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Abstract

Differentiation and patterning in the early mammalian embryo depend on interactions
between embryonic and extraembryonic lineages. One critical cell population specified
through these interactions is the anterior visceral endoderm (AVE). Situated within the
visceral endoderm (VE), the AVE serves as a pivotal signaling center during embryonic
development by determining the body axis, ultimately positioning the head and tail

within the underlying epiblast (Epi).

The prevailing model for AVE differentiation in the mouse embryo posits that the AVE
is induced by a uniform signal from the Epi, but an external inhibitory gradient from
another extraembryonic tissue restricts its formation to a specific location beyond the
gradient. In this thesis, | used mouse embryonic stem cells to establish an embryo-like
aggregate system that challenged this model for AVE differentiation. These aggregates
consist of an inner Epi core surrounded by a VE layer, thus resembling the embryo
around the time of AVE formation but lacking the external gradient for AVE restriction.
Remarkably, contrary to the established model, these aggregates manifest a spatially
restricted AVE region within their VE compartment. Through single-cell RNA
sequencing data analysis, | identified Nodal signaling as the critical signal from the Epi
inducing AVE formation in the outer VE. Building upon this discovery, | initiated AVE
differentiation in a homogeneous culture of VE cells, resulting in the development of a
2D AVE model. Activation of Nodal signaling within this model led to the formation of
spatially constrained AVE clusters, unveiling a novel intrinsic mechanism within VE
cells for spatially regulating AVE differentiation. To delineate the signal antagonizing
AVE differentiation, | explored the role of different signaling networks in this tissue-
intrinsic mechanism and identified B-catenin as the counteracting signal for AVE dif-

ferentiation.

Together, the findings shed light on an unexplored aspect of self-organization in AVE
differentiation, potentially complementing the existing model of an inhibitory gradient

mechanism in AVE formation.



Zusammenfassung

Die Differenzierung und Musterbildung im friihen Saugetierembryo werden durch In-
teraktionen zwischen embryonalen und extraembryonalen Zelllinien koordiniert. Eine
entscheidende Zellpopulation, die aus einer solchen Interaktion resultiert, ist das an-
teriore viszerale Endoderm (AVE). Das AVE bildet sich innerhalb des viszeralen En-
doderms und fungiert als wichtiges Signalzentrum wé&hrend der Embryonal-
entwicklung, indem es die KOrperachse festlegt und die zukiinftigen Regionen fur Kopf

und Schwanz im Epiblasten (Epi) positioniert.

Das vorherrschende Modell der AVE-Differenzierung im Mausembryo besagt, dass
das AVE durch ein uniformes Signal aus dem Epi induziert wird. Allerdings wird seine
Bildung durch einen externen inhibierenden Gradienten von einem anderen extraemb-
ryonalen Gewebe an einen bestimmten Ort begrenzt. In dieser Arbeit habe ich murine
embryonale Stammzellen verwendet, um ein Aggregatsystem zu etablieren, das die-
ses Modell der AVE-Differenzierung herausfordert. Diese Aggregate bestehen aus ei-
nem inneren Epi-Kern, der von einer VE-Schicht umgeben ist und somit dem Embryo
um die Zeit der AVE-Bildung &hnelt, jedoch den externen Gradienten flir die AVE-
Restriktion nicht aufweist. Bemerkenswerterweise zeigen diese Aggregate entgegen
dem etablierten Modell eine rdumlich begrenzte AVE-Region innerhalb ihrer VE-
Schicht. Mithilfe der Einzelzell-RNA-Sequenzierung konnte ich Nodal als entscheiden-
des Signal aus dem Epi identifizieren, welches die AVE-Bildung im duBeren VE indu-
ziert. Unter Nutzung dieser Erkenntnis habe ich die AVE-Differenzierung in einer rei-
nen Kultur von VE-Zellen induziert und so ein 2D-AVE-Modell entwickelt. Die Aktivie-
rung des Nodal-Signalwegs in diesem Modell fiihrte zur Bildung von AVE-Clustern,
was auf einen neuartigen gewebespezifischen Mechanismus der VE-Zellen hinweist,
der die AVE-Differenzierung rdumlich begrenzt. Um das Signal zu bestimmen, das der
AVE-Differenzierung entgegenwirkt, habe ich die Rolle verschiedener Signalnetz-
werke in diesem Modell untersucht und B-Catenin als den gewebespezifischen Ge-

genspieler der AVE-Differenzierung identifiziert.

Zusammenfassend tragen diese Ergebnisse dazu bei, einen bisher unerforschten As-
pekt der Selbstorganisation in der AVE-Differenzierung aufzudecken, der das beste-
hende Modell eines inhibierenden Gradientenmechanismus in der AVE-Bildung poten-

ziell ergadnzen konnte.
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Introduction Early mouse embryonic development 1

1 Introduction

To understand how an embryo develops is a huge intellectual challenge that has
intrigued thinkers throughout history. In the fourth century BC, the Greek philosopher
Aristotle proposed early ideas about how embryos develop (Zagris, 2022). He
discussed two main theories: preformation, which suggested that all structures of the
embryo were preformed from the very beginning and simply needed to grow larger
during development; and epigenesis, which proposed that different structures of the
embryo would arise sequentially. Although epigenesis would later be validated as the
correct theory, the concept of preformation persisted until the nineteenth century. The
discovery of cells as the basic unit of life and the realization that new cells are
continually formed during development by division of preexisting cells shifted the focus

towards epigenesis (Muller-Wille, 2010; Wolpert et al., 2019).

Today, we understand that the embryo is formed from a single fertilized egg cell, and
as Aristotle correctly described, the ontogenetic structures are not preformed in the
egg. Instead, cells gradually acquire distinct specialized functions and structures as
the embryo progresses. To organize the different structures of the developing embryo,
the formation of body axes is crucial during development. These axes help determine
the orientation and positioning of various body parts, such as the head and tail.
Notably, the formation of the head-to-tail axis is an important developmental process

that occurs early in development.

The formation of the head-to-tail axis has been extensively studied in various model
organisms, such as the fly. However, the process by which mammals, including hu-
mans, establish the anterior-posterior axis is less understood. In mammals, this axis is
established by a small signaling center known as the anterior visceral endoderm (AVE)
(Stower & Srinivas, 2018). Therefore, to understand how the axis is established in

mammals, one must investigate the formation of the AVE.
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1.1 Early mouse embryonic development
1.1.1 Development into the peri-implantation embryo

The early stages of mouse embryonic development are a complex and highly regulated
process that begins with fertilization of the egg cell and culminates in the formation of
the blastocyst which implants into the uterus. These initial phases are characterized
by intricate cell divisions and differentiation events, laying the foundation for the em-
bryonic lineage, which ultimately gives rise to the entire embryo. Simultaneously, two
supporting extraembryonic lineages are formed, playing vital roles in shaping and or-
ganizing the embryonic lineage, albeit without directly contributing to the embryo
proper (Saiz & Plusa, 2013).

Following fertilization of the egg cell, the zygote undergoes cleavage, rounds of divi-
sions to produce smaller blastomeres in its protective proteinaceous shell (zona pellu-
cida, Figure 1). After three rounds, the embryo reaches the eight-cell stage at E2.5 and
undergoes a process called compaction in which the blastomeres change from a rather
lose (grape-like) to a compact arrangement (mulberry-like) by tightening of cell-cell
adhesion via E-cadherin (Turlier & Maitre, 2015). Following another round, the first
lineage bifurcation takes place. At E3.0, the outer-residing cells give rise to the ex-
traembryonic trophectoderm (TE) and the inner cells form the inner cell mass (ICM)
(Mihajlovi¢ & Bruce, 2017). Decedents of TE cells will later mediate contact from the
embryo to the uterus wall of the mother essential for implantation and will also contrib-

ute to the embryonic part of the placenta (Bevilacqua & Abrahamsohn, 1989).

At E3.5 through the process of cavitation, the morula transforms into the fluid-filled
blastocyst (early blastocyst, Figure 1) (Kim & Bedzhov, 2022). The water influx is re-
quired for the embryo to hatch from the zona pellucida necessary for directly contacting
the maternal tissue and also for creating the first asymmetry in the embryo by pushing
the ICM towards one pole of the blastocysts. The ICM then undergoes the second
lineage bifurcation in an FGF4-dependend manner and gives rise to the embryonic
epiblast (Epi), that will form the embryo proper, and to the primitive endoderm (PrE),
the second extraembryonic tissue, that will influence the inner Epi in patterning and

differentiation and will later form the yolk sac (Simon et al., 2018). The Epi and PrE
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cells first arise in a salt and pepper like pattern and then sort into distinct layers with
the PrE facing the cavity (late blastocyst, Figure 1). Having completed the formation of
embryonic lineage Epi and the two extraembryonic lineages TE and PrE in the blasto-

cyst, the embryo is ready to implant into the uterus at around E4.5.

peri-implantation embryo

<a» trophectoderm (TE)
—|: @ primitive endoderm (PrE)
inner cell mass (ICM) —|:

@ epiblast (Epi)

late blastocyst

early blastocyst Epi
— P KR
morula =55 E SRS, PrE

e W ——loM ‘55‘
zygote 7% A I 3‘ A L
\¢ v 3 o o\ %

\ >4/ 3 —_— A7  zona

=2 — =7 T pellucida
fertilization compaction cavitation implantation
Y L >
T T T T T T L]
E0.5 E1.5 E3.0 E3.5 E4.0 E4.5 E5.5

Figure 1: Development of a mouse embryo form fertilization to implantation.

Before implantation, the fertilized egg cell (zygote) undergoes cleavage and two cell lineage bifurcations
to form the liquid-filled blastocyst. First, the blastomeres compact and the outer cells give rise to the
extraembryonic trophectoderm (TE), while the inner cells become the inner cell mass (ICM). Following
cavitation and formation of the blastocyst, the ICM undergoes the second lineage bifurcation into em-
bryonic epiblast (Epi) and the extraembryonic primitive endoderm (PrE). Initially, the two cell types arise
in a salt and pepper like pattern but then sort so that the PrE cells form a border between the Epi cells
and the cavity. The embryo hatches form the zona pellucida and during implantation undergoes a mas-
sive shape change. The TE cells further divide and form the ectoplacental cone (EPC) and ExE on one
side of the embryo. The PrE cells migrate and cover as parietal visceral endoderm the TE cells and the
ExE and Epi cells as extraembryonic or embryonic visceral endoderm, respectively. Together with the
EXE cells, the Epi cells elongate and form a cavity that is called the egg cylinder.

During implantation, the embryo undergoes a massive change in its architecture
(Rivera-Pérez & Hadjantonakis, 2014). The TE in contact with the Epi cells, continues
to divide forming the ectoplacental cone (EPC) and extraembryonic ectoderm (ExE),
which will both contribute to the placenta (peri-implantation embryo, Figure 1). Some
cells of the PrE migrate and cover the whole inner surface of the TE, which is called
parietal endoderm. The remaining PrE cells become the visceral endoderm and over-
lay the ExE and Epi cells, which is then distinguished as exVE and emVE, respectively.

The exVE and emVE cells build a basement membrane composed of laminin, collagen
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and fibronectin (Brown, 2011). At the same time, the Epi and ExE cells form a cavity
in their center, the proamniotic cavity, and elongate, so that they become U-shaped
when seen in cross-section. Both, Epi and PrE cells form a single layered epithelium
on top of each other with apicobasal polarity. All further lineages composing the mature

animal will be formed from the epiblast.

1.1.2 Patterning in the post-implantation embryo

The initial step in establishing the head-to-tail axis in the embryonic egg cylinder begins
with the emergence of a distinct cell population at the bottom tip within the VE, referred
to as the distal visceral endoderm (DVE, Figure 2A) (Rivera-Pérez & Hadjantonakis,
2014; Stower & Srinivas, 2018). These cells undergo a morphological change from
cuboidal to columnar shape (Kimura et al., 2000) and express specific marker genes
as Sfrp1, Sfrp5, Dkk1, Lefty1 and Cer1, all antagonistic signals for Wnt, Nodal, and
Bmp signaling (Figure 2B). The DVE then migrates towards the side of the cup until it
reaches the boundary between Epi and ExE cells. The cell population is considered
then as the anterior visceral endoderm (AVE) and lays down the axis for anteroposte-
rior polarity in the mouse embryo (Thomas & Beddington, 1996). Whether the DVE is
the precursor of the AVE (Srinivas et al., 2004) or whether DVE and AVE are two
separated lineages during post-implantation development is still under debate
(Takaoka et al., 2011; Zhu et al., 2023). The AVE is not a static or homogenous cell
population. Instead, different markers are expressed in different subpopulation and
AVE marker-negative VE cells that enter the distal tip, acquire AVE gene expression
and are newly recruited to join the AVE (Hoshino et al., 2015). Furthermore, current
research findings suggest, that after a specific time AVE cells migrate laterally out and
regain a VE character, pointing to a transient nature of AVE cells (Thowfeequ et al.,
2021).

The AVE plays an essential role during embryonic development as it marks the start
of the process by which the body plan is laid down. Through its secretion of antagonis-
tic signals, the AVE protects the underlying Epi cells from BMP and Wnt signals that

are expressed by the ExE cells and VE cells on the opposite side of the embryo (Figure



Introduction Signaling in the post-implantation embryo 5

2B) (Acampora et al., 1995; Stower & Srinivas, 2018; Waldrip et al., 1998). Thereby
the underlying Epi cells will form the neuroectoderm, mainly responsible for the head
region, while the Epi cells on the opposite side will undergo epithelial to mesenchymal
transition in the primitive streak region and will later form the meso- and endoderm.
The process in which the three germ layers, ectoderm, mesoderm, and endoderm, are
formed and positioned, is called gastrulation (Beddington, 1990). This process primes

the system for organogenesis and therefore marks a critical step during embryonic

development.

mesoderm

neuro-

ectoderm endoderm

head tail
anterior postetior

Figure 2: Formation of the anterior visceral endoderm (AVE).

A The formation of the antero-posterior axis in the embryo, which is also known as head to tail axis, is
initiated through the formation of a specialized cell population within the VE cells at the distal tip. This
population is first described as distal visceral endoderm (DVE), which then migrates towards the side
until it reaches the ExXE/Epi boundary and specifies the side as anterior. The cell population on the side
of the cup is termed anterior visceral endoderm (AVE). Influenced by the AVE, the underlying cells of
the epiblast will give rise to the neuroectoderm, while the cells on the other side will form the meso- and
endoderm. B The AVE secretes a lot of molecules as LEFTY1, CER1 and DKK1, which are antagonistic
signals for NODAL, WNT and BMP, so that the underlying tissue gets protected of this posteriorizing
signals.

1.2 Signaling in the post-implantation embryo

The signaling networks essential for the proper development of the post-implantation
embryo, particularly in the formation of the anterior-posterior axis, include Nodal, BMP
and Wnt pathways. Here, | will provide an overview of these signaling networks, fol-
lowed by an examination of their associated phenotypes and their interplay within the

context of AVE differentiation.
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1.2.1 Nodal and BMP4 signaling pathways

Activin, Nodal, and BMP4 are all members of the transforming growth factor 3 super-
family ligands, but fulfil different roles in the development of the post-implantation em-

bryo (Papanayotou & Collignon, 2014).

The Nodal signaling pathway can be activated by Activin or Nodal itself (Figure 3). Both
ligands are secreted as dimerized precursors requiring processing by Furin or other
proprotein convertases for signaling potential (Constam, 2014). Activins, homo- or het-
erodimers of BA or BB subunits, produce three variants: ActivinA, ActivinB, and Activ-
inC, collectively referred to as Activin. Unlike Activin, Nodal necessitates an EGF-CFC
co-receptor called Crypto or Cryptic to activate the receptor complex (Gritsman et al.,
1999). Activin/Nodal bind type | (Alk 4/7) and type Il (ActRIIA or B) serine-threonine
kinase receptors, where type Il receptors phosphorylate and activate type | receptors
(Chng et al.,, 2011). Signal transduction involves receptor-activated Smad2 and
Smad3, forming a complex with Smad4, translocated to the nucleus to activate target
gene expression, including Nodal, as a positive feedback loop. Activin/Nodal signaling
also induces Lefty1 and Lefty2, antagonistic signals to Nodal, but not Activin (Schier,
2003). Lefty1 and Lefty2 directly interact with Nodal ligands and the co-factor Cripto,

while Activin can be antagonized by Follistatin (Papanayotou & Collignon, 2014).

Bmp4 modulates Activin/Nodal signaling, interacting with a different type | (Alk 3/6)
serine-threonine kinase receptor but sharing ActRIl (Figure 3) (Furtado et al., 2008;
Yamamoto et al., 2009). Bmp signal transduction involves Smad1/5/8 that form a com-
plex with Smad4, potentially counteracting Activin/Nodal signaling by competition for a
limited pool of type Il receptor ActRIl and Smad4. Additionally, there are other possi-
bilities how Nodal and BMP signaling are antagonizing each other: Gdf1 and Gdf3
promote Nodal but inhibit Bmp signaling by forming heterodimers with Nodal or Bmp
(Levine & Brivanlou, 2006). Inhibitory Smads 6 and 7 regulate both pathways, with
Smadé6 specifically inhibiting Bmp signaling.

For in vitro experiments, recombinant Nodal protein is often substituted with ActivinA
due to its low bioactivity and cofactor requirements (Chng et al., 2011). Activin is

thought to play no essential role in the early embryo and especially for AVE
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differentiation as it is not expressed in the Epi or VE cells (Albano et al.,, 1993;
Papanayotou & Collignon, 2014) and embryos lacking Activin BA or BB subunits show
no early phenotype (Matzuk et al., 1995; Vassalli et al., 1994).

Gaf3
[\ Follistatin )
Lefty1 |
extracellular space + m i ~ _1 Bmp2,4
?‘ odal Nodal Gdf3
Activin
Activin Nodal Lefty1 1
N ’ Bmp2,4
i | 'Cripto ( Cripto
Alk4r7 Alkd4/7 Alk3/6 a—
ActRIIA/B ACtRIIA/B A’c':g”
cytoplasm Smadé
Smad2/3 > —- Smad1/5/8
( ) I <> | I I
Smad7

D
\ /

nucleus Q. JIF  Nodal TF
(GE
\/\/\»/\V/\/\/\/\

Figure 3: TGF-B (Nodal and BMP4) signaling network.

The Activin/Nodal pathway utilizes the same receptor complex, comprising a type | and a type Il serine-
threonine kinase receptor. Nodal, however, necessitates an additional cofactor, Cripto. Downstream
signaling involves the phosphorylation of Smad2/3, which, in conjunction with Smad4 and tissue-specific
transcription factors, activate Nodal target genes. These genes include Nodal itself, facilitating its own
expression, and Lefty genes, which antagonize Nodal but not Activin. Bmp can counteract the Nodal
signaling pathway due to similar signal transduction mechanisms and a limited pool of shared type I
receptors and Smad4 molecules. See text for further details. Figure adapted from (Papanayotou &
Collignon, 2014).

1.2.2 Wnt/B-catenin signaling

Intercellular Wnt signaling is named after the proteins encoded by the wingless gene
in Drosophila and Int gene in mammals (Nusse et al., 1991). Comprising 19 distinct
Wnt proteins, Wnt activates diverse intracellular signaling pathways, including the -
catenin-depend pathway, also known as the canonical pathway, and the B-catenin-
independent pathways, such as the planar cell polarity pathway and the Wnt/Ca?* path-
way (Habas & Dawid, 2005). Given the focus of this study on B-catenin, Figure 4 illus-

trates solely the B-catenin-dependent Wnt signaling pathway. In the absence of Wnt
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signaling, B-catenin associates with a destruction complex in the cytoplasm, compris-
ing protein kinases CK1 and GSKS, Axin, and APC (Stamos & Weis, 2013). Phosphor-
ylation by GSK3 and CK1 leads to B-catenin degradation via the ubiquitin/proteasome
pathway. Consequently, B-catenin fails to reach the nucleus, where transcriptional co-
repressors Groucho/TLE bind to TFC/LEF transcription factors inhibiting gene expres-
sion (Daniels & Weis, 2005). Upon Wnt ligand binding to the transmembrane receptor
Frizzled, Dishevelled is recruited to the to the plasma membrane, facilitating the clus-
tering of Frizzled and its co-receptor LRP5/6 and promoting phosphorylation of the
cytoplasmic tail of LRP5/6 (Liu et al., 2022). Additionally, Dishevelled recruits Axin and
GSK3 to the plasma membrane, disrupting the proper formation of the destruction
complex. As a result, B-catenin avoids degradation, accumulates in the cytoplasm, and
translocated into the nucleus, where it displaces the co-repressors and binds to

TCF/LEF, leading to the expression of Wnt/B-catenin target genes.

However, B-catenin plays a dual role in the cell (Figure 4). Besides its role as a key
effector of Wnt/B-catenin signaling, it is also integral to adherens junctions, where it
links cell adhesion molecules to the cytoskeleton (van der Wal & van Amerongen,
2020). Adherens junctions, one of three classes of potential cell-cell adhesion, involve
cell adhesion receptors binding to receptors on neighboring cells, including classical
cadherins as E-cadherins and nectins. Cadherins bind to one another through the ex-
tracellular domain, leading to the clustering of cadherins at the contact site. The cyto-
plasmic tails of cadherins form a complex with 3-catenin, a-catenin and p120-catenin,
connecting cadherins to the actomyosin cytoskeleton composed of structurally dy-
namic actin filaments subject to tension generated by myosin Il motors (Mege &
Ishiyama, 2017). This cadherin-catenin complex is under constitutive actomyosin-gen-
erated tension, which is required to stabilize the linkage between the complex and the
actin filaments and increase dissociation lifetime, described as a catch-bond mecha-
nism (Buckley et al., 2014).

Overall, there are two functional pools of 3-catenin: one is transcriptionally active, and
the other is adhesive. However, the balance between these pools and their interaction

remains a topic of debate (van der Wal & van Amerongen, 2020).
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Figure 4: The role of B-catenin in Wnt signaling and cell adhesion.

There are two pools of B-catenin in cells: an adhesive pool and a transcriptional active pool. 3-catenin
plays arole in adherens junctions where it links the intracellular domain of E-cadherins to the actomyosin
cytoskeleton. Additionlly, upon active Wnt signaling B-catenin is set free from the destruction complex
and can translocate into the nucleus where it activates together with TCF/LEF Wnt target genes. Figure
recreated after (Valenta et al., 2012).

1.2.3 Nodal and BMP antagonism mediates AVE differentiation

The process of AVE differentiation requires precise spatiotemporal interaction between
the signaling networks described above within the distinct tissues of the post-implan-
tation embryo. Although correctly referred to as DVE, in the context of AVE differenti-
ation in this study, the term denotes the initial specification of AVE cells at the distal
tip.

Early knockout experiments have demonstrated that embryos deficient for Nodal or his
intracellular signaling transducer Smad2 lack anterior identity, pointing to Nodal as the
pivotal induction signal for AVE differentiation (Figure 5) (Brennan et al., 2001). Fur-
thermore, Nodal expression in the epiblast is crucial for maintaining pluripotency and
inducing Nodal expression in the VE (Mesnard et al., 2006). Later, Nodal becomes
restricted to the posterior epiblast, controlling primitive streak formation and the induc-

tion of posterior genes. Therefore, Nodal mutant embryos exhibit anteroposterior axis
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abnormalities and failed gastrulation (Brennan et al., 2001; Conlon et al., 1994;

lannaccone et al., 1992; Robertson, 2014).

Although Nodal is expressed throughout the epiblast at that stage, AVE specification
is confined to the distal tip, indicating the presence of another signal that is spatially
restricting AVE differentiation. These signals are thought to originate from the ExE, as
surgical removal of the ExE from the mouse embryo, leads to an ectopic AVE marker
expression throughout the VE (Rodriguez, 2005). Experimental evidence suggests
BMP4 as this restricting signal, as it is expressed in ExE cells and its downstream
signaling mediator Smad1 is absent in the distal VE region shortly before DVE for-
mation (Figure 5) (Yamamoto et al., 2009). Furthermore, experiments involving chi-
meric explants containing an embryonic portion (Epi and VE) with a reporter for the
DVE/AVE marker Hex and an extraembryonic potion (ExE and VE) support this hy-
pothesis. Treatment of the extraembryonic explant with the BMP antagonist Noggin
resulted in an expansion of the DVE region in the embryonic portion after combining.
However, when this Noggin-treated extraembryonic portion was attached to the side
of an embryo with an intact ExE region, DVE formation appeared normal, indicating
that the DVE restricting signal from the ExE was abolished with Noggin treatment.
BMP4, initially expressed in the EXE post-implantation, is involved in anteroposterior
axis and primitive streak formation (Fujiwara et al., 2002; Roberts et al., 2022). Bmp4
mutant embryos exhibit various defects in gastrulation and mesoderm formation
(Winnier et al., 1995).

As a mechanism underlying AVE formation, an antagonism between Nodal-controlled
Smad2 and Bmp-controlled Smad1 was proposed (Yamamoto et al., 2009). DVE for-
mation requires the absence of Smad1 but presence of Smad2. This balance is thought
to be regulated by the shared type Il receptor ActRIl and the shared signaling mediator
Smad4 (Figure 3). Experimental validation of this hypothesis involved treating embryos
with the Nodal inhibitor SB43, which led to a downregulation of phosphorylated Smad2
levels and slight upregulation of phosphorylated Smad1 levels at the distal tip. Con-
versely, treating embryo explants lacking an EXE with SB43 resulted in the loss of both
phosphorylated Smad1 and Smad2, indicating the necessity of Smad2 signal and at

the same time absence of Smad1 signaling for DVE formation.
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The Wnt signaling pathway is not directly associated with AVE differentiation, as block-
ing Wnt ligand secretion resulted in no AVE related phenotype (Biechele et al., 2013).
However, what is particularly intriguing is that APC mutant embryos, characterized by
a hyperactive B-catenin, show a loss of AVE differentiation (Chazaud & Rossant,
2006).

Together, the formation of a spatially restricted AVE at the distal tip of the embryo
requires Nodal as the induction signal expressed throughout the epiblast, along with
BMP serving as the restriction signal expressed as gradient from the ExE. This regu-
latory network not only ensures the proper establishment of the AVE and subsequent
formation of the anterior-posterior axis, but is also hypothesized to function as a growth
control point (Mesnard et al., 2006; Orietti et al., 2021). In this context, the AVE can
only be properly formed when the egg cylinder has elongated to a specific extend,

positioning the VE cells at the distal tip out of reach of the inhibitory BMP gradient.

E5.5

ExXE
BMP

VE

Epi
eally AVE—<T———>

Figure 5: Model for AVE induction.

The model for spatially restricted AVE formation at the distal tip of the embryo (DVE) is based on the
antagonism of the two signaling molecules, NODAL (orange) and BMP (blue). NODAL serves as the
induction signal and is expressed form the entire epiblast able to induce an AVE in all of the overlain
VE. BMP serves as the inhibitory signal and is expressed as a gradient from the ExE. Consequently,
the proposed antagonism between the signaling transducer Smad2 (NODAL) and Smad1 (BMP) re-
stricts AVE differentiation to the distal tip of the embryo (Yamamoto et al., 2009).

1.3 Patterning mechanisms in the embryo

Differentiation of the AVE within the VE tissue represents a crucial patterning process
during embryonic development. Two generic models govern the establishment of such
patterning: a gradient-based model or self-organization model. Patterning involves a

series of coordinated events that occur in response to chemical and mechanical
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signals. While mechanical cues rely on direct cell-cell contact, chemical signals, often
mediated by diffusible proteins known as morphogens, can influence cells over longer
distances. Morphogens act in a concentration-dependent manner, shaping spatial gra-
dients and signaling centers that specify regional identities of cells along the embryonic
axes (Briscoe and Small, 2015). The model for AVE differentiation described earlier
involves BMP4 from the EXE serving as an external gradient, orchestrating VE pattern-

ing by confining AVE differentiation beyond this gradient.

In contrast, the formation of the anterior-posterior axis in mammals, which is equivalent
to AVE differentiation, deviates from many other species where axis formation relies
on pre-existing maternal egg patterning (Kimelman & Martin, 2012). A classic example

is the establishment of the anterior-posterior axis in Drosophila.

1.3.1 Positional information in a gradient

In the Drosophila embryo, the anterior-posterior axis is formed by the first ever found
morphogen, the anterior determinant Bicoid (Driever & Nusslein-Volhard, 1988). Ma-
ternally inherited bicoid mRNA is anchored at the anterior tip of the oocyte and early
embryo (Figure 6A) (Johnston et al., 1989). Translation of the bicoid mRNA begins
upon egg laying resulting in a concentration gradient of the Bicoid protein via diffusion,
with its highest concentration at the anterior tip gradually diminishing towards the pos-
terior (Figure 6A) (Porcher & Dostatni, 2010). Bicoid functions as a morphogen gradi-

ent, crucial for establishing polarity along the embryonic anterior-posterior axis.

The concept how cells acquire different identities along a morphogen gradient is de-
scribed by Lewis Wolpert as “positional information” (Figure 6B) (Wolpert, 1969). In
this model, cells gain positional vales as in a coordinate system, which are then inter-
preted by thresholds to dictate diverse outcomes (Tkacik & Gregor, 2021). Wolpert’s
famous French Flag model illustrates the interpretation of positional cues in a morpho-
gen gradient by two thresholds (T1 and T2 in Figure 6B) that delineate three different
discrete cell identities (depicted as blue, white and red reminiscent of the colors of the

French flag).
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Figure 6: Positional information model.

A A gradient of Bicoid protein (green) is established from maternally deposited mRNA (red) at the
anterior pole. B Within a single morphogen gradient along the linear x dimension (left), cells inter-
pret their position based on thresholds (T1 and T2, right) in the morphogen gradient leading to the
adaption of different cell identities (blue, white and red). Figure modified from (Tkacik & Gregor,
2021).

The model for AVE differentiation in mouse embryos is based on Wolpert's positional
information concept, where VE cells acquire positional cues along the BMP4 gradient.
However, in contrast to Drosophila, the BMP4 gradient in mammals is not preformed
but established from an extraembryonic tissue, the ExE. Other mammalian embryos,
such as primates and humans, may not exhibit this external BMP4 gradient due to their

different structure, posing questions about their patterning mechanisms (Figure 7).

egg cylinder

bilaminar disc

Figure 7: Mouse and human embryos in comparison.

Schematic representation of a part of the mouse and human embryo around the time of AVE and anterior
hypoblast specification. While the mouse embryo is shaped like a cup, the human embryo forms a disc-
like structure.
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1.3.2 Self-organization

In contrast to Wolpert’s positional information model, which relies on external cues
such as external morphogen gradients or signaling centers to establish patterning, Tu-
ring proposed a model where cells autonomously create patterning through cell-cell
communication without external clues (Turing, 1952). He introduced a reaction-diffu-
sion model where diffusion could cause instability (Turing instability) of a spatially uni-
form state, leading to the formation of spatial patterns. Later, but unaware of Turing’s
described model, Meinhardt and Gierer formulated a theory explaining the emergence
of polarity and pattern from near-uniform states by local self-enhancement and lateral
inhibition (Gierer & Meinhardt, 1972). They proposed that patterning could be mediated
by a combination of a short-range activator with strong self-enhancement capabilities
coupled with a long-range inhibitor that restricts the expansion of the activator in the
surrounding areas. While Turing's system can be conceptualized as a combination of
short-range activators coupled with long-range inhibitors, Turing did not explicitly de-
scribe the fundamental concept of local self-enhancement and long-range inhibition in

his paper, although it is inherent in his equations (Miller & Nusslein-Volhard, 2016).

In an activator-inhibitor model, the patterning formation unfolds as follows (Figure 8)
(Green & Sharpe, 2015): initially, the system exhibits an almost homogenous spatial
pattern. However, even slight random fluctuation in gene expression can lead to the
emergence of areas with higher activator concentrations. This increase is then further
amplified by the positive feedback loop of the activator. Concurrently, the levels of the
inhibitor also rise at the same position, but due to their differing diffusion rates, the
secreted activator and inhibitor do not act within the same area. With a higher diffusivity
than the activator, the inhibitor diffuses away from the activation area, inhibiting acti-
vation of neighboring regions. However, the activation area with lower inhibitor levels
stabilizes. Depending on the inhibitor’s diffusivity, new activation areas may form, be-
yond the reach of the inhibitor’s repression from existing ones. This process results in
a spatially periodic distribution of concentrations, characterized by alternating regions

of activation and inhibition.
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Figure 8: The principles of reaction-diffusion.

The activator-inhibitor model contains two diffusible molecules: the activator and its own inhibitor. Both
promote their own expression, while the activator also promotes the expression of the inhibitor. Starting
from a homogenous distribution of these molecules, molecular fluctuations will lead to cells with a slightly
higher activator level, which will then auto-enhance its levels (i). But since the activator is also controlling
the expression of its inhibitor, the inhibitor level will also rise (ii). The differential diffusivity of the two
molecules, with the activator having a rather slow diffusion rate compared to fast diffusion rate of the
inhibitor, will give rise to a spatial pattern of concentrations. The inhibitor will diffuse away and inhibit
neighboring regions to enhance the activator, thus creating a repressing zone around the first peak,
while the peak region itself can stabilize (iii). However, new peaks can form outside of the inhibitor

influence regions (iv), which results in a regular array of peaks and valleys (v). Figure modified from
(Green & Sharpe, 2015).

Nodal and Lefty were identified to act as an activator-inhibitor pair (Chen & Shen, 2004;
Muller et al., 2012; Nakamura et al., 2006; Sekine et al., 2018). Nodal functions as the
activator, promoting its own expression and also that of its own inhibitor, Lefty. Notably,
Nodal exhibits a lower diffusion rate compared to Lefty (Muller et al., 2012). Together
they orchestrate an activator-inhibitor mechanism in a reaction-diffusion system to es-
tablish left-right asymmetry in the lateral plate mesoderm (LPM) (Nakamura et al.,
2006). Initially, low Nodal expression in the left LPM initiates its own activation and

induces Lefty2 expression. Subsequently, it spreads to the midline, triggering Lefty1
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expression there. Both Lefty2 and Lefty1 proteins diffuse faster than Nodal, leading to

the inhibition of Nodal expression in the right LPM and establishing tissue asymmetry.

1.4 Model systems to study post-implantation development

In recent years, there has been a significant increase in the development of various
stem cell-based embryo models, offering the potential to enhance our understanding
of embryonic development, including processes such as patterning, differentiation, and

morphogenesis.

1.4.1 Derivation of stem cells

Stem cells possess distinct characteristics that set them apart from somatic cells: they
have the ability to proliferate, self-renew through division, and generate differentiated
progenies (Blau et al., 2001). The differentiation potential of a stem cell determines its
type, with higher potential indicating the capacity to generate more diverse cell types

from various lineages.

At the earliest stages of mouse development, blastomeres from the fertilized zygote to
the eight-cell stage exhibit the highest plasticity, known as totipotency. Totipotent cells
can differentiate into all three germ layers of the embryo and extraembryonic tissues
(Mitalipov & Wolf, 2009). In contrast, mouse embryonic stem cells (mESCs), also
known as pluripotent stem cells (PSCs), from the ICM of an E3.5 embryo have reduced
developmental potential and are pluripotent (Figure 9). They can give rise to cell types
from all three germ layers but have a reduced capacity for extraembryonic differentia-
tion. These cells were first successfully cultured in 1981 by the biologists Sir Martin
John Evans and Mathew Kaufman using fibroblasts and Dulbecco’s modified minimal
essential medium supplemented with 10% fetal calf serum and 10% newborn calf se-
rum (Evans & Kaufman, 1981). The key to their success was the co-culture with mouse
embryo fibroblasts. These produce the cytokine leukemia inhibitory factor (LIF) which
activates the transcription factor Stat3, thereby inhibiting ESC differentiation and pro-
moting viability (Smith & Fox, 2001).
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Since the original culturing protocol for mESCs, significant advancements have been
made to identify signals that maintain the cell in their naive pluripotent state and pre-
vent them from priming for differentiation. The approach has shifted from using serum
and fibroblasts to a fully chemically defined medium and extracellular matrix proteins
such as fibronectin to which the cells can adhere (Ying et al., 2008). Studies have
shown while stimulation of the Erk signaling pathway by FGF4 and other extrinsic stim-
uli primes ESCs for differentiation, inhibition of this pathway, along with an ancillary
suppression of the glycogen synthase kinase 3 (GSK3) to activate transcriptionally ac-
tivity of B-catenin using selective small molecule inhibitors, stabilizes and sustains
mESCs in their pluripotent state (Anton et al., 2007; Burdon et al., 1999; Kunath et al.,
2007). This combination of the two inhibitors (2i) and LIF, referred to as 2i+LIF, in a
chemically defined medium known as N2B27, is sufficient to stabilize and sustain

mESCs with full pluripotency (Ying et al., 2008).

E3.5
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\g | \
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naive mESC
cultured in 2i+LIF

Figure 9: Derivation of mouse embryonic stem cells.

ICM cells from the mouse E3.5 embryo can be derived as naive mouse embryonic stem cells (MESCs)
in their pluripotent state. These cells are usually seeded on dishes coated with extracellular matrix pro-
teins as fibronectin and maintained in the chemically defined medium N2B27 supplemented with MEK
inhibitor, Wnt activator and LIF, referred to as 2i+LIF.

mESCs are distinguished by the expression of key transcription factors, including
OCT3/4, SOX2, KLF4, and NANOG, which play essential roles in maintaining their
pluripotency (Takahashi & Yamanaka, 2006). These cells typically grow in dome-
shaped colonies, reflecting their undifferentiated state and robust proliferative capacity.
As embryonic development progresses, stem cells progressively lose their

developmental potential. Adult stem cells, considered as multipotent, are the only
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remaining stem cell type in the adult body, capable of both self-renewal and

differentiation into cell types from one or two lineages (Bhatt et al., 2013).

In addition, it is possible to derive cells of the PrE and TE from an E4.5 embryo as
extraembryonic endoderm (XEN) and trophoblast stem cells (TSCs) and maintain them
in a serum containing stem cell medium (Niakan et al., 2013). Alternatively, PrE, as
well as TS cell lines, can be established by overexpression of specific transcription
factors. To induce the differentiation of mMESCs into PrE cells in vitro, the transcription
factor GATA, the principal regulator of PrE fate, is overexpressed (Fujikura et al.,
2002).

1.4.2 Post-implantation embryo models

Stem cells are a powerful tool to study the embryonic development serving both in 2D
cultures and as the foundation for constructing 3D stem cell-based embryo models. In
recent years, significant progress has been made in reliably modeling specific devel-
opmental processes, such as gastrulation, and various embryonic states from the blas-
tocyst to the post-implantation embryo (Fu et al., 2021). These models can be broadly
categorized into integrated stem cell-based embryo models, which mimic the entire
embryo with all its lineages, and non-integrated stem cell-based embryo models, which
focus on specific developmental processes using only ESCs without extraembryonic

stem cells (Rossant & Tam, 2021).

One of the most well-known models utilizing only mESCs are gastruloids, where
mESCs are aggregated in microwells and treated with a Wnt pulse to initiate axial or-
ganization resembling gastrulation (Beccari et al., 2018). While gastruloids can reca-
pitulate some features of antero-posterior axis patterning in a self-organizing manner,
they typically lack anterior structures such as brain cell types due to the absence of
extraembryonic tissues (Beccari et al., 2018; Moris et al., 2020). However, recent ad-
vancements have led to more sophisticated versions of gastruloids capable of model-
ing events like somitogenesis. By substituting the Wnt pulse with treatment involving
FGF2, ActivinA and Wnt inhibition, anteriorized gastruloids expressing primitive streak

markers and neural precursors markers on opposite poles have been achieved
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(Sullivan & Santos, 2023). Additionally, neural epithelial structures have been obtained
by combining mESCs with XEN, indicating the enhanced developmental potential of
embryonic stem cells with the addition of extraembryonic tissues (Bérenger-Currias et
al., 2020).

Integrated stem cell-based embryo models, such as ETX embryoids, exhibit even
greater similarity to embryos when mESCs are combined with stem cells from both
extraembryonic lineages, trophoblast stem cells and XEN cells (Sozen et al., 2018;
Zhang et al., 2019). When aggregated in microwells, these stem cells self-organize
into structures resembling the morphology of a post-implantation embryo, albeit lacking
the outermost extraembryonic tissues like trophectoderm and parietal endoderm.
Within ETX embryoids, mESCs and TSCs form epiblast and ExE, respectively, as two
joined cell masses on opposite poles with a connecting lumen. The surrounding XEN
cells encompass the Epi and EXE compartments as VE cells, mirroring the egg cylinder
structure of a post-implantation embryo. Improvements to ETX embryoids involved the
use of iXEN cells, wherein mESCS with a GATA-inducible gene construct differentiate
into VE cells (Amadei et al., 2021; Dupont et al., 2023). These iETX were then capable
of differentiating the AVE within the VE compartment, which lays down the anterior-
posterior axis, and the iIETX embryoids gastrulate to form both embryonic and extraem-
bryonic mesoderm, as well as definitive endoderm. With further advancement, it was
demonstrated that iIETX embryoids could be cultured for longer periods with adapted
media and culture conditions, allowing them to progress into neurulation and heart de-
velopment (Amadei et al., 2022; Lau et al., 2022; Tarazi et al., 2022).

In the past year, significant strides have been made in transferring the knowledge
gained from mouse integrated stem cell-based embryo models to human systems. Re-
searchers have focused on developing human integrated stem cell-based embryo
models that closely resemble the post-implantation embryo (Oldak et al., 2023;
Weatherbee et al., 2023). These models differ in how the extraembryonic lineages are
formed, whether through the induction of specific genes (Weatherbee et al., 2023) or
with small molecules in specific media conditions (Oldak et al., 2023). Human embryos,
compared to mouse embryos, have a different structure. While mouse embryos typi-

cally form a cup- or cylinder-like structure, human embryos take on a disc-shaped
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appearance (Figure 7) (Rossant & Tam, 2022). Regarding the differentiation of the
AVE, studies have shown that both human embryos and their models develop a cell
population reminiscent of the AVE in mouse embryos (Molé et al., 2021; Oldak et al.,
2023; Weatherbee et al., 2023). However, due to their disc-like shape, human embryos
likely lack the same inhibitory gradient that is supposed to restrict AVE differentiation
to a specific location in mouse embryos. Consequently, a significant question in the

field pertains to how the human embryo regulates AVE differentiation.

Exploiting the modularity of stem cell models allows researchers to recreate specific
parts of the post-implantation embryo, such as the Epi and VE compartments (Amadei
etal., 2021; Vrij et al., 2022). When induced XEN and mESCs are aggregated together,
they form spheres with an inner epi layer including a lumen and an outer VE layer,
resembling the mouse egg cylinder without the EXE. Recently, similar models derived
from human embryonic stem cells and induced hypoblast (analogous to induced VE
cells in mouse models) have been developed, presented in both attached and floating
forms (Hislop et al., 2024; Okubo et al., 2024). These models, whether from mouse or
human stem cells, provide a platform to study the interaction and morphogenetic po-
tential of specific lineages under simplified conditions. However, they often require the
induction of specific signaling pathways to compensate for the absence of various lin-

eages.
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1.5 Objectives

The formation of the embryo's anterior-posterior axis hinges on the precise positioning
of the AVE. While Nodal triggers AVE differentiation in the VE (Brennan et al., 2001),
its localization to the distal tip is directed by an inhibitory BMP4 gradient from the ExE
(Yamamoto et al., 2009). Given the limitations of gradient-based models, | utilized stem
cell-based approaches to uncover potential underlying mechanisms of AVE differenti-

ation.

My primary objective was to establish an embryo-like model system using a mESC line
engineered with a GATA4-inducible gene construct. Upon exposure to doxycycline,
this line generated a mixture of Epi and PrE cells, precursors of the VE, which then
spontaneously transitioned from a 2D layer into floating spheres. Referred to as bi-
layered embryo-like aggregates (BELAs), these spheres exhibited a bilayered struc-
ture reminiscent of the organization of the Epi and VE compartments of the peri-im-
plantation embryo. | found that the Epi and PrE/VE cells communicate via FGF4 and
extracellular matrix interactions to maintain survival and undergo morphogenetic
events. Notably, single-cell RNA sequencing unveiled a subset of VE cells expressing
AVE marker genes, which could be visualized in a spatially restricted location through

different staining techniques. (Results 3.1-3.3)

As a second goal, | aimed to establish a 2D AVE differentiation protocol. Leveraging
the single-cell RNA sequencing data obtained from BELAs, | identified Nodal signaling
as the crucial AVE induction signal, a discovery corroborated through experiments in-
volving Nodal inhibition and genetic mutation. Treatment with FGF4, coupled with the
activation of the Nodal signaling pathway using ActivinA, was sufficient to initiate AVE
differentiation in a pure layer of VE cells. Interestingly, | observed AVE differentiation
occurring in clusters throughout the VE layer, revealing a tissue-intrinsic mechanism

of VE cells to spatially regulate AVE differentiation. (Results 3.4)

For my third aim, | sought to identify the signal from VE cells that counteracts AVE
differentiation. Initially, | examined the influence of BMP4 signaling, a known antagonist
in the AVE differentiation model. While BMP4 impacted the number of cells expressing

the AVE marker Cer1, there was no indication of tissue-intrinsic BMP4 counteracting
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AVE differentiation. Subsequently, | explored Nodal and Lefty as a potential reaction-
diffusion pair to spatially restrict AVE differentiation, yet mutations of Nodal and Lefty
failed to produce the expected phenotypes. Finally, | uncovered that 3-catenin antag-
onizes AVE differentiation independently of Wnt signaling, potentially regulated by me-

chanical cues in adherens junctions. (Results 3.4-3.7)
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2 Methods

2.1 Cell lines and cultivation

All mouse embryonic cell lines (MESCs) utilized in this thesis originated from an
E14tg2a background (Hooper et al., 1987). From the Tet::GATA4-mCherry (iGATA)
inducible lines, previously characterized by (Raina et al., 2021), | used two different
clones, C5 and C6, that differ in their induction rates. All iIGATA4 cell lines, including
their subclones, were maintained on fibronectin-coated dishes, except for ltgb1 mu-
tants, which were cultured on feeders or vitronectin. The culture medium consisted of
N2B27 supplemented with 1 yM PD0325901 (SeleckChem), 10 ng/ml LIF (protein ex-
pression facility, MPI Dortmund), and 3 yM CHIR99021 (Tocris), commonly referred to
as 2i+LIF (Ying et al., 2008). The N2B27 medium composition contained a 1:1 mixture
of DMEM/F12 and Neuropan Basal Medium (both from PAN Biotech), supplemented
with 1X N2 and 1X B27 supplements, 1X L-Glutamax, 0.0025% BSA, and 0.2 mM B-
mercaptoethanol (all from ThermoFisher). To prevent silencing of the inducible
transgene, all iIGATAA4 cell lines and subclones were constantly maintained under se-
lection with 200 pg/ml G418 (Sigma) at 37°C with 5% COs-.

2.2 Embryos

Embryos shown in this thesis were kindly supplied and stained by the group of Dr. lvan
Bedzhov, Max-Plack-Institute for Molecular Biomedicine, Minster. For detailed meth-

ods see (Schumacher et al., 2023).

2.3 Mutant and transgenic cell lines
2.3.1 Mutant cell lines

All mutations were induced by using the CRISPR/Cas9 technology. Single guide RNAs
(sgRNAs) were designed with CRISPick (Doench et al., 2016; Sanson et al., 2018),
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cloned into Cas9-expressing vectors using Bbs1 (NEB) according to (Ran et al., 2013),
and transfected using Lipofectamine 2000 (Thermo Fisher Scientific) following manu-
facturer’s instructions. After transfection, cells underwent selection with either 15 pyg/mi
blasticidin for 3 days, 1.5 pg/ml puromycin for 2 days or were selected via flow cytom-
etry for GFP expression depending on the used vector. Afterwards, cells were seeded
at clonal density and expanded as clonal lines. PCR amplification of a sequence sur-
rounding the mutation site was performed. Clones yielding a truncated amplicon com-
pared to the wild type were selected and subjected for Sanger sequencing to determine

the exact mutation. For further details see table above and results section.

2.3.2 H2B-Cerulean label

To establish a constitutively labeled iGATA4 cell line, a CAG-driven H2B-Cerulean
construct was incorporated with a blasticidin resistance cassette into a vector designed
for PiggyBac transgenesis (Wang et al., 2008). Clonal transgenic lines were derived
following co-transfection of the CAG-H2B-Cerulean-bsd vector with CAGG-pBASE. A
suitable clone demonstrating uniform and moderate H2B-Cerulean fluorescence was

chosen through epifluorescence microscopy.

2.3.3 Cer1:H2B-Venus reporter

To establish a Cer1 reporter in the iGATA cell line, | amplified the Cer1 promoter region
situated 4kb upstream of the start codon from genomic DNA as described by (Morgani
et al., 2018). Simultaneously, a puromycin resistance cassette and an H2B-Venus se-
quence were amplified from Sprouty4 targeting vectors (Raina et al., 2021). These
three fragments underwent cloning via Gibson assembly using a HiFi DNA assembly
kit (NEB) into a vector backbone containing PiggyBac transposition sites (Wang et al.,
2008). The resulting Cer1:H2B-Venus reporter construct was co-transfected with CAG-
pBASE, and cells were subjected to selection with 1.5 pg/ml puromycin, starting 24
hours post-transfection. Following transfection, cells were reseeded at clonal density

and expanded as clonal lines. Positive clones were identified based on the co-
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localization of Cer1 reporter activity and Cer1 mRNA, after cells were differentiated into
AVE (Figure 23).

2.4 Formation of Epi cysts

Epi cysts were generated following the protocol outlined by (Bedzhov & Zernicka-
Goetz, 2014). Briefly, mESCs were dissociated into single cells and resuspended in
growth factor-reduced Matrigel (Corning), which was then dispensed in 25 ul drops
onto p-slides (Ibidi). The Matrigel drops were allowed to solidify by incubating the slides
at 37°C for 5 minutes. Subsequently, the slides were filled with either N2B27 or 2i+LIF

medium.

2.5 Formation of BELAS

BELAs spontaneously formed after inducing iGATA (clone C6) cells or subclones with
0.5 pg/ml doxycycline (Sigma-Aldrich) pulse in 2i+LIF for 8 hours. Following induction,
the medium was changed to N2B27, and the cells were reseeded at a density of 30,000
cells/cm? onto dishes that were coated with 0.1% gelatin in PBS. Floating BELAs typi-
cally appeared after two days and were collected after three days unless otherwise

indicated.

To block the Nodal pathway during BELA formation, iGATA4 cells were treated with
10 uM of the Nodal receptor inhibitor SB431542 (referred to as SB43; Biogems) start-
ing from the initiation of the doxycycline pulse until the aggregates were examined for

analysis.

Alternatively, it is also possible to differentiate Epi and PrE cells separately and sub-
sequently mix them at the time of reseeding in a 30-70 ratio, respectively. To achieve
this, iIGATA4 mESCs or subclones were induced for 8 hours with 0.5 pg/ml doxycycline
(in 2i+LIF, followed by 16 hours of treatment with 10 ng/ml FGF4 (PeproTech), 1 ug/ml
heparin (Sigma Aldrich) and 0.5 pyg/ml doxycycline in N2B27 to initiate the differentia-

tion into PrE cells. Upon switching the medium to N2B27 for the PrE cells, the medium
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of an uninduced culture of MESCs was also changed to N2B27. At the end of doxycy-
cline treatment for the PrE cells, both PrE and Epi cells were counted and subsequently

reseeded at a density of 30,000 cells/cm? in a 30-70 ratio on gelatin-coated dishes.

2.6 Formation of VE cysts

For VE cyst formation, a homogenous culture of PrE cells, the precursors of VE cells,
is crucial. When using the iGATA4 C6 clone, cells were induced with a 0.5 pg/ml
doxycycline (Sigma-Aldrich) pulse in 2i+LIF for 8 hours, followed by another pulse in
N2B27 supplemented with 10 ng/ml FGF4 (PeproTech) and 1 pug/ml heparin (Sigma
Aldrich) for 16 hours. In the case of the iGATA4 C5 clone, which exhibits a higher
induction rate compared to C6, cells were induced with a 4-hour doxycycline pulse in
2i+LIF, followed by culture in N2B27 supplemented with FGF4 and heparin. Clone C5
was used for the data shown Figure 12C and Figure 14, in all other instances, clone
C6 was used. Differentiated PrE cells were then seeded onto dishes coated with 0.1%
gelatin at a density of 30,000 cells/cm? in N2B27 medium supplemented with 10 ng/ml
FGF4 and 1 pyg/ml heparin. Floating VE cysts typically appeared within three days.

2.7 AVE differentiation

For AVE differentiation, iGATA4 C6 cells and subclones were induced into PrE cells
following the protocol described above. Upon reseeding, cells were plated at a density
of 25,000 to 30,000 cells/cm? on fibronectin-coated dishes to maintain a 2D culture.
The medium used for AVE differentiation consisted of N2B27 supplemented with 10
ng/ml FGF4 (PeproTech), 1 ug/ml heparin (Sigma Aldrich) and an additional 50 ng/ml
ActivinA (Cell guidance systems). Unless otherwise indicated, cells were analyzed af-

ter three days after reseeding.

Concentrations and durations of additional treatments during AVE differentiation are
as follows: 50 ng/ml BMP4 (PeproTech), 100 nM LDN (Sigma Aldrich), 3 yM Chiron
(Sigma Aldrich), 2 uM IWP2 (Biogems), 20 uM XAV (Cell Guidance Systems), Blebbi-

statin (Tocris) were supplemented into the medium from the second doxycycline pules
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onwards. 10 pyg/ml DECMA E-cadherin blocking antibody (Invitrogen) was supple-

mented into the medium at the time point of reseeding the PrE cells.

2.8 Immunocytochemistry

BELAs and VE cysts were collected and centrifuged at 100 g for 1.5 minutes, then
resuspended in 4% paraformaldehyde (PFA; Carl Roth) at room temperature for 1
hour. Subsequently, the samples were washed 5 times with phosphate buffered saline
(PBS, PAN Biotech) for 5 mins each, followed by incubation in PBS containing 1%
bovine serum albumin (BSA, Merck) and 0.1% Triton X-100 (PBT+BSA, Serva) at room
temperature for 3 hours. Primary antibodies, appropriately diluted in PBT+BSA (see
section below), were then added and incubated overnight at 4°C. The following day,
samples were washed 5 times in PBT+BSA, before being incubated with secondary
antibodies and a nuclear stain, also diluted in PBT+BSA, at 4°C overnight. After re-
moval of the antibody solution, samples were washed 5 times in PBS containing Triton
X-100 (PBT) and then resuspended in PBS on p-slides (ibidi) for analysis.

Epi cysts, embedded in Matrigel drops in p-slides, underwent extended wash times of
15 minutes. Cells grown as 2D cultures in p-slides were fixed for only 15 minutes, with
washing reduced to three steps of 15 minutes each. To protect the samples, they were
covered in mounting medium consisting of 80% glycerol (Gerbu), 16% PBS and 4 %

n-propyl-gallate (Sigma Aldrich).

Primary antibodies used were: anti-CER1 (R&D, MAB1986, 1:200) anti-E-cadherin
(CDH1, Takara M108, 1:200), anti-GATA6 (R&D, RF1700, 1:200), anti-CD29 (ITGB1,
BD Pharmingen 562153, 1:100), anti-LAM (Sigma L9393, 1:750), anti-Oct3/4
(POU5SF1, Santa Cruz Biotechnology sc-5279 1:100), anti-OTX2 (Neuromics
GT15095, 1:200), anti-pERM (Cell Signaling Technology #3141, 1:200), anti-PODXL
(R&D MAB1556, 1:200), anti-SOX17 (R&D AF1924, 1:200), anti-ZO-1 (Invitrogen 61-
7300, 1:100), and anti-GFP (Abcam ab13970, 1:200). Secondary antibodies used were
all Alexa Fluor-conjugated and purchased from Invitrogen/Life Technologies (1:500).
Hoechst was diluted 1:1000.
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2.9 Insitu HCR

All materials necessary for third generation in situ HCR were procured from Molecular
Instruments, and mRNA staining was performed following the manufacturer’s instruc-
tions (Choi et al., 2018). Samples were fixed for a duration ranging from 15 minutes to
1 hour, depending on sample type, using 4% paraformaldehyde. Post-fixation, the
samples were washed four times with phosphate-buffered saline with 0.1% Tween 20
(PBST) and permeabilized overnight in 70% ethanol at -20°C. Following this step, the
samples were washed twice with PBST and then incubated in probe hybridization
buffer for 30 minutes at 37°C to achieve equilibration. Transcript-specific probes
targeting Otx2 (NM_144841.5), Gata6 (NM_010258), and Cer1 (NM_009887.2) were
custom-designed by Molecular Instruments and utilized at a final concentration of 4 nM
in the probe hybridization buffer. Samples were then incubated overnight at 37°C with
the probes. After the probe incubation period, the sample was subjected to four washes
with probe wash buffer preheated to 37°C, followed by one wash with 5x SSC with
0.1% Tween 20 (SSCT). Subsequently, the samples were equilibrated in amplification
buffer for 30 minutes at room temperature. Alexa Fluor-labeled amplifiers, at a final
concentration of 60 nM, were applied along with Hoechst 33342 dye at 1 pg/ml, and
incubated overnight at room temperature. To remove the amplifier solution, the
samples were washed six times with 5x SSCT. Finally, stained BELAs were
resuspended in PBS and mounted on an ibidi py-slide for imaging. 2D cultures were

mounted using 80% glycerol, 16% PBS, and 4% n-propyl-gallate.

2.10 Sytox stain

To detect dead cells, the samples were incubated in 0.5 pM Sytox green nucleic acid
stain (Invitrogen) diluted in medium for 15 min. The Sytox-containing medium was re-
placed by a HEPES-buffered medium, and samples were immediately live imaged as
z-stacks on a Leica SP8 confocal microscope with a 63x 1.4 NA lens. Sytox signal in
BELAs was quantified by measuring the fluorescent intensity as integrated density

(area x mean grey value) in the approximately middle plane.
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2.11 Imaging

For recording of time-lapse movies, cells were seeded at a density of 30,000 cells/cm?
on 6-well plates (Sarstedt) or on u-slides (Ibidi) and allowed to attach for 1-2 hours.
Cells were imaged using a 20x 0.5 NA air objective on an Olympus 1X81 widefield
microscope equipped with a stage top incubator (ibidi), LED illumination (pE4000,
CoolLED), and a c9100-13 EMCCD (Hamamatsu) camera controlled by MicroManager
software. To image a larger field of view grids were imaged, and the tiles stitched back

together using the pairwise stitching plugin from FIJI (Preibisch et al., 2009).

Live VE cysts were imaged on a Leica DM IRB widefield microscope with a 20x 0.4 NA

phase contrast objective.

Embryos, BELAs and 2D cultures, stained by immunochemistry or in situ HCR, were

imaged on a Leica SP8 confocal microscope with a 63x 1.4 NA oil immersion objective.

For light sheet microscopy, stained BELAs were embedded in low melting agarose and
positioned in 1.5 mm U-shaped capillaries (Leica). The capillaries were placed in 35
mm high glass bottom p-dishes (Ibidi), fixed with blu tack (Bostik) and filled with water.
For imaging, an HC Fluotar L 25x 0.95 NA water DLS TwinFlect 2.5 mm detection
objective and an HC PL Fluotar 5x 0.15 NA illumination objective were used on a Leica

TCS SP8 digital light sheet microscope.

All microscopy images were processed and analyzed using FIJI or Imaris.

2.12 Computational staining analysis

AVE marker expression and cell density were analyzed with an image processing pipe-
line originally developed by Pablo Casani Galdon (available at
https://github.com/PabloCasaniGaldon/tilesegment;
https://github.com/PabloCasaniGaldon/AVEDifferentiation).

For the analysis, large images were processed for easier handling. Images were pad-
ded into a square shape and divided into smaller tiles with specialized dimensions and

overlapping regions. Within each tile, cells segmentation was performed using a
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pretrained StarDisc2D model (Schmidt et al., 2018). Information such as outlines,
masks, centers and diameters of the cell nuclei were then extracted. Smaller particles,
such as cell debris, were identified based on their small diameters, detected through
local minima in Gaussian mixture models fits and Kernel density estimation, and sub-

sequently filtered out.

For fluorescence quantification of Cer1:H2B-Venus and OTX2, the mean grey values
within each cell mask were computed. Histograms of the two markers revealed differ-
ent distributions, leading to the application of distinct threshold methods. OTX2 exhib-
ited a bimodal distribution, where the local minimum was used to set the threshold.
However, Cer1:H2B-Venus displayed a more subtle distribution of fluorescent
changes. Therefore, the threshold for Cer1:H2B-Venus was computed based on the

negative control condition, using the mean of the top 1% mean grey values.

Local density calculation involved determining the nearest neighbors around each in-
dividual cell. Initially, the five closest cells to a center cell were located using the Near-
estNeighbor algorithm (Goldberger et al., 2004) and the mean distance was computed.
The inverse of the squared mean of nearest neighbor distances was then plotted as

average local density [um].

2.13 Flow cytometry

For flow cytometry analysis, cells were first singularized and then either directly resus-
pended in PBS containing 0.5% BSA (Merck) for live analysis or fixed in 4% paraform-
aldehyde for 15 minutes. Following fixation, the cells were washed with PBS to remove
any residual fixative and incubated in PBS with 1% BSA and 0.25% Saponin (PBSap,
Serva) for 30 minutes at room temperature to permeabilize the cell membranes. Next,
cells were exposed to primary antibodies (see 2.8 Immunohistochemistry) that were
appropriately diluted in PBSap and allowed to incubate overnight at 4°C. The following
day, the cells were washed three times with PBSap to remove excess primary antibod-
ies and then incubated with secondary antibodies, also diluted in PBSap, for at least
one hour. Afterwards, samples were washed three times in PBSap, passed through a

strainer to eliminate cell clumps and ensure a uniform suspension before being



Methods 32

promptly analyzed using an LSRII flow cytometer (BD Biosciences). A minimum of

n=20,000 cells was analyzed for each condition in each biological replicate.

For the sorting of live cells, a FACS Aria Fusion (BD Biosciences) instrument was uti-
lized. The flow cytometry data obtained was subsequently analyzed using FlowJo soft-

ware (BD Biosciences).

2.14 Single-cell RNA sequencing
2.14.1 Sample preparation and collection of single cells

For single-cell RNA sequencing (scRNA seq), three samples were prepared: BELAS,
Epi cysts, and VE cysts. BELAs were the primary focus of the analysis, while the cysts
served as controls representing single-cell types incapable of communication with one
another. 100-200 aggregates of BELAs and VE cysts were handpicked under a stereo
microscope, adhering to criteria such as typical size and round shape. Within the VE
cysts, some BELAs formed likely due to insufficient transgene induction, and care was
taken to avoid selecting them during the sample preparation process. In the case of
the Epi cyst sample, single cells were embedded in Matrigel drops and cultured for one
day in 2i+LIF medium. The following day, the medium of all three sample types was
simultaneously switched to N2B27, corresponding to the time point after the 8-hour
doxycycline induction pulse for BEALs and VE cysts. After three days, Epi cysts were
dissolved from Matrigel using a recovery solution (Corning). Next, cells from all three
sample were singularized by incubating them with accutase at 37°C for 15 minutes,
with intermittent mechanical dissociation. Subsequently, single cells were washed with
PBS and resuspended in a small volume of PBS containing 0.5% BSA for downstream

analysis.

2.14.2 Library preparation and sequencing

Aiming for 1,000 cells per cell type, which included 1,000 cells for each cyst sample

and 2,000 cells for BELAs, cell counts were conducted, and the cells were
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resuspended in an appropriate volume of H20 and RT master mix from Chromium
Next GEM Single Cell 3’ GEM, Library & Gel Bead Kit v3.1 (10x Genomics). The par-
titioning of cells with gel beads in emulsion was performed using a Chromium Control-
ler (10x Genomics). Subsequently, reverse transcription, cDNA recovery and amplifi-
cation, and sequencing library construction were carried out following the manufac-
turer’s instructions (10x Genomics Chromium Next GEM Single Cell v3.1 Rev D proto-

col).

For cDNA amplification, 12 PCR cycles were selected, while 13 PCR cycles were
chosen for index PCR. Concentration and insert size of sequencing libraries were
determined using a BioAnalyzer High Sensitivity DNA Assay (Agilent). These libraries
underwent paired-end lllumina sequencing on a NovaSeq6000 instrument with a read
length of 150 bp.

Initially, sequencing was performed at a shallow depth targeting 10,000 reads per cell
to ensure the capturing of an adequate number of high-quality single-cell
transcriptomes. Following confirmation, deeper sequencing was conducted to achieve
between 100,000 and 150,000 reads per cell.

2.14.3Single cells RNA sequencing data analysis

All code used for analysis of the scRNA seq data was written by Max Fernkorn and
can be found on GitHub at
https://github.com/Schroeterlab/BELAs_Schumacher_et_al.

Initially, CellRanger (10x Genomics, v4.00) was employed for demultiplexing, align-
ment to the mouse genome mm10 (GENCODE vM23/Ensemble 98, 10x Genomics),
and read quantification. Further analysis was conducted in R using Seurat v4.1.1.42
(Hao et al., 2021). The analysis began with the filtering of cells with fewer than 4,000
distinct features and those with over 10% of mitochondrial genes. The count data was
then normalized and scaled using SCTransform. For visualization through Uniform
Manifold Approximation and Projection (UMAP) and clustering, shared cell populations

were aligned across samples using Seurat’s integration algorithm (Hao et al., 2021).
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This algorithm employs reciprocal PCA to identify anchors. Differential expression
analysis between the resulting clusters from Louvain clustering was performed using
the FindMarker function, which operates on the SCTransform normalized data and

sorts genes by fold-change.

Next, integration of clustered VE and AVE cells from the BELA scRNA seq data was
accomplished using SCANPY (Wolf et al., 2018), leveraging scRNA seq data and an-
notations from an embryo data set specifically focused on AVE development
(Thowfeequ et al., 2021). For this purpose, log1p-transforemd counts were utilized af-
ter normalization of the BELA data to 10,000 reads per cell. Asymmetric integration
and label transfer were performed using the ingest method, and cell type proportions
were visualized in R. Visualization was facilitated by a custom heatmap function based

on pheatmap.

2.14.4 Cell-cell communication analysis

LIANA, a Ligand-receptor Analysis framework, was utilized to uncover active signaling
pathways between Epi and VE cells, potentially investigating AVE differentiation
(Dimitrov et al., 2022). Specifically, only transcriptomes from BELAs were analyzed,
segregated into Epi and VE cell groups based on the clustering illustrated in Figure 19.
Cluster 1 and 2 were assigned as Epi cells, while cluster 3 and 4 were attributed as VE
cells. Subsequently, the consensus database for ligand-receptor interactions was
mapped to its mouse ortholog genes using the omnipath database. Interactions were
ranked according to their consensus rank obtained from LIANA, with the top 20 were

plotted in an undirected adjacency graph.

2.15 Statistics

For each experiment, the number of repeats is specified in the figure legends, with N
denoting the number of biological replicates and n indicating the number of independ-
ent samples within an experiment. Quantitative data are plotted as mean + standard
deviation (SD).
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Statistical analysis was conducted using GraphPad Prism 8 (v8.4.3), using unpaired
ratio t-tests or one-way Anovas with Bonferoni’s multiple testing correction as specified
in the figure legends. Significance levels are denoted by asterisks, with * indicating p
< 0.05 and ** indicating p < 0.005.
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3  Results
3.1 Bilayered embryo-like aggregates (BELAS)

The first steps of early embryonic development in a mouse embryo, akin to those of
many other organisms, are critical as they lay the foundation for the body plan and the

formation of all cell types that comprise the mature fetus.

In the initial days following fertilization, the embryo undergoes a rapid increase in cell
number and differentiation into distinct cell types, including the embryonic lineage Epi
and the two extraembryonic lineages TE and PrE (Figure 1A) (Arnold & Robertson,
2009). By this stage, the embryo is referred to as a blastocyst and begins the process
of implantation into the uterus. Around E5.5, a significant architectural transformation
occurs: the epiblast forms a cup-like structure with the TE progeny, known as the ExE,
positioned above it, all surrounded by the PrE progeny, forming the VE. During this
period, the initiation of the body plan commences through the formation of the AVE, a
signaling center specified at the distal tip of the VE cells. This signaling center then
migrates toward one side of the cup, determining the anteroposterior axis, ultimately

leading to the onset of gastrulation.

Previous studies have demonstrated the ability to replicate such sequences of events
from the peri-implantation embryo using embryo models made purely from stem cells
(Amadei et al., 2021). While these models serve as powerful tools to study various
aspects of the early embryonic development, their primary objective is to faithfully rec-
reate an entire embryo with all of its lineages. Consequently, these models lack the
capacity to uncover the autonomous potential of individual cell lineages for morpho-

logical and patterning processes.

3.1.1 Mixtures of Epi and PrE cells
spontaneously form organized aggregates

In the embryo, the Epi and PrE cells differentiate from a common precursor, the ICM.
To mimic this lineage decision and generate an embryo model consisting solely from

Epi and PrE cells, | utilized mESCs containing a GATA4-mCherry inducible gene
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construct (iGATA4, Figure 10A). This cell line has previously been demonstrated to
differentiate into robust proportions of Epi and PrE cells upon transient GATA4 expres-
sion (Raina et al., 2021; Wamaitha et al., 2015).
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Figure 10: Epi and PrE cells spontaneously form aggregates.

A Schematic of the early mouse embryonic development from E3.0 to E5.5 (top) and experimental ap-
proach to study differentiation, cell-cell interaction and morphogenesis of Epi and PrE cells induced from
iGATA4 mESCs (bottom). B Stills from time-lapse series of Epi and PrE cells growing in N2B27 medium
on fibronectin (top) or gelatin (bottom). Scale bars: 50 ym.

The iGATA4 cells were cultured in defined media N2B27 supplemented with MEK in-
hibitor PD03, GSKS inhibitor Chiron, and the cytokine LIF, referred to as 2i+LIF, to
maintain their pluripotent state (Ying et al., 2008). To induce differentiation into a mix-
ture of Epi and PrE cells, transient GATA4 expression was triggered by an 8-hour pulse
of doxycycline (dox) in 2i+LIF, followed by a media change to pure N2B27. On the next
day, 16-20 h after the dox pulse, the cells were reseeded at 30.000 cells per cm?. When
the tissue culture vessels were coated with a high concentration of fibronectin, part of
the cells in the monolayer aggregated within two day, forming doomed-shape colonies

(Figure 10B). These colonies exhibited organized structures consisting of two layers of
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cells surrounding a central lumen. To promote observed cell-cell interactions of Epi
and PrE cells, the adhesiveness of the coating was reduced by using a low concentra-
tion of gelatin instead of fibronectin. This time, nearly all cells contributed to the for-
mation of bilayered aggregates which began detaching from the coating between 2
and 3 days. In contrast to growth on fibronectin, where aggregates remained attached,
this suggested that yet unknown cell-cell interactions between Epi and PrE cells trigger

a spontaneous formation of organized cell aggregates.

3.1.2 Bilayered aggregates
resemble part of the peri-implantation embryo

To investigate the organization of the bilayered aggregates, | performed immunostain-
ings for various cell types and structural markers. GATAG, a PrE/VE marker, was ex-
pressed in the outer cell layer of these closed spheres, while the inner cells displayed
positive staining for the Epi marker OCT4 (POU5F1) (Figure 2A,B). Notably, the two
layers seemed interconnected by a laminin-rich extracellular matrix, bound to by cells
via integrin receptors (Figure 2C). Examination of apical polarity markers PODXL and
pERM revealed polarization of both layers: inner Epi cells faced inwards with their ap-
ical domains, while outer PrE cells faced outwards, creating a basal-side to basal-side
arrangement. This epithelial polarization was further confirmed by the localized expres-
sion of adherens junction molecule E-cadherin (CDH1) and tight junction-associated
protein ZO-1 (Figure 2E). The distinctive morphology, comprising two opposing epithe-
lial layers connected by a basement membrane and enclosing a central lumen, mirrors
the Epi and VE compartments observed in peri-implantation embryos. Consequently,
the cells within the aggregates appeared to progress from PrE to VE, resembling Epi
and VE from the peri-implantation embryo. Due to their structure, the Epi/VE spheres

were termed bilayered embryo-like aggregates (BELAS).



Results Epi and PrE cells exchange signals for survival and morphogenesis 39

POU5F1 7

nuclei

>3 —
= T
< Q a
- (@] O
— a
@ — )
) = E
Q 3
c
= c

nuclei ITGB1
nuclei pERM
nuclei ZO-1

Figure 11: Aggregates resemble Epi and VE compartment of the peri-implantation embryo.

A,B Light sheet microscopy recording of an Epi/PrE aggregate immunostaining shown as orthogonal
views (A) and 3D volume rendering (B). POU5F1 (green) marks Epi identity and GATA6 (magenta)
marks PrE/VE identity. Scale bar: 50 um. C,E Epi/PrE aggregate immunostainings shown as sections.
GATA6 and SOX17 (magenta) mark PrE/VE identity, PODXL (orange) and pERM (blue) mark the apical
side of polarized cells, LAM (orange) and ITGB1 (blue) show the basement membrane/integrin connec-
tion and CDH1 (orange) and ZO-1 (blue) are epithelial markers. Arrows show punctuate ZO-1 staining
as characteristic for tight junctions (E, inset). Scale bars: 50 ym.

3.2 Epiand PrE cells
exchange signals for survival and morphogenesis

3.2.1 PrE cells depend on FGF4 from the Epi

The interaction of Epi and PrE cells triggers the spontaneous formation of BELAs that
resemble part of the peri-implantation embryo. To identify the driver of this morpho-
genesis, | differentiated the iGATA4 mESCs into single populations of Epi and PrE
cells (Figure 12A). For an Epi-only culture, the medium was changed from 2i+LIF to
N2B27 without a prior dox pulse. To establish a PrE-only culture, a strongly inducible
iGATAA4 clone was used or the dox pulse was extended for 24 hours regardless of the
media change to N2B27. 16 hours after switching to N2B27, the cells were reseeded
onto gelatin-coated tissue culture vessels and recorded for three days using a widefield
microscope with a stage top incubator. While an induced mixed population of Epi and
PrE cells served as control group and formed BELAs over the time course of 3 days

(top row), the single Epi and PrE cells experienced extensive cell death (row 2-3). To
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assess cell survival, | conducted trypan blue exclusion assays 72 hours after reseeding
to count the remaining living cells. All conditions started with the same initial cell count
per well, regardless of whether the cells were seeded as mixture or pure populations.
Compared to the control, the number of Epi cells decreased by approximately 50%,
while almost no living PrE remained (Figure 12C). This drastic cell death observed for
the PrE cells could be attributed to the absence of FGF4, which is typically secreted
by Epi cells and is known to support PrE differentiation and survival (Raina et al., 2021;
Wilder et al., 1997). Remarkably, supplementation of FGF4 into N2B27 rescued the
PrE cells from extensive cell death and, surprisingly, resulted in similar non-adherent
aggregate formation as observed in mixed cultures containing Epi and PrE cells (Fig-
ure 12A,B bottom row). These spheres contained only one cell layer that encapsulated
a central lumen and were a bit smaller in size compared to BELAS, 93.4+18.8 ym to

112.8+30.4 um respectively (Figure 13A,B).
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Figure 12: Epi and PrE cells exchange mutual survival signals.

A Schematic of experimental protocol to differentiate mixed populations of Epi and PrE cells, as well as
pure populations of the pure cell types. B Stills from time-lapse series of differentiated cells shown as in
(A) after reseeding in N2B27. Scale bars: 25 pym. C Quantification of living cells of a Epi and PrE mixed
culture or pure cultures after 72 hours in N2B27. Bars indicate mean +SD.
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Figure 13: Induced PrE cells spontaneously organize into VE cysts.

A VE cysts formed from induced iGATA4 mESCs in N2B27 supplemented with FGF4. Scale bar: 200
ym. B Sizes of detached BELAs (n=72) and VE cysts (n=36) grown for three days after reseeding in-
duced cells. Bars indicate mean +SD.

Given their striking resembles to BELAs, | stained these structures for the same mark-
ers to investigate their organization. Although they contained no inner Epi cells, the
single layer of GATAG6-positive PrE cells secreted laminin towards the interior of the
cysts and exhibited polarization, with the apical markers PAR6, PODXL and pERM
confined to the outside of the cysts (Figure 14A,B). The presence of an epithelial or-
ganization was confirmed by the localized expression of the markers CDH1 and ZO-1
(Figure 14C). These observations collectively indicate that the spheres harbor the
same structural organization as the outer VE layer of BELASs, concluding that the PrE
cells adopted a VE identity. Furthermore, it appears that only FGF4 but not Epi cells
per se, are necessary for the formation of this polarized cystic structure, which | term

VE cysts.

Figure 14: VE cysts are BELAs without the inner Epi core.

A-C VE cysts immunostainings shown as sections. GATA6 (magenta) marks PrE/VE identity, LAM (or-
ange) marks the 41extracellular matrix, PAR6 (blue), PODXL (orange) and pERM (blue) mark the apical
side of polarized cells, and CDH1 (orange) and ZO-1 (blue) are epithelial markers. Scale bars: 50 ym.
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3.2.2 Epi cells require binding to extracellular matrix

The outer VE cells in BELAs depend on FGF4 from the Epi cells, which prompted the
question of the specific factor provided by the PrE/VE cells that results in survival and
patterning of the Epi cells. Culturing Epi cells in N2B27 on a low concentration of gelatin
led to extensive cell death (Figure 12B,C), suggesting a lack of binding sites to extra-
cellular matrix proteins, which PrE/VE cells, known to express for example high levels
of laminin, may provide. To test this hypothesis, | mutated the beta 1 integrin gene
(Itgb1) in the iIGATA4 mESCs using the CRISPR/Cas9 system (Figure 15A) resulting
in loss of the start codon ATG in the second exon for both alleles. The mutation of ltgb1
leads to the disability of the cells to bind to extracellular matrix proteins as fibronectin
(Bouvard et al., 2001), so that the ltgb1 mutant cells where cultured on feeder cells or
vitronectin. Figure 15B shows cultivation of /tgb1 mutant cells on a feeder cell with only

the feeder cell expressing ITGB1.
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Figure 15: Validation of /tgb1 mutant mESCs.

A Schematic illustrating the two ltgb1 alleles present in the /tgb1 mutant mESC line, identified through
Sanger sequencing of PCR amplicons specifically designed to encompass the ligb1 second exon. B
Immunostaining for ITGB1 (blue) in wt (left) and ltgb1 mutant cells (right). ITGB1 signal in the right panel
is from a single wt feeder cell. Co-culture with feeder cells was required to avoid detaching of ligb1
mutant cells from the tissue culture plate. Scale bars: 25 y m.

To avoid universal consequences from a /ltgb1 mutation in all cells of BELAs, | opted
to differentiate Epi /tgb1 mutant and PrE wildtype (wt) separately and then combine
them in a ratio of 30-70 upon reseeding. The used ratio mirrors the proportions of the
two cell types obtained through transient expression of GATA4 and differentiation in
N2B27 (Figure 10A) (Raina et al., 2021). At first glance, BELAs appeared to form rel-

atively normally and within three days after reseeding the induced cells, floating
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aggregates became apparent. However, extending the culture for one additional day
revealed a notable presence of dying cells within the lfgb1 mutant Epi compartment,
as indicated by Sytox staining, a nucleic acid stain that penetrates only cells with com-
promised plasma membranes (Figure 16A). Sytox signal intensity was quantified using
the middle section of a BELA, measuring the product of intensity mean and area (Fig-
ure 16B). Mixed BELAs from Epi and VE wt cells exhibited very low levels of Sytox
signal, with many BELAs showing no signal at all, while BELAs derived from ligb1
mutant Epi and PrE wt cells displayed significantly higher Sytox intensities mimicking

the lethal phenotype in chimeric embryos (Molé et al., 2021).
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Figure 16: Itgb1 mutant Epi cells show extensive cell death in BELAs.

A Immunostainings of BELAs shown as sections. BELAs were formed from separately differentiated Epi
(wt or Itgb1mut) and PrE (wt) cells that were mixed together when reseeded and cultured for four days.
Sytox marks dead and dying cells (red). Scale bars: 50 ym. B Quantification of Sytox intensity per BELA
(Epi wt & VE wt n=23, Epi ltgb1mut & VE wt n=18) measured as integrated density in the approximate
middle section. Bars indicate mean +SD. ** indicates p < 0.005, determined by a two-tailed, unpaired t-
test.

To identify an earlier-present phenotype and to see whether there are additional effects
from VE cells, | compared ltgb1 mutant Epi cells in BELAs to cells that were embedded
in purified extracellular matrix (Matrigel) and cultured for two days in N2B27( Figure
17). The connection to Matrigel should mimic binding to the extracellular matrix of
PrE/VE cells in the absence of other signals. Under these conditions, Epi wildtype cells
are reported to form epithelial cysts with a central lumen (Epi cysts) (Bedzhov &
Zernicka-Goetz, 2014). iGATA4-induced cells were sorted based on high GATA4-
mCherry expression levels before mixing, ensuring that no ltgb1 wildtype cells contrib-

uted from the Epi compartment. The reason was a potential loss of an /ltgb1 mutant
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phenotype because mixtures of wildtype and ltgb1 mutant cells have been reported to

support epiblast morphogenesis in the embryo (Fassler & Meyer, 1995).
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Figure 17: Integrin plays an important role in patterning the Epi cells.

A Immunostainings of BELAs shown as sections. BELAs were formed from separately differentiated Epi
(wt or ltgb1mut) and PrE (wt) cells that were mixed together when reseeded. PODXL marks the apical
polarization (green), LAM marks the extracellular matrix (orange), H2B-Cerulean marks the wildtype
cells and GATA6 marks PrE/VE identity. B Quantification of the number of BELAs with a polarized Epi
compartment. n = 40. C Immunostaining of wildtype and ltgb1mut iGATA4 mESCs that were embedded
as single cells in Matrigel gel and cultured for two days. 12/14 wildtype and 0/29 ltgb1mut Epi cysts
showed apical polarization facing the inside of the cyst. Scale bars: 25 ym.

Mixing ltgb1 mutant Epi with wildtype PrE cells resulted in a formation of BELAs with
an outer polarized VE layer surrounding the inner Epi cells and visible laminin expres-
sion as a ring between the two cell types (Figure 17A). Around 50% of BELAs failed a
proper organization of a polarized Epi compartment, compared to only 10% of wildtype
BELAs (Figure 17B). However, none of the lfgb1 mutant Epi cysts showed proper lu-
menogensis and polarization. Single cells stained positive for the apical marker
PODXL could be observed, but the cells seemed to be unable to coordinate their po-
larization sides collectively towards the inside of the cysts. These results recapitulate
the finding that coordination of polarization and lumenogenesis of Epi cells in Matrigel
depends on the binding of B1-integrins to the surrounding extracellular matrix

(Bedzhov & Zernicka-Goetz, 2014). Since ltgb1 mutant cells in BELAs couldn’t mimic
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this phenotype in Matrigel, | speculate that ltgb1 is important for patterning the Epi
compartment, but that there are also additional patterning cues from the VE layer in

BELAs that are absent in Matrigel.

3.3 scRNA seq reveals AVE differentiation in BELAs

To investigate a potential influence of Epi and VE cells towards one another and es-
pecially AVE differentiation, a single cell RNA sequencing (scRNA seq) experiment
was conducted. Three samples were included: BELAs, as well as VE cysts and Epi
cysts, serving as controls (Figure 18A). The latter two represent the single compart-
ment of BELAs without any contact of Epi and VE cells. BELAs and PrE cysts were
formed as described above. Epi cysts were obtained by first seeding single cells in
Matrigel drops in 2i+LIF, followed by media change to pure N2B27 after one day and

further culture for three days.
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Figure 18: Single cell RNA seq of BELAs and its single compartments.

A Schematic experimental approach of sample preparation that were used for single cell RNA seq. B
UMAP of single cell transcriptomes from cells prepared as in A. Colors indicate sample’s origin. C Ex-
pression levels of markers for PrE/VE (Sox17, Cubn, Dab2 and Gata6) and for Epi (Fgf4, Nanog, Pou5f1
and Sox2). To better visualize the expression of some genes, expression levels above In = 1.5 for Fgf4
and In = 2 for Nanog and Sox2 are shown in yellow.
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Transcriptome visualization using a UMAP plot displayed two groups of dots, each dot
representing the transcriptome of a single cell (Figure 18B). The first group primarily
comprised cells from Epi cysts and BELAs, while the second group contained the re-
maining BELA cells and most of the cells from VE cysts. Looking at marker genes for
Epi (Fgf4, Nanog, Pou5f1 and Sox2) and VE identity (Sox17, Cubn, Dab2 and Gata6)
confirmed the assumption that the cells were separated based on their identity in the
UMAP space (Figure 18C). The presence of cells with origin from the VE cysts within
the group of Epi cells indicates that some cells were resistant to differentiation towards

a PrE identity due to insufficient GATA4-mCherry induction levels (Raina et al., 2021).

3.3.1 VE cells segregate potential AVE cluster

The spatial separation observed in the UMAP plot and the grouping based on Epi or
VE identity prompted me to hypothesize that applying Louvain clustering for sorting
single-cell transcriptomes into four clusters would primarily segregate BELA cells into

Epi and VE categories (Figure 19).
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Figure 19: VE cells do not sort based on their origin.

A UMAP representation of single-cell transcriptomes (same as in Figure 18B) after Louvain clustering
assigned the cells into four clusters. Colors indicate cluster number. B Quantification of the fractions of
cells from BELAs, Epi cysts and VE cysts in each of the four different clusters from A.

While this assumption held true for Epi cells, effectively clustering them according to
their sample origin (clusters 1 and 2), VE cells followed a different pattern (Figure
19A,B). They separated into a large cluster (cluster 3), containing VE cells from both

VE cysts and BELAs, and a notably smaller cluster (cluster 4) comprising 62 BELA VE
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cells. This implied that the varying formation methods for Epi cells in Epi cysts, where
cells have only contact to an artificial extracellular matrix, and in BELAs, where cells
bind to extracellular matrix of VE cells, led to substantial transcriptomic differences,
prompting their segregation. In contrast, VE cells from the two samples showed higher
similarity and sorted into clusters not exclusively determined by sample origin. Looking
into the differentially expressed genes between cluster 3 and 4 (VE clusters) revealed
a downregulation in cluster 4 of many genes related to extracellular matrix components
such as Hspg2, Spock1, P4ha2 and Fst (Figure 20A).
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Figure 20: scRNA seq identifies an AVE cluster within VE cells.

A,B Heatmaps showing the 30 most downregulated (A) and upregulated (B) genes between the VE
cells of cluster 3 and 4 from Figure 19, ordered by log2-log change. Single-cell expression is shown as
the Pearson residual of the normalized counts.

Of particular interest was the collection of upregulated genes in cluster 4, including
genes such as Sfrp1, Lhx1, Otx2 and Eomes (Figure 20B). These genes are typically
associated with expression in AVE cells of the embryo, suggesting an adaptation of
the cells in cluster 4 toward that specific cell type (Nowotschin et al., 2013; Rivera-
Pérez & Hadjantonakis, 2014). Importantly, this suggests that only the VE cells from
BELAs, but not from VE cysts, were capable of AVE differentiation, possibly due to

their interaction with Epi cells.
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3.3.2 AVE cells from BELAs resemble transcriptome of an E6.25 AVE

To validate the discovery that the VE cells of cluster 4 adopted an AVE identity (Figure
19A), the VE cells of BELAs from cluster 3 and 4 were integrated with an embryonic
data set focusing specifically on the differentiation of AVE cells from E5.5 and E6.25
(Thowfeequ et al., 2021). UMAP representation after integration revealed that BELA
VE cells mostly co-localized with E6.25 Epi-VE and AVE, with a small proportion also
co-localizing with E5.5 Epi-VE and AVE (Figure 21A,B). To quantify the resemblance
of BELA VE cells to various cell types and developmental stages within the embryo
dataset, the cell type and stage labels from the reference dataset were transferred to

the BELA VE cells and the frequency plotted as a heatmap (Figure 21C).
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Figure 21: BELA-VE predominantly represents embryonic Epi-VE and AVE from E6.25.

A UMAP of single-cell transcriptomes only from BELA-VE (BELA cells in cluster 3 and 4 from Figure
19A) after integration with scRNAseq data covering the embryonic development, especially AVE differ-
entiation, from E5.5 and E6.25 (Thowfeequ et al., 2021). B Same UMAP as in A, but visualizing the
different cell types after integration and label transfer according to the cell type annotations from
Thowfeequ et al., 2021. C Quantification of the fractions of BELA VE cells from cluster 3 and 4 that are
assigned to specific cell types and time points from the embryo.

First of all, almost none of the BELA VE cells were labelled as Epiblast, extraembryonic
ectoderm (ExE) and not even extraembryonic VE (ExE-VE), confirming their embryonic
VE identity. Upon closer examination, as expected, 95% of the cells from cluster 4
were labelled as AVE, with 24% assigned as E5.5 AVE and 71% as E6.25 AVE. Un-
expectedly, the cells of cluster 3 were not solely labelled as E5.5 and E6.25 Epi-VE
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(3% and 56%, respectively), but also received the label of E5.5 and E6.25 AVE (17%
and 22%, respectively). All together, these results indicate that within the VE cells of

BELAs, a small proportion differentiates into a heterogenous population of AVE cells.

3.3.3 AVE marker expression is spatially restricted in BELAs

scRNA-seq uncovered the adaption of an AVE identity by some VE cells in BELAs, but
it offered no insights into their distribution across individual BELAs. To answer that
question, | performed immunostainings to visualize the AVE cells in BELAs (Figure
22A,B). In the embryo, Cer1 specifically marks the AVE, while Otx2 displays a broader
expression, encompassing both the AVE and parts of the emVE (Hoshino et al., 2015).
Gata6 marks the entire VE. As a consequence, Otx2 and Cer1 expressions are se-
lected as indicators for the broader and more specific AVE regions, respectively. Ini-
tially, | stained BELAs for OTX2, which also marks Epi cells, and examined its co-
localization with GATA6 which could be seen in 28 out of 33 BELAs (Figure 22A).
Additionally, I identified AVE cells as OTX2-expressing cells outside the laminin ring to

ascertain that these are not Epi cells.

Using in situ HCR staining allowed for the staining of Cer1 mRNA, as the protein’s
expression and immediate secretion outside of the cells make it challenging to stain it
directly. Comparable outcomes were achieved through in situ HCR staining for Otx2
and Cer1 mRNA, with 27 out of 36 BELAs displaying cells co-expressing Otx2 and
Gata6 mRNA, and 10 out of 36 BELAs showing cells co-expressing Cer1 and Gata6
mRNA pointing to a heterogenous population (Figure 22C). Looking into the temporal
dynamics of AVE marker expression in BELAs, revealed the transient nature of the
AVE region (Figure 22C). The markers Cer1 and Otx2 could first be found two days
after reseeding the induced cells and latest on the fourth day. The highest number of
BELAs expressing both AVE markers was reached at day three with around 60% ex-
pressing Otx2 and 20% Cer1. Overall, it could be seen that most BELAs contain an
AVE region and that this AVE region recapitulates the transient nature of the AVE in

the embryo (Thowfeequ et al., 2021).
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Figure 22: Spatially restricted AVE markers are transiently expressed.

A BELA immunostaining shown as a section for the Epi and AVE marker OTX2 (blue) and the PrE/VE
marker GATA6 (magenta). 28/33 showing co-expression of OTX2 with GATAS, arrows pointing to co-
expressing cells. Scale bar: 25 yum. B BELA immunostaining shown as a section for the Epi and AVE
marker OTX2 (blue) and the extracellular matrix marker LAM (magenta) to distinguish the outer layer of
VE/AVE cells. Scale bar 25 ym. C BELA in situ HCR staining shown as a section for the Epi and AVE
marker Otx2, the AVE marker Cer1 and the PrE/VE marker Gata6. 27/36 showing co-expression of Otx2
with Gata6 and 10/36 showing co-expression of Cer1 with Gata6. Scale bar: 25 ym. D Quantification of
number of BELAs that show expression of AVE marker genes in the outer VE cells on different days
after reseeding the induced cells. N = 2, n = 18, except for day 1 n = 10. Error bars indicate SD.

To enhance the visualization of the AVE region, particularly CER1, | made an AVE
reporter cell line based on the previous design of (Mesnard et al., 2004) within the
background of the inducible iGATA4 cell line. The construct featured the reporter H2B-
Venus expressed under the control of a 4kb long Cer1 promotor region upstream of its
start codon, along with a puromycin resistance cassette for selection controlled by a
constituent PGK promoter (Figure 23A). The Cer1:H2B-Venus reporter was validated
by co-localization with Cer1 mRNA (Figure 23B). Light-sheet imaging of Cer1:H2B-
Venus reporter BELASs revealed a spatially clustered domain of H2B-Venus expressing
cells outside of the POUS5F1 expressing Epi compartment (Figure 23C,D). This obser-
vation is surprising because, according to the AVE model Epi cells should induce AVE
differentiation throughout the VE layer in the absence of an ExE (Rodriguez, 2005;
Yamamoto et al., 2009). This prompts the question regarding the specific regulation of
AVE differentiation in BELAs.
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Figure 23: AVE reporter cell line shows spatially restricted AVE cells in BELAs.

A Schematic of Cer1:H2B-Venus reporter construct that was genetically integrated into the iGATA4
mESCs. B In situ HCR staining to validate the AVE reporter Cer1:H2B-Venus for Cer1 co-expression.
Scale bar: 50 ym. C,D Light sheet microscopy recording of a BELA carrying the Cer1:H2B-Venus re-
porter shown as orthogonal views (C) and 3D volume rendering (D). POU5F1 (green) marks Epi identity.
Scale bar: 25 ym.

3.4 Nodal is necessary and sufficient
for AVE differentiation

3.4.1 Inhibition or mutation of Nodal abrogates AVE differentiation

In the ebryo, it has been demonstrated that Nodal, secreted from the Epiblast, serves
as the essential signal for inducing AVE differentiation in the overlying VE cells
(Brennan et al., 2001). To investigate whether Nodal acts in the same manner in
BELAs or whether BELAs use a different trajectory to induce an AVE, LIANA, a ligand-
receptor analysis framework, was used. This framework matched expressed ligands
from the Epi cells with corresponding expressed receptors from VE cells according to
consensus database, and the top 20 interactions were plotted (Figure 24A). Among
these interactions, ligand-receptor pairs could be identified associated with extracellu-
lar matrix, FGF and Eph-Ephrin, as well as Nodal signaling depicted as the Nodal re-
ceptors Acvrib and Acvr2, and the Nodal co-factor Tdgf1 (circled cluster, Figure 24A).
Given its critical role in the embryo, | selected Nodal as the primary candidate and
formed BELAs in the presence of the Nodal receptor inhibitor SB431542 (SB43). Under

this condition, none of the in situ HCR stained BELAs showed any indication of Otx2
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or Cer1 expression in the outer VE cells which were marked by Gata6 expression (Fig-
ure 24B,C).
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Figure 24: BELAs fail to form an AVE in the presence of Nodal inhibitor.

A Cell communication diagram from a LIANA (Dimitrov et al., 2022) analysis showing the top 20 potential
interactions between Epi-expressed ligands and VE-expressed receptors. Circled cluster indicates
Nodal signaling. B In situ HCR staining of untreated and SB43-treated (Nodal inhibitor) BELAs for the
Epi and AVE marker Oix2 (blue), the AVE marker Cer? (orange) and the VE marker Gata6 (magenta).
Arrows indicate co-expression of all three markers. Scale bars: 50 yum. C Quantification of number of
untreated and SB43-treated BELAs that show expression of the AVE marker genes Otx2 or Cer1. N =
3, n = 20 per condition. Error bars indicate SD.
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To further validate the findings, the Nodal locus was mutated in the iGATA4 cell line.
Exon 2 was targeted using with two CRISPR guides aimed to excise a fragment
exceeding around 200bp (Figure 25A). Subsequent generation of BELAs using these
Nodal mutant iGATA4 mESCs indeed confirmed the earlier observation. Among the
21 BELAs analyzed, none exhibited OTX2-expressing AVE cells, as assessed by the

absence of such cells outside the laminin ring (Figure 25B).
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Figure 25: Nodal mutant BELAs fail to form an AVE.

A Schematic illustrating the Nodal locus mutation present in the iGATA4 mESC line, identified through
Sanger sequencing of PCR amplicon specifically designed to encompass the Nodal second exon. B
Immunostaining of BELAs formed from wildtype and Nodal mutant iGATA4 mESCs for the Epi and AVE
marker OTX2 (blue) and the extracellular matrix marker LAM (magenta). 16/19 wildtype and 0/21 Nodal
mutant BELAs showed OTX2+ cells outside the laminin ring. Scale bars: 50 ym.

3.4.2 Addition of ActivinA during VE induction
triggers AVE differentiation

Having demonstrated the necessity of Nodal for AVE differentiation in BELAs, | sought
to investigate whether Nodal signals derived from the Epi cells alone could act as suf-
ficient trigger to induce an AVE. Therefore, the Nodal-secreting Epi cells were substi-
tuted with recombinant ActivinA protein to activate the Nodal signaling pathway in a
pure culture of PrE cells (Figure 26A). Hence, the iGATA4 mESCs, which carry the
Cer1:H2B-Venus reporter, were stimulated with an 8-hour pulse of dox in 2i+LIF me-
dium. Subsequently, the medium was switched to N2B27, with the dox pulse continued
in conjunction with FGF4, and different concentrations of ActivinA. FGF4 was used to
promote the induction with dox towards the PrE fate and to sustain the viability of the
cells. After 16 hours, the cells were reseeded onto a high concentration of fibronectin
to generate a 2D VE layer and further cultured for three days in N2B27 supplemented
with FGF4 and varying concentrations of ActivinA. Notably, treating the cells with re-
combinant ActivinA let to the dose-dependent expression of both the reporter
Cer1:H2B-Venus and OTX2, with a higher number of cells expressing OTX2 compared
to Cer1:H2B-Venus (Figure 26B). However, such expression was absent when no Ac-

tivin was applied. Interestingly, AVE marker-expressing cells appeared to form clusters
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distributed throughout the imaged area featuring a central domain of Cer1:H2B-Ve-

nus/OTX2-positive cells which extended into OTX2-single positive cells.

A
dox IGATA4 ESCs
d AFGF4A AFGF4A @ PrE/VE cells
dox ox ctivin ctivin
2i+LIF  N2B27 N2B27 @ AVE cells
L o> PN <
— (oWeT O OreNiaT D
GATA induction reseed
B ActivinA [ng/ml]

D
15=
83
[=ire]
23 104
] oo
] X
3% 5 | F "
o 8< 5%
oz s =
3
O 1 1 1 1 1
0 50 100 150 200 250
ActivinA [ng/ml]
E
80
c 60 ;
El & 3
8 10/03 00 2 404
1) o
2 10° ® }
> 20
IRL g
:F -
< [ 199 02]79. ; e 0 T T T T 1
3 107 10° 10¢ 102 100 10 102 100 10¢ 102 100 10 0 50 100 150 200 250
OTX2 [a.u] ActivinA [ng/ml]

Figure 26: Nodal/Activin signals are sufficient for AVE differentiation.

A Schematic of experimental approach to generate AVE cells via activation of Nodal signaling in a 2D
VE layer. B Immunostaining of Cer1:H2B-Venus VE cells differentiated as in A that were treated with
different concentrations of ActivinA. Cells were stained for OTX2 (magenta) and H2B-Venus (yellow) to
mark AVE cells. Scale bars: 500 ym; inset 50 ym. C Flow cytometry analysis of Cer1:H2B-Venus
iGATA4 cells differentiated and stained as in B. D Quantification of percentage of VE that show co-
expression of Cer1:H2B-Venus and OTX2 with increasing doses of ActivinA. N = 3. Error bars indicate
SD. E Same as in D but quantified for OTX2 expressing cells.

| utilized flow cytometry to quantify the frequency of Cer1:H2B-Venus and OTX2 ex-
pression in VE cells (Figure 26C-E). The analysis revealed that the number of co-ex-
pressing cells exhibited only a modest increase with rising concentrations of ActivinA,

while OTX2 expression was detected in approximately two-thirds of the cells at 200
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ng/ml ActivinA indicating that the majority of cells have the ability to differentiate into
AVE. However, there might be an intrinsic signal within the tissue counteracting this
process. For further 2D AVE experiments, 50 ng/ml ActivinA was chosen as the stand-

ard concentration.

The observation that not all of the VE cells exhibited OTX2 expression, and within
those that did, only a subset displayed Cer1:H2B-Venus expression, aligned with find-
ings from both embryos and BELAs (Figure 27). In these systems, while the majority
of VE cells overlaying the Epi cells demonstrated OTX2 expression from which a
smaller number of cells exhibited CER/Cer1:H2B-Venus expression, there remained a
subset in which expression of either marker was absent (green circled). It seemed that
the emVE cells closer to the ExE in the embryo are the ones that do not express any
AVE markers such as OTX2 or CER1, indicating a guiding role of the EXE. However,
since BELAs typically include a few VE cells that also lack AVE markers, this suggests
an additional intrinsic mechanism, independent of ExE cells, to restrict AVE differenti-
ation. In summary, | can conclude that ActivinA/Nodal signals are not only necessary
but also sufficient for the differentiation of spatially clustered AVE cells within a popu-

lation of VE cells.
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Figure 27: AVE comparison in mouse embryo, BELA and 2D VE.

A-C immunostainings of a mouse embryo (A), BELA (B) and 2D AVE (C) for the Epi and AVE marker
OTX2 (magenta) and CER1/Cer1:H2B-Venus (yellow). The embryo was harvested at E5.5. BELAs were
formed by an 8-hour pulse of dox in 2i+LIF with subsequent media change to N2B27 and reseeding of
the cells on gelatin on the next day. BELAs were collected after three days. For a 2D AVE population,
iGATA4 mouse ESCs were induced with an extended dox pulse and treated with FGF4 and 50 ng/ml
ActivinA for three days. Green outlines mark nuclei of emVE cells that lack OTX2 in the embryo and
BELA. Scale bars: 50 ym.
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3.4.3 Nodal and Lefty1
have only minor effects in spatial restriction of AVE cells

Patterns in tissues and different cell identities can emerge from initially almost homog-
enous conditions in a cell autonomous manner, for example through mechanism such
as the reaction-diffusion system proposed by Turing in 1952 (Turing, 1952) or Gierer
and Meinhardt in 1972 (Gierer & Meinhardt, 1972). This model involves two interacting
diffusible molecules, where one acts as the activator, promoting its own expression
and that of its inhibitor. Notably, the inhibitor exhibits a higher diffusion rate than the
activator, leading to the formation of concentration gradients (instability) and the emer-

gence of short-range activation centers with long-range inhibition.

Nodal, along with its inhibitor Lefty, represents a reaction-diffusion pair within a Turing
system, leveraging self-enhancement and long-range inhibition phenomena to break
the symmetry and establish robust left-right asymmetry during embryonic development
(Muller et al., 2012; Nakamura et al., 2006). Given that both Nodal and Lefty1 are
expressed in the AVE cells in BELAs (Figure 28A), | sought to investigate whether they
function similarly within the VE cells to generate a spatially restricted AVE. Conse-
quently, the Nodal locus was mutated in the Cer1:H2B-Venus reporter cell line using
the CRISPR/Cas9 system and the same guides employed for mutation in the iGATA4
cell line, resulting in a consistent deletion of 224 bp in exon 2 (Figure 25A). Both
wildtype and Nodal mutant cells were induced into VE cells and treated with 50 ng/ml
ActivinA to initiate AVE differentiation (for more details see Figure 26A). After three
days, both wildtype and Nodal mutant cells had reached similar densities (Figure 28B),
indicating that the mutation did not affect cell proliferation. Furthermore, the typical nest
formation of Cer1:H2B-Venus- and OTX2-expressing AVE cells was observed. If Nodal
and Lefty1 were to function within a reaction-diffusion system to break symmetry, one
might anticipate reduced expression of AVE marker due to the absence of activator
self-enhancement in the Nodal mutant cells. Quantification of AVE marker-expressing
cells revealed that Nodal mutant cells exhibited decreased Cer1:H2B-Venus expres-
sion compared to wildtype cells, with frequencies decreasing from approximately 15%
to 5% respectively, while OTX2 expression of OTX2 remained relatively unchanged

(Figure 28C,D). This suggests that mutation in the Nodal locus influences the
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expression of Cer1:H2B-Venus, potentially due to the absence of the Nodal positive
feedback loop. However, OTX2 expression does not appear to be reliant on that self-

enhancement mechanism.
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Figure 28: Nodal mutation in VE cells affects Cer1 reporter, but not OTX2 expression

A Ln expression levels of Nodal and Lefty1 from single-cell sequencing data set, shown on same UMAP
representation as in Figure 18B. B Immunostaining of induced wildtype and Nodal mutant VE cells
treated with 50 ng/ml for AVE differentiation. Wildtype cells without ActivinA treatment served as control.
Cells were stained for OTX2 (magenta) and H2B-Venus (yellow) to mark AVE cells. Scale bars: 500
pm; inset 50 um. C,D Quantification via flow cytometry conducted on cells differentiated as described in
B to determine the percentage of VE cells expressing Cer1:H2B-Venus (C) and OTX2 (D). N=3. Error
bars indicate SD.

To investigate whether Lefty1 functions as the inhibitor in a potential reaction-diffusion
system with Nodal, a mutation was induced in the Lefty1 locus of the Cer1:H2B-Venus
reporter cell line using two CRISPR guides to excise the ATG in the first exon (Figure
29A). Two independent clones were used in the subsequent experiment, both carrying
substantial deletions in the first exon, measuring 113 bp and 117 bp, respectively.
Wildtype cells and the two Lefty1 mutant clones were induced into VE using an ex-
tended dox pulse and FGF4, while concurrently treated with 50 ng/ml ActivinA to initi-
ate AVE differentiation. The anticipated outcome was a higher number of AVE cells in
the Lefty1 mutant condition due to the presence of the activator ActivinA and a func-
tional positive feedback loop with Nodal, without the coupling with the inhibitor Lefty1

to restrain AVE differentiation. The number of Cer1:H2B-Venus expressing cells was
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assessed via flow cytometry, revealing that the first clone had a slightly higher mean
of Cer1:H2B-Venus expressing cells compared to the control, measuring 8% and 14%
respectively, although the difference was not statistically significant. Unexpectedly, the
second clone displayed a decrease in the number of Cer1:H2B-Venus expressing cells
to only approximately 3%, indicating that neither clone fulfilled the expectation of an

increase in AVE marker expressing cells.

The positive Nodal feedback loop appears to play a role in the number of Cer1:H2B-
Venus-expressing cells, while the impact of the Lefty7 mutation may be minimal due
to redundancy with other expressed Nodal inhibitors as CER1. Taken together, these
results argue against an important role of a Nodal/Lefty activator-inhibitor system in

cellular symmetry breaking and patterning during AVE differentiation.
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Figure 29: Lefty1 mutation does not lead to increased AVE induction.

A Schematic illustrating the Leffy1 locus mutation present in the Cer1:H2B-Venus reporter cell line,
identified through Sanger sequencing of PCR amplicon specifically designed to encompass the Lefty
first exon. B Quantification via flow cytometry for Cer1:H2B-Venus expression. wt and Lefty mutant cells
were induced into VE and treated with 50 ng/ml to differentiate into AVE. N=3. n.s. indicates p > 0.05,
determined by an ordinary one-way Anova with Bonferroni’s multiple testing correction.

3.5 A new counteracting signal for AVE differentiation
3.5.1 BMP4 exhibits only mild effects on AVE differentiation

In the embryo, BMP4 secreted from the EXE is described as the opposing signal for
AVE differentiation that positions the AVE to the distal tip of the egg cylinder
(Yamamoto et al., 2009). To test the effect of BMP4 on AVE differentiation and whether
BMP4 acts as a tissue-intrinsic AVE restriction signal in my 2D AVE model, the

Cer1:H2B-Venus reporter cells were induced into VE cells with an extended dox pulse
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and FGF4, and treated with 50 ng/ml ActivinA together with 50 ng/ml BMP4 or 100 nM
LDN193189 (LDN; BMP receptor inhibitor) during AVE differentiation (Figure 30A). The
addition of these molecules had no noticeable effect on cell viability, nor did it signifi-

cantly alter the expression of the AVE marker, as assessed by fluorescent microscopy

examination.
A C
. BMP4 LDN ns.
tivinA 8-
o5 =
c o
T
o
Al N
TE 4 .
To °
@
OB
X © 24
w 0- Y
3 N \yl >
= [© e NI
8 x‘b®\?."\/
Q LA
T
8 D n.s.
n.s
60+ °
504
§ 40-
O 304
204
104
B 04
= ) ) 0, N >
§w.0'1/° 0.1%1(0.2% S ¥ Q)q &e
g <y
c 103 VY v
5]
= :
o 1074
=40 0.2%]|55.0% 38.3%||61.0% 35.1%|65.1% 29.1%
3 105 1o*10r 102 10°  10410'  10¢  10°  {0¢10' 102  10®  10*
OTX2[a.u.]

Figure 30: No evidence for BMPs tissue intrinsic restriction of AVE differentiation.

A Immunostaining of Cer1: H2B-Venus VE cells for the AVE markers OTX2 (magenta) and H2B-Venus
(yellow). Cells were treated with 50 ng/ml ActivinA together with 50 ng/ml BMP4 or 100 nM LDN193189
(BMP inhibitor). Scale bars 500 pym; inset 50 ym. B Flow cytometry analysis of Cer1:H2B-Venus iGATA4
cells differentiated and stained as in A. C Quantification of VE cell percentage that co-expresses
Cer1:H2B-Venus and OTX2. Cells were differentiated as in A. N = 3. Error bars indicate SD. ** indicates
p < 0.005 respectively and n.s. indicates p > 0.05, determined by an ordinary one-way Anova with Bon-
ferroni’s multiple testing correction. D Same as in C but quantified for OTX2 expressing cells.

Flow cytometry quantification of the AVE marker Cer1:H2B-Venus and OTX2 revealed
only marginal changes in expression for the different conditions (Figure 30B-D). The
addition of BMP4 led to a slight decrease in the frequency of Cer1:H2B-Venus/OTX2-

double positives from approximately 6% to 3%, with no observable effect on the OTX2-



Results A new counteracting signal for AVE differentiation 60

positive cells. However, LDN did not influence the expression of either marker sug-
gesting that there is no tissue intrinsic BMP signaling that could explain the spatial
restriction in AVE differentiation. While these results do not rule out BMP4 as a poten-
tial restricting signal in the embryo, its influence on restricting AVE differentiation in
vitro is limited. This is evident from its minor impact on Cer1:H2B-Venus expression
and the lack of response to LDN, suggesting that tissue-intrinsic BMP may not play a

significant role.

3.56.2 Tissue-intrinsic Wnt/B-catenin signals
counteract AVE differentiation

Looking for another candidate for the tissue-intrinsic antagonizing signal, | decided to
prioritize Wnt signaling as the Wnt antagonist Sfrp1 was the most strongly upregulated
gene in AVE cells compared to emVE cells (Figure 20B). Another incentive to investi-
gate Wnt signaling came from TCF:H2B-GFP reporter embryos designed to visualize
canonical Wnt activity in cells. These embryos displayed heterogenous reporter activity

across the entire VE cells (Figure 31).

E5.5 embryo

Figure 31: Mouse embryo with TCF/Lef:H2B-GFP reporter expression in the VE.
Immunostaining of an E5.5 embryo for the Wnt/B-catenin reporter TCF/Lef:H2B-GFP (green), the Epi
marker POU5F1 (yellow) and the Epi/AVE marker OTX2 (magenta). Scale bar: 50 ym.

| applied a similar experimental approach to that used to investigate BMP4 signaling
in AVE differentiation. The dox-induced Cer1:H2B-Venus cells were treated with FGF4
and 50 ng/ml ActivinA in combination with either Wnt/B-catenin agonist Chir99021
(Chiron, Chi) or Wnt/B-catenin antagonists XAV939 (XAV) or IWP2 for AVE differenti-
ation. In contrast to the previous experiment, fluorescent microscopy examination al-

ready showed quite clearly that addition of Chiron led to an extensive reduction of
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Cer1:H2B-Venus and OTX2 expressing cells, while addition of XAV did exactly the
opposite (Figure 32A). There were only mild potential effects of IWP2 on AVE marker
expression. Quantification via flow cytometry corroborated the previous findings (Fig-
ure 32B-D). Activation of the Wnt signaling pathway with Chiron completely abrogated
the expression of Cer1:H2B-Venus and OTX2, while treatment with XAV led to an in-
crease of Cer1:H2B-Venus and OTX2-double positive cells from approximately 8% to
35% and an increase of OTX2-positive cells from approximately 40% to 80%. Inacti-
vation of the Wnt signaling pathway using the Wnt antagonist IWP2 showed only mild

effects and mainly on OTX2 expression.
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Figure 32: Tissue intrinsic Wnt/B-catenin signaling counteracts AVE differentiation.

A Immunostaining of Cer1:H2B-Venus VE cells for the AVE markers OTX2 (magenta) and H2B-Venus
(yellow). Cells were treated with 50 ng/ml ActivinA together with 3 yM Chir99021 (Chiron), 20 yM
XAV939 or, or 2 uM IWP2. Scale bars 500 ym; inset 50 ym. B Flow cytometry analysis of Cer1:H2B-
Venus iGATA4 cells differentiated and stained as in A. C Quantification of VE cell percentage co-ex-
pressing Cer1:H2B-Venus and OTX2. Cells were differentiated as in A. N = 3. Error bars indicate SD. *
and ** indicate p < 0.05 and p < 0.005 respectively, n.s. indicates p > 0.05, determined by an ordinary
one-way Anova with Bonferroni’s multiple testing correction. D Same as in C but quantified for OTX2
expressing cells.
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The discrepancy in outcomes between the two Wnt pathway inhibitors, XAV and IWP2,
may be due to their different targets. While XAV inhibits tankyrase 1 and 2 and there-
fore improves the degradation of B-catenin, IWP2 inhibits the acyltransferase Porcu-
pine, which is necessary for Wnt ligand secretion (Huang et al., 2009; Willert et al.,
2003). Collectively, these results suggest that Nodal-driven AVE differentiation is an-
tagonized by tissue intrinsic B-catenin signals, whose localized inhibition may lead to

the formation of spatially restricted AVE nests.

To ensure that the impact of Chiron, XAV, or IWP2 on AVE differentiation did not orig-
inate from their interference with the differentiation of GATAG6-expressing VE cells, |

examined the expression of GATAG in the presumed VE cells (Figure 33).
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Figure 33: GATAG expression is independent of ActivinA and Wnt/B-catenin signaling.
Immunostaining of iGATA4 cells cultured for three days in the indicated media conditions without (first
two conditions) or with prior dox induction (remaining five conditions) for the VE marker GATA6 (ma-
genta). Cells were treated under various combinations in N2B27, including 50 ng/ml ActivinA with 3 yM
Chir99021 (Chiron), 20 uM XAV939 or, or 2 uM IWP2. GATAG positive cells could also be found without
any dox pulse and are likely due to leaky transgene expression and spontaneous differentiation in
N2B27. Scale bars 200 ym; inset 50 pym.

Non-induced cells served as a control to evaluate whether the addition of ActivinA

alone could stimulate VE differentiation. iGATA4 cells underwent treatment according
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to the standard AVE differentiation protocol, with the specific conditions outlined in the
figure. Even in conditions where cells were not induced with a dox pulse, isolated spots
with GATAGB-positive cells appeared, likely due to leaky transgene expression or spon-
taneous differentiation in N2B27. Nonetheless, homogenous GATA6 expression was
observed in all conditions where cells experienced a doxycycline pulse, regardless of
subsequent treatment with ActivinA or the Wnt/B-catenin pathway modulators. This
result indicates that treatment with Chiron, XAV or IWP2 does not interfere with proper

VE differentiation.

3.5.3 Cell density can influence AVE differentiation

Once | confirmed that these cells indeed transitioned from VE into AVE, | looked into
a potential effect of cell density on AVE differentiation. Interestingly, VE cells that were
treated with XAV predominantly underwent differentiation into AVE cells, but they
seemed to exhibit lower cell density within the tissue culture vessel (Figure 32A). To
assess whether XAV exerted an independent effect or if reduced density alone could
promote AVE differentiation, | manipulated the cell number during reseeding of the
induced cells with ActivinA or together with XAV (Figure 34A,B). The cells were titrated
down from 50.000 cells to 6.250 cells per cm2. When fewer VE cells were reseeded
and treated with ActivinA alone, there seemed to be an uptick in the number of OTX2
and Cer1:H2B-Venus expressing cells, whereas a higher cell number correlated with
reduced AVE marker expression. VE cells treated with additional XAV showed similar
trends: a lower cell number did not notably impact the already high number of AVE
cells, but a higher count resulted in a diminished AVE differentiation. To capture not
only the frequency of AVE marker expression in the cells but also their density, |
switched from flow cytometry to a computational approach using the fluorescent im-
ages. Cells were segmented based on their nuclear stain signal, and fluorescent inten-
sity was measured (Figure 34C). The average local density was measured as the in-
verse of the squared distance to the five nearest neighbors of a cells (Figure 34D).
Quantification unveiled that the cells treated with ActivinA exhibited the highest pro-
portions of AVE marker expression, roughly 70% OTX2 and 30% Cer1:H2B-Venus,
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when only 6.250 cells were reseeded. The AVE marker expression decreased with

higher reseeded cell numbers to approximately 25% OTX2 and 10% Cer1:H2B-Venus.
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Figure 34: Cell density influences AVE differentiation.

A,B Immunostaining of differentiated Cer1:H2B-Venus VE cells for the AVE markers OTX2 (magenta)
and H2B-Venus (yellow). Different numbers of cells were used at the time point of reseeding in the AVE
differentiation protocol to generate different densities (cell counts per cm2). Cells were either treated
with 50 ng/ml ActivinA alone (A) or together with 20 yM XAV. Scale bars: 500 ym; inset 100 ym. C
Quantification of VE cell frequency expressing Cer1:H2B-Venus or OTX2 via segmentation and fluores-
cence measurement of the images in A and B. D Local density measured as inverse of squared mean
distance to the 5 nearest neighbors.

When VE cells were additional treated with XAV alongside ActivinA at the lowest

seeded cell number, over 90% OTX2 and over 80% Cer1:H2B-Venus expressing cells
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were observed. There was only a slight decrease to more than 70% OTX2 expressing
cells and more than 50% Cer1:H2B-Venus expressing cells when a very high cell num-
ber was seeded. Analysis of the average local density values revealed that, indeed,
even when the same cell number was seeded, XAV treated cells consistently exhibited
lower local density after three days of culture, suggesting that XAV affects cell prolifer-
ation. Reseeding 50.000 cells for the XAV condition matched the local density of Ac-
tivinA-only treated cells when only 12.500 cells were reseeded, indicating that although
both conditions had the same density, XAV resulted in significantly higher cell number
in AVE marker expressing cells. Together, this demonstrates that cell density plays a
role in AVE differentiation but also reveals an additional effect of XAV independent of

density.

3.6 B-catenin acts independently of Wnt ligands

3.6.1 Mutation of single Wnt ligands
does not affect AVE differentiation

The previous findings suggest that B-catenin activity plays an important role in AVE
differentiation (Figure 32). This activity can be controlled by Wnt ligands in the Wnt/[3-
catenin signaling pathway or by mechanical forces at the cell adherens junctions (Fig-
ure 4). To elucidate the role of Wnt signaling, | examined the expression of all Wnt
ligands in the scRNA data set (Figure 35). Among all Wnt ligands, only Wnt4 and
Whnt11 exhibited reasonable expression profiles in the VE compartment of BELAs (Fig-
ure 35). To investigate whether loss of Wnt4 or Wnt11 could replicate the observed
phenotype induced by XAV treatment, | genetically mutated the Wnt4 and Wnt11 loci
in the Cer1:H2B-Venus reporter cell line using two CRISPR guides for each locus to
excise a more than 100 bp large fragment (Figure 36A,B). Two clones were selected
with a mutation in the Whnt4 locus. One harboring a mutation of 115 bp, the other one
only showing two small deletions sited around the two cutting sides of 7 bp and 15 bp
(Figure 36A). Both clones carrying a mutation in the Wnt11 locus had the same muta-
tion of 160 bp (Figure 36B).
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Figure 35: Expression of Wnt ligands in BELAs.

Ln expression levels of Wnt ligands, shown on same UMAP representation as in Figure 18B. Epi cells
can be found in the left cluster and VE cells can be found in the right cluster. Wnt1, Wnt2, Wnt3a, Wnt7a,
Wnt7b, Wnt8a and Wnt8b are not expressed and therefore not shown in a UMAP plot here.

Wildtype, Wnt4 mutant, and Wnt11 mutant cells were induced with an extended
doxycycline pulse together with FGF4, and treated with 50 ng/ml ActivinA for AVE dif-
ferentiation. Additionally, wildtype cells were treated with 20 yM XAV serving as an-
other control for the Wnt mutants. Fluorescent microscopy examination indicated no
change in expression of the AVE marker Cer1:H2B-Venus and OTX2 between wildtype
and Wnt mutants (Figure 36B). Quantification via flow cytometry for expression of the
Cer1:H2B-Venus reporter implied no significant differences between wildtype and
Wnt11 or Wnt4 mutant cells (Figure 36C). Based on these findings, it is unlikely that
Wnt4 or Wnt11 are the active Wnt ligands that control 3-catenin in counteracting AVE

differentiation.
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Figure 36: Mutation of Wni4 and Wnt11 cannot recapitulate the phenotype of XAV.

A,B Schematics illustrating the Wnt4 (A) and Wnt11 (B) loci mutations present in the Cer1:H2B-Venus
reporter cell line, identified through Sanger sequencing of PCR amplicon specifically designed to en-
compass the Wnt4 second exon and Wnt11 fifth exon. C Immunostaining of Ce1:H2B-Venus VE
wildtype, as well as Wnt4 and Wnt11 mutant cells for the AVE markers OTX2 (magenta) and H2B-Venus
(yellow). Cells were treated with 5 ng/ml ActivinA together with 20 yM XAV939. Scale bars 500 ym; inset
50 pym. D Quantification of VE cell percentage expressing Cer1:H2B-Venus via flow cytometry. Cells
were differentiated as in B. N = 2. Two clones were pooled for both Wnt4 mutant and Wnt171 mutant
condition. For exact mutation see A,B. Error bars indicate SD. ** indicate p < 0.005 and n.s. indicates p
> 0.05, determined by multiple comparison one-way Anova with multiple testing correction.

3.6.2 Abrogating Wnt ligand secretion
does not affect AVE differentiation

The sequencing of BELAs was conducted at the endpoint, a stage at which the AVE
has already formed. It is possible that the Wnt ligands responsible for restricting AVE
differentiation exert their influence earlier in development, potentially resulting in re-
duced expression levels by the time of sequencing. To address this possibility, | intro-
duced mutations in the genetic locus of Porcn in the Cer1:H2B-Venus reporter cell line

(Figure 37A). Porcn, a membrane bound acyltransferase, plays a critical role for
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activation and secretion of Wnt ligands. Consequently, mutating Porcn is expected to
abolish all Wnt signaling (Proffitt & Virshup, 2012; Willert et al., 2003). Two CRISPR
guides were designed to excise a large fragment out of exon 8. However, the second
guide appeared ineffective, resulting in only small deletions at the first cutting site.
Among the clones generated, one exhibited a 2 bp deletion, with the expectation of
inducing a frame shift mutation (Figure 37A). To validate the Porcn mutation in the
cells, their phenotype was assessed in an orthogonal assay to AVE differentiation
(Tsakiridis et al., 2014) (Figure 37B).
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Figure 37: Validation of Porcn mutation phenotype.

A Schematic illustrating the Porcn locus mutation present in the Cer1:H2B-Venus reporter cell line,
identified through Sanger sequencing of PCR amplicon specifically designed to encompass the ninth
exon of Porcn. B Differentiation approach to determine phenotype of the mutation in the Porcn locus.
Cells were cultured for several passages in N2B27 supplemented with FGF2 and ActivinA to induce
Wnt mediated T/Bra expression. The Porcn inhibitor IWP2 was included here to check the activity and
to compare to the Porcn mutant cell line. As control for T/Bra expression Chiron was added to circumvent
the need of secreted Wnt ligands. Scale bars: 50 ym.
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The cells were cultured in N2B27 supplemented with FGF2 and ActivinA for several
passages, conditions expected to trigger Wnt mediated T/Brachyury (T/BRA) expres-
sion. Consistent with expectations for a Porcn mutation and Porcn inhibition (IWP2),
the mutated cells did not exhibit any T/BRA expression. This phonotype could be res-
cued when Chiron was added, bypassing the need for secreted Wnt ligands to trigger
T/BRA expression (Figure 37B).

As in the experiment for the Wnt mutants, the Porcn mutant cells as well as wildtype
cells were induced with an extended dox pulse together with FGF4 and treated with 50
ng/ml ActivinA or together with XAV to trigger AVE differentiation (Figure 38A).
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Figure 38: Mutation of Porcn indicates Wnt ligand independent B-catenin signaling.

A Immunostaining of Cer1:H2B-Venus VE wildtype and Porcn mutant cells for the AVE markers OTX2
(magenta) and H2B-Venus (yellow). Cells were treated with 50 ng/ml ActivinA together with 20 yM
XAV939. Scale bars: 500 ym; inset 100 ym. B Flow cytometry analysis of Cer1:H2B-Venus iGATA4
cells differentiated and stained as in A. C Quantification of VE cell percentage expressing Cer1:H2B-
Venus. Cells were differentiated as in A. N = 3. Error bars indicate SD. ** indicates p < 0.005 and n.s.
indicates p > 0.05, determined by an ordinary one-way Anova with Bonferroni’s multiple testing correc-
tion. D Same as in C but quantified for OTX2 expressing cells.
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Examination of the fluorescent microscopy images indicated no visible difference in
the expression of the AVE marker Cer1:H2B-Venus and OTX2 in the Porcn mutant
cells compared to the wildtype cells. Quantification via flow cytometry confirmed this:
there was no significant difference between wildtype and Porcn mutant cells in the
number of Cer1:H2B-Venus-positve cells nor in OTX2-positive cells (Figure 38B-D).
Therefore, the results indicate that B-catenin activity in the VE is not driven by Wnt

signaling but rather regulated by other factors.

3.7 Effects of mechanical perturbations
on AVE differentiation

Because previous results in manipulating Wnt/B-catenin signaling indicated that 3-
catenin activity functions independently of Wnt ligands, | will focus on the possibility

that B-catenin in adherens junctions is regulated by mechanical forces.

3.7.1 E-cadherin is upregulated in cell junctions
upon ActivinA treatment

To explore cell adherens junctions, particularly the localization of E-cadherin (CDH1),
and assess potential differences between Cer:H2B-Venus-negative and -positive cells,
| performed an immunostaining for E-cadherin on iGATA4 cells induced with an ex-
tended dox pulse together with FGF4 and treated with 50 ng/ml ActivinA (Figure 39A).
As a control, differentiated VE cell without any ActivinA treatment were used. As ex-
pected, the controll cells showed no Cer1:H2B-Venus expression and exhibited just
low expression of E-cadherin in the membrane (Figure 39A,B). Conversely, cells that
were treated with ActivinA expressed Cer1:H2B-Venus in the typical nests, accompa-
nied by higher expression of E-cadherin in the membrane of those cells corresponding
to a higher local density of Cer1:H2B-Venus+ cell (Figure 39C). This suggests that
strengthened cell-cell contacts via adhesive junctions are established only after treat-

ment with ActivinA. | conclude, that ActivinA-induced AVE differentiation promotes an
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epithelial phenotype in the H2B-Venus-positive cells characterized by enhanced cell

adhesion compared to the surrounding H2B-Venus-negative cells.
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Figure 39: Cells in AVE nests seem to have stronger cell-cell adhesion.

A Representative cutout of a broader field of view. Immunostaining of Cer1:H2B-Venus VE cells for
H2B-Venus (yellow) and CDH1 (E-cadherin; gray). Cells were treated with 50 ng/ml ActivinA to induce
AVE differentiation. Scale bar: 100 ym. B Quantification of VE cell frequency expressing Cer1:H2B-
Venus via segmentation and fluorescence measurement of the entire field of view. C Local density of
the Cer1:H2B-Venus- (Cer1-) and Cer1:H2B-Venus+ (Cer1+) cells measured as inverse of squared
mean distance to the 5 nearest neighbors.

3.7.2 Blocking of E-cadherin binding sites
promotes AVE differentiation

In my in vitro differentiation system, AVE cells showed enhanced cell-cell adhesion, as
evidenced by increased expression of E-cadherin in the membrane. E-cadherin serves
as the core transmembrane protein in adherens junctions facilitating the connection
between adjacent cells. B-catenin, together with other catenins, mediates the linkage
between E-cadherin and the actin cytoskeleton through a catch-bond mechanism
(Buckley et al., 2014). Disruption of adherens junctions via treatment with an E-cad-
herin blocking antibody (DECMA) is expected to release B-catenin from the adherens
junctions (Figure 40A). | will therefore investigate the influence of cell-cell adhesion

disruption on AVE differentiation.
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Figure 40: E-cadherin blocking antibody increases number of AVE cells.

A Schematic of simplified adherens junctions manipulated by E-cadherin blocking antibodies. B Im-
munostaining of Cer1:H2B-Venus VE cells for the AVE marker OTX2 (magenta) and H2B-Venus (yel-
low). Cells were treated with 50 ng/ml ActivinA or together with 10 pyg/ml E-cadherin blocking antibody
DECMA. Scale bar: 500 ym; inset 100 ym. C Quantification of VE cell frequency expressing Cer1:H2B-
Venus or OTX2 via segmentation and fluorescence measurement of the images. N = 3. Error bars indi-
cate SD. * and ** indicate p < 0.05 and p < 0.005 respectively, determined by a two-tailed, unpaired t-
test. D Local density of the cells, measured as the mean distance to the 5 nearest neighbors and plotted
as the inverse of the area. ** indicates p < 0.005, determined by a two-tailed two-tailed, unpaired t-test.

Following induction with an extended dox pulse along with FGF4, cells were treated
with ActivinA and reseeded in the presence of 10 yg/ml E-cadherin blocking antibody

during AVE differentiation for three days. This antibody binds to the outer domain of E-
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cadherins, obstructing their ability to bind to other E-cadherins. Notably, immunostain-
ing for the AVE markers Cer1:H2B-Venus, and OTX2, revealed increased expression
levels in cells treated with the E-cadherin blocking antibody of both markers when cells
were treated with E-cadherin blocking antibody (Figure 40B). Unlike the usual quanti-
fication method, which involves examining large numbers of stained cells using flow
cytometry, the DECMA treatment at a high concentration allowed only for a limited
volume of medium and therefore small tissue culture vessels. Consequently, these
cells were quantified computationally using segmented fluorescent measurement (Fig-
ure 40C). Both the expression of Cer1:H2B-Venus and OTX2 increased significantly,
rising from approximately 10% to nearly 40% and from approximately 20% to almost
60% respectively, but the density decreased to a third accounting probably partly for
the high rate of AVE cells. This finding suggests that mechanical perturbation,
achieved by disrupting cell-cell adhesion with E-cadherin blocking antibodies, may pro-
mote AVE differentiation. Disruption of cell-cell adhesion might have let to the release
of B-catenin from the adherens junctions, therefore impairing the cells’ ability to sense

and react to force.

3.7.3 Lowering cell contractility promotes AVE differentiation

To confirm the findings obtained with the E-cadherin blocking antibody treatment, indi-
cating that a reduced cell-cell adhesion promotes AVE differentiation, | used a similar
strategy by applying Blebbistatin (Figure 41A). Blebbistatin is a small molecule inhibitor
for non-muscle myosin Il ATPase that impedes cell contractility upon tension from cell-
cell interactions (Kovacs et al., 2004). Therefore, B-catenin should be released from

the adherens junctions as predicted from the catch-bond mechanism.

Cer1:H2B-Venus cells were induced with an extended dox pulse together with FGF4
and treated with 50 ng/ml ActivinA together with various concentrations of Blebbistatin
during AVE differentiation. To evaluate Blebbistatin’s impact on AVE differentiation and
its potential to mimic effects of XAV, induced cells were treated with 50 ng/ml ActivinA
alone or in combination with 20 M XAV, serving as controls (Figure 41B). Treating the

induced cells with ActivinA alone resulted in the formation of typical AVE nests
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characterized by an inner core of Cer1:H2B-Venus- and OTX2-expressing cells, ex-
tending into a domain of OTX2-single positive cells. Addition of XAV led the majority
of cells convert into an AVE state (Figure 41B). Combining a titration series of Blebbi-
statin with ActivinA increased the number of AVE-converting cells similar to XAV but
also induced potential failure in proliferation at high concentrations of Blebbistatin (Fig-
ure 41C). Computational quantification of cells expressing AVE markers was neces-
sary due to the low cell numbers in the high Blebbistatin conditions (Figure 41D). This
analysis enabled measurement of local densities to determine if they played a role in
AVE differentiation (Figure 41E). Computational analysis of fluorescent intensities for
the AVE markers, along with local cell densities, revealed that higher concentrations
of Blebbistatin correlated with an increase in the number of AVE marker-expressing

cells but also with a decrease in their local density.

This raised the question of whether Blebbistatin independently influenced AVE differ-
entiation or if the observed effects were due to a lower cell density prompting more
cells to convert into an AVE state. Comparison with the control group, that was treated
with ActivinA alone, showed a similar local density when 6.25 yM Blebbistatin was
added (Figure 41E, dotted line). However, cells treated with Blebbistatin exhibited a
higher frequency of AVE marker expressing cells, with approximately 70% expressing
OTX2 and 40% expressing Cer1:H2B-Venus, compared to the ActivinA control, which
showed a frequency of only 30% OTX2 and 10% Cer1:H2B-Venus (Figure 41D, dotted

line).

Taken together, the findings indicate that Blebbistatin treatment, aimed at reducing cell
contractility, promotes differentiation into AVE cells, mirroring the effect seen with XAV.
A reduction in cell contractility is supposed to release B-catenin from the adheres junc-
tion as proposed by the catch-bond mechanism and therefore might result in B-catenin
degradation. Mechanical perturbations, by downregulation of cell-cell adhesion and
contractility caused by treatment with an E-cadherin blocking antibody and Blebbista-

tin, therefore seems to promote AVE differentiation.
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Figure 41: Blebbistatin increases number of AVE cells.

A Schematic of simplified adherens junctions manipulated by treatment with Blebbistatin. B Im-
munostaining of Cer1:H2B-Venus VE cells for the AVE marker OTX2 (magenta) and H2B-Venus (yel-
low). Cells were treated with 50 ng/ml ActivinA or together with 20 M XAV939. Scale bar: 500 pym; inset
100 ym. C Same immunostaining as in A but cells were treated with 50 ng/ml ActivinA and different
concentrations of Blebbistatin. Scale bar: 500 ym; inset 100 ym. D Quantification of VE cell frequency
expressing Cer1:H2B-Venus or OTX2 via segmentation and fluorescence measurement of the images
in B and C. N =2. E Local density of the cells, measured as the mean distance to the 5 nearest neighbors
and plotted as the inverse of the area.
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4 Discussion

In this thesis, | investigated the mechanism of AVE differentiation with a particular fo-
cus on exploring a hidden self-organization mechanism. First, | established a bilayered
embryo-like aggregate (BELA) system made solely from stem cells to mimic the Epi
and VE compartment of the embryo at the time point of AVE differentiation. In contrast
to the prevailing model for AVE differentiation, which suggests that an external inhibi-
tory gradient spatially restricts and positions the AVE region, | found that BELAs differ-
entiated a proper AVE region in their VE layer without the presence of the external
inhibitory gradient. This surprising observation prompted me to investigate the minimal
signals required to induce AVE differentiation using the BELA system. | demonstrated
that Nodal signals from the Epi are both necessary and sufficient for initiating AVE
differentiation. Subsequently, | developed a 2D AVE differentiation model in a pure
population of VE cells, in which | observed that VE cells use a so far unknown tissue-
intrinsic mechanism to spatially restrict AVE differentiation. Testing the role of various
potential signaling pathways known to be pivotal in the embryo during the time of AVE
differentiation, | identified B-catenin as a novel tissue-intrinsic signal within VE cells

that acts to counterbalance AVE differentiation.

4.1 Establishment of an embryo-like aggregate model

In this thesis, | used a previously described mESC line containing a GATA4-inducible
gene construct, known to differentiate upon transient GATA4 induction into robust pro-
portions of Epi and PrE cells, the precursors of the VE (Raina et al., 2021). By seeding
this cell mixture together onto a substrate with low adhesion properties, such as a low
concentration of gelatin, cell-cell interactions were supported and the cells transformed
from a 2D layer into floating aggregates (Figure 10B). These aggregates exhibited or-
ganized structures, comprising an inner Epi core surrounding a lumen, enveloped by
an outer VE layer (Figure 11A,B). This approach closely mimics the differentiation tra-
jectory in the embryo, where both Epi and PrE cells derive from the same precursor
line. Similar models focusing on the Epi and VE compartment have been reported be-

fore, underscoring the interest in the niche of Epi and VE cells. While these models
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share the structural composition of BELAs, they differ in their formation methods and
the sources of VE cells. These models were generated by mixing mESCs with estab-
lished XEN cell lines (Zhang et al., 2019), GATA-induced ESCs (Amadei et al., 2021),
or chemically converted PrE cells (Vrij et al., 2022). Despite their various origins, all
these combinations result in bilayered aggregates, demonstrating a significant similar-
ity among different XEN and differentiated VE lines. However, their formation is typi-
cally induced through suspension aggregation or microcavity culture. Consequently,
the dynamic interplay between the two cell types and the morphogenetic potential, es-
pecially of the PrE/VE cells, might be overlooked when they spontaneously transition

from a 2D layer of cells into floating, organized aggregates.

Exploring the factors responsible for the morphogenetic event of BELA formation, |
employed the previously established protocol to generate pure populations of induced
PrE cells (Raina et al., 2021), unveiling the critical role of FGF4 secreted from the Epi
cells in promoting PrE/VE cell survival and facilitating the unexpected formation of
cystic structures (Figure 12B,C, Figure 13A). Remarkably, these VE cysts exhibited
characteristics akin to the outer VE compartment in BELAs, featuring an inverted po-
larity for a cystic structure, where the apical domain faces outward and extracellular
matrix secretion occurs towards the inside (Figure 14A-C). | speculate that the secre-
tion of extracellular matrix proteins might play a role in the cyst formation. In which the
extracellular short arms of laminin might polymerize and form a network (Li et al.,
2003), that constrains the basal side of the cells resulting in the cyst formation. How-
ever, we made the observation in our lab that common XEN cell lines do not exhibit
similar behavior upon FGF4 treatment suggesting potential differences in their cell
identities of induced VE and tissue culture derived XEN cells (Schumacher et al., 2023;

unpublished).

The inverted polarity of VE cells was found to be essential for the inner Epi cells in
BELAs. Due to this polarity, the basal side with the secreted extracellular matrix pro-
teins of the PrE/VE cells faces the Epi cells, enabling their attachment to the
extracellular matrix. | further demonstrated that Epi cell survival and proper
polarization, leading to lumen formation, depend on contact with extracellular matrix

proteins via integrin receptors (Figure 16A,B, Figure 17C), consistent with the reported
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phenotype in the embryo (Fassler & Meyer, 1995). However, while lfgb1 mutant Epi
cells failed to organize directed polarization in Matrigel (Epi cysts) (Bedzhov &
Zernicka-Goetz, 2014), approximately 50% of BELAs with an /ltgb1 mutant Epi
compartment exhibited normal morphogenesis. Recent work by (Molé et al., 2021)
demonstrated that an /ltgb1 mutation does not prevent polarization itself but rather
disrupts its maintenance, a defect that can be rescued with a combination of different
factors. | speculate that PrE/VE cells may provide such additional factors to Epi cells,

which are absent in Matrigel, potentially improving proper polarization.

Based on the findings regarding the morphogenetic potential of Epi and PrE/VE cells,
| propose the following hypothesis concerning the aggregate formation process: The
high motility of PrE cells, potentially influenced by short-range signals such as FGF4
secreted by Epi cells (Raina et al., 2021), contributes to the active aggregation of Epi
and PrE cells into a specific 3D conformation. Subsequently, the connection of the Epi
cells to the extracellular matrix of the PrE/VE cells facilitates polarization and lu-
menogenesis within the Epi compartment. Furthermore, | suggest that BELAs, along
with Epi and VE cysts as controls, provide a unique model palette for further investi-
gating the impact of communication between Epi and PrE/VE cells on aggregate for-

mation and patterning.

4.2 AVE differentiation in BELAs

Epi and PrE/VE cells have demonstrated significant morphogenetic potential, prompt-
ing me to look into their potential for differentiation in BELAs. Therefore, single-cell
RNA sequencing was employed, revealing a bifurcation among the VE cells, a phe-
nomenon not observed in the Epi cells (Figure 19). Specifically, a subset of VE cells
expressed genes characteristic of the anterior visceral endoderm (AVE), a unique fea-
ture exclusive to BELAs and not present in VE cysts, suggesting the necessity of Epi
cells in inducing these marker expressions (Figure 20B). Integration of BELA scRNA
seq data with a dataset focusing on AVE differentiation in the embryo (Thowfeequ et
al., 2021) indicated that this cell subset closely resembled an AVE at E6.25 (Figure

21C). Surprisingly, these cells were confined to a coherent domain within the outer VE
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layer in BELAs (Figure 22A-C, Figure 23C), reminiscent of distinct domains observed
in the embryonic VE, with a smaller CER1-expressing domain inside a broader OTX2-
expressing domain neighboring double-negative cells (Figure 27A,B) (Hoshino et al.,
2015). These findings contrast with the conventional AVE model, which proposes re-
striction of AVE differentiation by an external BMP4 gradient from the ExE (Yamamoto
et al., 2009), suggesting the existence of a previously unknown mechanism for AVE
differentiation that may operate in addition to the gradient. The lack of bifurcation in
Epi cells indicates the absence of differentiation signals, potentially including BMP from
the ExE, which has been shown to be essential for mesoderm formation (Winnier et
al., 1995).

In recent studies, AVE differentiation has been observed in models incorporating stem
cell lines representing all three lineages and the morphology of the peri-implantation
embryo (Amadei et al., 2021; Langkabel et al., 2021; Sozen et al., 2018; Zhang et al.,
2019). These models consistently positioned AVE cells at the distal tip within the VE
cells, farthest from the ExE. However, in cases where the embryo model contained
minimal extraembryonic ectoderm, the AVE region extended (Langkabel et al., 2021).
These embryo models also displayed a change in shape, adopting a round structure
with a larger Epi and smaller EXE population inside. It remained uncertain whether the
extension of the AVE region resulted from the smaller EXE domain size or their altered

shape.

Furthermore, aggregates resembling the structure of BELAs, comprising only Epi and
VE compartments, have been investigated for AVE differentiation. Aggregates formed
from mESCs and XEN cells have been reported to express AVE marker genes such
as Lefty1 in their outer VE cells (Zhang et al., 2019). However, Lefty1 expression ap-
peared random and broad, with no Otx2 expression detected in Lefty1-negative cells,
suggesting an abnormal composition of the VE and AVE domains (Hoshino et al.,
2015). Moreover, a cross-paper comparison of (Sozen et al., 2018) and (Amadei et al.,
2021), both from the lab of Magdalena Zernicka-Goetz, revealed that GATA-induced
PrE/VE cells, compared to XEN cells, more closely resemble the differentiation poten-
tial observed in embryos, including that for AVE. Additionally, chemically induced PrE

cells in a PrE-/Epi-niche system, which closely resembles BELAs, did not provide clear
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evidence for AVE differentiation based on single-cell RNA sequencing analysis (Vrij et
al., 2022).

Collectively, these studies suggest that the AVE differentiation potential largely de-
pends on the type of VE cells present in the system, with GATA-inducible PrE/VE cells
demonstrating the highest AVE differentiation potential. It is speculated that XEN cells
adopt a parietal endoderm character instead of a VE character, as evidenced by the
absence of E-cadherin expression (Julio et al., 2011; Paca et al., 2012; Schumacher
et al., 2023; unpublished). However, XEN cells were shown to transition to a VE-like
state when exposed to recombinant Nodal protein (Julio et al., 2011) or BMP4 (Paca
et al., 2012). BMP4 induced a mesenchymal-to-epithelial transition with upregulation
of E-cadherin, converting the cell to an exVE, but not emVE identity. It would be in-
sightful to conduct a comparative study of gene expression analysis for different XEN
cells and induced VE cells to investigate potential differences corresponding to their

potential for AVE differentiation.

4.3 A 2D AVE differentiation system

Investigating the signal responsible for inducing AVE differentiation in BELAs, Nodal,
secreted throughout the epiblast, was identified as the crucial signal necessary for
transitioning PrE into an embryonic VE identity (Vrij et al., 2022). Subsequently, Nodal
drives AVE differentiation in the overlying VE (Brennan et al., 2001). Consistent with
this, inhibition of Nodal signaling using the Nodal receptor inhibitor SB43 or mutation
of the endogenous Nodal gene resulted in a complete loss of the AVE markers Otx2
and Cer1 (Figure 24B,C, Figure 25B).

| this thesis, | reported that activation of the Nodal signaling pathway alone, by using
recombinant ActivinA, is sufficient to trigger AVE differentiation in VE cells (Figure 26).
Within the VE layer, patches of AVE clusters formed that were patterned within them-
selves with a broader OTX+ domain and within a smaller CER1+ domain reminiscent
of the composition observed in the VE of BELAs and the emVE of an embryo (Hoshino
et al., 2015) (Figure 20B, Figure 26B). The clustered expression of AVE markers re-

sulting from homogenous ActivinA treatment, points to a so far unknown tissue-intrinsic
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mechanism in the VE cells to spatially restrict AVE differentiation. To the best of my
knowledge, this is the first reported 2D model for AVE differentiation, presenting a val-
uable instrument to investigate the fundamental mechanisms underlying AVE differen-

tiation in mice, with potential relevance to other mammalian species.

4.4 Signaling control
of spatially restricted AVE differentiation

Next, | delved into the mechanism and signaling of the VE cells responsible for clus-
tered AVE differentiation. Tissue differentiation and patterning can generally arise
through two main concepts: an externally generated gradient of a signaling molecule,
like a morphogen, which creates varying concentrations across a tissue (Wolpert,
1969), or through self-organization within the tissue itself (Gierer & Meinhardt, 1972;
Green & Sharpe, 2015; Turing, 1952). The prevailing model in AVE differentiation
suggests that an external gradient of BMP4 patterns the VE cells, spatially constraining
and positioning the AVE region (Yamamoto et al., 2009). This mechanism is believed
to involve a common receptor for NODAL-dependent AVE induction and BMP-
dependent spatial restriction, which activates different intracellular signaling
transducers: SMAD1 for BMP and SMAD2 for Nodal signaling.

However, in my 2D AVE differentiation system, where no external gradient is present,
all indications point towards a self-organizing system. To explore this further at the

molecular level, | investigated the role of three major signaling networks.

4.4.1 The effect of BMP on AVE differentiation

Although BMP4 does not operate as an external gradient in my system, | investigated
the impact of recombinant BMP4 on my 2D AVE differentiation model. Additionally, |
explored whether endogenous VE BMP signaling contributes to the restriction of AVE
differentiation. Treating embryos with BMP4 from E5.2 to E5.5 resulted in the loss of
AVE markers such as Hex, Leftyl, and Cer1, while the BMP4 inhibitor Noggin

extended AVE marker expression (Yamamoto et al., 2009). Removal of the ExE led to
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the loss of pPSMAD1 signal and an extension of the AVE, but this expansion could be
inhibited by culturing the explants in the presence of BMP4 (Rodriguez, 2005;

Yamamoto et al., 2009).

In my 2D AVE system, | expected that BMP4 treatment would result in a loss of AVE
marker expression similar to what was observed in embryos, assuming that the AVE
differentiation model was correct. However, when VE cells induced with ActivinA to
differentiate into AVE cells were additionally treated with BMP4, the number of AVE
marker expressing cells decreased but was not completely lost (Figure 30). This
observation partially aligns with the effects of the BMP4 gradient in embryos, which
restricts AVE differentiation (Yamamoto et al., 2009). The enhanced impact of BMP4
treatment observed in embryos could be attributed to a potential alteration in the
Epiblast induced by BMP4. This alteration might result in a stop of AVE induction, as
evidenced by previous studies showing that BMP4 treatment of Epiblast stem cells
induces the expression of T-Brachyury, a marker associated with the primitive streak
(Kurek et al., 2015). Nonetheless, the fact that BMP4 treatment only reduced the
number of AVE marker expressing cells without completely abolishing AVE
differentiation suggests the presence of an additional tissue-intrinsic mechanism for

AVE restriction.

BMP4 is predominantly expressed in the EXE during the period of AVE differentiation
in embryos, while BMP2 is expressed in the visceral endoderm (Coucouvanis & Martin,
1999), prompting me to explore whether BMP2 might act as the intrinsic antagonistic
signal for AVE differentiation. Consequently, | conducted tests using the BMP receptor
inhibitor LDN (Figure 30). However, treatment with LDN did not result in any significant
changes, indicating the absence of intrinsic BMP signaling in counteracting AVE dif-

ferentiation.

Based on these results, it can be argued that BMP4 secreted as a gradient from the
EXE may play a role in constraining AVE differentiation, as evidenced by its negative
effect on AVE differentiation observed in my 2D model system. However, the finding
that BMP4 treatment did not completely abolish AVE differentiation indicates the pres-
ence of an additional tissue-intrinsic mechanism. This mechanism adds robustness to

the system and may aid in correctly positioning the AVE in the embryo.
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4.4.2 Nodal and Lefty as activator-inhibitor pair

Given that BMP does not seem to be involved in the self-organizing patterning of the
VE, another potential candidate pathway is the Nodal signaling pathway itself. Nodal,
along with Lefty, has been identified as a potential activator-inhibitor pair in patterning
systems (Gierer & Meinhardt, 1972; Muller et al., 2012; Turing, 1952). In this system,
Nodal promotes its own expression while also inducing the expression of its inhibitor,
Lefty1. However, their distinct diffusion rates result in a pattern of short-range activa-

tion combined with long-range inhibition.

To test the role of the endogenous Nodal and Lefty1 in the 2D AVE model, with respect
to their function in a reaction-diffusion system, | applied ActivinA on Nodal and Lefty1
mutant VE cells to trigger AVE differentiation (Figure 28B-D, Figure 29B). The expec-
tation regarding a Nodal mutant was somewhat uncertain due to the constant activation
of the Nodal signaling pathway by recombinant ActivinA protein. However, the mutation
of Lefty1 should certainly lead to an increase in AVE differentiation, potentially resulting
in the overall conversion of all VE into an AVE fate due to the absence of the restriction
signal. Loss of endogenous Nodal reduced slightly the number of Cer1:H2B-Ve-
nus/OTX2-double positive cells, yet had no significant effect on the complete number
of OTX2+ cells and therefore did not completely disrupt AVE differentiation. Similar
findings were reported by Kumar and colleagues (Kumar et al., 2015) where VE Nodal
conditional mutants displayed failures of a proper AVE formation due to migration fail-
ure but showed proper induction of a DVE at the distal tip. This phenotype might be
due to their observation that Nodal signaling from the VE is required to maintain Nodal
signaling in the epiblast, potentially leading to an imbalance in the proposed BMP and
Nodal antagonism during AVE induction (Yamamoto et al., 2009). Without the positive
feedback of Nodal expression in the VE and therefore reduced Nodal expression in the
epiblast, BMP4 expression may expand, potentially resulting in migration defects and
a failure to recruit new AVE cells, as it is reported from Takaoka and colleagues
(Takaoka et al., 2011).

Mutation of the endogenous Lefty1 gene did not yield the expected outcome in the
context of a reaction-diffusion system, as its mutation did not lead to an expansion in

the number of Cer1:H2B-Venus expressing cells (Figure 29B). This finding aligns with
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the reported Lefty1 mutant overmigration phenotype in the embryo, where proper DVE
induction occurs (Trichas et al., 2011). To speculate, the limited effect of Lefty1 muta-
tion on AVE specification could be attributed to functional redundancy of LEFTY1 and
CER?1 as both inhibit Nodal signaling (Aykul et al., 2015). This notion is supported by
observations that expression of the AVE marker Hex was slightly expanded in Lefty1-

and Cer1-double mutants (Yamamoto et al., 2004).

In summary, while the positive feedforward loop of Nodal expression may contribute to
AVE differentiation, it does not appear to be essential as long as there is an external
source of Nodal signaling activation, such as ActivinA in the 2D AVE model. Further
investigation is needed to assess the impact of shorter treatments with ActivinA on the
number of AVE cells. Moreover, to elucidate the potential functional redundancy of
Lefty1 with factors like Cer1 and other antagonistic signals, additional mutations could

provide valuable insights.

4.4.3 B-catenin as new antagonist for AVE differentiation

Given that BMP signaling and a Nodal/Lefty1 reaction-diffusion system failed to meet
the criteria as the tissue-intrinsic signal spatially restricting AVE differentiation in VE
cells, | shifted my attention to Wnt/B-catenin signaling. This decision was motivated by
expression of a TCF/LEF:H2B-GFP reporter throughout the VE of embryos at the time
of AVE specification (Figure 31) (Ferrer-Vaquer et al., 2010). The expression of several
Wnt antagonists in the AVE as Sfrp1, Sfrp5 and Dkk1, further supported this idea
(Rivera-Pérez & Hadjantonakis, 2014). Through experiments involving the activation
or inhibition of B-catenin transcriptional activity with small molecules, | identified -
catenin as a strong negative regulator of AVE differentiation (Figure 32). This result is
corroborated by findings in ApcV»Min embryos, where APC, a component of the de-
struction complex responsible for directing the degradation of (-catenin via the pro-
teasomal pathway (Valenta et al., 2012), is mutated, leading to hyperactivity of -
catenin (Chazaud & Rossant, 2006). In these embryos, a failure of DVE specification
was observed, potentially due to posteriorization of the epiblast and subsequent failure

of the same to induce an AVE. Chimeric embryos with a wildtype epiblast were also
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unable to express the AVE marker genes Lefty1 and Cer1 in the DVE. Further support
for this comes from reports showing that mutation of B-catenin leads to an increase in
CER1 expression within the VE (Morkel et al., 2003).

Typically, B-catenin is considered the transducer for Wnt signals. However, in this
case, mutation of the expressed Wnt ligands, Wnt4 and Wnt11, resulted not in the
expected phenotype of an expansion of AVE marker expression in the VE. Even
inhibiting (Figure 32) or mutating Porcn (Figure 38), a small acyltransferase crucial for
Wnt ligand modification and secretion, did not alter AVE marker expression. This out-
come aligns with findings from (Biechele et al., 2013), who also observed unaffected
AVE marker expression in Porcn mutant embryos. This result was unexpected, as the
inhibition or mutation of Porcn was anticipated to disrupt any Wnt-mediated B-catenin

signaling indicating that the activity of B-catenin was not controlled by Wnt ligands.

| speculated that if B-catenin is not controlled by Wnt ligands, it might be subject to
mechanical regulation. This hypothesis was inspired by B-catenin's other role in cell
adherens junctions, where it participates with other catenins in catch bonds, connect-
ing the cytosolic tails of cadherins to the actin cytoskeleton. These catch bonds
strengthen and elongate their lifetime in response to force (Wang et al., 2022). There-
fore, | sought to modulate cell mechanics in adherens junctions to test its influence on
AVE differentiation (Figure 40, Figure 41). Blocking E-cadherin binding sites with
antibodies, preventing cell attachment and force application, increased the number of
AVE-marker expressing cells (Figure 40). Similarly, treatment with the contractility
inhibitor blebbistatin yielded comparable results. Blebbistatin does not inhibit cell
binding but impedes their response to force, thereby inhibiting the catch bond (Figure
41).

These findings suggest that manipulating cell mechanics can influence AVE
differentiation. While reducing cell-cell adhesion with E-cadherin blocking antibodies
increased differentiation, a study demonstrated that stabilizing cell-cell adhesion
prevented differentiation and symmetry breaking in gastruloids (Cermola et al., 2022).
Additionally, | observed that cell density played a role in AVE differentiation (Figure

34). Lower cell density promoted differentiation, whereas higher cell density hindered
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it, likely due to increased cell-cell contacts and higher mechanical stress at higher

confluency, which may inhibit differentiation.

Recent studies in zebrafish embryos have shown that Nodal signaling promotes cell
contact formation mediated by E-cadherins and creates a positive feedback loop
between cell-cell contact duration and Nodal signaling, which can influence cell fate
determination (Barone et al., 2017). This finding aligns with my observations that AVE
marker-expressing cells, which also express Nodal, exhibit higher levels of E-cadherin
compared to surrounding cells that do not express AVE markers (Figure 39). Further-
more, mechanical forces have been proposed as a significant signal in embryonic self-
organization functioning akin to Turing’s molecular reaction-diffusion system
(Caldarelli et al., 2021; Turing, 1952). In this model, contractility acts as a local activa-
tor, while induced tension serves as a long-range inhibitor. Analogous to a Turing
model, this system can support the spontaneous emergence and stable maintenance

of domains of high and low contractility

In the future, investigating the concept of a mechanical Turing system within the 2D
AVE model and its implications for embryonic development could provide valuable in-
sights into this complex biological process of AVE differentiation. It may offer new av-
enues for deepening our understanding of embryonic patterning and development
within this field.

4.5 Conclusions and future directions

In this thesis, | investigated a potential self-organization aspect in AVE differentiation
in contrast to the current model stating that an external gradient is necessary to posi-
tion the AVE. | established an aggregate system that resembles the Epi and VE com-
partments of the embryo and found that this system can form a spatially restricted AVE
region without the presence an external inhibitory gradient. After identifying Nodal sig-
naling as the necessary AVE induction signal from the Epi, | established a 2D AVE,
where VE cells differentiate clusters of AVE cells upon homogenous treatment with
recombinant ActivinA to induce Nodal signaling. This result showed that the VE cells

have a tissue intrinsic mechanism to self-organize the spatial restriction of an AVE.
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The primary advantage of this 2D AVE model lies in its minimal complexity and lack of
communication with other tissues, in contrast to more complex systems like BELAs or
iIETX embryoids (Amadei et al., 2021). Treating an entire embryo with small inhibitors
can often pose challenges in deciphering whether the inhibitor directly affects AVE
differentiation or interferes with Epi cells, preventing the initiation of AVE differentiation
altogether. By applying such small inhibitors to the 2D AVE system, | identified [3-
catenin as a counteracting signal for AVE differentiation, regulated not by Wnt signaling
but by mechanics within adherens junctions. This discovery suggests that the
symmetry-breaking event underlying AVE differentiation may be orchestrated through

a mechanical rather than a chemical patterning system.

This novel aspect of self-organization in AVE differentiation may complement the ex-
isting inhibitory gradient mechanism in the mouse embryo as guided symmetry break-
ing system. In this intricate interplay, both external and intrinsic mechanisms
collaborate to regulate AVE differentiation, thereby enhancing the robustness of the

patterning system.

Continuing this research, | aim to investigate whether the spatial positioning of cells
within a colony contributes to AVE differentiation as they experience different strengths
of cell-cell adhesion. To accomplish this, | propose applying the 2D AVE differentiation
protocol to VE cells seeded on micropatterns with different sizes. If cells with lower cell
adhesion are designated to become the AVE, | anticipate that only the cells positioned
at the outer edges of the micropatterns will undergo AVE differentiation. Furthermore,
integrating time-lapse imaging with the AVE reporter Cer1:H2B-Venus during AVE dif-
ferentiation will facilitate the tracking of initial reporter expression in cell locations and
enable observation of whether these cells subsequently induce neighboring cells with
slightly different positions. Moreover, adjusting the sizes of these micropatterns will
offer valuable insights into determining the minimal distance required for multiple AVE
inductions. In addition to examining cell position, considering the role of cell contractility
in AVE differentiation, | suggest utilizing beads soaked in Calyculin A or H1152 to mod-
ulate myosin Il activity, as outlined by (Caldarelli et al., 2021). To explore whether a
mechanical reaction-diffusion mechanism governs the spatial restriction of AVE differ-

entiation, beads can be employed to locally enhance cell contractility through
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increased myosin Il activity. This enhancement can induce ectopic contraction foci,

potentially leading to AVE formation around the bead.

Thinking further than the mouse embryo and with regard to the rapidly growing field of
human embryo models, it would be an enticing prospect to extend the 2D AVE differ-
entiation protocol to human and other mammalian cells. Given the different shape of
human embryos compared to mice, it is plausible that human embryos lack an external
gradient for spatially constraining AVE differentiation. Thus, a pressing question in the
field pertains how the human embryo orchestrates AVE differentiation and positioning.
Notably, differentiation methods for human VE (called hypoblast) have already been
established utilizing a GATA-inducible system similar to that used in mouse models
and also in this thesis (Okubo et al., 2024; Weatherbee et al., 2023). This presents an
excellent opportunity to investigate whether these human cells can also be induced to
form a pure layer of hypoblast cells (corresponding to VE in mouse) and whether sim-
ilar induction and restriction mechanism govern the formation of a spatially restricted
anterior hypoblast (corresponding to AVE in mouse). This exploration would provide
great insight into whether activating the Nodal signaling pathway in human induced
hypoblast cells is sufficient to induce an anterior character, akin to findings in the
mouse model in this thesis. Furthermore, investigating whether human hypoblast cells
harbor a tissue-intrinsic mechanism for spatially constraining AVE differentiation, and
whether this mechanism is influenced by B-catenin as proposed for mice, holds signif-
icant scientific interest. Such comparative studies between species could shed light on
conserved developmental processes and contribute to our understanding of human

embryonic development.
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