigel and cultured in serum-containing medium
(Moore et al., 2014; Bedzhov and Zernicka-Goetz, 2014). To assess
the potential of the blastocyst PrE/Epi model to autonomously
progress, we washed it and cultured it in minimal N2B27 medium.
The cells proliferated and underwent morphogenesis by forming a
rosette that progressed into a cavity morphologically resembling the
polarized Epi/XEn tissue (Fig. 3A-C). We termed these structures
EpiCs (Epi/XEn pro-amniotic-like cavities). On the contrary, the
Epi/PrE-like model maintained in the initial specification culture
medium did not efficiently undergo morphogenesis. In addition,
aggregates of ESCs alone did not proliferate in such minimal
medium (data not shown). Similar to post-implantation embryos,
the rosette-like cells expressed Oct4 and Otx2, and accumulated
F-actin and Podxl at the apical side (Fig. 3D,E), while the PrE-like
cells produced a laminin-rich basal lamina and also became
polarized (Podxl, Fig. 3E). Over time, the cavities increased in
size (Fig. S13A). The process was both efficient (94%) and
reproducible (Fig. 3F, Fig. S13B). We concluded that the two tissues
mutually supported their proliferation and morphogenesis, and that
a switch of signaling environment is necessary for post-
implantation transition.

Lif signaling inhibits the formation of the pro-amniotic-like
cavity

Because progression required a switch of signaling environment, we
then tested factors that might act as developmental checkpoints. Lif
has been shown to prevent the formation of the cavity in Matrigel-
embedded/serum-cultured conditions (Shahbazi et al., 2017).
Similarly, we observed that the presence of Lif during the first 3
days or for the entire 6 days of in vitro development reduced and
abrogated, respectively, the formation of the pro-amniotic cavity, as
seen by the absence of Podx1 within the Epi-like cells and the arched
bilateral/apical location of Podxl in the VE-like cells (Fig. 3F-H). In
addition, as previously observed (Moore et al., 2014; Bedzhov and
Zernicka-Goetz, 2014), the inhibition of apoptosis using Z-vad-fmk
did not impair lumenogenesis (Fig. S13B). Finally, insulin has been
reported to limit the initial specification of 2D cultured PrE-/VE-like
cells termed nEND (Anderson et al., 2017; Zhong and Binas, 2019).
Complementing the N2B27 medium with additional insulin or with
the PI3K inhibitor ZSTK474 did not prevent Gata6™ cell
specification and pro-amniotic-like cavity formation. However,
additional insulin increased the overall size of EpiCs, consistent
with a role in proliferation (Fig. S14). Differences between the 2D
(Anderson et al., 2017) and 3D conformation might create
additional layers of regulation of this pathway. Altogether, we
concluded that, in chemically defined conditions, a restricted
number of signaling pathways (GSK3p/B-catenin, Fgf, RA and
cAMP) induces the specification of naive ESCs into PrE-like cells
while maintaining Epi-like cells, and that a switch of signaling
activity is necessary for the progression of the tissues, including a
depletion of Lif for cavity formation and the putative presence of
PI3K activators for growth. These data suggest that these two cell

types provide each other with sufficient signals to support the
morphogenetic transition.

Nodal signaling from the Epi is required for the VE/Epi
bonding

In the early post-implantation embryo, the absence of Nodal signals
originating from the Epi prevents the acquisition of an embryonic
VE identity and incomplete adherence between the VE and Epi
(Mesnard et al., 2006; Brennan et al., 2001). Likewise, EpiCs using
a Nodal homozygous knockout ESCs showed an increased level of
disorganization where the VE layer partly delaminated and
separated from the Epi compartment (Fig. 3I,L). In addition,
laminin staining appeared irregular and scattered around the VE
cells that produce it, thus possibly preventing the proper deposition
of a continuous basal lamina onto the Epi (Fig. 3I). Concomitantly,
Epi pro-amniotic-like cavities, marked by F-actin and Podxl, were
often not evident, reinforcing the importance of Epi adhesion to the
basal lamina for the establishment of Epi apical-basal polarity.
However, XEn specification, marked by Gata6 and Pdgfro
expression, was not significantly affected (Fig. S15). Moreover,
we ran a small screen using soluble factors on 72 h EpiC structures
(Fig. S16) and observed that inhibition of Nodal/activin signaling
using SB431542 showed a similar response to that observed in the
Nodal double knockout line (Fig. 31,J). Of note, both the Epi and
VE tissues express Bl integrins and, as previously shown, embryos
and EBs deficient for B1 integrins also display Epi/PrE delamination
(Moore et al., 2014). Complementing the initial findings that TgfB
superfamily signals originating from the Epi regulate VE
development (Fig. 1G), these data suggest that Nodal signaling
instructs the transition between PrE and VE. This Tgfp signaling
might directly induce the production of the basal lamina that serves
as a base for epithelialization, via 1 integrin (Moore et al., 2014);
they also suggest that Epi induction at the peri-implantation stage is
important for the formation of an abutting double epithelium of VE
and Epi tissues. Altogether, this suggests the existence of a two-way
circuit regulating the co-development of these two tissues.

EpiCs support both epiblast and visceral endoderm
maturation

To more finely assess the state and reflected stage of the cells within
the fully developed EpiCs, we performed additional single-cell
RNA sequencing after 0, 24 and 64 h in plain N2B27 medium. We
also included controls in the form of naive ESCs (2i/Lif)), which are
XEN cells that are thought to best reflect the parietal endoderm (Lin
et al., 2016; Zhong and Binas, 2019), and of Matrigel-embedded
ESCs, which form rosette-like cells undergoing lumenogenesis in
the presence of serum but in the absence of XEn-like cells (Bedzhov
and Zernicka-Goetz, 2014). We visualized single-cell distribution
using uniform manifold approximation and projection (UMAP),
and identified 10 distinct clusters (Fig. 4A,B). The top differentially
expressed genes within each cluster was compared with expression
maps of mouse gastrulation and early organogenesis (Pijuan-Sala
et al., 2019) (Fig. 4C). We observed that the XEn compartment
transitioned from a mixed parietal/visceral endoderm identity at 0 h
(see also Fig. 2G,H) towards a more constrained VE identity at 64 h
(Amn*/Dab2™, Fst™/Afp~; Fig. 4D, Fig. S17A). We concluded that
the sustained contact with the Epi reduced the initial VE/PE
heterogeneity and channeled the VE transcriptome. This transition
was marked by initial Epi expression of known VE regulators
Nodal and Tdgf1 (Crypto) (Kimura et al., 2001; Kruithof-de Julio
et al., 2011) and by the expression of genes involved in the STAT
pathway (Lifr and Stat3), in epithelialization (Crb3, Podxl, Cdhl,
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Fig. 3. The PrE-/Epi-like niche spontaneously progresses into a post-implantation extra-embryonic endoderm/epiblast epithelialized pro-amniotic-like
cavity (XEn/Epi EpiC) in minimal culture conditions. (A) Schematic depicting an E5.0 conceptus (left, middle) and corresponding tissues in an XEn/Epi EpiC
(right). EC, ectoplacental cone; ExE, extra-embryonic ectoderm; PE, parietal endoderm; TGCs, trophoblast giant cells; VE, visceral endoderm; BM, basal lamina.
(B) Schematic for XEn/Epi EpiC formation. (C) Bright-field image of XEn/Epi rosettes and EpiCs. Scale bar: 200 ym. (D) Immunofluorescence and bright-field images
of individual XEn/Epi rosette images after 120 h of culture. Staining for nuclei (DNA), F-actin (pro-amniotic cavity), Pdgfro-h2b-gfp (PrE), Oct4 (pluripotent Epi)
(left) and Otx2 (right). (E) EB cultured under the same basic conditions but without PrE-induction molecules. (F) Immunofluorescence images depicting cell nuclei
(DNA), Podxl (polarization) and laminin (basal lamina) in a XEn/Epi pro-amniotic-like cavity. (G,H) Effect of Lif on (G) the percentage of structures forming a
pro-amniotic cavity or multiple cavities and (H) the resulting integrated surface area of the cavities. P-value calculated according to the Mann—Whitney U-test. Boxes
and whiskers indicate the first, median and third quartile, and minimum and maximum data points excluding outliers, respectively. This result was repeatedly
replicated (>10 times) in other experiments as inclusion of a negative control. (I) Immunofluorescence image of a non-cavitated and non-polarized structure resulting
from continuous Lif supplementation, labeled for nuclei, Gata6 (PrE) and Podxl ( polarization). (J) Immunofluorescence images of 120 h XEn/Epi EpiCs from double
Nodal knockout (—/—) and control (+/+) ESCs. (K) Immunofluorescence images of 120 h XEn/Epi EpiCs treated with the Nodal/activin signaling inhibitor SB431542
and non-treated controls. (L) Percentage of structures (32 in total) that contained a laminated or delaminated XEn layer (outlined in black) that is either single or
multilayered. Scale bars in D-F,I-K: 50 pm.

Cldn6/7 and Ezr) possibly initiated by Foxa2 (Burtscher and Fig. S17B). Consistent with an inductive role of Nodal in VE
Lickert, 2009), and in the deposition of extracellular basal lamina  epithelialization, genes related to apical/basal polarity (Podxl and
proteins (Col4al/2, Lmna, Lamal/bl/cl, Dagl and Nid2; Fig. 4D, Crb3) and epithelial cells (Cdhl, Cldn6, Cldn7 and Ezr) became
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Fig. 4. Cellular identities of XEn/Epi EpiCs over time. (A) UMAP plot of single-cell RNA-seq data of indicated culture conditions. Timepoints indicate the
number of hours after EpiCs were flushed out from the microwells. Matrigel-emb ESCs were cultured for 96 h in total. XEN and 2i/Lif cells were cultured as
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the trajectory over time of EpiCs (+0 till +64 h). (C) Inferred tissue types per cluster by comparing top gene list with embryo data from Pijuan-Sala et al. (2019).
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progressively more prominently expressed over time. XEN cells
clustered apart from the VE-like clusters, a distance that might
reflect their PE identity (Fig. 4A,B, Fig. S17A). The Epi
compartments at 0 and 24 h clustered largely together and
expressed genes reflecting an early post-implantation Rosette-like
identity (e.g. Otx2, Fgf5, Oct6 and Pou3f1; Fig. 4D). The exit from
naive pluripotency requires a transient downregulation of Wnt
activity, possibly mediated by the Wnt inhibitor Dkk1 expressed by
the PrE (Neagu et al., 2020). Accordingly, we observed a transient
expression of Dkk1 in the PrE-like tissue (0 h) and its disappearance
from 24 h onwards. The transience of Wnt inhibition would also
subsequently allow the Epi to become receptive to autocrine and
VE-secreted Wnt signals at gastrulation stage (Arnold and
Robertson, 2009).

At 64 h, the Epi compartment spread into three different clusters
with respective top-expressed genes found in native fore-, mid- and
hindbrain, in Epi and neurectoderm tissues, and in somitic
mesoderm. The first two clusters concomitantly expressed these
germ layer-related genes along with post-implantation Epi-specific
genes [KIf4~, Oct6* (Pou3fl") and Otx2"], suggesting a partial
early anterior identity (Fig. 4D, Fig. S17C). The cluster expressing
somitic mesoderm genes no longer expressed these Epi genes
but was characterized by the expression of Wnt3 and Wnt5, which
mark the posterior domain and are important for the gastrulation
processes (Tortelote et al., 2013; Minegishi et al., 2017). When
staining for brachyury (T), 14% of EpiCs (>64 h) contained
brachyury-positive inner cells originating from an epithelium-like
tissue (Fig. 4E-G). Additionally, the minority (20%) of structures
that formed non-epithelized amorphous cell clumps, but included
non-delaminated XEn layers, were all brachyury positive (Fig. S18).
Of note, these amorphous structures were not included for single-
cell transcriptomic analysis. To more finely assess the inductive
role of the VE-like cells on the progression of the Epi-like cells, we
compared the transcriptome with rosette-like cells embedded into
Matrigel and cultured with serum (Bedzhov and Zernicka-Goetz,
2014). Most of these cells (96 h) clustered with the subpopulation
reflecting a nascent mesoderm and/or primitive streak identity,
while also partially overlapping with the Epi and neurectoderm
(Fig. 4A,B). In comparison, Epi-like cells from the EpiCs also
formed partial anterior-like cells (cluster 9, Fig. 4A,B,D,
Fig. S17C). Consistent with a role for Epi epithelialization in
facilitating the formation of the anterior Epi (Girgin et al., 2021),
this suggests that the basal lamina regulates the formation of the
posterior pre-gastrulation Epi, while additional signals originating
from the XEn, possibly regulated by Dkkl, Otx2, Lhx1 and Foxa?2
(Perea-Gomez et al., 2001), are conductive for the formation of the
anterior cells. Overall, we concluded that reciprocal interactions
between the Epi and VE are sufficient to initiate a program that
reflects the formation of anterior and of posterior, gastrulating, Epi.

Induction of gene expression that originates from the
trophoblasts, including Bmp4, regulates the expression of Wnt
ligands and gastrulation (Rivera-Pérez and Magnuson, 2005).
Although we observed Wnt3 and Wnt5 expression in the Epi-like
tissue, we did not detect Wnt3 expression in the VE-like tissue,
which is known to be produced first during development (Arnold
and Robertson, 2009). In addition, trophoblast-secreted BMP4
maintains Nodal levels in the Epi first locally viaa SMAD, which is
a FoXH]1 autoregulatory enhancer, and then through the activation
of an autoregulatory posterior Wnt3 loop. Here, Nodal was initially
not expressed in the VE and was expressed at low levels in the
Epi (0/24 h), likely due to the absence of trophoblast signals;
however, its expression later increased in both the VE- and Epi-like

tissues (64 h). This suggests an alternative induction route separate
from BMP and Wnt signals. Altogether, these data suggest that,
although trophoblastic tissues are important for the anterior-
posterior patterning of the Epi (Stephenson et al., 2012), Epi-VE
interactions are sufficient to initiate part of the gastrulation program,
including the expression of Wnt ligands in the Epi and Wnt
inhibitors in the VE.

The VE is known to form a subpopulation of anterior VE that
migrates toward the prospective anterior Epi, which, under the
control of Foxa2 (Kimura-Yoshida et al., 2007) and Otx2 (Perea-
Gomez et al., 2001), secretes inhibitors of the Wnt and Nodal
signaling pathways to facilitate formation of the anterior tissues
(Kimura-Yoshida et al., 2005; Arnold and Robertson, 2009).
Accordingly, the 64 h VE-like tissue expressed Foxa2, Otx2, the
Wnt ligand inhibitor Sfipl, Wnt agonists Hhex and Sfip5, and
modulators of Nodal activity (Gsc, Eomes and Lhx1), but barely
expressed the ensuing factors Cerl, Dkkl, Tdgfl (Crypto) and
Lefityl (Fig. 4D, Fig. S17D). We concluded that, as previously
observed (Rodriguez et al., 2005), the Epi/VE interaction is
sufficient to promote the expression of some DVE genes
regulating the expression of inhibitors, including Sfip! and Gsc,
but that is insufficient to regulate anterior Epi effector genes such as
Cerl, Dkkl, Tdgfl (Crypto), Lefiyl, Sppl, Zbpl and Aire (Cheng
et al., 2019). Accordingly, microdissection of the EXE of E5.5
concepti showed that this tissue represses the expression of Cer/ and
Lhx1 in the DVE (Rodriguez et al., 2005). EpiCs might be excluded
from the element of the Epi/VE interaction that regulates Cer/ and
Lhx1, or there could be an earlier unreported role of the trophoblasts
in inducing the formation of the VE and/or DVE. Altogether, we
concluded that supervision of the DVE by its interaction with both
the Epi and the trophoblast might ensure the expression of Wnt and
Nodal inhibitors.

In blastoids, the four molecules prime ESCs to form primitive
endoderm-like cells
Next, we tried to enhance the formation of PrE-like cells in blastoids
to eventually model the impact of the two extra-embryonic tissues
on Epi development. We thus modified the original blastoid protocol
(Rivron et al., 2018a) by exposing ESCs, including a fluorescent
reporter for Gata6 (ESCstata0-h2b-venus/y (Erever et al., 2015), to the
inductive molecules during the aggregation phase (0—24 h, Fig. 5A),
i.e. before adding the TSCs. PrE-induction tempered the efficiency of
blastoid formation (from 49% to 36%, specified as a single
trophoblast cavity enveloping ESCs, Fig. 5B) by reducing the
efficiency of TSCs to engulf the EBs (from 39% to 30% of non-
engulfed structures, Fig. 5B). Although the underlying reasons are
unknown, the specification of PrE-like cells might coincide with a
change in their surface properties, reducing the capacity for TSCs to
englobe them. Nevertheless, the molecules increased the overall
percentage of blastoids, including Gata6* and Nanog" cells from 22%
to 78% (Fig. 5C-F, Fig. S19). Concomitantly, the number of Gata6*
cells increased (P=0.00079, Fig. SE,G). Notably, the total number of
Epi plus PrE cells also increased (Fig. 5H) and the ratio of Gata6" to
Nanog" cells in PrE-induced blastoids (Fig. 5T) was comparable with
the one in blastocysts (0.83 versus 0.9 in 120 cells-stage blastocysts
(Saiz et al., 2016). In accordance with our observations in EpiCs and
with a previous study (Saiz et al., 2016; Nowotschin et al., 2019;
Hiramatsu et al., 2013), PrE and Epi cells co-regulate their
specification and proliferation.

Next, we examined the spatial organization of PrE-induced
blastoids and observed that 21% of the blastoids, including PrE-like
cells, showed a layer of Gata6" cells lined up along the cavity of the
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Fig. 5. The PrE/Epi priming of ESCs induces the formation of the niche in blastoids. (A) Schematic for PrE-induced blastoid formation. (B) Bright-field image

of representative selection of PrE-induced blastoids. Structures with a single

intensity confocal projection immunofluorescence images of representative PrE-induced and control blastoids stained for Nanog (red) and Gata6 (yellow). DAPI

staining (blue) shows cell nuclei. Scale bars: 200 um. (D) Percentages of the

(n=241) conditions, pooled from two wells per condition. (E) Percentage of blastoids including Gata6*/Nanog* cells formed under the control of PrE-induced

conditions (left). Pooled results from three datasets. ***P<0.001, Fisher’s exact

control and PrE-induced blastoids (left). (G) Gata6* and Nanog* cell counts compared between control and PrE-induced blastoids that contain both Nanog* and
Gata6™ cells. (H) Total number of inner cells within blastoids. (I) Ratio of Gata6*/Nanog™ cells per blastoid containing both Gata6* and Nanog™ cells. Boxes and
whiskers indicate the first, median and third quartile, and minimum and maximum data points excluding outliers, respectively. (J) Alluvial diagram displaying
contributions of resulting phenotypes following PrE-induced blastoid formation. Representative immunofluorescence images of PrE/Epi blastoid phenotypes.
Scale bars: 50 ym. Data in D-I are derived from two independent experiments with three pooled wells each. In G-I, the P-values were determined using the

Mann-Whitney U-test.

blastoid (Fig. 5J), similar to E4.5 blastocysts (Hermitte and
Chazaud, 2014; Ohnishi et al., 2014). Among the other blastoids,
35% comprised sorted but not aligned Gata6" cells, while 44% had
the salt and pepper phenotype of Gata6” and Nanog" cells (Fig. 5J)
that is reminiscent of an earlier blastocyst stage (Frankenberg et al.,
2011; Plusa et al., 2008; Meilhac et al., 2009).

In blastoids, the expansion of the primitive endoderm-like
tissue supports the formation of post-implantation-like
structures in vitro

Finally, we tested whether the PrE/Epi-like tissues within blastoids
could support the formation of tissues reflecting the post-
implantation stage. We cultured PrE-induced blastoids containing
PrE cells (>2 Gata6™ or Pdgfra” cells) and non-induced blastoids
in vitro (Bedzhov et al., 2014; Hsu et al., 1974). Induction of the

(@)

PrE-induced

Nuclei

Gata6

cavity and an inner cell compartment were classified as blastoids. (C) Maximum
different structures found in microwell arrays in control (n=195) and PrE-induced

test. (F) Alluvial diagram displaying cell count of Nanog* and Gata6* dichotomy for

ESCs at the onset of blastoid formation did not affect the final
presence of Epi cells (96 h, 98% versus 100%, Fig. 6A) but
enhanced the potential of the PrE-like cells to expand (96 h, Gata6™,
60% versus 10%, Fig. 6A). This effect correlated with the initial
number of PrE cells present in blastoids and is reminiscent of the
FGF4 induction of PrE in blastocysts (Fig. 6C). The presence of the
PrE-like cells did not improve the formation of non-organized 3D
structures (experimental average of 18% versus 15%, Fig. 6B;
pooled yields of 15% versus 19% from eight independent
experiments) containing both Oct4™ Epi and PrE cells (Fig. 6C,
Fig. S20) but endowed some blastoids with the capacity to support
the formation of EpiCs marked by Podxl expression (Fig. 6D, Fig.
S20) (11% of blastoids, pooled yield in eight independent
experiments; Fig. 6C), the Epi of which transitioned into a Oct6"
post-implantation-like state (Fig. 6F); however, ExE-like tissue
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Structures with 3D outgrowths that contained Epi cells, PrE cells and had a pro-amniotic-like cavity, as observed by F-actin and/or Podx! staining, were classified
as ‘3D Epi EpiC’. (C) The presence of PrE tissue (Gata6™) within in vitro grown PrE-induced blastoids (yes/no, at 96 h) as a function of the numbers of Gata6* cells
within the initial blastoids. Each point represents an individual cell aggregate. P-values were determined by a Mann—Whitney U-test. (D) Top: bright-field and
immunofluorescence images of an in vitro grown blastoid with Oct4* Epi (red) and Gata6* PrE (green) cells surrounding a pro-amniotic cavity and growing on top
of a TSC monolayer (96 h). Bottom: representative images of in vitro grown blastoid phenotypes with Oct4* Epi (red), Pdgfro* PrE (green) and overall F-actin
(yellow) and nuclei (blue). Scale bars: 200 um. (E) Pdgfro* cells surrounding an epiblast-like tissue, including a pro-amniotic-like cavity marked by Podxl
expression (72 h). Scale bars: 50 um. (F) Oct6™ epiblast-like tissue blastoid outgrowth (48 h). Scale bar: 50 um.

formation appeared absent. The non-induced blastoids lacked that
potential (Fig. 6C). We concluded that a threshold in the number of
PrE-like cells is crucial to support the progression of the post-
implantation Epi-like tissue in blastoids.

Altogether, we concluded that the Epi/XEn tissues are sufficient
to support aspects of specification and proliferation to the rosette

and lumenogenesis stages through the deposition of a basal lamina
(Fig. 7). During the early post-implantation stage, the Epi supports
further progression of the VE through the secretion of Nodal and
Tdgfl that facilitates the progression of two abutting VE/Epi
epithelia. At the post-implantation/pre-gastrulation stages, the VE
not only provides structural support through the formation of a basal
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lamina, but also appears to produce additional signals that
contribute to the formation of both the anterior (e.g. Lhx1, Otx2
and Foxa?2) and posterior Epi.

DISCUSSION

High-content screening of a large number of EBs on a microwell
array in chemically defined culture conditions allows for robust
statistics necessary to delineate the effect of signaling pathways.
Here, we observed that the combination of FGF4, Wnt, cAMP and
RA is sufficient to rapidly and efficiently drive the co-formation of
PrE- and Epi-like cells in gel-free and serum-free 3D cultures.

Upon transfer into plain N2B27 medium, these two cell types are
capable of further growth and autonomous organization into a
structure that undergoes aspects of post-implantation development.
We found that the PrE cells in PrE/Epi-induced structures before
forming a pro-amniotic cavity show an initial bifurcation into PE and
VE precursors independently from trophoblastic tissues (Fig. 2F-H),
suggesting this to be a cell-autonomous mechanism that could be
stochastic or partly tuned by signals from the Epi. However, when
Epi/PrE-like structures underwent rosette morphogenesis, the identity
of PrE tissues was channeled into a VE-like identity, not a PE
identity, suggesting that the PE-precursors are lost or transcriptionally
normalized over time by contact with the Epi. This suggests the
possibility that the cells can fluctuate between states at the time of
specification, followed by a channeling of the state due to an inductive
environment. This initial fluctuation could endow the embryo with
adaptive and regulative capacities (Paca et al., 2012).

The single-cell RNA-sequencing data suggest an early peri-
implantation Epi identity for the embryonic clusters in 0/24 h EpiCs
(Fig. 4). In contrast, embryonic clusters in 64 h EpiCs showed four
distinct clusters that, although they clearly express Epi markers
(Oct4 and Otx2), appear already transcriptionally primed for
mesodermal and ectodermal progression. Notably, a definitive
endoderm cluster was not found, possibly due to low combined
levels of activin/Nodal and the BMP inhibitor noggin (Fig. S16D),
which suggests the requirement of additional supporting tissues
(e.g. trophoblastic). Of note, XEN cells clustered separately, with a
seemingly parietal endoderm identity.

Consistent with the idea that blastocysts are self-regulating
systems adjusting the ratios and numbers of their three founding cell
types (Saiz et al., 2016), the induction of PrE-like cells in blastoids
triggers a regulation of the total cell number. The in vitro culture of
blastoids (Hsu, 1971) additionally suggests that a threshold of PrE
cells is necessary to sustain the expansion and morphogenetic
capability of the Epi during the post-implantation stage.
Accordingly, the insufficient formation of PrE and incomplete
lining of the PrE epithelium between the Epi and blastocoel, e.g. in
GATAG6 KO conceptus, has been described to halt Epi expansion in
blastocysts (Artus et al., 2010; Moore et al., 2014). Similarly,
inappropriate specification of the extra-embryonic VE results in
disorganized ectoderm and stagnated development (Barbacci et al.,
1999).

Overall, these results argue, beyond the inductions originating
from the Epi (e.g. FGF4), for the importance of the PrE tissue in
supporting the Epi for survival and expansion. The mechanisms by
which the PrE accomplishes this remain to be determined. One
attractive possibility is that Epi proliferation and morphogenesis
needed to form the amniotic cavity cannot occur unless the
PrE deposits the required basal lamina, similar to laminin-KO
embryos that exhibit aberrant peri-implantation morphogenesis and
halted development (Miner and Yurchenco, 2004; Smyth et al.,
1999). It delineates a critical switch of signaling activity necessary
to transit from pre- to post-implantation development, and suggests
that the deposition of a functional amount of basal lamina acts
as a checkpoint for developmental progression. During post-
implantation development, the VE appears to play an additional
role, beyond the maintenance of the basal lamina that is controlled
by Nodal originating from the Epi, to drive the progression of the
different tissues emerging from the Epi. Considering that blastoids
do not progress upon implantation in utero, it would be interesting
to find out in future studies whether PrE-induced blastoids have
an improved capacity to do so. Altogether, this study contributes to
the establishment of stem cell-based embryo models amenable to
high-throughput drug and genetic screens, which may alleviate the
burden on animal use (Andersson-Rolf et al., 2017; Rivron et al.,
2018b) and become a foundation for basic and biomedical
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discoveries to elucidate the crucial and currently unknown processes
of embryogenesis.

MATERIALS AND METHODS

Microfabrication

Elastomeric stamps for imprinting the agarose microwell arrays were
fabricated using PDMS Sylgard 184 kit. Microwell arrays were molded as
described previously (Vrij et al., 2016b) using a 2.2% w/v solution of
Ultrapure agarose (ThermoFisher, 11560166). Each well of a 96-well plate
with 430 microwells of 200 um was molded. Each well contained a
calculated liquid volume of 250 pl split between 225 ul medium and 25 pl
hydrogel buffer.

Cell culture

The following lines were used for experiments: Pdgfro. h2b-gfp/+, h2b-rfp
V6.5 sub-clone, Gata6-h2b-Venus/+;ColA1 TetO-Gatad4-mCherry/+;R26
M2rtTA/A+ ES cells and V6.5 Nodal KO (—/—) with corresponding wild
types. The Gata6-h2b-Venus cell line was a kind gift from C. Schroters’
laboratory (Max Planck Institute of Molecular Physiology, Dortmund,
Germany; Freyer et al., 2015). The V6.5 cell line has a C57BL/6x129/Sv
background and was obtained from the laboratory of R. Jaenisch (Whitehead
Institute for Biomedical Research, Cambridge, MA, USA). The Pdgfro. h2b-
gfp/+ cell line has an ICR background and was derived in the laboratory of
A.-K. Hadjantonakis (Sloan Ketttering Institute, New York, USA).

ESCs were seeded as 25,000 per cm? and expanded on 0.1% w/v gelatin-
coated tissue culture-treated polystyrene dishes (Nunc). Cell expansion
medium was carried out in N2B27 2i/Lif conditions comprising 2%
B27 (Gibco, 17504-044) and 1% N2 (Gibco, 17502-048) in a 1/1 mixture
of DMEM/F12 (ThermoFisher, 11039021) or Advanced DMEM/F12
(ThermoFisher, 12634028) with Neurobasal (ThermoFisher, 12348017),
including 2 mM Glutamax (Gibco), 10 mM NEAA (ThermoFisher,
11140050), 0.5% bovine serum albumin (Sigma-Aldrich, A7979), 10 mM
HEPES (Gibco, 15630056), 1 mM sodium pyruvate (ThermoFisher,
11360070), supplemented immediately before use with 10 ng/ml
leukemia inhibitory factor (Lif, Merck Millipore ESG1106), 1uM
PD0325901 (AxonMed, 1408), 3 uM CHIR99021 (AxonMed, 1386) and
50 uM 2-mercaptoethanol (Gibco, 11528926), as developed previously
(Nichols et al., 2009).

ESCs were expanded for a minimum of two passages before aggregating
into EBs within the agarose microwells. For cell banking and serum/Lif
experiments, ESCs were expanded on a monolayer of mouse embryonic
fibroblasts (mEF) in serum-medium consisting of DMEM containing
sodium pyruvate and Glutamax (Thermo Fisher, 10569010) supplemented
with 10% serum, 10 mM NEAA, 10 mM HEPES, 10 ng/ml Lif and 50 uM
2-mercaptoethanol.

TSCs were seeded and expanded as 25,000 per cm? on 3% Matrigel-
coated dishes in chemically defined TX-medium, as developed previously
(Kubaczka et al., 2014) or on TCPS with a Laminin-512 coating (Biolamina
LN521-02, 5pg/ml overnight incubation at 4°C) in TX-medium
supplemented with activin A (Bio-techne, 338-AC-010), 50 ng/ml IL11
(Peprotech, 220-11), 200 uM 8Br-cAMP (Biolog, B007-500), 25 ng/ml
BMP7 (R&D Systems, 5666-BP-010), 5 nM LPA (Tocris, 3854), 2 ng/ml
TGF1 (Peprotech, 100-21), 25 ng/ml FGF4 (R&D Systems, 5846-F4-025
and 7486-F4), 1 pg/ml heparin (Sigma-Aldrich, H3149) and 100 uM
2-mercaptoethanol.  Extra-embryonic endoderm (XEN) cells were
expanded on 0.15% gelatine-coated TCPS culture plates in RPMI 1640
medium (ThermoFisher, 11875085), including L-glutamine, supplemented
with 20% FBS (fetal bovine serum, embryonic stem cell-qualified,
ThermoFisher, 16141061), 1 mM sodium pyruvate, 10 mM HEPES,
100 uM  2-mercaptoethanol. Y27632 (AxonMed, 1683; 0.5 uM) was
added to the medium when cells were passaged. All cells were routinely
checked for mycoplasma infection.

EB, PrE/Epi and XEn/Epi formation

EBs were formed by seeding an average of seven ESCs per microwell
in either serum-containing medium, Lif/serum-containing medium or
N2B27-based media, all supplemented with 50 uM of 2-mercaptoethanol.

Lif/serum-containing medium consisted of DMEM containing sodium
pyruvate and glutamax (Thermo Fisher, 10569010) supplemented with 10%
serum, 10ng/ml Lif, 10 mM NEAA, 10 mM HEPES and 100 U/ml
penicillin/streptomycin. PrE-induction medium consisted of advanced
N2B27 medium supplemented with 3 uM CHIR99021, 50-100 ng/ml
FGF4, 10 nM RA, 1 mM 8Br-cAMP and 50 uM 2-mercaptoethanol. To
induce XEn/Epi EpiCs from PrE-induced EBs, 14 ESCs were seeded per
microwell supplemented with 2puM  Y27632 (AxonMed 1683).
Occasionally, microwell arrays were pre-wetted in serum-medium
containing 100 U/ml penicillin/streptomycin before use. For XEn/Epi
EpiC formation using the Nodal double KO (—/-) line, 10% of serum was
added to the medium. After 24 h or 48 h of culture, cells were washed once
with advanced N2B27 medium and then refreshed with advanced N2B27
supplemented with 50 pM 2-mercaptoethanol. After 72 h, EBs were flushed
out and transferred into non-TCPS six-well plates with 2 ml advanced
N2B27 medium supplemented with 50 uM 2-mercaptoethanol. Then, after
an additional 48 h of culture, structures were either fixated using a fresh
solution in PBS of 2% formaldehyde and 0.1% glutaraldehyde, or half of the
medium was refreshed and structures were cultured for an additional 24 h
before fixation.

Epiblast-only rosettes (used as controls in the scRNAseq data) were
formed by first seeding eight ESCs per microwell in serum-containing
medium. After 12 h, the ESC aggregates were flushed out and resuspended
in 15 pl Matrigel droplets cultured in serum-containing medium.

Blastoid formation

Blastoids were formed as described previously (Rivron et al., 2018a; Rivron,
2018). For control blastoids, an average of seven ESCs were seeded per
microwell in serum/Lif medium (10 ng/ml Lif, control blastoids) with
50 uM 2-mercaptoethanol. For PrE-induced blastoids, an average of seven
ESCs were seeded per microwell in either (1) N2B27 medium with PrE-
induction compounds and 10 ng/ml Lif for 21 h incubation followed by
serum/Lif for 3 h, or (2) serum/Lif medium with PrE-induction compounds.
After 24 h of ESC aggregation an average of 17 TSC were added per
microwell in TX medium with non-essential amino acids and the blastoid
culture components (20 uM Y27632, 5 uM CHIR99021, 1 mM 8Br-cAMP,
25 nG/ml FGF4, 2 nG/ml TGFB1, 30 nG/ml IL11, 1 pg/ml heparin and
100 uM 2-mercaptoethanol). In some experiments, after 24 h an additional
1 mM of 8Br-cAMP was added to the blastoid culture medium. Structures
with a single cavity and an inner cell compartment were classified as
blastoids. Full stacks using a spinning disk confocal with a 40x objective
were made for the counting of PrE and Epi cells within blastoids (Fig. 5).
The fluorescence images of seven blastoids in Fig. 5 were made by stacking
three to five spinning disk confocal slides.

In vitro post-implantation assay

Blastoids cultured for 96 h (from the time of seeding ESC) were selected
based on their morphology (cystic, roundness, presence of inner cell mass)
and transferred from microwells onto tissue-culture glass or polystyrene
plastic in IVC1 medium using mouth pipetting. IVC1 medium consisted
of Advanced DMEM/F12 medium with non-essential amino acids and
sodium pyruvate, 20% ESC-selected fetal bovine serum, 2 mM glutamax,
penicillin/streptomycin, 1/100 ITS-X (ThermoFisher, 51500056), 8 nM
B-estradiol (Sigma-Aldrich, E8875), 200 ng/ml progesterone (Sigma,
P8783), 25 uM Acetyl-l-cysteine (Sigma-Aldrich, A9165-5G) and 50 uM
2-mercaptoethanol. Structures were fixated after 72 or 96 h of culture using
a fresh solution in PBS of 2% formaldehyde and 0.1% glutaraldehyde.

Microscopy and image-based analysis

For the soluble factor screen, the fluorescence images were acquired in
widefield on a widefield Nikon Eclipse Ti microscope using a 10xobjective,
Andor Zyla4.2 camera and a Lumencor SpectraX as light source with
LED lines of 390, 490, 568 and 647 nm that were used in this study. The
standard DAPI (DAPI-5060C), GFP (GFP-3035D-000), Txred (TXRED-
4040C0360), Cy5 (Cy5-4040C) and Cy7 (Cy7-B) filter cubes from
Semrock were used. Analysis of EBs was performed using a custom-
made pipeline in CellProfiler2.0 or 3.1 (Broad Institute) (Lamprecht
et al., 2007). The number of EBs and cells positive for Pdgfra-h2b-gfp or
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Gata6-h2b-venus were determined by thresholding on intensity. EBs were
considered positive for Pdgfro. when one or more cells were positive for
Pdgfro-h2b-gfp. The number of Pdgfra” cells was identified from widefield
images acquired within the equatorial plane of EBs, and therefore reflect a
proxy for the total number of Pdgfro* cells per EB. Mouse blastocyst images
were deconvolved using Huygens Professional software and quantified
using Imaris x64 9.5.0.

Soluble factor screening

Serial dilutions of compounds were made in appropriate solvents (DMSO or
H,0) and corresponding carrier controls were included in the assays. Serial
dilutions were made for single soluble factor titrations; FGF4, sodium
(ortho)vanadate (Sigma-Aldrich, S6508), PD0325901, PD98059 (Sigma,
P215), activin A, TGFB1, A83-01 (Tocris, 2939), Nodal (R&D systems,
1315-ND-025), SB431542 (Tocris, 1614), retinoic acid (Sigma-Aldrich,
R2625), DL-epinephrine HCI (Sigma-Aldrich, E4642), 8Br-cAMP, SC144
(Tocris, 4963/10), IL6 (Peprotech, 216-16), IL11, Lif, BMP4 (Peprotech,
315-27), BMP7, LDN 193189 (Tocris, 6053), ML347 (Selleckchem,
S7148), Noggin (Peprotech, 250-38), CHIR99021, IWP2 (Selleckchem,
S7085) and XAV-939 (Selleckchem, S1180). Compounds with end
concentrations that were used for XEn/Epi EpiC modulation: PI3K
inhibitor ZSTK474 (Selleckchem, S1072) at 1 uM, insulin at 50 ng/ml,
XAV-939 at 20 uM.

Mouse embryo culture

Embryos were flushed from the uterus as compacted morulas and incubated
at 37°C in basic KSOM medium (Sigma-Aldrich, MR-101-D). Upon cavity
formation, the embryos were transferred to KSOM medium supplemented
as listed in Fig. S9 and incubated in the respective media at 37°C. Control
medium was KSOM only. After 42-48 h blastocysts were fixed in 4%
formaldehyde in PBS. If they had not hatched or were in the process of
hatching, the zona pellucida was removed before fixation using Tyrode’s
solution.

Immunofluorescence

Blastoids and blastocysts were fixed in 4% formaldehyde solution in
PBS for 15min at room temperature. XEn/Epi EpiCs and in vitro
implantation cultures were fixated in 2% formaldehyde solution with
0.1% glutaraldehyde in PBS for 15 min at room temperature. After fixation,
samples were washed three times in washing buffer (0.1% Triton-X with 2%
BSA in PBS), permeabilized in a 1% Triton-X solution in PBS and blocked
in blocking buffer (2% BSA, 5% serum of host secondary antibody species,
0.5% glycine, 0.1% Triton-X, 0.2% Tween-20) for 30 min. Samples were
incubated in antibody solution (25% blocking buffer with 50% PBS and
25% 0.1% Triton-X in PBS) with primary antibodies for 12 h at 4°C,
washed three times for 10 min with washing buffer followed by incubation
with secondary antibodies in antibody solution for 4 h at 4°C. Some samples
were also stained with DAPI (0.2 pg/ml) and phalloidin (ThermoFisher,
A22287 or A12380, 1/100 dilution). A list of used antibodies can be found
in Table S4.

Single-cell sequencing

EBs were washed twice in PBS before collagenase IV (600 U/ml) was
added. Plates were shaken at 350 rpm for 30 min before being transferred to
TrypLE 10X (Thermofisher, A1217701, no dilution) and shaken again for
20 min. EBs were dissociated into single cell suspensions using a small
capillary. The resulting suspension was quenched using PBS with 50%
FBS, centrifuged at 200 g and resuspended in 230 ul of PBS with 10% FBS.
Cells were stained with Pdgfra antibody (1:150 dilution) for 30 min at 4°C
followed by three PBS (+10% FBS) washes and secondary antibody
incubation (1:400) for 30 min. Cells were washed three times in PBS and
sorted for further processing.

XEn/Epi EpiCs were manually picked and placed in a round-bottomed
96-well plate containing 100 ul PBS+0.5% BSA. When sufficient numbers
were collected, they were transferred to an Eppendorf tube with 600 pl
Accumax and incubated at 37°C for 30 min. Every 5-10 min the mixture
was resuspended using a 200 ul pipette. When single cells were observed
under the microscope, the suspension was centrifuged at 200 g for 4 min,

supernatant was removed, and cells were resuspended in staining solution in
PBS (2 uM Di-I1+0.1% Dead-stain-647) and incubated for 20 min at room
temperature in the dark.

Epiblast-only rosettes were washed once with PBS before domes were
disrupted using 150 pl of a 1:1 Dipasell:N2B27 mixture and incubated for
20 min at 37°C in a 1.5 ml Eppendorf tube (four domes per tube). Solution
was resuspended every 5-10 min using a 200 pl pipette tip. Finally, the cell
suspension was resuspended in 700 pl Accumax with 100 pl of PBS with
0.5% BSA and incubated for 25 min at 37°C. Single cells were stained with
2 uM Di-I1+0.1% Dead-stain-647 and incubated for 20 min at room
temperature in the dark.

Single-cell sequencing experiments

For single-cell sequencing, EBs, Matrigel-embedded Epi rosettes and XEn/
Epi EpiCs were manually picked and incubated in AccuMax solution at
37°C for 30 min and resuspended every 5 to 10 min to aid single-cell
dissociation. For Matrigel-embedded Epi rosettes, the basal lamina gel was
first removed by one time washing with PBS followed by Cultrex organoid
harvesting solution (R&D Systems, 3700-100-01) ora 1:1 mix of Dispasell:
N2B27 medium and incubated for 25 min at room temperature or 37°C,
respectively. Dissociated cells were stained for a live staining (Vybrant Dil
Cell-Labeling Solution, ThermoFisher, V22885) and dead staining (LIVE/
DEAD Fixable Near-IR Dead Cell Stain Kit, ThermoFisher, L34975) to
improve selection of viable cells. Gata6-h2b-Venus® cells, which are
indicative of PrE/VE, and non-fluorescent single cells were sorted in 384-
well-plates for further RNA sequencing.

SORT-seq, sequencing and mapping of scRNA-seq data

The sorted 384-well plates were processed using the SORT-seq protocol
(Muraro et al., 2016) and sequenced on an Illumina NextSeq500 sequencing
platform yielding paired-end reads of 75 bp. The second sequencing run
(associated with data in Fig. 4) was performed by SingleCellDiscoveries.
The first six nucleotides of the read unique molecular identifier were
followed by a unique cell barcode that was used to perform demultiplexing.
After demultiplexing, read 2 was used to map to the mouse genome (mm10)
using TopHat (v2.1.1) (Kim et al., 2013). The count table per single cell was
obtained as previously described (Markodimitraki et al., 2020).

scRNA-seq data processing

scRNA-seq data was processed using Seurat (v3) (Stuart et al., 2019). Cells
with more than 1000 genes detected were selected and genes present in
fewer than three cells were removed from the analysis. Expression was
normalized to 10,000 transcripts and the 3500 most variable transcripts were
used for downstream analysis. Data were then scaled to the total number
of transcripts per cell. After principal component analysis, 20 principal
components were used for downstream analysis. Clustering, t-distributed
stochastic neighbor embedding (t-SNE) and uniform manifold
approximation and projection (UMAP) were performed using Seurat
default parameters.

Data analysis and reproducibility

Sample sizes and statistical tests for every experiment are provided in the
figure legends. Sample sizes were not predetermined using statistical
methods. If not stated otherwise, all data are displayed as meanzs.d.

PrE-induced blastoid formation and in vitro implantation assays were
repeated at least five times using two ESC and two TSC lines. Alluvial
figures were created using RAW — an open source project by DensityDesign
Lab and Calibro (Mauri et al., 2017).

Single-cell transcriptome analysis, including clustering and heatmaps,
was performed in R (https:/www.r-project.org/) using the Seurat package
for R (https:/satijalab.org/seurat/). A minimal detection threshold of 5000
genes per cell was selected for cells to be included for analysis. Gene
ontology enrichment analysis was performed using GOrilla (Eden et al.,
2009).

Bar plots were created using Microsoft Excel. SPRING Louvain
clustering was performed using Kleintools (Weinreb et al., 2018). Scatter
plots in Fig. 2 were generated using GraphPad Prism 5. Scatter plots in
Fig. 4, violin plots and dose-response curves were generated using R with
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the packages ‘ggplot2’, ‘reshape2’, ‘ggsignif” and ‘ggbeeswarm’. Statistical
analysis was performed using the package stats’.
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Fig. S1. Distribution of ESC numbers within microwells with a target seeding number of
7 cells per microwell (top). Brightfield images of EBs at 24 and 96 h of culture.
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S2

Fig. S2. Fluorescent montage images of EB cultures within hydrogel microwell screening arrays. Red color
depicts the projection area of EBs identified by nuclear staining (Dapi). Green color depicts Pdgfra-h2b-gfp
reporter expression.

A) B27N2 2i/lif expansion followed by serum/Iif EB culture.
B) B27N2 2i/lif expansion followed by B27N2/lif EB culture.
C) Serum/lif expansion on mEF followed by B27N2/Iif EB culture.
D) Serum/lif expansion on mEF followed by serum/Iif EB culture.
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S3A
Combinatorial screening for serum-free differentiation into primitive endoderm.
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Fig. S3A. Experimental layout of Definitive Screening Design and the results of factor combinations on the yield of PrE-
differentiation in EBs (PrE-yield), EB projection area (Projection area) and count of GFP+ cells per EB on
selected Z plane (Count of GFP+ cells). In contrast to all other conditions, Serum-medium includes 10% FBS.
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Fig. S3B. Main effect plots for the 9 factors in the combinatorial definitive screening design (DSD) assay shows
a positive correlation with PrE-yield for 8Br-cAMP, FGF4 and RA, a positive correlation with EB projection area
(EB-size) for CHIR99021 (Chir), SB43 and 8Br-cAMP, and a positive correlation with the number of PrE+ cells
for RA. All conditions were supplemented with Lif and B-mercaptoethanol. Asterisks indicate statistical
significance. Yellow-marked compounds; FGF4, 8Br-cAMP, RA and chir were selected for final induction

cocktail.
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S3C

Fig. S3C. Cropped fluorescent montage image of EB cultures within a single well of a 96-wellplate that was
induced for primitive endoderm differentiation using the PrE-induction cocktail (image readout at 96 hours
of EB culture). Blue color indicates labelling of cell nuclei (Dapi). Green color depicts Pdgfra-h2b-gfp reporter
expression.
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Fig. S4. Bulk flow cytometry shows that after 72 hours of PrE-induction 55.3% of cells is Gata6-h2b-Venus
negative and 44.7% of cells is Gata6-h2b-Venus positive, compared to 2i/lif expanded cells that show
99.8% of cells gata6-h2b-Venus negative. The PrE-induction cocktail included 8Br-cAMP, RA, Fgf4,
CHIR99021 (Chir) and Lif. 5 wells with each 430 EBs were pooled and dissociated.
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Fig. S5.A)  Yield of Pdgfra++ EBs, size of EBs and number of Pdgfra+ cells per EB with the PrE induction cocktail with and
without Lif.

B) B) Cell viability assay; quantifying the number of dead cells (Ethidium homodimer-positive cells) per EB comparer
for standard per EB after culture in the different media: serum-free B27N2 without and with Lif, serum with Lif,
and the PrE-induction cocktail including Lif. EB culture Serum + Lif and serum-free B27N2 minus Lif, with Lif and
with PrE-induction cocktail including Lif.
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Fig. S6. Z-stack tiles showing Gata6 and Nanog immunofluorescence in PrE-induced ESC
aggregates over time.
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Fig. S7A. Number of cells in PrE/Epi-induced structures with Gata6+, Nanog+, double+ or
double- protein expression over time. Cells were labelled using antibody staining.
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Fig. S7B. Percentages of EBs containing cells with Gata6+ and Nanog+, no Gata6 and Nanog
(Gata6- and Nanog-), Gata6+, and Nanog+ protein expression over time.
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Fig. S8. The mean fluorescence intensity of Gata6-Venus expression was measured in three radial
fractions of PrE-induced ESC aggregates as a function of the total projected area (size) per aggregate
at 48 and 96 hours after induction.
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Fig. S9. Fgf4/mapk signalling was hyperactivated through the addition of 500 ng/ml Fgf4 or inhibited
by addition of 2i/lif in PrE-induced ESC aggregates till 96 hours of culture. The addition of only Pd32
was included as an additional control (A) The total cell number that was counted per EB. (B) The
relative number of Gata6 and Nanog antibody labelled cells per EB.
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Fig. S10. Blastocyst culture under PrE-induction conditions and Fgf/Mapk modulation. A) Relative
contribution of ICM cell numbers to either the epiblast (Nanog+) or PrE (Gata6+). B) Maximum
intensity projections and identification of cell numbers using confocal fluorescence images of
blastocysts (Imaris version x64 9.5.0) that were cultured in KSOM, KSOM with PrE-induction cocktail,
KSOM with 2i/lif and KSOM with 500ng/ml Fgf4. All experimental conditions were assessed in the
same experiment except for the full PrE cocktail, which was performed in a separate experiment. N =
4 or 5 blastocysts per condition.

C
o
)

©

S

=
qg
£

>
©
i)

C

()

S
Q

o

o

=)
(0p)

.
)

C

()

£

Q
o

()

>

()
(@]




Development: doi:10.1242/dev.192310: Supplementary information

2 I Pdgfra_neg
Pth1
Il o Pdgfra_p:
il it \l i | f:mf = PC1 sample value
w SSSSSSSS 0 20
Ln

i .E..' .‘ “m'n e

S
Pdgfra
¥ Gata4 2 =30
& Lrp2
mil | [ T 1H] ] 1T cdes =3 PC1 gene value
FFFFFF b
I l|[| 0o | [0 R 0.04
H H || Aq

||IIII i Lil 1 I 11 | Calmt

| III II J|”|'|:||' | i " o G o T ELP:;
ll| 1 |||| ull il i ' Lt
'Illil |n| HHH

| Ctsz

I A U0 A T TE OB ] Plodz
“ | Lamp1
Fabp3

Lmna

eeeee
KKKKKK

| TN R | IIIIIII ||
I"ﬁ*h.:!m

&J(I\III”I I‘ | I\'I

Kif2

I| Kdms|

I I I “H Fl
|

; n'm ﬂl‘ s
thwhuu‘ 1 \ \ J” g 55’51

H|I chcpzno

| I'”IW;I'F” In |(| ||“‘| 1 I|I ||, I Il :Em:

Fig. S11. Top and bottom differentially expressed genes along principle component axis 1 of both the
Pdgfra- and Pdgfra+ subpopulations.
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Fig. S11B. Top and bottom differentially expressed genes along principle component axis 2 of both the
Pdgfra- and Pdgfra+ subpopulations.
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Fig. S12A. Top 20 most differentially expressed genes between the three groups: Epiblast, early
PE and early VE.

C
o
)

©

£

-
qC_)
£

o)

[

©
-+

C

()

£
9

(@}

(@}

=)
(7p)

°
)

C

()

£

Q
ko)

(]

>

()
o



Development: doi:10.1242/dev.192310: Supplementary information

S12B

Nanog
. .
o ol 2%k
T T T
Epiblast Parietal Visceral Epiblast Parietal Visceral Epiblast Parietal Visceral Epiblast Parietal Visceral
Endoderm endoderm Endoderm endoderm Endoderm endoderm Endoderm endoderm

Cubn Amot

4 3

2
2
1 L
0 0 T

Epiblast Parietal Visceral Epiblast Parietal Visceral Epiblast Parietal Visceral Epiblast Parietal Visceral
Endoderm endoderm Endoderm -endoderm Endoderm endoderm Endoderm endoderm

Apoe Dab2

e —
Epiblast Parietal Visceral Epiblast Parietal Visceral Epiblast Parietal Visceral Epiblast Parietal Visceral
Endoderm endoderm Endoderm  endoderm Endoderm endoderm Endoderm endoderm

Pdgfra

Epiblast Parietal Visceral Epiblast Parietal Visceral
Endoderm endoderm Endoderm  endoderm

Fig. S12B. Relative expression levels for VE and PE genes within the three subpopulations (putative early
PE, putative early VE and Epi) of 96h PrE-induced aggregates.
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Fig. S13A. Size of cavities in XEn/Epi EpiCs over time (left) with accompanying
representative fluorescence images (right). P-values were calculated according to the Mann -
Whitney U test.
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Fig. S13B. Formation efficiency of XEn/Epi EpiCs with and without addition of apoptotic inhibitor Z-vad-fmk (Z-Vad).
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Fig. S14. Normalized diameter of controls Epi/XEn EpiCs and those exposed to insulin and a PI3K
inhibitor ZSTK474 for the full culture time window. One-way ANOVA with Tukey’s multiple comparison
test; * denotes a p < 0.05 and ** denotes a p < 0.01.
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PrE-induced EBs, Nodal KO -/-, 72 hours
Pdgfra Nanog

Nuclei Brightfield

Fig. S15. Immunofluorescence staining for PrE (Pdgfra) and Epi (Nanog) in 72-hours PrE-induced
structures formed with both the V6.5 ESC Nodal KO -/- line and its corresponding WT (+/+)
control. Scale bars depict 50 micrometer.
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Fig. S16. Efficiency of XEn/Epi EpiC formation in response to addition of soluble pathway
modulators starting at 72 h after cell seeding.
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Expression Level Expression Level

Expression Level

Fig. S17. Gene expression plots involved in expression of extracellular matrix proteins of the basal lamina.
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TGFbeta/Activin/Nodal signalling pathway
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Fig. S17. Gene expression plots involved in the TGFbeta/Activin/Nodal, Wnt and TGFbeta/BMP signalling
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Fig. S18. Representative immunofluorescence images for Brachyury in A) Xen/Epi EpiCs (+64h)
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CHAPTER 4:
Canonical Wnt activity blocks the developmental progression of
the primitive endoderm at early implantation stages

4.1. Abstract

In placental mammals, the differentiation and morphogenesis of the three blastocyst lineages
is tightly orchestrated during the pre- to post-implantation transition. Which signalling
interactions between the blastocyst lineages coordinate their peri-implantation development is
only partially understood. In this study, we illustrate that the trophectoderm is a possible source
of canonical WNT ligands, presumably activating Wnt signalling in the epiblast and primitive
endoderm (PrE) at the blastocyst stage. We demonstrate that high canonical Wnt activity blocks
the differentiation of PrE-Llike cells in vitro, reminiscent of what is known for epiblast-like
embryonic stem cells. Specifically, Wnt counteracts differentiation of the pre-implantation PrE
into the post-implantation visceral endoderm and influences the response of cells to the
differentiation signals BMP4 and Activin A. Using a stem cell-based model of PrE and epiblast
co-development at peri-implantation stages, we further show that high cellular Wnt activity
prevents basement membrane formation by PrE-like cells, an essential step guiding epiblast
morphogenesis in the embryo. Collectively, our work uncovers a significance of active canonical
Whnt sighalling in maintaining the pre-implantation potency of PrE-like cells in vitro. We argue
that this might exploit an in vivo mechanism by which the blastocyst can halt development at

pre-implantation stages if needed.

4.2, Introduction

In the development of placental mammals, the blastocyst undergoes drastic morphogenetic
and cell fate changes during the pre- to post-implantation transition (Rossant & Tam, 2009;
Takaoka & Hamada, 2012; Rossant, 2018). These peri-implantation changes must be precisely
regulated to successfully set up the embryo for subsequent gastrulation. At the onset of
implantation in mouse, cells of the extra-embryonic trophectoderm and primitive endoderm
(PrE) deposit a basement membrane around the epiblast which induces epiblast polarisation,
epithelialisation, and consecutive lumen formation, eventually creating the characteristic
epiblast cup morphology (Bedzhov & Zernicka-Goetz, 2014). Coinciding with these changes in
shape, the epiblast transitions from naive to primed pluripotency (Nichols & Smith, 2009), while
the PrE gives rise to the parietal and visceral endoderm (VE) lineages (Filimonow & de la Fuente,
2022). The VE largely engulfs the epiblast cup and fulfils a critical role in nutrient uptake and
transport (Bielinska et al, 1999). Subsequently, a fraction of the VE specifies the distal and later
anterior VE (DVE and AVE), thereby establishing an anterior-posterior axis that lays down the
blueprint for the posterior initiation of gastrulation (Rossant & Tam, 2009; Takaoka & Hamada,

2012). Despite having identified many of the signalling pathways that control these sequential
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developmental events, our understanding of how signalling interactions between the blastocyst
lineages regulate differentiation and morphogenesis during the peri-implantation window

remains incomplete.

In the epiblast, changes in canonical Wnt signalling activity have been suggested as a
mechanism for regulating differentiation and morphogenesis during early post-implantation
development. A range of WNT ligands are expressed at the blastocyst stage (Kemp et al, 2005),
and Wnt is detectably active in the blastocyst and is later downregulated at early post-
implantation stages (ten Berge et al, 2011). Accordingly, active Wnt signalling blocks the
differentiation of murine embryonic stem cells (ESCs) and the glycogen synthase kinase-3
(GSK3) inhibitor, and Wnt agonist, CHIR99021 is routinely exploited to lock ESCs in a
transcriptional state resembling the naive E4.5 epiblast (ten Berge et al, 2011; Ying et al, 2008;
Wray et al, 2011; Boroviak et al, 2014). Moreover, it has been shown that active Wnt signalling
counteracts epiblast polarisation and must be shut down to allow epiblast morphogenesis
(Neagu et al, 2020; Fan et al, 2020). On the contrary, which pathways regulate the concurrent
differentiation of the adjacent PrE into VE remains elusive. Although there is recent evidence
that Wnt activity initially affects PrE fate specification (Athanasouli et al, 2023), and it has been
established that Nodal and bone morphogenetic protein (BMP) signalling later specifies DVE in
the VE (Brennan et al, 2001; Rodriguez et al, 2005; Stower & Srinivas, 2018), what regulates the

transition from the pre-implantation PrE to the post-implantation VE in the first place is unclear.

Here, to understand which signalling pathways are involved in PrE differentiation, we
first used single-cell RNA sequencing data of blastocyst embryos to gain a comprehensive
picture of the signalling interactions that the PrE is subjected to at the onset of implantation. We
show that at the blastocyst stage, the trophectoderm is the main source of WNT ligands which
are predicted to signal to the epiblast but also to the PrE. Using recently published in vitro
culture systems of the PrE lineage (Raina et al, 2021; Yasuhide et al, 2022), we follow up on this
prediction and reveal that canonical Wnt signalling blocks PrE differentiation into the VE lineage
and influences the response to the known differentiation signals BMP4 and Activin A. Wnt
activity also blocks the formation of a basement membrane by PrE cells in a stem cell-based
model of PrE and epiblast co- development. Thus, while Wnt is active, the PrE cannot progress
in its development and, at the same time, does not provide the mechanical cues that guide the
morphogenesis of the adjacent epiblast. We suggest that at the blastocyst stage, the
trophectoderm induces canonical Wnt activity which acts as a “developmental checkpoint”.
Such a checkpoint may avert the premature developmental progression of the epiblast and PrE

and their indispensable peri-implantation interactions.
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4.3. Results

4.3.1. Trophectoderm-secreted Wnt ligands are predicted to act on the epiblast
and primitive endoderm at the blastocyst stage

To determine which signalling pathways might affect PrE differentiation during implantation, we
first aimed to get a more comprehensive picture of the ligand-receptor-mediated signalling that
the PrE is subjected to at the blastocyst stage. For this, we used CellphoneDB (Garcia-Alonso et
al, 2022) to predict active signalling interactions between cells of the PrE, trophectoderm, and
epiblast from previously published single-cell RNA sequencing data (Nowotschin et al, 2019).
We separately analysed two datasets for both E3.5 and E4.5 blastocysts and identified an
overall of 508 significant interactions (p < 0.05) at E3.5 and 443 significant interactions at E4.5,
of which 231 and 212 interactions were shared between both datasets of the same time point,
respectively (Figure 1A, Table S1 and S2). Fibroblast growth factor 4 (FGF4) and platelet derived
growth factors (PDGFs) were among the ligands expressed by the epiblast and predicted to bind
to the corresponding receptors transcribed by the PrE and the trophectoderm at E3.5 and E4.5
(Figure 1B). This is in accordance with the importance of FGF4 and PDGFs for PrE and
trophectoderm development at the blastocyst stage, which has been described extensively
(Tanaka et al, 1998; Nichols et al, 2009; Artus et al, 2013). Consistent with the necessary
deposition of a basement membrane by the PrE for epiblast polarisation (Bedzhov & Zernicka-
Goetz, 2014), CellphoneDB also predicted interactions between laminin and collagen
expressed by the PrE and integrin complexes expressed by the epiblast at E4.5 (Figure 1B).
Overall, the recapitulation of previously identified interactions gave us confidence that this

analysis predicts some signalling interactions as they occur at the blastocyst stage.

Notably, we also found a large amount of WNT mediated interactions at both E3.5 and
E4.5. WNT ligands are known to be expressed at the blastocyst stage, and the pathway was
shown to be active prior to implantation (Kemp et al, 2005; ten Berge et al, 2011). In our
analysis, the trophectoderm was the major source of Wnt ligands, specifically WNT3A, WNT6,
and WNT7B at E3.5 and WNT7B at E4.5 (Figure 1C-E). These WNT ligands are predicted to
interact with a variety of FZD receptors of the epiblast and of the PrE. In turn, DKK1, a known
inhibitor of Wnt signalling, is expressed by the PrE and is predicted to signal to all other
blastocyst lineages (Figure 1F). Wnt has been described to be involved in PrE fate commitment
(Athanasouli et al, 2023), however, our analysis suggests that the PrE is still receptive to Wnt
ligands at E4.5, after PrE specification has already been completed. We conclude that Wnt
ligands are largely produced by the trophectoderm and predicted to induce signalling activity in
both the epiblast and PrE, which could fulfil a role in PrE lineage development at the onset of

implantation.
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4.3.2. Wnt activity affects the morphology of PrE-like cells in vitro, suggesting
developmental progression

To further investigate the role of Wnt signalling in the PrE, we employed two different stem cell
culture systems that model the PrE lineage in vitro. First, we opted to use the recently published
PrE stem cells (PrESCs), which are directly derived from the blastocyst (Yasuhide et al, 2022).
PrESCs are derived and maintained in the presence of FGF4, Heparin, PDGF-AA, and notably
the GSK3 inhibitor CHIR99021 (CHIR), a potent activator of the Wnt pathway (Figure 2A). To
complement the use of PrESCs, we also took advantage of a genetic approach where GATA
binding protein 4 (GATA4), a major PrE transcription factor, is overexpressed in ESCs to generate
PrE-like cells in vitro. Upon PrE differentiation, these cells are maintained in medium
substituted solely with FGF4 and Heparin, without a Wnt pathway activator. We used previously
established doxycycline-inducible Gata4 (Gata4i) ESC lines (Raina et al, 2021) and adapted the
published protocol for differentiation. In brief, we used a 5-hour doxycycline pulse to induce
Gata4 overexpression before changing the culture medium to N2B27 supplemented with FGF4
and Heparin (Figure 2B and Figure S2A). Already 24 hours after doxycycline induction, almost all
cells started expressing the PrE marker proteins GATA6 and PDGF receptor alpha (PDGFRA)
(Figure S2B). At the same time, endogenous Gata4 was highly upregulated, while exogenous
Gata4 transcripts and GATA4 protein levels sharply decreased (Figure 2C). We also monitored
the differentiation in more detail by whole transcriptome analysis. Expression of other PrE
marker genes plateaued at 48 hours (Figure 2E and 2F), yet there was still a clear transcriptomic
shift between samples collected 48 or 72 hours after doxycycline induction for bulk mRNA
sequencing (Figure 2D and Figure S2C). We suspected that cells might differentiate further, and
when looking at the expression pattern of VE marker genes, we found many of them highly
expressed at 48 hours and even more so at 72 hours after doxycycline induction (Figure 2E).
Thus, while PrESCs reflect the undifferentiated PrE at E4.5 (Yasuhide et al, 2022), Gata4i cells
cultured with FGF4/Heparin, but in the absence of a Wnt activator, appear to transition through
a PrE-like state 24 hours after doxycycline induction and continue to upregulate VE markers at
later time points. Despite certainly being inherently different stem cell systems, a considerable
divergence in the culture conditions is the use of a Wnt activator, hinting at a role of Wnt
signalling to explain the variations in the developmental states.

To follow up on the role of Wnt for the culture of PrE-like cells in vitro, we cultured
PrESCs and Gata4i cells with a range of different Wnt pathway effectors for up to 72 hours. To
activate Wnt we used CHIR but also WNT Surrogate-Fc Fusion Proteins (WntS-Fc) or Wnt3a
conditioned medium for receptor-mediated Wnt activation. This ensured that observed effects
could be attributed to cellular Wnt activity and were not specific to CHIR. R-spondins (Rspo) are
known to amplify Wnt signalling (Kim et al, 2008), and we therefore also used WntS-Fc in
combination with Rspo1 conditioned medium. Moreover, to prevent the confounding effects of
WNT ligands, produced by the cells themselves, we blocked their biosynthesis by including the
porcupine inhibitor IWP2. We confirmed that Wnt could be induced in all experimental
conditions by checking Axin2 expression levels as a readout for Wnt activity (Figure 3A and
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Figure S3A). While Wnt S-Fc alone induced Axin2 expression, this effect was enhanced by the
addition of Rspo1 conditioned medium. Noticeably, the levels of Wnt activity seemingly
correlated with the extent to which cells spread out within PrESC colonies (Figure 3C). At high
Whnt activity (10uM CHIR and WntS-Fc+Rspo1 conditioned medium), PrESCs formed tight
colonies, whereas lower Wnt activity was permissive for the formation of cells with larger
cytoplasmic area (Figure 3C). Strikingly, we observed that upon culture in Wnt OFF conditions,
cells not only had a larger cytoplasmic area but also accumulated large vacuoles in their
cytoplasm (Figure 3B and Figure S3B). We initially hypothesised that the vacuoles might be lipid
droplets, as an enhanced lipid metabolism was found to be characteristic of the VE lineage
(Farese et al, 1996; Watanabe et al, 2010). However, despite detecting significantly more lipid
droplets in colonies cultured with the Wnt inhibitor XAV939, the lipid droplets did not match the
size nor localisation of the cytoplasmic vacuoles (Figure S3C). Upon further examination, we
noticed that in GFP-labelled PrESCs, GFP was excluded from the vacuoles, suggesting that they
might be endosomes (Figure 3D). Since increased endocytosis is another feature of the VE
(Perea-Gomez et al, 2019), we tested endocytic activity using a dextran uptake assay. We
observed a dramatic increase in the uptake of dextran following the withdrawal of WNT agonists,
which was repressed by the endocytic inhibitor LatrunculinA (Figure 3E). Collectively, the
changes in cell morphology, in combination with the appearance of a VE characteristic
phenotype with apparent endocytic activity in the absence of Wnt agonists, point at a role of

Whnt signalling activity in blocking PrE differentiation.

4.3.3. Release from Wnt signalling induces visceral endoderm differentiation

To test if a decrease in Wnt signalling activity in fact promotes the differentiation of the PrE into
VE, we first assessed the expression levels of VE marker genes in PrESCs and Gatadi cells under
Wnt ON versus Wnt OFF culture conditions. For both cell lines, the absence of Wnt activators
resulted in an upregulation of VE genes such as Afp, Apob, Dab2, and Hnf4a, while Pdgfra and
Pou5f1, which mark an early PrE state (Linneberg-Agerholm et al, 2023), were downregulated
(Figure 4A and Figure S4A and S4B). These expression patterns were consistent on the protein
level in PrESCs, with cells in Wnt OFF culture conditions expressing the VE marker hepatocyte
nuclear factor 4 alpha (HNF4A) and downregulating PDGFRA and octamer-binding transcription
factor 4 (OCT4, the product of Pou5f1) (Figure 4C and Figure S4D). To gain a more holistic
understanding of gene expression changes dependent on altered Wnt activity levels, we
performed bulk mRNA sequencing of PrESCs cultured with CHIR, WntS-Fc, or without Wnt
activators. By employing gene set enrichment analysis (GSEA), we found a positive enrichment
of VE-specific genes among the differentially expressed genes (DEGs) between cells cultured
with or without Wnt activators (Figure 4B). DEGs between cells cultured with CHIR or WntS-Fc
also exhibited a positive enrichment for VE-specific genes which might be explained by the
substantially higher Wnt signalling response that is achieved by 10 uM CHIR compared to the

receptor-mediated signalling through WntS-Fc (see also Figure 3A). Conversely, there was a
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negative or no enrichment of PrE-specific genes among the DEGs between cells cultured with or
without Wnt activators (Figure S4C). Finally, to verify that the effects of Wnt signalling on PrE
extend to the embryo, we isolated blastocysts at E3.7 and treated them with 10 uM CHIR from
E4.2 before fixing them at E5.5. As anticipated, PrE cells of CHIR-treated embryos largely failed
to upregulate the VE marker HNF4A (Figure 4D and 4E). Taking all together, we conclude that
canonical Wnt signalling prevents the differentiation of the PrE into the VE.

4.3.4. Wnt activity influences cellular response to differentiation signals BMP4
and Activin A

BMP4 signalling is required for the differentiation of PrE into VE and subsequently specifies the
embryonic VE (emVE) overlying the epiblast, which is distinct from the extra-embryonic VE
(exVE) adjacent to the extra-embryonic ectoderm (Figure 5A)(Yamamoto et al, 2009). Given our
results that Wnt prevents VE differentiation, we wondered if BMP4 signalling could override the
inhibitory effect of Wnt. To understand this, we cultured cells with or without the receptor-
mediated Wnt activator WntS-Fc and treated them with BMP4 for 24 hours before performing
bulk mRNA sequencing (Figure 5B). Cells cultured with CHIR and without BMP4 were included
as a control. In a principal component analysis (PCA), PC1 captured the PrE developmental
trajectory that negatively correlated with the levels of Wnt activity (Figure 5C). VE marker genes
Apob, and Amot were under the genes with highest positive loading value on PC1, while Wnt
target Axin2, and early PrE marker Pdgfra and Pou5f1 were among the genes with highest
negative loading value (Figure S5A). BMP4 treatment caused a positive shift along PC2 that was
independent of Wnt activity (Figure 5C). Genes with high positive PC2 loading scores included
the VE marker genes Apob and Hnf4a, indicating that BMP4 indeed induces VE differentiation
(Figure S5A). Independent of cellular Wnt activity, GSEA confirmed a positive enrichment for VE
specific genes among the DEGs between BMP4 treated and untreated cells (Figure 5D). More
specifically, we found a positive enrichment for emVE as opposed to exVE genes (Figure S5C
and S5D), which is in line with what has been reported previously (Yamamoto et al, 2009).
Although BMP4 induced an upregulation of VE-specific genes regardless of cellular Wnt activity,
the expression of PrE-specific genes was maintained when Wnt signalling was active (Figure
5E). Furthermore, the expression levels of VE-specific genes were lower in cells treated with
BMP4 and cultured with WntS-Fc as compared to those treated with BMP4 and cultured without
WntS-Fc (Figure 5E). Thus, BMP4 can induce VE specification also in the presence of Wnt
signalling, however, Wnt must be shut down to decrease PrE-specific gene expression and

boost the upregulation of VE-specific genes.

In addition to its role in (em)VE specification from PrE, BMP signalling is also known to
counteract the differentiation of VE into DVE (Figure 5A)(Rodriguez et al, 2005; Yamamoto et al,
2009; Stower & Srinivas, 2018). Interestingly, while the positive shift of BMP4 treated cells along
PC2 appeared to be related to VE differentiation, the top genes with negative PC2 loading
included the DVE marker genes Otx2, Sfrp1, and Lefty1 (Figure 5C and Figure S5A). This
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suggests that PC2 captures the transcriptomic differences between VE and the more
specialised DVE, which is driven by BMP4 signalling (Figure 5C). In line with this, the expression
levels of DVE markers such as Otx2, Sfrp1, Cer1, and Lefty1 were downregulated in BMP4
treated samples compared to cells cultured without BMP4 under the same Wnt signalling
condition (Figure 5E). Moreover, independent of Wnt activity, we found a negative enrichment for
DVE specific genes (similar to the later AVE) among the DEGs between BMP4 treated and
untreated cells (Figure S5B). Taken together, BMP4 counteracts the expression of DVE related
genes, irrespective of cellular Wnt activity.

While our transcriptomic data showed that BMP4 can antagonise the expression of DVE-
specific genes, these genes were still expressed at significantly higher levels in conditions
where Wnt was inactive (Figure 5E). This indicates that VE differentiation, resulting from
reduced Wnt activity, is accompanied by spontaneous DVE specificiation. Indeed, under Wnt
OFF culture conditions, the DVE/AVE markers OTX2 and CER1 were expressed by patches of
cells within PrESC colonies, while these proteins could not be detected in cells cultured with
Wnt activators (Figure 5F). In the embryo, Nodal, a SMAD2/3 effector originating from the
epiblast, induces DVE fate (Brennan et al, 2001). We wondered whether providing this signal
could induce DVE differentiation in cells cultured under Wnt ON conditions, or if initial
differentiation through Wnt inactivation is necessary for DVE specification. To test this, we
exposed PrESCs to Activin A or TGFB1 for SMAD2/3 activation under either Wnt ON or Wnt OFF
conditions. Unlike TGFB1, Activin A treatment very clearly increased the fraction of OTX2
positive cells in the absence of Wnt activators (Figure 5G and Figure S5E). However, while cells
were also subjected to CHIR or WntS-Fc, Activin A treatment did not upregulate OTX2
expression, which is in accordance with what was published earlier last year (Figure
5G)(Schumacher et al, 2023). We therefore conclude that cells must be released from Wnt
signalling to enable their initial differentiation into a VE-like state before they become receptive
to Activin A as a DVE differentiation signal. Taking everything together, this implies a signalling
hierarchy for differentiation where Wnt initially maintains PrE-specific gene expression while
repressing VE-specific genes. BMP4, on the other hand, can induce VE differentiation despite
cellular Wnt activity. However, Wnt must eventually be shut down to reinforce VE fate and to
make cells receptive to additional differentiation signals, such as Activin A for DVE

specification.

4.3.5. Wnt signalling prevents PrE differentiation and basement membrane
formation in a 3D model of epiblast/PrE peri-implantation development

In the embryo, VE differentiation is tightly coupled to the morphogenesis and differentiation of
the adjacent epiblast during epiblast cup formation. However, if PrE to VE differentiation affects
epiblast morphogenesis is unclear. Therefore, we wanted to test the effect of Wnt on the co-
development of the epiblast and PrE during peri-implantation stages. Modulating Wnt activity
during peri-implantation development in vivo is technically challenging, and in vitro post-
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implantation culture of blastocysts is inefficient and limited by the number of available
blastocysts. To circumvent these constraints, we decided to broadly adopt a 3D stem cell
model that we described previously, which models epiblast and PrE co-development from
approximately E3.5 to E5.5 (Vrij et al, 2022). In brief, we mixed wild type ESCs with PrESCs or
doxycycline-treated Gatadi cells and seeded them in CHIR containing medium into agarose
microwells to form free-floating cell aggregates. 24 hours after seeding, the medium was
changed to basal N2B27 medium to allow for unguided self-organisation of the two different cell
types (Figure S6A). Cells within the aggregates were initially distributed in a salt and pepper
manner, however, the PrE-like cells reliably sorted to the outside of the aggregates before
depositing a basement membrane between themselves and the ESCs. This in turn triggerd
polarisation and subsequent lumenogenesis of the ESCs between 72 and 96 hours. As this
system models PrE-induced epithelialisation and cavity formation of epiblast-like cells, we refer
to the structures as EpiCs. Using EpiCs, we can investigate the impact of Wnt signalling on the
co-development of PrE-like and epiblast-like cells by simply adding Wnt activators and
inhibitors when performing the protocol (Figure 6A and Figure S6B). We again used 10 uM CHIR
or WntS-Fc £ Rspo1 conditioned medium as Wnt agonists, and the porcupine inhibitor IWP2 to
limit the secretion of Wnt ligands between cells. Sorting of the PrE-like cells to the outside of
aggregates was not affected by Wnt activity as we observed a clear segregation between outer
GATA6+ and inner OCT4+ cells after 96 hours (Figure 6C and Figure S6D). However, continuous
culture of EpiCs with CHIR or WntS-Fc+Rspo1 conditioned medium resulted in a very compact
and smooth aggregate morphology, while in Wnt OFF conditions (IWP2 or Rspo1 conditioned
medium alone) the PrE-Llike cells in the outer layer of EpiCs became noticeably blebby (Figure
6B and Figure S6C). Noteworthy, EpiCs cultured solely with WntS-Fc looked similar to EpiCs
cultured under Wnt OFF conditions probably due to insufficient activation of the Wnt pathway
by WntS-Fc alone (see also Figure 3A and Figure S3A). The outer blebby cells of Gata4i-EpiCs
also showed high expression levels of HNF4A, indicating their differentiation into VE-like cells
(Figure 6C). This suggests that active Wnt affects morphology and differentiation of the PrE

lineage, also in a 3D co-culture model with epiblast-like cells.

The deposition of a basement membrane by the maturing PrE is one of the key steps that
instructs epithelialisation of the epiblast during epiblast cup formation (Bedzhov & Zernicka-
Goetz, 2014). Most interestingly, when EpiCs were cultured with CHIR or WntS-Fc+Rspo1
conditioned medium, we did not observe the formation of a dark ring between the PrE-like and
epiblast-like cells after 96 hours (Figure 6B and Figure S6C). We suspected a defect in
basement membrane formation and performed immunofluorescence stainings for the
basement membrane component laminin. Indeed, the PrE-like cells failed to establish a
basement membrane as evidenced by the absence of a distinct laminin layer between PrE-like
cells and ESCs (Figure 6D and Figure S6E). As a consequence, ESCs of these EpiCs were
disorganised and did not undergo lumenogenesis (Figure 6C). Since Wnt signals inhibit the
differentiation and polarisation of ESCs and epiblast (Neagu et al, 2020; Fan et al, 2020), we
cannot dismiss the possibility that the failure of basement membrane formation by the PrE/VE-
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like cells may be indirectly regulated by the effect of Wnt on ESCs. To clarify this, we aggregated
PrESCs alone in different Wnt ON and OFF conditions (Figure 6E). Similar to what we had
observed in EpiCs, active Wnt signalling resulted in visibly tight aggregates, while aggregates
cultured under Wnt OFF conditions were of irregular, blebby morphology (Figure S6F). To see
how Wnt sighalling affected the extracellular deposition of laminin, we fixed the aggregates and
performed immunofluorescence stainings for laminin without permeabilization before primary
antibody incubation. Permeabilised aggregates were included as controls. Aggregates cultured
without Wnt or with Wnt inhibitors assembled extracellular laminin “sheets” between cells,
which was not apparent in aggregates cultured under Wnt ON conditions (Figure 6F and Figure
S6G). On the contrary, the levels of total laminin expression, as determined by quantifying the
laminin signal of permeabilised aggregates, were comparable between all conditions. This
suggests a defect in basement membrane formation, but not in membrane components
production, as a result of Wnt signalling acting on the PrE-like cells directly. However, in
contradiction, the transcription levels of basement membrane associated genes (LamaT,
Lamb1, Lamc1, Coldal, and Col4a2) negatively correlated with cellular Wnt activity (Figure
S6H). Finally, since establishment of a basement membrane is tightly linked to cells acquiring
apical-basal polarity (O’Brien et al, 2001), we checked if Wnt signalling interfered with
establishment of cell polarity. Yet, no matter the culture condition, apical polarity was always
acquired as marked by the apical expression of Podocalyxin (PODXL), atypical protein kinase C-
zeta (PKC{Q), and Zonula occludens-1 (ZO1) in the outer cells of PrESC aggregates (Figure 6G and
Figure S6l). Overall, our results suggest that high canonical Wnt activity not only prevents the
differentiation of the PrE into VE, but also blocks the associated formation of a basement
membrane, thereby interfering with an essential developmental step necessary to guide

epiblast morphogenesis.

4.4. Discussion

Cells of the three blastocyst lineages must precisely coordinate their differentiation and
morphogenesis during peri-implantation development. Yet, our understanding of the signalling
pathways involved, and the origins of the required signalling ligands remains incomplete. Here,
using CellphoneDB (Garcia-Alonso et al, 2022), we identify the trophectoderm as a source of
canonical WNT ligands, in line with what we have reported previously (Seong et al, 2022). Based
on our analysis, WNT ligands from the trophectoderm are predicted to bind a variety of FZD
receptors expressed by the epiblast and PrE, presumably activating the canonical Wnt pathway
in these tissues. Activation of Wnt signalling in ESCs, the in vitro equivalent of the epiblast, has
been widely employed to indefinitely maintain cells in a state of naive pluripotency (Ying et al,
2008; Wray et al, 2011; Boroviak et al, 2014). In the present study, we investigated a potential
role of Wnt signalling in the PrE lineage and show that canonical Wnt activity also blocks the
differentiation of PrE-like cells in vitro. Moreover, high cellular Wnt activity prevents PrE-like

cells from depositing a basement membrane between themselves and ESCs in a 3D model of
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epiblast/PrE co-development at peri-implantation stages. Therefore, active canonical Wnt
signalling evidently blocks the differentiation and morphogenetic progression of both ESCs and
PrE-like cells in vitro.

This raises the question if there is a physiological relevance for a mechanism that can
block developmental progression of cells in the embryo. Arguably, embryogenesis is a
continuous process and naturally cells of the embryo would not arrest in a certain
developmental state but steadily progress. However, in some mammalian species, including
rodents, diapause provides an exception during which development is halted at the blastocyst
stage (Mantalenakis & Ketchel, 1966; Mead, 1993; Renfree & Shaw, 2000). Recently, it was
shown that canonical Wnt activity maintains naive pluripotency in the epiblast during diapause
and counteracts its polarisation through the Wnt downstream factor Esrrb (Fan et al, 2020). In
fact, Wnt signalling had been suggested previously as a way to sustain naive pluripotency in the
dormant epiblast (Boroviak et al, 2015). The authors also found similarities in signalling activity
between ESCs and the diapaused epiblast (Boroviak et al, 2015). This led them to speculate that
using Wnt agonists to capture naive pluripotency of ESCs in vitro engages the same pathways
that allow the epiblast to undergo developmental arrest during diapause. Our findings that
active Wnt signalling also inhibits the differentiation of the PrE could imply that Wnt plays a
similar role in maintaining the PrE during diapause. Noticeably, in vitro equivalents of the PrE
lineage, like PrESCs or naive, extra-embryonic endodermal progenitor (nEnd) cells use either
CHIR or WNT3A, respectively, to establish stable PrE-like cell lines (Anderson et al, 2017,
Yasuhide et al, 2022). Taken together, we speculate that similarly to what has been proposed for
ESCs, canonical Wnt activity could hinder differentiation of the PrE lineage during diapause, a

mechanism that can be exploited for the capture of pre-implantation PrE-like cells in vitro.

Consistent with the idea of Wnt activity serving as a mechanism to pause embryonic
development prior to implantation if needed, ablation of functional WNT ligands through a
knockout of Porcupine (Porcn) does not cause obvious developmental defects before
gastrulation (Biechele et al, 2013). However, WNT ligands are clearly expressed at the
blastocyst stage (Kemp et al, 2005) and our analysis suggests activation of the Wnt pathway
through interactions between the trophectoderm and the epiblast and PrE in non-diapause
blastocysts. Moreover, using an Axin2:%°? reporter, it has been shown that Wnt is active in the PrE
and epiblast at the blastocyst stage, but is immediately shut down at early post-implantation
stages (ten Berge et al, 2011). The reason for this transient Wnt activation as well as the
mechanism by which it is shut down are unknown. We propose that Wnt activity might be
downregulated through the secretion of Wnt inhibitors such as DKK1 by the PrE, as predicted by
our analysis (Figure 1F). Supposing that the pre-implantation wave of Wnt must be
downregulated to allow the progression of peri-implantation development, we speculate that
Wnt activity levels in the blastocyst could act as a “developmental checkpoint”. In other words,
Wnt activity induced through WNT ligands coming from the TE could keep the epiblast and PrE
undifferentiated until production of Wnt inhibitors surpasses a threshold, thereby shutting down

Whnt activity and enabling development to proceed. Hitting said threshold could rely on the
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maturity level of PrE cells, or simply on reaching an appropriate ratio of PrE cells in comparison
to the epiblast and trophectoderm (Neagu et al, 2020). This would be an elegant solution by
which the developing blastocyst lineages use signalling interactions to synchronise their

development and avoid premature developmental progression.

Differentiation of PrE and epiblast is coupled to the formation of a basement membrane
between the two tissues which facilitates their morphogenesis into the post-implantation egg
cylinder (Bedzhov & Zernicka-Goetz, 2014). Conforming to the notion that Wnt inhibits
developmental progression of the epiblast and PrE, high Wnt signalling activity also prevented
the establishment of a basement membrane by PrE-like cells in our stem cell-based models.
Nevertheless, the mechanism by which Wnt signalling obstructs basement membrane
formation remains unclear. The generation of a basement membrane in developing epithelia is
interlinked with the acquisition of an apical-basal cell polarity (O’Brien et al, 2001). However, in
our experiments, PrESCs readily formed apical poles despite high cellular Wnt activity levels,
suggesting that Wnt does not disrupt the establishment of cell polarity. While we did observe
differences in the gene expression of basement membrane components (Figure S6H),
expression of laminin proteins could be detected at similar levels irrespective of Wnt signalling
activity (Figure S6G). Considering these conflicting results, we cannot exclude that Wnt might
prevent the synthesis of basement membrane components. However, the failure to form a
basement membrane could also be attributed to an inadequate supramolecular assembly of
secreted laminin. Assembly of extracellular laminin into a basement membrane is mediated by
cell surface laminin receptors (Hohenester & Yurchenco, 2013). Dystroglycan initially clusters
laminin to the cell surface and, together with B1 integrins (/tgb7) and Perlecan, further organises
it into increasingly complex structures (Henry et al, 2001). Interestingly, Dystroglycan is
expressed at the basement membrane between the VE and epiblast cup, and a knockout of
Dystroglycan (Dag1) disrupts the formation of the Reichert’s membrane in the E6.5 embryo as
well as the formation of a basement membrane in embryoid bodies (Williamson et al, 1997;
Henry & Campbell, 1998). Moreover, Itgb1 was significantly upregulated when culturing PrESCs
in the absence of Wnt activators (Figure S6H). We speculate that elevated Wnt signalling activity
might affect the regulators of laminin assembly, thereby counteracting the formation of a
basement membrane. More experiments, also confirming an effect of Wnt on basement

membrane formation in vivo, are needed.

In summary, our study shows that canonical Wnt signalling counteracts VE and DVE
differentiation of PrE-like cells in vitro. Blockage of VE differentiation is accompanied by a failure
to deposit a basement membrane in EpiCs, and therefore an absence of the mechanical cue
that would guide the morphogenesis of the epiblast in vivo. Using Wnt agonists for the culture of
PrE-like stem cells thus preserves cells in a state of pre-implantation potency, potentially
harnessing in vivo mechanisms that halt development during diapause or prevent premature

differentiation as a “developmental checkpoint”.
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4.5. Limitations of the study

While the presented work provides evidence that canonical Wnt signalling blocks the
differentiation of the PrE into VE and DVE, the underlying mechanism remains to be determined
and was outside the scope of this study. Additionally, the striking changes in cell morphology
upon withdrawal of Wnt agonists from the culture were reminiscent of a VE phenotype,
prompting us to solely investigate the differentiation of the PrE into VE. Consequently, we
cannot comment on whether Wnt activity levels also affect the differentiation of the PrE into the
parietal endoderm (PE), its second derivative lineage (Filimonow & de la Fuente, 2022). It will be
interesting to see if Wnt signalling must also be shut down for PE differentiation, and if so, to

identify which other signals determine either a VE or PE fate.

4.6. Figures

Continued on the next page.
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Figure 1. Trophectoderm-secreted Wnt ligands are predicted to act on the epiblast and primitive endoderm at
the blastocyst stage.

(A) Number of significant interactions predicted by CellphoneDB (Garcia-Alonso et al, 2022) for each analysed data
set. Two data sets of E3.5 and two datasets of E4.5 blastocysts (Nowotschin et al, 2019) were each analysed
individually. Cells were annotated as inner cell mass (ICM), epiblast (Epi), primitive endoderm (PrE), and
trophectoderm (TE) at E3.5 and as Epi, PrE, and TE cells at E4.5. (B) Predicted significant interactions of ligands
known to be involved in signalling at E3.5 and E4.5. The arrow indicates the direction of the interaction, with the first
signalling partner being expressed in the cell type at the base of the arrow and the second signalling partner being
expressed in the cell type at the tip of the arrow. Signalling partners are separated by dashes (“~”). Underscores (“_")
indicate a multi-subunit signalling partner. Chord diagrams were generated using results of datasets Lib1-3 (E3.5) and
Lib1-2 (E4.5). Bold interactions were predicted for both datasets of the respective timepoint. (C) Predicted significant
interactions involving the ligands WNT3A, WNT6, and WNT7B at E3.5. Chord diagram was generated using results of
the E3.5 dataset Lib1-3. Bold interactions were predicted for both datasets at E3.5. Bold and italic interactions were
found in both datasets for TE — PrE, but not for TE — ICM. Interactions marked with asterisks were also predicted as
autocrine interactions between TE — TE for both datasets. (D) Predicted significant interactions involving the ligands
WNT3A, WNT6, and WNT7B at E4.5. Chord diagram was generated using results of the E4.5 dataset Lib1-1. Bold
interactions were predicted for both datasets at E4.5. (E) Number of significant interactions classified as canonical
Whnt activating or Wnt inhibiting as part of the overall number of identified interactions shared between both datasets
of the respective time point. Wnt activating interactions are further broken down by interacting tissues. (F) Predicted
significant interactions involving the Wnt inhibitor DKK1. The predicted significant autocrine interactions DKK1 - LRP5
and DKK1 - LRP6 between PrE — PrE at E3.5 and E4.5 are not plotted in the chord diagrams.
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Figure 2. 2D model systems used to study primitive and visceral endoderm.

(A) PrESCs are cultured on feeders in StemFit™ Basic03 Cell Culture Medium supplemented with FGF4, Heparin,
PDGF-AA and CHIR99021 (CHIR). (B) Gata4i mESCs were maintained on gelatin in standard 2iLIF medium (i.e., 1 uyM
PD0325901, 3 uM CHIR, 20 ng/ml mLIF) and differentiated by a 5-hour doxycycline (Dox) pulse, followed by culture in
N2B27 basal medium supplemented with FGF4 and Heparin for up to 72 hours. (C) Relative mRNA levels (normalised
to Oh) for exogenous and endogenous GATA4 expression. Protein levels of exogenous GATA4-mCherry were traced by
flow cytometry analysis at indicated time points. Data shown are mean +SD of three independent experiments. (D)
PCA clustering of bulk mRNA sequencing replicates (n=3) of Gata4i cells at indicated time points after Dox-induced
differentiation. (E) Scaled gene expression heatmap of epiblast (Fgf4, Nanog), pluripotency (Pou5f1), PrE (Gata6,
Pdgfra, Sox17, Sox7), and VE (Amn, Dab2, Cubn, Hnf4a, Afp, Apob, Ttr) markers at the indicated time points after Dox-
induced differentiation. (F) Immunofluorescence stainings for PrE markers GATA6 and PDGFRA and epiblast marker
NANOG at 48 hours after Dox-induction.
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Figure 3
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Figure 3. Wnt activity affects the morphology of PrE-like cells in vitro, suggesting developmental progression.

(A) Axin2 mRNA expression levels of PrESCs cultured for 72 hours in PrESC medium without CHIR99021 (CHIR),
supplemented with Wnt activators or inhibitors as indicated. PrESCs cultured with 10 uM CHIR were used as a
control. 2% FBS was chosen as a control for Wnt3a conditioned medium (CM) which contains 10% FBS. Rspo1 CM
alone should not induce Wnt signalling and was included as a control for WntS-Fc+Rspo1 CM. Data shown are from
at least three independent experiments; mean is indicated by red bar. (B) Brightfield images of PrESC colonies
cultured for 72 hours in PrESC medium without CHIR, with IWP2 (2.5 pM), and supplemented with Wnt activators or
inhibitors as indicated. (C) Left: Average area per cell (calculated by PrESC colony area / number of nuclei per PrESC
colony) after 72 hours of culture in PrESC medium without CHIR, with IWP2 (2.5 pM), and supplemented with Wnt
activators or inhibitors as indicated. Colony area and number of nuclei were determined based on WGA and Hoechst
stainings as shown on the right. See also Figure S3C. Data shown are from four independent experiments; mean is
indicated by red bar. (D) Intrinsic GFP signal of GFP-PrESCs cultured for 72 hours in PrESC medium without CHIR,
with IWP2 (2.5 pM), and supplemented with Wnt activators or inhibitors as indicated. (E) Endocytosis assay using
TRITC-dextran for 30 minutes on PrESCs. As a control PrESCs cultured for 72 hours with IWP2 were treated with
LatrunculinA for 5 hours prior to TRITC-dextran incubation. This experiment was performed by Jolien Jacobs at
Erasmus MC, Rotterdam, the Netherlands.
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Figure 4
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Figure 4. Release from Wnt signalling induces visceral endoderm differentiation.

(A) mRNA expression levels of VE markers (Afp, Apob, Dab2, Hnf4a) and PrE marker (Pdgfra) of PrESCs cultured for 72
hours in PrESC medium without CHIR99021 (CHIR), supplemented with Wnt activators or inhibitors as indicated.
PreSCs cultured with 10 uM CHIR were used as a control. 2% FBS was chosen as a control for Wnt3a conditioned
medium (CM) which contains 10% FBS. Rspo1 CM alone should not induce Wnt signalling and was included as a
control for WntS-Fc+Rspo1 CM. Data shown are from at least three independent experiments; mean is indicated by
red bar. (B) Gene set enrichment analyses testing for the enrichment of VE specific genes among DEGs between
PrESCs cultured without Wnt activators or with CHIR (left), between PrESCs cultured without Wnt activators or Wnt
S-Fc (middle), or between PrESCs cultured with Wnt S-Fc or CHIR (right). DEGs were determined from bulk mRNA
sequencing data of PrESCs cultured under the respective conditions for 72 hours. The VE gene set consists of genes
that are upregulated in VE cells of embryos at E5.5 compared to PrE cells of embryos at E4.5 (Nowotschin et al,
2019). (C) Immunofluorescence stainings for pluripotency marker OCT4, VE marker HNF4A, and PrE marker GATAG of
PrESCs cultured for 72 hours in PrESC medium without CHIR, with IWP2 (2.5 pM), and supplemented with Wnt
activators or inhibitors as indicated. (D) Immunofluorescence stainings of blastocysts that were isolated at E3.7 and
initially cultured for 12 hours in vitro before post-implantation culture in IVC1 medium = CHIR from E4.2-E5.5. This
experiment was performed by Jolien Jacobs at Erasmus MC, Rotterdam, the Netherlands. (E) Number of embryos
showing HNF4A*/GATA4* double positive cells for the experiment shown in (D).
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Figure 5
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Figure 5. Wnt activity influences cellular response to differentiation signals BMP4 and Activin A.

(A) Schematic representation of known signalling pathways leading to specialisation of the distal visceral endoderm
(DVE) in the post-implantation embryo. Nodal from the epiblast (Epi) specifies DVE fate, while BMP4 from the extra-
embryonic ectoderm (ExE) counteracts DVE differentiation and restricts it only to the distal region of the embryonic
VE (emVE). BMP4 is also necessary to specify emVE identity, which is distinct from extra-embryonic VE (exVE). Later,
cells sharing similar markers with the DVE form the anterior VE (AVE) at the anterior side of the embryo at the
interface between emVE and exVE (not shown). (B) PrESCs were cultured for 72 hours in PrESC medium without
CHIR, with IWP2 (2.5 pM), and supplemented with either CHIR or Wnt S-Fc. For the last 24 hours of culture BMP4 (50
ng/ml) was added to the medium before harvesting the cells for bulk mRNA sequencing analysis at 72 hours. (C) PCA
clustering of bulk mRNA sequencing replicates (n=3) of PrESCs of the respective experimental conditions as shown
in (B). (D) Gene set enrichment analyses testing for the enrichment of VE specific genes among DEGs between
PreSCs cultured without Wnt activators + BMP4 (left), or between PrESCs cultured with Wnt S-Fc + BMP4 (right).
DEGs were determined from bulk mRNA sequencing data of PrESCs cultured under the experimental conditions as
shown in (B). The VE gene set consists of genes that are upregulated in VE cells of embryos at E5.5 compared to PrE
cells of embryos at E4.5 (Nowotschin et al, 2019). (E) Scaled gene expression heatmap of indicated PrE, Wnt target,
VE, and DVE markers of PrESCs cultured under the experimental conditions as shown in (B). (F) Immunofluorescence
stainings for DVE/AVE markers OTX2, LEFTY1, and CER1 of PrESCs cultured for 72 hours in PrESC medium without
CHIR99021 (CHIR), with IWP2 (2.5 uM), and supplemented with Wnt activators or inhibitors as indicated. (G)
Immunofluorescence stainings for DVE/AVE markers OTX2, LEFTY1, and CER1 of PrESCs cultured for 72 hours in
PrESC medium without CHIR, with IWP2 (2.5 pM), and supplemented with CHIR, Wnt S-Fc, and Activin A as
indicated. Treatment with the TGFB inhibitor SB431542 was included as a negative control.
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Figure 6
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Figure 6. Wnt signalling prevents PrE differentiation and basement membrane formation in a 3D model of
epiblast/PrE peri-implantation development.

(A) Gatadi mESCs were treated with Doxycycline for 5 hours before aggregating them with WT mESCs in N2B27
medium supplemented with CHIR99021 (CHIR, 3 uM) and mLIF (20 ng/ml). After 24 hours the aggregates were
maintained in N2B27 supplemented with Wnt activators or inhibitors for 96 hours during which cells self-organised to
form post-implantation like structures, termed “EpiCs”. (B) Brightfield images of Gata4i-EpiCs after 96 hours of
culture with Wnt activators and inhibitors as indicated. (C) Immunofluorescence stainings for PrE marker GATAS,
pluripotency/epiblast marker OCT4, and VE marker HNF4A of Gata4i-EpiCs shown in (B). (D) Immunofluorescence
stainings for PrE marker GATA4 and laminin of Gata4i-EpiCs shown in (B). White arrows point at the basement
membrane deposited between Gata4i cells and ESCs. (E) PrESCs were aggregated in PrESC medium without CHIR,
with mLIF (20 ng/ml), and supplemented with Wnt activators or inhibitors for either 75 or 82 hours. (F) Maximum
intensity Z-projections of immunofluorescence stainings for extracellular or total cellular laminin of PrESC
aggregates. Staining procedures were identical after fixation of the aggregates, however, cells were not permeabilised
to detect extracellular laminin only. White arrow indicates laminin sheet deposited between cells. See also Figure
S6G. (G) Immunofluorescence stainings for apical markers PODXL and PKCZ of PrESC aggregates. Unpolarised ESC
aggregates were used as a negative control. See also Figure S6H.
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Figure S2
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Figure S2

(A) To test which medium allows for efficient, homogenous differentiation of Gata4i mESCs we performed
immunofluorescence stainings for PrE markers GATA6 and PDGFRA and epiblast marker NANOG after doxycycline
(Dox) induction and culture for 48 hours in the indicated media. (B) Immunofluorescence stainings for PrE markers
GATA6 and PDGFRA and epiblast marker NANOG after Dox induction and culture in N2B27 + FGF4 (20 ng/ml) +
Heparin (1 pg/ml) for 24, 48, or 72 hours. (C) Principal component loadings associated with the top genes for the PCA

shown in Figure 2D.
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Figure S3
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Figure S3

(A) Axin2 mRNA expression levels of Gatadi mESCs after Dox induction and culture for 72 hours in N2B27 medium
with FGF4 (20 ng/ml) and Heparin (1 pg/ml), supplemented with Wnt activators or inhibitors as indicated. 2% FBS was
chosen as a control for Wnt3a conditioned medium (CM) which contains 10% FBS. Rspo1 CM alone should not
induce Wnt signalling and was included as a control for WntS-Fc+Rspo1 CM. Data shown are from at least three
independent experiments; mean is indicated by red bar. (B) Brightfield images of Gatadi mESCs used for the analysis
in (A). (C) Left: Workflow for image analysis of PrESCs stained with WGA, Hoechst, and LipidSpot™ 610. Right:
Fraction of colony area filled with lipid droplets, plotted as fold change compared to the mean value of the CHIR 10
UM condition of each experiment. Data shown are from four independent experiments; mean is indicated by red bar.
The data was analysed for statistically significant differences using a one-way ANOVA, followed by a Tukey’s multiple
comparisons test. p<0.0001 (****); p <0.05 (*)
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Figure S4

(A) mRNA expression levels of VE markers (Afp, Apob, Dab2, Hnf4a), PrE markers (Gata6, Pdgfra), and pluripotency
marker (Pou5f1) of Gatadi mESCs after Dox induction and culture for 72 hours in N2B27 medium with FGF4 (20 ng/ml)
and Heparin (1 pg/ml) supplemented with Wnt activators or inhibitors as indicated. 2% FBS was chosen as a control
for Wnt3a conditioned medium (CM) which contains 10% FBS. Rspo1 CM alone should not induce Wnt signalling and
was included as a control for WntS-Fc+Rspo1 CM. Data shown are from at least three independent experiments;
mean is indicated by red bar. (B) mRNA expression levels PrE marker (Gata6) and pluripotency marker (Pou5f1) of
PrESCs cultured for 72 hours in PrESC medium without CHIR99021 (CHIR), supplemented with Wnt activators or
inhibitors as indicated. PrESCs cultured with 10 yM CHIR were used as a control. 2% FBS was chosen as a control for
Whnt3a conditioned medium (CM) which contains 10% FBS. Rspo1 CM alone should not induce Wnt signalling and
was included as a control for WntS-Fc+Rspo1 CM. Data shown are from at least three independent experiments;
mean is indicated by red bar. (C) Gene set enrichment analyses testing for the enrichment of PrE specific genes
among DEGs between PrESCs cultured without Wnt activators or with CHIR (left), or between PrESCs cultured
without Wnt activators or Wnt S-Fc (right). DEGs were determined from bulk mRNA sequencing data of PrESCs
cultured under the respective conditions for 72 hours. The PrE gene set consists of genes that are upregulated in PrE
cells of embryos at E4.5 compared to VE cells of embryos at E5.5 (Nowotschin et al, 2019). (D) Immunofluorescence
stainings for pluripotency marker OCT4, PrE marker PDGFRA, and VE marker HNF4A, of PrESCs cultured for 72 hours
in PrESC medium without CHIR, with IWP2 (2.5 pM), and supplemented with Wnt activators and inhibitors as
indicated.
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Figure S5
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Figure S5

(A) Principal component loadings associated with the top genes for the PCA shown in Figure 5C. (B)-(D) Gene set
enrichment analyses testing for the enrichment of (B) distal/anterior VE (DVE/AVE)-, (C) embryonic VE (emVE)-, and
(D) extra-embryonic (exVE)-specific genes among DEGs between PrESCs cultured without Wnt activators + BMP4, or
between PrESCs cultured with Wnt S-Fc + BMP4. DEGs were determined from bulk mRNA sequencing data of PrESCs
cultured under the respective conditions as shown in Figure 5B. The DVE/AVE, emVE, and exVE gene sets consist of
DVE/AVE, emVE-, or exVE-specific genes between E5.25-E6.5, which have been published previously (Zhu et al,
2023). (E) Immunofluorescence stainings for DVE/AVE markers OTX2, LEFTY1, and CER1 of PrESCs cultured for 72
hours in PrESC medium without CHIR99021 (CHIR), with IWP2 (2.5 pM), and supplemented with CHIR, Wnt S-Fc, and
TGFB1 as indicated. Treatment with the TGFB inhibitor SB431542 was included as a negative control. TGFB1 was only
added to the culture medium during the last 24 hours before fixation.
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Figure S6
A

Gata4i mESCs

®

+Dox (5h) before harvesting

WT mESCs
H2B-mTurquoise

PrEscs (@

-6
wT
B s

N2B27 medium
+FGF4 +Hep +CHIR
+PDGF-AA +mLIF

N2B27 medium +mLIF
+Wnt modulators

agarose microwells

free floating culture in non-adhesive culture plates

seeding

medium change

Oh

e

<

N2B27 di
ol N2B27 medium

flushing from
microwells

24h

+CHIR +mLIF
“Epics” Wnt S-Fc
CHIR(10pM)  WntS-Fc(1nM)  +RspolCM  RspolCM (20%) IWP2 (2.5 uM)
@ G SET
\ Y e TN
fordias N | S )
A g )
7| !; e

[
-24h Oh

D

CHIR (10 puM)

GATA6

96 h

CHIR (10 uM)

96 h
Hoechst

GATA4

50 um

CHIR (3 pM)

96h

Wnt S-Fc (1 nM)

Wnt S-Fc (1 nM)

+Rspol CM

Wnt S-Fc

Wnt S-Fc

Wnt S-Fc

Wnt S-Fc (1 nM)

+Rspol CM

Rspol CM (20%)

Rspol CM (20%)

IWP2 (2.5 uM)

IWP2 (2.5 uM)

XAV939 (2 pM)

G

extracellular laminin (75h)

total laminin (75h)

~Col4al

40 00 100 — -Col4a2
[ ey
© 201 2 ° 8 < -Lamal
% 1 80 5 ° ] ol ~Lambl
— o ° ~Lamcl
2 60— ° 2 =T
a s . CHIR WntS wj/o
i) ° [ -
S 40 B 2 10 1
S > o 0 O
E $ 550 o % o8 AL
£ 20 % 8 ol
& g8 B %g IWP2 (2.5 uM)
° 88
. s o s A s s LI
s = s =
TETTSEEE TETSEEE
o m a3 Y 5o o mnm A3 8 h o
S x v g=da Sx v g=da
=S¢ 2538 x5 20538
T OY + 3o = T OV + 3 a =
o E P o = § & c £ o E §
= 5 & E )
n o n x
£ €
= WntOFF = WntOFF
Wnt ON Wnt ON

140

CHIR (10 puM)

XAV939 (2 uM)

Wnt S-Fc (1 nM)

ESCs (neg. control)

-
o

N




Figure S6

(A) Time course of Gata4i-EpiC formation. Gata4i mESCs and wild type (WT) mESCs were labelled with H2B-mCherry
or H2B-mTurquoise to track the location of the respective lineage within EpiCs. (B) PrESCs were aggregated together
with WT mESCs in N2B27 medium supplemented with FGF4 (50 ng/ml), Heparin (1 ug/ml), CHIR99021 (CHIR, 10 uM),
PDGF-AA (25 ng/ml), and mLIF (20 ng/ml). After 24 hours the aggregates were further maintained in N2B27
supplemented with mLIF (20 ng/ml) and Wnt activators or inhibitors for 96 hours during which cells self-organised to
form post-implantation like structures, termed “EpiCs”. (C) Brightfield images of PrESC-EpiCs after 96 hours of
culture in Wnt activators or inhibitors as indicated. (D) Immunofluorescence stainings for PrE marker GATA6 and
pluripotency/epiblast marker OCT4 of PrESC-EpiCs shown in (C). (E) Immunofluorescence stainings for PrE marker
GATA4 and laminin of PrESC-EpiCs shown in (C). White arrows point at the basement membrane deposited between
PreSCs and ESCs. (F) Brightfield images of PrESC aggregates cultured in PrESC medium without CHIR, with mLIF (20
ng/ml), and supplemented with Wnt activators or inhibitors as indicated for 75 hours. (G) Mean fluorescence intensity
of laminin signal of PrESC aggregates, normalised to the aggregate area, measured using sum-Z-projections. (H)
Scaled gene expression heatmap of basement membrane components and integrin 31 of PrESCs cultured under the
experimental conditions as shown in Figure 5B. (I) Immunofluorescence stainings of PrESC aggregates stained for
Z01, a scaffold protein at tight junctions of well-polarized epithelial cells. Unpolarised ESC aggregates were used as
a negative control.
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4.7. Methods

4.7.1. Stem cells and culture conditions

Gata4i mESCs (clone 5) were obtained from Christian Schroter’s lab at the Max Planck Institute
of Molecular Physiology, Dortmund, Germany (Raina et al, 2021). Cells were maintained on
0.1% gelatin coated tissue culture plates in 2iLIF medium, that is N2B27 basal medium (i.e. 1:1
DMEM/F-12 (in-house Media Lab) and Neurobasal medium (in-house Media Lab) supplemented
with 1X N-2 supplement (Gibco, 17502048), 1X B-27 supplement (Gibco, 17504044), 1X
GlutaMAX (Gibco, 35050038), 10 mM HEPES (in-house Media Lab), 100 uyM B-mercaptoethanol
(Gibco, 31350010), and 1X Penicillin-Streptomycin (Gibco, 15140122)) which was
supplemented with 20 ng/ml mLIF (in-house Molecular Biology Services), 1 uM PD0325901
(MedChemExpress, HY-10254), and 3 uM CHIR99021 (MedChemExpress, HY-10182). Culture
medium was changed daily, and cells were routinely passaged every three days using Accutase
(Biozym Scientific, B423201) for cell detachment. For differentiation, cells were plated on 0.1%
gelatin coated tissue culture plates and Doxycycline (MedChemExpress, HY-N0565B) was
added the next day to the medium at a final concentration of 100 ng/ml. After five hours, the
medium was removed and replaced with N2B27 basal medium supplemented with 20 ng/ml
FGF4 (Qkine, Qk004) and 1 pg/ml Heparin (Sigma, H3149). XEN medium, which was used as a
differentiation medium in one experiment (Figure S2A), was RPMI 1640 (in-house Media Lab)
supplemented with 15% Foetal Bovine Serum (FBS, Sigma-Aldrich, F7524), 100 pM B-
mercaptoethanol, 1X Penicillin-Streptomycin, and 1 mM Sodium Pyruvate (Gibco, 11360070).

One GFP-labelled (11-7 M) and one wild type (12-1 M) PrESCs line were obtained from
Haruhiko Koseki’s lab at the RIKEN Center for Integrative Medical Sciences, Wako, Japan
(Yasuhide et al, 2022). Cells were maintained on feeders in PrESC medium, that is StemFit™
Basic03 Cell Culture Medium (Amsbio, SFB-503) supplemented with 10 uM CHIR99021, 50
ng/mlLFGF4, 1 ug/ml Heparin, 25 ng/ml PDGF-AA (Qkine, Qk043), and 1X Penicillin-
Streptomycin. Culture medium was changed daily, and cells were routinely passaged every

three days using Accutase for cell detachment.

Depending on the experiment, 2.5 uyM IWP2 (Tocris, 3533), 2 uM XAV939
(MedChemExpress, HY-15147), 1 nM WNT Surrogate-Fc Fusion Protein (ImmunoPrecise
Antibodies, N00O1, Lot 3660), 20% Wnt3a conditioned medium, 20% Rspo1 conditioned
medium, or 2% FBS were added to the medium as indicated. In most experiments, IWP2 was
added to both Wnt ON and Wnt OFF conditions to prevent the secretion of any endogenous
WNT ligands by the cells. For experiments related to DVE differentiation 15 ng/mlrecombinant
TGF (Qkine, Qk010), 50 ng/ml recombinant BMP4 (PeproTlech, 315-27), or 6 uM SB431542
(MedChemExpress, HY-10431) were added to the medium as indicated.

G4 mouse ESCs were obtained from Andras Nagy’s lab at the Lunenfeld Tanenbaum
Research Institute, Toronto, Canada (George et al, 2007) and were cultured in 2iLIF medium as
described above. Culture medium was changed daily, and cells were routinely passaged every

three days using Accutase for cell detachment.
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All cell lines were cultured under standard cell culture conditions at 37°C in a humidified

atmosphere containing 5% CO, and 20% O..

4.7.2. Preparation of conditioned medium

L Wnt-3A cells were maintained in DMEM high glucose (in-house Media Lab) supplemented with
10% FBS, 10 mM HEPES, 1X GlutaMAX, 1X Penicillin-Streptomycin, and 125 pg/ml Zeocin™

Selection Reagent (Gibco, R25001). To prepare Wnt3a conditioned medium, cells were cultured
in the same medium without Zeocin for 5-7 days before the medium was collected, centrifuged,

and filter sterilised. Medium was stored at 4°C.

HA-R-Spondin1-Fc 293T cells were maintained in DMEM high glucose supplemented
with 10% FBS, 10 mM HEPES, 1X GlutaMAX, 1 mM Sodium Pyruvate, 1X Penicillin-Streptomycin,
and 300 pg/ml Zeocin™ Selection Reagent. To prepare Rspo1 conditioned medium, cells were
cultured in Advanced DMEM/F-12 (Gibco, 12634010) supplemented with 10 mM HEPES, 1X
GlutaMAX, and 1X Penicillin-Streptomycin for 7-10 days before the medium was collected,

centrifuged, and filter sterilised. Medium was stored at -20°C.

4.7.3. EpiC formation

Agarose microwells (2 200 um) were fabricated as described previously (Vrij et al, 2016), and
incubated with serum containing medium (i.e. DMEM high glucose supplemented with 10%
FBS, 10 mM HEPES, 1X GlutaMAX, 1X MEM Non-Essential Amino Acids (Gibco, 11140035), and
50 uM B-mercaptoethanol) for at least 24 hours. Doxycycline (100 ng/ml) was added to the
medium of Gata4i cells for 5 hours prior to harvesting to induce differentiation. Gata4i cells
were then combined with G4 mESCs at a ratio of 3:2 in a single-cell suspension in N2B27 basal
medium supplemented with 20 ng/ml mLIF and 3 uM CHIR99021. The suspension was seeded
onto microwells aiming for 16 cells per microwell. After incubating for 24 hours, the medium
was replaced with N2B27 basal medium supplemented with Wnt pathway modulators, as
specified for each experiment. 48 hours after seeding, the aggregates were flushed from the
microwells by gently pipetting up and down, and then transferred into non tissue culture treated
6-well plates (Falcon, 351146). Fresh medium was added each day and EpiCs were collected,

washed in PBS, and fixed at the indicated time points after seeding.

For PrESC-EpiCs, PrESCs were harvested, plated on a 0.1% gelatin-coated plate, and
incubated for 45 minutes to exclude feeder cells. PrESCs were then combined with G4 mESCs
at aratio of 3:2 in a single-cell suspension in N2B27 basal medium supplemented with 20 ng/ml
mLIF, 10 uM CHIR99021, 50 ng/ml FGF4, 1 pg/ml Heparin, and 25 ng/ml PDGF-AA. The
suspension was seeded onto microwells aiming for 16 cells per microwell. After incubating for
24 hours, the medium was replaced with N2B27 basal medium supplemented with 20 ng/ml

mLIF and Wnt pathway modulators, as specified for each experiment. 48 hours after seeding,
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the aggregates were flushed from the microwells by gently pipetting up and down, and then
transferred into non tissue culture treated 6-well plates. Fresh medium was added each day and
EpiCs were collected, washed in PBS, and fixed at the indicated time points after seeding.

4.7.4. PrESC aggregate formation

Agarose microwells were prepared as described for EpiC formation. PrESCs were harvested,
plated on a 0.1% gelatin-coated plate, and incubated for 45 minutes to exclude feeder cells.
PrESCs were then seeded onto microwells aiming for 16 cells per microwell in Basic03 Cell
Culture Medium supplemented with 20 ng/ml mLIF, 50 ng/ml FGF4, 1 uyg/ml Heparin, and 25
ng/mlLPDGF-AA. Wnt pathway modulators were added as specified for each experiment. 48
hours after seeding, the aggregates were flushed from the microwells by gently pipetting up and
down, and then transferred into non tissue culture treated 6-well plates. PrESC aggregates were

collected, washed in PBS, and fixed at the indicated time points after seeding.

4.7.5. Embryo culture

The presented embryo experiment was conducted by Jolien Jacobs at Erasmus MC, Rotterdam,
the Netherlands, and approved by the Centrale Commissie Dierproeven (the Hague, the
Netherlands) and by the Erasmus MC Animal Ethical Committee. Embryos were obtained from
crosses between FVB/N mice. For superovulation, female mice were injected intraperitoneally
with Folligonan (5-7.5 IU in 100-150 pl) followed by another intraperitoneal injection of Chorulon
(5-7.51Uin 100-150 pl) 24 hours later. The superovulated females were then housed together
with males for mating overnight. Males were removed the next day and females were checked
for copulation plugs. Embryos were collected from the uteri at embryonic day E3.7 and keptin
IVC1 medium (i.e. Advanced DMEM/F-12 supplemented with 20% FBS, 1X GlutaMAX, 1X
Penicillin-Streptomycin, 1X ITS-X (Gibco, 51500056), 0.22% Sodium Lactate (Sigma-Aldrich,
L7900), 1 mM Sodium Pyruvate, and 25 pM N-acetyl-L-Cysteine (Sigma-Aldrich, A7250) at 37°C,
5% 02, and 5% CO2. At embryonic day E4.2, embryos were transferred into imaging dishes
(Ibidi, 80826) coated with 1:200 Cultrex Basement Membrane Extract (Bio-Techne, 3533-010-
02), and incubated in IVC1 medium = 10 yM CHIR99021 until embryonic day E5.5 when they

were fixed.

4.7.6. Live cell images

Brightfield images of live 2D and 3D samples were taken using an EVOS™ M7000 Imaging
System (Thermo Fisher Scientific). This system also allowed for the detection of GFP, H2B-

mCherry, and H2B-mTurquoise in live cells.
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4.7.7. Immunofluorescence

For stainings of cells cultured in 2D, cells were grown on 8-well chamber slides (Ibidi, 80826),
washed with PBS, and fixed using 4% Formaldehyde (Invitrogen, 28908) in PBS for 15-20
minutes at room temperature (RT). 3D samples were washed once with PBS before fixation
using 4% Formaldehyde in PBS for 30-40 minutes at RT.

Samples were permeabilised with 0.3% Triton-X100 in PBS (PBS-T) for one hour at RT
followed by one hour of blocking at RT using 2% bovine serum albumin and 2% donkey serum
(Biowest, S2170) in 0.1% PBS-T. When staining for extracellular laminin, the permeabilization
step was omitted, and samples were directly placed into blocking solution. All samples were
then incubated at 4°C overnight with primary antibodies diluted in blocking solution. The
following day, samples were washed three times with 0.1% PBS-T and then incubated with the
secondary antibodies in blocking solution for one hour at RT. Hoechst 33342 (Invitrogen, H3570)
was used to counterstain the nuclei. Samples were washed another three times with 0.1% PBS-
T and imaged in PBS on either a ZEISS Axio Observer inverted microscope equipped with a
Yokogawa CSU X1 spinning disk and a Hamamatsu EM-CCD Camera C9100-13 or on an
Olympus IX83 inverted microscope equipped with a Yokogawa W1 spinning disk and a
Hamamatsu ORCA-Fusion Digital CMOS camera C14440-20UP. Images were analysed using
Imagel) (Version 1.53c). Alist of all antibodies used in this study is provided in Table S3.

4.7.8. LipidSpot™ staining

PrESCs were seeded into 8-well chamber slides on feeders in PrESC medium without
CHIR99021, with IWP2 (2.5 uM), and supplemented with Wnt activators or inhibitors, as
specified. Medium was changed daily. After three days 1X LipidSpot™ 610 dye (Biotium, 70069)
was added to the medium and cells were incubated at 37°C for another hour. Cells were then
washed once with PBS and fixed using 4% Formaldehyde for 15 min at RT. The samples were
washed again with PBS, and a staining solution containing 1 pg/ml Wheat germ agglutinin
(WGA, Invitrogen, W11261) and 2 ug/ml Hoechst 33342 in PBS were added for 30 minutes at RT.
Samples were washed three times with PBS before imaging them on an Olympus 1X83 inverted
microscope equipped with a Yokogawa W1 spinning disk and a Hamamatsu ORCA-Fusion
Digital CMOS camera C14440-20UP.

4.7.9. Image analysis and quantification

Allimages were analysed using Fiji (Schindelin et al, 2012). For the analysis of LipidSpot™
stainings, first, the “Freehand selections” tool was used to outline colonies on maximum
intensity Z-projections of the WGA channel. The area of each selection (i.e. colony area) was
recorded. Maximum intensity Z-projections of the LipidSpot™ channel were converted into
threshold masks and the “Analyze Particles” tool was used to determine the number of particles
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and their area within each selected colony area. The number of cells per colony was assessed
by counting the number of nuclei in each selected colony area on maximum intensity Z-
projections of the Hoechst 33342 channel. See also Figure S3C.

To quantify the expression levels of extracellular and total laminin of PrESC aggregates,
first, the aggregates were outlined on sum intensity Z-projections of the Hoechst 33342 channel
using the “Freehand selections” tool. The area of each selection was recorded, and the mean
fluorescence intensity was measured within the selection area on sum intensity Z-projections

of the laminin channel.

4.7.10. Endocytosis assay

This experiment was performed by Jolien Jacobs at Erasmus MC, Rotterdam, the Netherlands.
PrESCs were cultured on feeders in 8-well chamber slides (lbidi, 80826) for 72 hours in PrESC
medium without CHIR99021, supplemented with 2 uM IWP2 and DMSO or 10 uM CHIR99021.
As a control, 2 uM Latrunculin A (Cayman Chemical, 10010630) was added to the cells cultured
with IWP2 five hours prior to performing the endocytosis assay. For the endocytosis assay,
samples were incubated with 1 mg/ml TRITC-Dextran (Sigma-Aldrich, T1162) for 30 minutes.
Cells were then washed three times with PBS and incubated for another 30 minutes in the

respective culture medium supplemented with 1 pg/ml Hoechst 33342 before imaging.

4.7.11. RT-qPCR

RNA was extracted using the RNeasy Mini Kit (Quiagen, 74104) according to the manufacturer’s
instructions. Gatad4i cells were washed once with PBS before adding lysis buffer directly to the
culture dish. GFP-labelled PrESCs were harvested and sorted by FACS to remove non-
fluorescent feeder cells before lysis. For cDNA synthesis RNA was incubated with 2.5 mM Oligo
d(T)18 mRNA Primer (New England Biolabs, S1316S) and 0.5 mM dNTPs (in-house, Molecular
Biology Services) at 65°C for five minutes. Reverse transcription was then performed using the
SuperScript™ lll Reverse Transcriptase (Invitrogen, 18080044) together with RNaseOUT™
Recombinant Ribonuclease Inhibitor (Invitrogen, 10777019) according to the protocol provided
by the manufacturer. For the gPCR reactions GoTaq qPCR Master Mix (Promega, A6001) was
used and 10 ng cDNA was provided as template per reaction. All gPCRs were performed using a
Bio-Rad CFX Connect Real-Time PCR System. Relative expression levels of target genes were
calculated with the AACt method using Thp as an endogenous reference gene for internal

normalisation. Sequence information for all primers can be found in Table S4.
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4.7.12. Flow cytometry and FACS

Cells were harvested and resuspended as a single-cell suspension in PBS + 1% FBS. Gatad4i
cells were analysed for mCherry expression on a BD LSRFortessa™ Cell Analyzer and the data
were analysed using FlowJo™. GFP-labelled PrESCs were sorted on a BD FACSAria™ Il Cell

Sorter to remove GFP negative feeder cells prior to bulk RNA extractions.

4.7.13. CellphoneDB analysis

CellphoneDB v4.0.0 (Garcia-Alonso et al, 2022) with database cellphonedb-data v4.1.0 was
used to predict signalling interactions between blastocyst lineages from published single-cell
RNA sequencing data sets of E3.5 and E4.5 embryos (Nowotschin et al, 2019). Two independent
sequencing data sets for each embryonic timepoint were available (GSM3494334,
GSMB3494335, GSM3494336, and GSM3494337), but since integration of datasets introduces
dependencies between data points, violating the assumptions of the statistical tests performed
by CellphoneDB, data sets were analysed separately. We performed total count normalisation
and then ran CellphoneDB with the default settings, using the cell annotation provided by the
authors (available at https://endoderm-explorer.com/). This ensured that only cells meeting the
original quality control criteria set by the authors were included in our analysis. All significant
interactions predicted by the analysis for cells at E3.5 and E4.5 are listed in Table S1 and Table
S2, respectively.

4.7.14. Bulk mRNA sequencing library preparation and sequencing

RNA was extracted using the RNeasy Mini Kit according to the manufacturer’s instructions
including a DNase digestion step during RNA purification. Gata4i cells were washed once with
PBS before adding lysis buffer directly to the culture dish. GFP-labelled PrESCs were harvested
and sorted by FACS to remove non-fluorescent feeder cells before lysis. Poly-A mRNA was
isolated with the NEBNext® Poly(A) mRNA Magnetic Isolation Module (New England Biolabs,
E7490) from 500 ng of total RNA. Enriched poly-A mRNA sequencing libraries were prepared
using the NEBNext® Ultra™ Il Directional RNA Library Prep Kit for Illumina (New England Biolabs,
E7760). The fragment size of the libraries was assessed using the NGS HS analysis kit and a
fragment analyser system (Agilent). The library concentrations were quantified with a KAPA Kit
(Roche). The generated libraries were sequenced on an llllumina NextSeq2000 (Illumina) with

50-bp paired end mode. For each sample, approximately 10 million reads were obtained.

4.7.15. Bulk mRNA sequencing data analysis

RNA-seq reads were first trimmed using trimgalore v0.5.0 and reads mapping to abundant

sequences included in the iGenomes UCSC GRCm38 bundle (mouse rDNA, mouse
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mitochondrial chromosome, phiX174 genome, adapter) were removed using bowtie2 v2.3.4.1
alignment. Remaining reads were analysed using genome and gene annotation for the
GRCmM38/mm10 assembly obtained from Mus musculus Ensembl release 102. Reads were
aligned to the ii.GRCm38 genome using star v2.6.0c and reads in genes were counted with
featureCounts (subread v1.6.2) and parameter -s 2. Differential gene expression analysis on raw
counts, and principal component analysis on variance-stabilised, transformed (vst) count data
were performed using DESeq2 v1.18.1. Heatmaps of vst count data were generated using

pheatmap v1.0.12.

4.7.16. Gene set enrichment analysis

Gene set enrichment analyses (GSEA 4.2.3)(Subramanian et al, 2005) were run on pre-ranked
gene lists with 10,000 permutations. To generate gene sets differentiating VE from PrE,
sequencing data sets of E4.5 and E5.5 embryos (GSM3494336, GSM3494337, GSM3494338,
and GSM3494339)(Nowotschin et al, 2019) were merged using Seurat 4.3.0 (Hao et al, 2021).
Adopting the cell annotation provided by the authors (available at https://endoderm-
explorer.com/), Seurat was used to identify differentially expressed features between PrE cells
at E4.5 and all VE cells (i.e. cells annotated exVE, emVE, or VE) at E5.5. Gene sets specific to
exVE, emVE, or DVE/AVE were obtained from Table S1 in Zhu et al, 2023. Pre-ranked gene lists
were based on lists of DEGs between the specified conditions, excluding all genes for which an
adjusted p value (padj) could not be calculated. A rank metric for each gene was calculated by
multiplying the sign of its log2 fold change with the negative base-10 logarithm of its p-value.

4.7.17. Statistics and reproducibility

Sample sizes were not pre-determined using statistical methods. The number of replicas and
any statistical tests used are indicated in the figure legends. Statistics were calculated using

Graphpad Prism version 8.1.1.
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4.8. Supplementary information

Table S1. Comprehensive CellphoneDB interactions list at E3.5

Table S2. Comprehensive CellphoneDB interactions list at E4.5

Table S3. Antibodies used in this study

Target Manufacturer Catalogue No Dilution
Primary antibodies

anti-CER1 R&D Systems MAB1986 1:100
anti-GATA4 Invitrogen 14-9980-82 1:400
anti-GATAG6 R&D Systems AF1700 1:200
anti-HNF4a Santa Cruz Biotechnology sc-8987 (discont.) 1:300
anti-Laminin Abcam ab11575 1:500
anti-LEFTY Abcam ab22569 1:300
anti-NANOG Abcam ab80892 1:300
anti-OCT3/4 Santa Cruz Biotechnology sc-5279 1:200
anti-OTX2 R&D Systems AF1979 1:500
anti-PDGFRa R&D Systems AF1062 1:200
anti-PKC¢ Santa Cruz Biotechnology sc-216 1:200
anti-Podocalyxin R&D Systems AF1556 1:300
anti-ZO1 Invitrogen 33-9100 1:100
Secondary antibodies

anti-goat IgG Alexa Fluor™ 405 abcam ab175665 1:500
anti-goat IgG Alexa Fluor™ Plus 488 Invitrogen A32814 1:500
anti-goat IgG Alexa Fluor™ 647 Invitrogen A21447 1:500
anti-mouse IgG Alexa Fluor™ 488  Invitrogen A21202 1:500
anti-mouse IgG Alexa Fluor™ 568  Invitrogen A10037 1:500
anti-mouse IgG Alexa Fluor™ 647  Invitrogen A31571 1:500
anti-rabbit IgG Alexa Fluor™ 488 Invitrogen A21206 1:500
anti-rabbit 1IgG Alexa Fluor™ 568 Invitrogen A10042 1:500
anti-rabbit 1gG Alexa Fluor™ 647 Invitrogen A31573 1:500
anti-rat IgG Alexa Fluor™ 488 Invitrogen A21208 1:500
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anti-rat IgG Alexa Fluor™ 568 Invitrogen A78946 1:500
anti-rat IgG Alexa Fluor™ 647 Invitrogen A48272 1:500
Table S4. Primers used in this study

Target Forward primer (5’-3’) Reverse primer (5’-3’)

Afp TGCGCTCTCTACCAGACCTT ATCTTCCCGGTGAGGTCGAT
Apob AGATGACCAGAGTGTGGAGC TCACCATCAGACTCCTTGTACC
Axin2 TGACTCTCCTTCCAGATCCCA TGCCCACACTAGGCTGACA

Dab2 GCGGCTATTTAAGTGGCGTT GATACCAGCCAATCCCCGAC
Gata4 (3'UTR) AGAGCTGTAGCCAACTGTGG CTGCTACGGCCAGTAAGGTT
Gata6 ACCTCAGGGGTAGGGGCATC TGTAGAGGCCGTCTTGACCT
Hnf4a GGATATGGCCGACTACAGCG AGATGGGGACGTGTCATTGC
mCherry GCGCCTACAACGTCAACATC GCGTTCGTACTGTTCCACGA
Pdgfra GATCGGCCAGCCTCCTACAA CAGCAAAGTCAGACCCTCGG
Pou5f1 CACTCACATCGCCAATCAGC TGATCTTTTGCCCTTCTGGC

Tbp GAAGAACAATCCAGACTAGCAGCA CCTTATAGGGAACTTCACATCACAG
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CHAPTER5:
Discussion

Differentiation and morphogenesis during development strongly depends on the sighalling
interactions between developing tissues. At the time of implantation this involves interactions
between the embryonic epiblast as well as the extra-embryonic PrE and trophectoderm.
Embryonic and extra-embryonic lineages can be captured in vitro using defined combinations of
signalling molecules. Moreover, their co-development around the time of implantation can be
recapitulated in integrated stem cell-based models, providing valuable tools to learn about the
interactions between embryonic and extra-embryonic lineages. Concurrently, understanding
the signalling interactions between these lineages can inform on the signalling factors required
for accurately mimicking embryonic and extra-embryonic lineages in stem cell cultures.
Enhancing the fidelity with which stem cells mimic their in vivo counterparts will be necessary
to improve current embryoid models, thus ensuring greater reliability in the results derived from

them.

In the following chapter, | intend to (1) summarise the stem cell-based embryo models
presented in this thesis and discuss their relevance for studying the interactions between
embryonic and extra-embryonic lineages at the time of implantation and (2) describe how the
studies presented here contribute to our understanding of the culture requirements of extra-

embryonic stem cells.

5.1. Modelling embryonic and extra-embryonic lineage interactions
at the time of implantation in vitro

5.1.1. Modelling epiblast and extra-embryonic endoderm co-development

In this thesis | presented two partial embryo models of epiblast and PrE co-development. These
models take different approaches to generate aggregates of PrE- and epiblast-like cells, which

have the capacity to self-organise to resemble post-implantation stages.

Recapitulating epiblast and extra-embryonic endoderm co-development from lineage
sorting to pro-amniotic cavity formation

Previous studies have described the spontaneous differentiation of ESCs into extra-embryonic
endoderme-Llike cells. However, these protocols traditionally relied on the use of foetal bovine
serum, and the efficiency in specifying extra-embryonic endoderm fate was generally low (Shen
& Leder, 1992; Murray & Edgar, 2001; Hamazaki et al, 2004). In contrast, our work (see Chapter
3) describes a serum-free, chemically defined medium which allows to efficiently generate
extra-embryonic endoderme-Llike cells in ESC aggregates. PDGFRA+ cells specified in ESC

aggregates in a salt-and-pepper manner, similar to the inner cells of the early blastocyst.
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When transferred to minimal medium, PDGFRA+ cells efficiently sorted to the outside of
the aggregates and deposited a basement membrane. This induced inner ESCs to polarise and
eventually form a lumen, reminiscent of the pro-amniotic cavity. Alongside these morphological
changes, we observed that prolonged co-culture of extra-embryonic endoderm-Llike cells with
ESCs in EpiCs directed their fate towards a VE phenotype. Moreover, ESCs recovered from late
EpiCs exhibited distinct transcriptomic signatures specific to germ layers. Conversely,
aggregates containing only ESCs, without prior extra-embryonic endoderm induction, failed to
even sustain proliferation in minimal medium. Thus, interactions between embryonic and extra-

embryonic lineages support mutual maintenance and developmental progression in our model.

As EpiCs matured, both epiblast- and extra-embryonic endoderm-like cells upregulated
Nodal, similar to their in vivo counterparts. Nodal” EpiCs recapitulated the phenotype seen in
Nodal” embryos, characterised by the detachment of the VE from the epiblast and a thickening
of the VE layer (Mesnard et al, 2006). In the embryo, Nodal plays a crucial role in signalling
between epiblast and VE, especially for generating emVE and subsequently the DVE (Brennan et
al, 2001; Mesnard et al, 2006; Kumar et al, 2015). Accordingly, cells with a DVE/AVE-like gene
expression profile emerged in the extra-embryonic endoderm of mature EpiCs. However,
additional stainings for DVE/AVE-specific markers would be necessary to confirm the
establishment of a confined DVE/AVE-like domain. Nonetheless, constrained Brachyury+
domains were observed in the underlying ESCs, and some ESCs recovered from late EpiCs
showed gene expression signatures of an anterior identity. This expression profile was absentin
epithelialized ESCs cultured without an extra-embryonic endoderm layer, indicating that an
AVE-like domain in EpiCs could indeed have been established. Overall, these findings suggest
that, similar to the embryo, Nodal signalling between the embryonic and extra-embryonic
endoderm compartment of EpiCs drives mutual co-development of both lineages, possibly by

allowing for the specification of an AVE-like domain.

Consistent with the role of basement membrane formation in inducing epiblast
polarisation and lumenogenesis (Bedzhov & Zernicka-Goetz, 2014), our model replicated the
formation of a pro-amniotic-like cavity following lineage sorting and basement membrane
deposition. Interestingly, while sorting and laminin deposition by outer PrE-like cells were also
observed in previously published ICM organoids, the inner epiblast-like cells of ICM organoids
failed to form a lumen (Mathew et al, 2019). Our study offers a potential explanation for this
discrepancy, as we demonstrate that LIF inhibits lumenogenesis; however, LIF is included in the
medium of ICM organoids. With this, our model confirms previous observations wherein LIF
prevented pro-amniotic cavity formation (Shahbazi et al, 2017). Initially it was proposed that LIF
prevents the production of negatively charged sialomucins, thus interfering with initiation of
lumen formation (Shahbazi et al, 2017; Dumortier & Maitre, 2017). However, a more recent
study suggests that while these proteins may facilitate membrane separation through negative
charge repulsion, they are ultimately dispensable for lumen formation (Kim et al, 2021). In this
context, EpiCs could provide a useful platform for further investigating the mechanism by which

LIF blocks lumenogenesis.
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The role of Wnt signalling for PrE and epiblast differentiation and morphogenesis
The second EpiC protocol outlined in this thesis (see Chapter 4) also relied on the ability of
aggregates of epiblast- and PrE-like cells to self-organise into post-implantation like structures
in minimal medium. However, the approach differed in that | combined ESCs with cells
resembling the PrE, achieved through either transient Gata4 overexpression in ESCs or the use
of PrESCs. Like with the preceding protocol, extra-embryonic endoderm-like cells sorted to the
outside of the aggregates and deposited a basement membrane, followed by inner ESC
polarisation and lumen formation. To distinguish between the two protocols in this chapter, the
second stem cell-based model will be referred to as combined EpiCs (cEpiCs). Notably, a
similar approach to the generation of cEpiCs has recently been published to form human
embryoids of hypoblast/epiblast co-development (Okubo et al, 2024).

| utilised the cEpiC protocol to test the effect of Wnt agonists and inhibitors on the co-
development of the epiblast and PrE during implantation stages. Our findings revealed that
although Wnt does not prevent sorting, it clearly affects the morphology of the outer extra-
embryonic endoderm-like cells of cEpiCs. When formed in the presence of Wnt agonists, these
cells tightly overlayed the ESCs and did not express the VE marker HNF4A. This observation is
consistent with our results demonstrating that active Wnt signalling prevents VE differentiation

and alters cell morphology in 2D.

Besides the differences in cell morphology, | noticed a defect in basement membrane
formation by the outer extra-embryonic endoderm-like cells. While this immediately affects
epithelialization and consequent morphogenesis of the inner ESCs, the underlying cause
remains undetermined. The potential role of Wnt in mechanistically regulating basement
membrane formation has been explored in section 4.4. Although further validation of the
observed phenotype must be conducted in embryos, cEpiCs will provide a valuable system to
further dissect the mechanism by which Wnt activity regulates basement membrane
deposition. Since cEpiCs are formed by combining PrE- and epiblast-like cells, they allow for
individual manipulation of each lineage before aggregation, facilitating targeted experimental
interventions. Such investigations could lead to significant discoveries, revealing how

morphogenesis of one tissue is linked to the differentiation of another.

EpiCs in relation to other partial models of epiblast and extra-embryonic endoderm
With the presented EpiC models we have generated systems which mimic the co-development
of epiblast and PrE from sorting to laminin deposition, akin to ICM organoids (Mathew et al,
2019). However, unlike ICM organoids, EpiCs progress to also form a pro-amniotic-like cavity
and model the interactions between the epiblast and the VE at post-implantation stages.
Thereby our models bridge the gap between late pre-implantation models (Mathew et al, 2019)
and early post-implantation models of epiblast and VE (Schumacher et al, 2023). Nonetheless,
the reliability of EpiCs to faithfully recapitulate AVE formation and anterior-posterior patterning

events, as demonstrated previously (Schumacher et al, 2023), requires further validation.
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With the establishment of a chemically defined medium, our protocol now offers an
alternative approach to Gata4 or Gata6 overexpression for specifying extra-embryonic
endoderme-Llike cells from ESCs. Furthermore, unlike other protocols published for mouse,
cEpiCs offer the ability to manipulate PrE- and epiblast-like lineages individually before

aggregation, such as through pre-treatments or genetic engineering.

5.1.2. Modifying the original blastoid protocol to extend blastoid development

ETiX embryoids, which resemble the early post-implantation conceptus around E5.5, have
recently been shown to progress to post-gastrulation stages (Amadei et al, 2022). On the
contrary, the efficient transition of blastoids towards E5.5.-like stages remains elusive (Rivron et
al, 2018; Sozen et al, 2019; Li et al, 2019). This highlights our limited understanding of the
factors dictating the developmental shift from pre-implantation blastocyst to post-implantation
stages. By refining current protocols to efficiently support developmental progression of
blastoids, we may gain valuable insights into the pivotal factors driving the pre- to post-

implantation transition.

Enhancing the formation of PrE-like cells in blastoids

Given the limited capacity of ESCs to differentiate into extra-embryonic lineages, blastoids
formed by combining TSCs with ESC aggregates mostly lack the formation of PrE-like cells
(Rivron et al, 2018). However, a functional PrE is essential for developmental progression,
particularly to form the basement membrane as a mechanical cue driving epiblast cup
formation (Wallingford et al, 2013; Bedzhov & Zernicka-Goetz, 2014). Further evidence
emphasising the importance of the PrE-lineage for developmental progression comes from
studies on Gata6” embryos. Knocking out the PrE-specific transcription factor Gataé results in
embryonic lethality immediately after implantation, attributed to insufficient growth and
morphogenesis of the epiblast in the absence of a functional PrE (Morrisey et al, 1998;
Koutsourakis et al, 1999). Conversely, using EPSCs to generate a higher number of PrE-like cells
in blastoids enhanced their ability to progress into post-implantation like structures (Sozen et
al, 2019). Thus, incorporating the PrE lineage in blastoids is indispensable if we aim to create
integrated stem cell models of the full conceptus capable of transitioning into post-

implantation-like stages.

While EPSCs demonstrate a propensity to generate more PrE-like cells, recent findings
suggest that EPSCs more closely resemble the post-implantation epiblast at E5.5 (Posfai et al,
2021). Hence, EPSCs may not be the optimal choice for emulating the inner cells of a pre-
implantation blastocyst-like structure. Leveraging our chemically defined medium, PrE-like
cells can be obtained from ESC aggregates which better resemble the pre-implantation stage
(Ying et al, 2008; Nichols & Smith, 2009). Combining chemically induced ESC aggregates with
TSCs significantly enhanced the formation of PrE-like cells in blastoids. As expected, the

increased number of extra-embryonic endoderm-like cells in blastoids extended their
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developmental capacity. Specifically we observed the emergence of post-implantation-like
structures when culturing these blastoids in vitro using protocols designed for the culture of
mouse blastocysts beyond implantation stages. (Bedzhov et al, 2014b). However, whether
these blastoids also have an extended developmental potential in utero remains to be

determined.

Finally, building on the approach for generating cEpiCs, an alternative strategy to
increase the number of PrE-like cells in blastoids could involve combining ESCs with PrE-like
cells before seeding TSCs. In this way, each blastoid lineage would originate from a different
stem cell line, allowing for individual manipulation of the starting cell line of each lineage prior

to blastoid formation.

Recapitulating axis formation in blastoids

While the robust inclusion of PrE-like cells in blastoids is necessary to enhance their
developmental potential, the adequate progression of blastoid trophectoderm towards post-
implantation stages will be equally pivotal. The ability of blastoids to elicit a uterine
implantation response (decidualisation)(Rivron et al, 2018; Sozen et al, 2019; Li et al, 2019)
implies that trophoblast cells exhibit mural-like characteristics essential for uterine attachment
and invasion. However, the post-implantation ExE is derived from the polar trophectoderm and
is crucial for further embryo patterning (Rodriguez et al, 2005; Mesnard et al, 2006; Arnold &
Robertson, 2009; Christodoulou et al, 2019). Therefore, it can be assumed that establishing a
polar-mural axis with functional polar trophectoderm is vital for generating an ExE-like structure

from blastoids.

Axis formation in blastoids has been reported based on the regionalised expression of
CDX2 at the polar, and Keratin 8 (KRT8) on the mural side (Sozen et al, 2019). Moreover
trophoblast cells recovered from blastoids exhibited distinct transcriptional profiles reflecting
either a polar or mural phenotype (Sozen et al, 2019). However, the efficiency at which axis
formation occurs was not stated by the authors. Upon replicating their protocol (see Chapter 2),
we observed that axis formation occurred at a similar percentage compared to blastoids

generated with ESCs and trophectoderm stem cells (TESCs).

The removal of FGF4 and TGFB1 from the medium during blastoid formation significantly
improved the establishment of a polar-mural axis. This finding aligns with the concept of
“epiblastinducers” presented in Chapter 2, where molecules secreted by the epiblast (i.e.
inducers) act on the directly adjacent polar trophectoderm. The spatial separation of the mural
trophectoderm from inducers results in trophectoderm patterning. Similarly, previous studies
have postulated a role of FGF4, originating from the epiblast, in maintaining polar
trophectoderm undifferentiated while the mural trophectoderm differentiates (Tanaka et al,
1998). Consequently, the presence of FGF4 and TGFB1 in the medium during blastoid formation
exposes all cells to these signals, hindering trophectoderm regionalisation into polar and mural

domains. Moving towards a more minimal culture medium could mitigate this issue by allowing
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less disrupted signalling between the lineages during blastoid formation. This might promote
the establishment of a polar-mural axis and allow for the reliable establishment of a polar

trophectoderm that can form a functional ExE after implantation.

5.2. Considering inter-lineage signalling to refine culture
conditions of extra-embryonic stem cells

Considerable efforts have been made to identify the signalling effectors capable of capturing
ESCs as homogeneous cultures, matching the embryonic epiblast at precise developmental
stages (refer to section 1.3.2.). In contrast, stem cell cultures derived from extra-embryonic
lineages tend to be more heterogeneous, with cells resembling different developmental stages
in the same dish. Understanding the signals that extra-embryonic lineages receive at distinct
developmental time points, particularly those related to differentiation, could help in refining

their culture conditions.

5.2.1. Refining TSC culture conditions by considering epiblast-derived signals

Generating homogenous pre-implantation-like TSC cultures

Culture conditions for TSCs typically involve the use of FGF ligands (primarily FGF4) along with
either of the SMAD2/3 activators Activin or TGFB1 (refer to section 1.3.2.). These protocols likely
leverage the signalling interactions mediated by FGF4 and Nodal between the epiblast and the
trophectoderm/ExE, which maintain proliferative, undifferentiated trophoblast cells in vivo
(Tanaka et al, 1998; Guzman-Ayala et al, 2004). While TSCs can be maintained as self-renewing
stem cell lines, they are notoriously heterogenous in their expression of important TSC markers
like CDX2 or EOMES (Kubaczka et al, 2014; Kuales et al, 2015; Motomura et al, 2016). Our data
(Chapter 2) confirmed this, showing that even chemically defined culture conditions (Kubaczka
etal, 2014) permit heterogenous CDX2 expression. Moreover, we observed the co-existence of
cells expressing transcriptional signatures of pre-implantation trophectoderm or post-
implantation EXE within these cultures. Therefore, while the conventionally used FGF and
Nodal-like signals effectively sustain proliferation and maintain cells undifferentiated, they are

insufficient to define a pre- or post-implantation-like trophoblast state in vitro.

In the work presented here (Chapter 2), we investigated the signalling pathways that are
active in the pre-implantation trophectoderm, and the expression of corresponding signalling
molecules in the epiblast. Based on this, we incorporated BMP7, cAMP, IL11, and LPA alongside
commonly used FGF4, TGFB1, and Activin to formulate a novel TSC culture medium, referred to
as TXV. Cells cultured under these conditions (TESCs) more closely resemble a pre-
implantation trophectoderm state, show less variability in CDX2 levels, and overall higher CDX2

expression.
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Reversibility of post-implantation trophoblast cells to pre-implantation stages in vitro
TSC lines can be derived from both E3.5 and E6.5 embryos using the same culture conditions.
This may imply that cells reach a common state in vitro (Rayon et al, 2016), or it could be
attributed to the permissiveness of commonly used culture conditions allowing for the co-
existence of cells at various developmental stages. However, using TXV medium, which
confines cells to a pre-implantation-like state, we could also derive TESCs from E6.5 embryos.
This indicates that post-implantation cells can revert to pre-implantation like stages which is
further supported by our data, demonstrating that cells fluctuate between CDX2 high and CDX2
low states. Cultures containing both pre- and post-implantation states are heterogenous for
CDX2 expression, and this heterogeneity will be re-instated after sorting cells into distinct
population based on their CDX2 expression levels. Overall, this suggests that pre- and post-
implantation stages in trophoblast cells are interconvertible, unlike states of embryonic
pluripotency, where post-implantation primed EpiSCs cannot revert into a pre-implantation
naive state (Guo et al, 2009).

Improving blastoids by restricting TSCs to a pre-implantation-like state

Consistent with the understanding that the developmental stages of TSCs are reversible, TSCs
from heterogenous cultures can effectively mimic the pre-implantation trophectoderm in
blastoids. Consistently, it has been shown that TSCs can reactivate trophectoderm-specific
regulation of Cdx2 expression when injected into blastocysts (Rayon et al, 2016). Thus, placing
TSCs into the appropriate cellular context helps them acquire pre-implantation-like states.
However, it is arguably preferable to start from a homogenous population resembling the pre-
implantation trophectoderm when assembling a model of the pre-implantation conceptus.
Indeed, when generating blastoids from TESCs, they formed more efficiently and implanted at
higher numbers. This emphasises the importance of ensuring that the cells already in culture
correspond to the correct developmental stage intended to be modelled in the embryoid.
Nonetheless, also blastoids formed from TESCs did not support the formation of well-organised
post-implantation ExE-like structures. It remains unclear whether this is due to remaining
shortcomings in the TSC culture conditions or if this reflects deficiencies in interactions with the

other lineages, such as with a post-implantation exVE.

5.2.2. Deciphering the signalling requirements of distinct extra-embryonic
endoderm lineages in vitro

While protocols supporting the culture of ESCs and TSCs were already established before the
turn of the millennium (Evans & Kaufman, 1981; Martin, 1981; Tanaka et al, 1998), the derivation
of extra-embryonic endoderm cells from blastocysts was achieved only years later (Kunath et
al, 2005). Culturing XEN cells requires the use of feeder cells and serum, resulting in a
heterogeneous cell population representing various developmental stages (Kunath et al, 2005;
Brown et al, 2010). Attempts to replicate a pre-implantation-Llike state of extra-embryonic

endoderm led to modifications of the original XEN protocol and alternative approaches for
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generating PrE-like cells from ESCs (Mulvey et al, 2015; Wamaitha et al, 2015; Anderson et al,
2017; Zhong et al, 2018). Nevertheless, deriving a homogeneous culture of PrE-like cells directly
from embryos proved elusive. Recently, however, PrESCs were introduced - cell lines derived
directly from blastocysts, considered the in vitro equivalent of the E4.5 PrE (Yasuhide et al,
2022). Although the culture of PrESCs still relies on feeder cells, the medium is chemically
defined and includes the signalling molecules FGF4, PDGFA, and the GSK3 inhibitor (i.e. Wnt
activator) CHIR99021.

The role of FGF4, PDGF, and Wnt for the maintenance of PrE-like cells in vitro

Given the pivotal roles of the epiblast-produced ligands FGF4 and PDGF for PrE lineage
commitment and survival (refer to section 1.3.1.), it is apprehensible that these molecules have
been utilised in the culture of extra-embryonic endoderm cells. PDGF has been instrumental in
establishing pXEN lines, which exhibit characteristics of a developmentally earlier stage than
conventional XEN cells (Zhong et al, 2018). Besides that, FGF4 was initially used in deriving XEN
cells, yet it is neither necessary for their derivation nor maintenance (Kunath et al, 2005).
However, FGF4 significantly influences the efficiency of ESC differentiation into PrE-like cells via
induced Gata4 overexpression. In fact, the addition of FGF4 following Gata4 induction markedly
increases the yield of PrE-like cells (Raina et al, 2021). This was also replicated in my
experiments (Chapter 4). Consistently, our work also demonstrated that FGF4 significantly

enhanced the yield of extra-embryonic endoderm cells in ESC aggregates (Chapter 3).

Notably, stable cell lines with PrE-like signatures, such as PrESCs or nEnd cells, employ
either CHIR99021 or WNT3A, respectively (Anderson et al, 2017; Yasuhide et al, 2022). Although
Wnt activity has been implicated in PrE fate commitment (Athanasouli et al, 2023), the role of
Wnt for the PrE lineage after specification has not been further investigated. The data presented
in Chapter 4 now underscores the significance of high cellular Wnt activity in maintaining PrE-
like cells in an undifferentiated state, thereby retaining them as a homogenous pre-implantation
like population. Wnt signalling thus seems to play a crucial role in sustaining the stemness of
PrESCs, akin to its function in ESCs (Ying et al, 2008; ten Berge et al, 2011). Whether this
exploits a biological phenomenon such as diapause or signifies the existence of a regulatory
mechanism whereby Wnt activity prevents differentiation of blastocyst lineages to synchronise

their development (discussed in section 4.4) remains to be seen.

Using BMP4 and Activin A to recapitulate extra-embryonic endoderm subtypes

BMP4 from the ExE, as well as Nodal from the epiblast, are the key signalling molecules to
specify VE subtypes in vivo (refer to section 1.3.1.). Mirroring the role of these signalling
molecules in the embryo, my data shows that BMP4 represses DVE/AVE-specific genes and
promotes the transcriptional signature of emVE in PrESCs. Conversely, Activin A increases the
expression of DVE/AVE-specific genes in the absence of Wnt agonists. This reinforces that Wnt
maintains PrESCs in an undifferentiated state, making them unresponsive to differentiation

signal like Activin A. Additionally, it prompts speculation on the potential use of BMP4 and
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Activin A in generating homogeneous cultures of desired VE subtypes once cells are released
from Wnt signalling.

BMP4 has previously been employed to differentiate XEN cells towards a VE-like identity
(Julio et al, 2011; Artus et al, 2012). Therefore, in the absence of Wnt agonists and in
combination with a Nodal inhibitor, BMP4 could be utilised to induce an emVE phenotype from
PrESCs in culture. Conversely, by using a BMP inhibitor along with Activin A in the absence of
Whnt activation, it should be possible to generate a homogenous population of DVE/AVE-like
cells. A system like this could be highly beneficial for conducting in-depth studies on this
essential cell type for anterior patterning. However, the use of FGF4 and PDGF in conjunction
with BMP4 or Activin A, as conducted in my experiments, should be reassessed. Considering
that especially PDGF is mostly important during pre-implantation development, its use might be
redundant for the culture of post-implantation extra-embryonic endoderm cells. Nonetheless,
these approaches could collectively capitalise on the signalling molecules used by the embryo
to recreate distinct extra-embryonic lineages in vitro, enhancing our toolkit for investigating

questions pertaining to specific subtypes of the extra-embryonic endoderm lineages.
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5.3. Conclusion and outlook

In this thesis | presented three projects, each addressing separate biological questions
concerning the developmental progression of embryonic and extra-embryonic lineages during
implantation. Despite their individual focuses, these projects collectively offered insights into
the signalling requirements for the culture of extra-embryonic stem cells. Moreover, they

resulted in the development of new, and refinement of existing integrated embryoid models.

Embryoids represent a promising advancement in developmental biology, providing an
alternative to the study of in vivo embryos, which is constrained by technical limitations and
ethical considerations. Embryoids have the potential to significantly deepen our understanding
of embryogenesis, revealing it as a process of guided self-organisation, directed also by the
signalling interactions between emerging tissues (Morales et al, 2021). Integrated stem cell
models will be particularly useful to elucidate the signalling dynamics between embryonic and
extra-embryonic lineages that instruct self-organisation. With the models presented in this
thesis we could underscore the pivotal role of the epiblast in patterning the trophectoderm,
leading to the generation of polar and mural regions with distinct functions upon implantation
(Chapter 2). Furthermore, through the creation of EpiCs, we elucidated the reciprocal
interactions driving epiblast and PrE co-development during the pre- to post-implantation
transition (Chapter 3). Lastly, using EpiCs, we found that Wnt signalling not only prevents the
differentiation of PrE-like cells but also prevents them from establishing a basal membrane —a

crucial morphogenetic cue for developmental progression of the epiblast in vivo (Chapter 4).

While embryoids have facilitated new discoveries, considerable efforts have also been
devoted to benchmarking them to confirm that they accurately replicate developmental
processes. Accordingly, a primary focus has been on validating the preservation of known
interactions between embryonic and extra-embryonic tissues within embryoids. Similarly, in
EpiCs we validated the recapitulation of previously documented interactions, such as
basement membrane deposition and Nodal signalling between the epiblast and PrE (Chapter
3). These validations are crucial to ensure the reliability of future discoveries in embryoids

regarding unknown signalling interactions.

Although the characterisation of embryoids is essential, the properties of their starting
material is equally important. As exemplified in Chapter 2, refining the culture conditions of
stem cells used for generating blastoids enhances blastoid quality. Significant progress has
been made with chemically defined stem cell media, however, the scope of improvement
extends beyond media formulation. We require a yet more comprehensive understanding of
how individual components of the media influence cell state and behaviour. This meticulous
understanding will yield valuable biological insights in itself but also lay the groundwork for
enhanced integrated embryoid models. In conclusion, ongoing advancements in stem cell
culture and embryoids will offer detailed insights into the processes of differentiation and

morphogenesis, likely surpassing what could be achieved through in vivo studies alone.
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