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ARTICLE INFO ABSTRACT

Keywords: At the onset of mammalian gastrulation, secreted signalling molecules belonging to the Bmp, Wnt, Nodal and Fgf
Embryo signalling pathways induce and pattern the primitive streak, marking the start for the cellular rearrangements
Signa”i“% that generate the body plan. Our current understanding of how signalling specifies and organises the germ layers
g::gﬁiz;on in three dimensions, was mainly derived from genetic experimentation using mouse embryos performed over
Mouse many decades. However, the exact spatiotemporal sequence of events is still poorly understood, both because of a
ES cells lack of tractable models that allow for real time visualisation of signalling and differentiation and because of the

molecular and cellular complexity of these early developmental events. In recent years, a new wave of in vitro
embryo models has begun to shed light on the dynamics of signalling during primitive streak formation. Here we
discuss the similarities and differences between a widely adopted mouse embryo model, termed gastruloids, and
real embryos from a signalling perspective. We focus on the gene regulatory networks that underlie signalling
pathway interactions and outline some of the challenges ahead. Finally, we provide a perspective on how embryo

Computational modelling

models may be used to advance our understanding of signalling dynamics through computational modelling.

1. Introduction

Since the discovery of the Spemann-Mangold organiser, develop-
mental biologists have sought to uncover the identity and function of the
“substances” that drive cell differentiation and tissue morphogenesis
during embryonic development (Holtfreter, 1934). The focal point of
attention has been one of the most captivating and critical stages of
development: gastrulation, during which the germ layers, endoderm,
mesoderm, and ectoderm are formed. In mammals, this dynamic event
takes place shortly after implantation in the uterine wall. Today, we
know that a relatively small number of developmental signalling mol-
ecules initiate and orchestrate this complex process. Four major classes
of molecules, belonging to the Bmp, Wnt, Nodal and Fgf signalling
pathways, play central roles. These pathways are activated in spatially
and temporally restricted domains to regulate both differentiation and

morphogenesis. However, despite decades of research, we still lack a
complete understanding of how these signalling pathways interact to
coordinate the formation and organisation of the germ layers in three
dimensions (3D) with such remarkable fidelity.

The specific aim of this review is to synthesise and present a selection
of data obtained from in vivo and in vitro studies for those who are
interested in the molecular and cellular details of embryonic signalling
during mouse gastrulation. In the first part, we focus on in vivo experi-
mentation to determine how signalling induces the identity and
behaviour of individual cells. Excellent comprehensive reviews exist on
the topic of gastrulation in mice (Arnold and Robertson, 2009; Bardot
and Hadjantonakis, 2020; Morgani and Hadjantonakis, 2020; Tam and
Loebel, 2007) but our specific focus here is on the role of the Bmp, Wnt,
Nodal and Fgf signalling pathways and the processes that they control.
In the second part, we summarise recent insights obtained with respect

* This article is part of a Special issue entitled: ‘Spemann-Mangold Issue Part I’ published in Cells & Development.

* Corresponding author.

E-mail addresses: r.r.haantjes@uva.nl (R.R. Haantjes), jeske.strik@ru.nl (J. Strik), j.devisser2@uva.nl (J. de Visser), m.postma@uva.nl (M. Postma), r.
vanamerongen@uva.nl (R. van Amerongen), A.L.vanboxtel@uva.nl (A.L. van Boxtel).

! Equal contribution.

https://doi.org/10.1016/j.cdev.2025.204028

Received 20 December 2024; Received in revised form 28 April 2025; Accepted 29 April 2025

Available online 30 April 2025

2667-2901/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0000-0924-8078
https://orcid.org/0009-0000-0924-8078
https://orcid.org/0009-0006-8597-3574
https://orcid.org/0009-0006-8597-3574
https://orcid.org/0009-0006-0826-3165
https://orcid.org/0009-0006-0826-3165
https://orcid.org/0000-0002-3167-3633
https://orcid.org/0000-0002-3167-3633
https://orcid.org/0000-0002-8808-2092
https://orcid.org/0000-0002-8808-2092
https://orcid.org/0009-0006-6649-3807
https://orcid.org/0009-0006-6649-3807
mailto:r.r.haantjes@uva.nl
mailto:jeske.strik@ru.nl
mailto:j.devisser2@uva.nl
mailto:m.postma@uva.nl
mailto:r.vanamerongen@uva.nl
mailto:r.vanamerongen@uva.nl
mailto:A.L.vanboxtel@uva.nl
www.sciencedirect.com/science/journal/26672901
https://www.journals.elsevier.com/cells-and-development
https://doi.org/10.1016/j.cdev.2025.204028
https://doi.org/10.1016/j.cdev.2025.204028
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cdev.2025.204028&domain=pdf
http://creativecommons.org/licenses/by/4.0/

R.R. Haantjes et al.

to the activity and function of these signalling pathways using an in vitro
mouse Embryonic Stem Cell (mESC) based model for gastrulation which
we will hereafter refer to as “gastruloids” (Martinez Arias et al., 2024).
For more comprehensive overviews on in vitro mouse and human em-
bryo models, including the gastruloid model discussed here, we refer the
reader to several additional reviews (Bao et al., 2022; Martinez Arias
et al., 2022; Turner and Martinez Arias, 2024; Veenvliet and Herrmann,
2021). Finally, we explore how in vitro models can serve as a foundation
for computationally integrating experimental data with the goal of
generating a multiscale view and rule-based understanding of the pro-
cesses that operate during gastrulation.

For the purposes of this review, we define gastrulation as the process
in which a uniform collection of pluripotent mESCs differentiate into the
three germ layers while simultaneously organising these layers along the
anteroposterior (A-P) and dorsoventral (D—V) body axes. In our view,
the main challenge in understanding gastrulation lies in connecting
signalling - and its transcriptional consequences - on the single cell level
to the resulting tissue-level organisation over extended time periods.
Such an integrated view requires combining data across multiple scales.

At the micro- or molecular scale, we consider the signalling activities
of the Bmp, Wnt, Nodal and Fgf pathways and the genes that they induce
to determine cell fate - and thus give rise to different cell identities and
behaviours at the single cell level. The regulatory logic of developmental
processes at this level is frequently depicted in so-called Gene Regula-
tory Networks (GRNs) (Davidson et al., 2002). The goal of a GRN is to
reveal the causal links and functional relationships between genomic
regulatory sequences and the developmental processes that they control
(Rothenberg, 2016). At its core, a GRN is built around genes and Tran-
scription Factors (TFs), the regulatory elements they bind to, and the
downstream target genes that are regulated by their (combinatorial)
input. It is important to realize that, while modelled based on experi-
mental data, GRNs are essentially an abstraction and, as such, they can
simultaneously depict DNA and protein level events, including signal-
ling genes, signalling pathway activity and signalling-induced TFs that
drive lineage differentiation. Mechanistically, the activity of the GRN
represents a specific cell state and, accordingly, GRNs can be used to
model cell state transitions and the fate specification of a single cell.

At the next level of complexity, we identify the meso- or cellular
scale. Here, we consider how cells interact, physically and through cell-
cell communication, move around, or change their shape and polarity.
In the context of development, understanding cellular interactions is
essential for two reasons. First, the main responsible signalling mole-
cules that control gastrulation (i.e. Bmp, Wnt, Nodal and Fgf) are
secreted, paracrine growth factors. As such, the signal producing cells
affect their neighbours. Cells can also indirectly influence each other, for
instance through modification of the extracellular environment. Second,
signalling not only controls cell fate, but also aspects of cell behaviour
such as migration and adhesion. The latter is important in cell-sorting
and tissue shaping and invariably involves more than a single cell.
The term Cell Regulatory Network (CRN) was recently introduced in the
gastruloid field, drawing parallels with the term GRN, to stress the need
for a framework that integrates these processes (Gorfinkiel and Martinez
Arias, 2021).

Regardless of whether one prefers to take a gene or cell-centric view
as the point of departure, the molecular and cellular scales eventually
need to be integrated to provide a 3D spatial and temporal perspective,
or macro-scale view, of development. This is important since all
signalling-induced changes occur in the context of tissues that are un-
dergoing collective spatial reorganisation over time. From this point of
view, an integrated understanding of gastrulation can only be achieved
by combining existing knowledge on signalling as it occurs in vivo, with
careful quantitative experimentation at the single cell level using in vitro
embryo models, and, ultimately, with advanced data analysis and
computational modelling approaches that link the biological data to
physical, tissue-scale behaviour.
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2. Embryonic signalling during mouse gastrulation

Mammalian gastrulation has primarily been investigated in vivo,
using genetically engineered mouse embryos. The generation of
knockouts for ligands and other components of signalling pathways have
revealed many important molecules as well as signalling crosstalk that
can be used to derive the GRNs that operate at the single cell level. To
help interpret these data we first give a brief overview of gastrulation in
mice and introduce the reader to commonly used terminology and
important factors that are also frequently used as molecular markers. We
then provide an overview of key selected, in vivo experiments for each of
the four pathways (Bmp, Wnt, Nodal and Fgf) that are instrumental for
this stage of development. Finally, we will provide an overview of the
GRNs operating within the epiblast. Here, we integrate our own insights
with those previously made by others.

2.1. Timing and terminology of mouse gastrulation

In mice, gastrulation begins at approximately 5.5 days post coitum
(Embryonic day (E) 5.5) and concludes by E7.5. As the precise moment
of fertilisation is nearly impossible to determine, embryos are often
staged according to their morphological features as Pre-Streak (E5.5),
Early-Streak (E6.25), Mid-Streak (E6.75), and Post-Streak (E7.5)
(Fig. 1A). At the onset of gastrulation, or E5.5, the embryo consists of
three distinct epithelial cell populations (Fig. 1A). The extraembryonic
ectoderm (EXE) will eventually form part of the placenta and chorion
while the visceral endoderm (VE) will develop into the yolk sac.
Importantly, only the pluripotent cells within the epiblast will give rise
to the actual embryo - although they will also contribute to extracellular
tissues such as the amnion and allantois. Crucially, these three cell
populations interact, both through direct physical contact and via
secreted signalling molecules. In fact, the current view is that signals
emanating from the extraembryonic tissues are essential for shaping the
embryo during gastrulation.

One important structure in this context is the Anterior Visceral
Endoderm (AVE) (Fig. 1). The AVE is derived from the most distal part of
the VE (DVE), a small group of cells that migrates towards the ExE to
form the AVE. The AVE functions to repress Wnt, Nodal and Bmp sig-
nalling on the future anterior side of the embryo by secreting specific
signalling antagonists. Since the focus of this review is on signalling in
the epiblast, we will not go into the formation of the AVE and the sig-
nalling inhibitors that are produced by it in detail. Suffice it to say that at
the macro-scale, the EXE and VE tissues are important signalling centres
and help restrict the future posterior end of the embryo. For more in-
formation we refer the reader to a recent review (Bardot and Hadjan-
tonakis, 2020).

2.2. Directions of cell movement during gastrulation

Gastrulation is characterised by stereotypical directional cell move-
ments, but their mechanistic basis is not entirely understood. The first
cellular movements start with the formation of the primitive streak (PS)
around E6.25. The PS is a transient structure from which epiblast cells
migrate to reach their final positions, while simultaneously undergoing
differentiation towards their future lineages. The PS forms on one side of
the embryo, opposite the AVE and just below (i.e. proximal to) the EXE,
thereby marking the posterior region of the epiblast (Fig. 1B).
Morphologically, the epiblast is a uniform CDH1-positive epithelium
whereas the PS is visible as a collection of smaller, motile cells. To
initiate migration, epiblast cells that give rise to mesoderm undergo an
Epithelial to Mesenchymal Transition (EMT), losing CDH1-mediated cell
adhesion and changing their shape. In contrast, cells that form (defini-
tive) endoderm maintain CDH1-mediated cell-cell contacts (Scheibner
et al., 2021). As gastrulation progresses, the PS elongates downward,
reaching the tip of the cup shaped embryo by approximately E7.5
(Fig. 1A). As the PS extends, differentiating cells continue to migrate
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Fig. 1. Schematic overview of mouse gastrulation. Vertical (A) and horizontal (B) planes of a mouse embryo from Embryonic day (E)5.5 until E7.5 showing the
following structures: Primitive Streak (PS), extraembryonic ectoderm (EXE), visceral endoderm (VE), distal visceral endoderm (DVE), anterior visceral endoderm
(AVE), epiblast (Epi), extraembryonic mesoderm (ExME), primordial germ cells (PGC), posterior mesoderm (PostME), anterior mesoderm (AntME) and definitive
endoderm (Endo). Dashed black line in the vertical plane indicates the approximate height of the horizontal planes. Black arrows in (B) horizontal planes indicate

direction of cell migration.

outwards, passing through the PS. They then migrate in the opposite,
anterior, direction, in between the epiblast and the overlying VE,
encircling both halves of the embryo (Fig. 1B).

Since the PS extends over time, the closest epiblast cells, immediately
proximal to the EXE, migrate earlier than those in more distal positions.
This spatiotemporal order of migration determines their eventual posi-
tion within the developing embryo as well as their identity. The first
cells to exit the PS contribute to the formation of extraembryonic
mesoderm (ExME), destined to give rise to the allantois, amnion and the
Primordial Germ Cells (PGCs) (Fig. 1A). Epiblast cells located more
distally give rise to posterior mesoderm, whereas the more distal cells
migrate later and differentiate into anterior mesoderm and (definitive)
endoderm (Engert et al., 2013; Scheibner et al., 2021) (Fig. 1A).
Although mesodermal and endodermal cells are initially intermingled
when specified, eventually they form two physically separated and
functionally different cell populations (Engert et al., 2013; Pour et al.,
2022; Scheibner et al., 2021). Combined, this demonstrates that the
initial spatial positioning of pluripotent cells, combined with the di-
rection of their movement, is intricately associated with their develop-
mental fate. What drives their spatial trajectory remains largely
unknown however, but it must involve both mechanical and biochem-
ical cues.

2.3. Critical factors during PS formation and patterning

Cells that migrate through the PS express several TFs and additional
genes that designate both their future fate as well as their relative po-
sition within the PS. At the same time, these markers are induced by
combinatorial signalling and orchestrate patterning of the PS. Here we
highlight a selection of the most important factors and where relevant,
discuss how they are regulated (Fig. 2A).

Prior to gastrulation, the epiblast expresses high levels of TFs that

maintain pluripotency, including Oct4, Nanog and Sox2 (Nichols and
Smith, 2009) (Fig. 2A). In response to signalling molecules (see section
3), epiblast cells downregulate these pluripotency genes and start to
express priming factors, in particular the homeobox gene Tbxt (also
termed T or Brachyury) (Kalkan and Smith, 2014; Tosic et al., 2019).
Tbxt is an evolutionarily conserved TF and is expressed in the PS during
gastrulation before becoming restricted to the posterior mesoderm and
finally the tail bud (Technau, 2001). On the cellular level, Tbxt is
required both for the exit of pluripotency and to promote EMT allowing
cells to migrate (Probst et al., 2021; Tosic et al., 2019). Tbxt is a Wnt
signalling target gene (Arnold et al., 2000), but Nodal and Fgf signalling
also regulate its expression (Ciruna and Rossant, 2001) (Fig. 2A).

At mid-streak stages, the embryonic mesoderm can be subdivided in
anterior and posterior mesoderm. The posterior mesoderm, closest to the
ExE, expresses high levels of Thxt whereas the anterior mesoderm ex-
presses lower levels of Thxt but high levels of a second homeobox factor,
Eomes (Probst et al., 2021; Tosic et al., 2019) (Fig. 2A). Endoderm is first
detected in the most distal part of the PS where a sparse population of
cells, commonly marked by Foxa2 and Sox17 (Kanai-Azuma et al.,
2002), is surrounded by mesodermal progenitors (Scheibner et al.,
2021). Foxa2 and Eomes are Nodal signalling dependent, in line with
requirement for Nodal signalling in endoderm formation (Brennan et al.,
2001)(Fig. 2A). Cells that do not migrate through the PS are destined to
become ectoderm derivatives and express markers that include SoxI and
Sox2 (Pijuan-Sala et al., 2019).

Note that none of these markers in and by themselves will allow
black and white designation of cell types: both classical Immunohisto-
chemistry (IHC) and Whole mount In Situ Hybridisation (WISH), as well
as more recent single cell RNA sequencing (scRNA seq) experiments,
have shown that there is considerable spatial overlap in their RNA and
protein expression during gastrulation. This is in part due to their
regulation given that key TFs are regulated by multiple signalling inputs.
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Fig. 2. Schematic overview of signalling induced GRNs during gastrulation. A) An in vivo GRN for signalling in the epiblast and early gastrula. Overview of a
selection of central factors during primitive streak formation and patterning showing in the epiblast (Epi), posterior mesoderm (PostME), anterior mesoderm
(AntME), and definitive endoderm (Endo). B) Gene expression domains of Wnt3, Bmp4, Nodal, Gdf3, Fgf4/8 shown in purple in simplified vertical planes of mouse

embryos from E5.5 until E7.5.

3. Embryonic signalling in the epiblast

A key observation that has shaped our view on how gastrulation is
regulated comes from early in vivo transplantation experiments in mice,
which demonstrated that the fate of epiblast cells is not predetermined
but induced by their surroundings (Kinder et al., 1999; Tam and Zhou,
1996). We now know that the central molecules responsible for this are
secreted ligands that activate the Bmp, Wnt, Nodal and Fgf signalling
pathways in a paracrine manner. To understand how combined activa-
tion of these pathways simultaneously regulates cell fate and morpho-
genesis in the embryo, it is essential to connect information across
different scales. Specifically, we must (i) map the spatiotemporal
expression patterns of the genes that encode the individual ligands
involved, (ii) connect these spatiotemporal expression domains to their
tissue-level gradients and, ultimately, different levels of signalling
pathway activity in individual cells. The latter is typically done by
measuring expression of target genes, pathway specific reporter gene
constructs and/or by immunostaining for activated downstream sig-
nalling readouts. Furthermore, in vivo knockout studies have also shed
light on the functional requirement of different signalling components
and signalling gradients for the process of gastrulation. Combined, these

experimental approaches have provided a tissue scale understanding of
spatiotemporal signalling activity within the epiblast during gastrula-
tion. Below we highlight some of these insights and for more compre-
hensive overviews of in vivo embryonic signalling we refer to some
excellent reviews (Arnold and Robertson, 2009; Bardot and Hadjanto-
nakis, 2020; Morgani and Hadjantonakis, 2020; Tam and Loebel, 2007).

3.1. CTNNBI-dependent Wnt signalling

Wnt signalling is essential for the entire process of gastrulation, from
its initiation to completion. The mammalian genome encodes 19
different WNT proteins. In the epiblast, however, the primary WNT li-
gands are WNT3 and WNT3A, both of which induce canonical Wnt
signalling through the transcriptional coactivator p-catenin (CTNNB1)
and TCF/LEF transcription factors in this context. In the absence of WNT
ligands, CTNNB1 undergoes continuous phosphorylation by the
“destruction complex”, a protein assembly comprising the negative
CTNNBI regulators Axinl/2 (AXIN), APC, CSNK1A1, and GSK3p, (Nusse
and Clevers, 2017; Rim et al., 2022; van Amerongen and Nusse, 2009),
marking it for proteasomal degradation.

WNT ligands ultimately block this machinery. They initiate
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CTNNB1-dependent signalling by binding to one of ten Frizzled (FZD)
cell surface receptors in conjunction with LRP5/6 co-receptors
(Davidson, 2021). Activation of FZD receptors inactivates the destruc-
tion complex via a mechanism dependent on Dishevelled (DVL)(de Man
and van Amerongen, 2021). This process stabilises CTNNB1, allowing it
to accumulate and translocate to the nucleus, where it binds to TFs from
the TCF and LEF families to regulate gene expression (Clevers and van de
Wetering, 1997).

Given the potential for functional redundancy at both the ligand and
receptor level, the requirement for individual components - or their
combined involvement - in vivo is best revealed by gastrulation pheno-
types in knockout embryos. Constitutive deletion of Ctnnbl indeed
prevents PS formation (Haegel et al., 1995; Huelsken et al., 2000) and
combined knockout of Lrp5 and Lrp6 has the same effect (Hsieh et al.,
2003; Kelly et al., 2004), demonstrating that canonical Wnt signalling is
required at the onset of gastrulation. To date, the specific involvement of
individual FZD proteins remains unknown, although redundancy likely
also exists at this level (Kemp et al., 2007). In contrast, two individual
WNT ligands (WNT3 and WNT3A) have been linked to defined stages of
gastrulation.

Wnt3 gene expression is first detected at the pre-streak stage in a
small patch of VE cells on the prospective posterior side of the embryo
(Liu et al., 1999; Rivera-Pérez and Magnuson, 2005; Tortelote et al.,
2013) (Fig. 2B). At E5.75, Wnt3 expression is also detected in the
epiblast and from this time point on, up to the late-streak stage (E7.5),
expression is detected in the epiblast as well as the overlaying VE in
posterior to anterior and proximal to distal gradients (Fig. 2B). From the
mid-streak stage, a second Wnt gene, Wnt3a is expressed in an over-
lapping domain (Kemp et al., 2005; Takada et al., 1994). Deletion of
Wnt3 prevents PS formation (Liu et al., 1999). In agreement with its later
expression onset, Wnt3a is not required until the late primitive streak
stage and results in more caudal axis formation defects (Takada et al.,
1994).

The tissue specific roles of WNT3 in the epiblast versus the VE have
been addressed by generating conditional knockouts. While deletion of
WNT3 in either the extraembryonic tissue or the epiblast results in
delayed development, PS formation still occurs. Only the disruption of
Wnt3 expression in both tissues leads to a complete failure in PS for-
mation (Tortelote et al., 2013; Yoon et al., 2015), suggesting in vivo
redundancy between these embryonic and extraembryonic sources of
WNT3 ligand.

Of note, WNT proteins carry a post translational lipid modification.
As such, they are hydrophobic and are generally assumed to form steep,
short range signalling gradients. A dedicated molecular machinery exists
to ensure that WNT proteins are properly modified and secreted. One of
the proteins required for this is the PORCN enzyme. Indeed, embryos
deficient for PORCN also show gastrulation failure (Biechele et al.,
2011).

Whereas Wnt signalling is required for PS formation at the future
posterior end of the embryo, it also must be kept in check to allow more
anterior cell types to develop. Mice containing a hypomorphic allele for
APC show anterior truncation and partial axis duplication, demon-
strating that formation of anterior neural tissue requires suppression of
Wnt signalling (Ishikawa et al., 2003). In a recent report, careful analysis
of compound AXIN1 and AXIN2 knockout embryos revealed the need to
control spatiotemporal Wnt activation at two different time points and
locations during gastrulation (Hernandez-Martinez et al., 2024). First,
Wnt signalling induces the differentiation of mesoderm at the onset of
gastrulation. Slightly later, Wnt signalling cooperates with Bmp signal-
ling to pattern posterior mesoderm in the proximal epiblast but also
cooperates with Nodal signalling to pattern anterior derivatives.

In addition to intracellular regulation via the destruction complex,
Wnt signalling is regulated by several secreted inhibitors including
members of the DKK and SFRP families as well as WIF1 and CER1
(reviewed here: (Kikuchi et al., 2022)). In some contexts, these in-
hibitors are induced by the Wnt pathway but in others they are
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repressed. For instance, attenuation of Wnt3 and Wnt3a in the epiblast
leads to an increase in Dkk1 expression, suggesting negative feedback
regulation by Wnt signalling during gastrulation (Miura et al., 2010).

It remains challenging to use immunostaining for nuclear CTNNB1 to
visualise active Wnt signalling. This is at least in part explained by the
fact that both the absolute and relative increase in the levels of nuclear
and cytoplasmic CTNNB1 in response to WNT ligands is modest at most
(de Man et al., 2021; van der Wal and van Amerongen, 2023). However,
several Wnt reporter mouse strains have been generated based on syn-
thetic promoters consisting of concatemerized TCF/LEF binding sites
(van der Wal and van Amerongen, 2023). These reporters demonstrate
that activity of the Wnt pathway overlaps with WNT3 and WNT3A
ligand expression, first in the VE and later also in the epiblast (Currier
et al., 2010; Ferrer-Vaquer et al., 2010; Hernandez-Martinez et al.,
2024). This suggests limited spread of the ligands, which is in line with
the prevailing view of hydrophobic WNT proteins as short-range sig-
nalling molecules, although the domain of Wnt signalling activity is
likely also limited by opposing gradients of antagonists, such as DKK1
secreted from the AVE (Hoshino et al., 2015; Pijuan-Sala et al., 2019).
More dynamic analyses and quantifications are currently not available,
but altogether, activation patterns of Wnt signalling reporters on the
individual cell level hint at heterogenous signalling with cell-to-cell
variation.

3.2. Bone morphogenetic protein (Bmp) signalling

One of the central ligands that regulates gastrulation is BMP4. BMP4
is one of 13 BMP ligands that belong to the superfamily of TGF-p related
signalling molecules (Massagué and Sheppard, 2023; Wrana, 2013; Wu
and Hill, 2009). BMPs are synthesised as precursor proteins and pro-
cessed by proprotein convertases to form homo — or heterodimers, prior
to secretion (Dubois et al., 1995). BMPs signal by binding specific Type-I
(ACVRL1, ACVR1, BMPRIA or BMPRIB) and Type-II (BMPRII, ActRII
and ActRIIB) serine-threonine kinase receptors (Sanchez-Duffhues et al.,
2020). Upon ligand binding the type-I and -II receptors form hetero-
tetrameric receptor complexes and cross-phosphorylate each other on
multiple serine and threonine residues. The activated receptor com-
plexes predominantly activate SMAD1/5/9 which results in recruitment
of SMAD4, allowing SMAD1/5/9 - SMAD4 complexes to accumulate in
the nucleus where they bind specific Bmp response elements (BRE) in
enhancers and promoters of target genes and regulate gene expression.

Bmp signalling is regulated intracellularly by the inhibitory (I)-
Smads, SMAD6 and SMAD7 (Itoh and ten Dijke, 2007). In addition,
several secreted inhibitors are important regulators in the context of
gastrulation. These include CHORDIN, NOGGIN and CER1 (Belo et al.,
1997; Piccolo et al.,, 1996; Zimmerman et al., 1996) that are all
expressed in the AVE, but also in the anterior mesoderm (Pijuan-Sala
et al., 2019). Similar to the situation observed for secreted inhibitors of
the Wnt pathway, the expression of feedback inhibitors likely restricts
Bmp signalling activity to the proximal part of the PS.

The expression patterns of Bmp4 itself indicate two spatially and
temporally resolved domains of activity. Whole mount ISH demon-
strated that Bmp4 is expressed mainly in the EXE from pre-streak (E5.5)
to post-streak (E7.5) stages (Ben-Haim et al., 2006; Hadas et al., 2024;
Winnier et al., 1995) (Fig. 2B). However, from mid to late-streak, Bmp4
is also expressed in early nascent mesoderm and the ExME (Hadas et al.,
2024) (Fig. 2B). The expression patterns of Bmp4 predict pathway ac-
tivity in the proximal epiblast at the onset of gastrulation, concurrent
with the activity of Wnt signalling. In mid streak embryos, immuno-
staining using antibodies against phosphorylated (p)SMAD1/5/9 shows
pathway activity in the VE, the proximal epiblast and the EXME (Di-
Gregorio et al., 2007; Hayashi et al., 2002; Hernandez-Martinez et al.,
2024). However, analyses of transgenic Bmp reporter mice that contain
repeats of BRE sequences coupled to beta-galactosidase or fluorescent
reporter genes could not confirm activity in the proximal epiblast (Javier
et al., 2012; Monteiro et al., 2008; Monteiro et al., 2004). In contrast, a
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reporter containing the intronic BRE sequence originating from the
Smad7 gene (Serup et al., 2012) revealed signalling in both the VE and
the proximal epiblast. The discrepancies with these reporters may be
explained by differences in activation or sensitivity, but combined, these
data provide strong evidence that BMP4 first signals to the proximal
epiblast from the ExE and is then active in the ExXME.

The functional roles of BMP4 have been studied extensively but are
still being refined. Genetic ablation of BMP4 (Lawson et al., 1999), the
type-I (ACVR1/BMPRIA) receptor (Gu et al., 1999), and BMPRII (Beppu
et al., 2000), all result in an arrest of gastrulation characterised by a lack
of posterior mesoderm and ExME, as well as by the absence of PGCs.
Partial deletion of SMAD1 and SMAD5 demonstrate that both mediate
Bmp signalling function in the early embryo (Arnold et al., 2006). Most
recently, the functional roles for BMP4 in epiblast and the extraembry-
onic tissues were further refined using a combination of scRNA seq and
tissue specific knockouts (Hadas et al., 2024). This study confirmed that
BMP4 produced in the EXE is required for the specification of mesoderm,
endoderm and PGCs in the epiblast. From E7.5 onwards, however, BMP4
signalling within the EXE limits the number of PGCs and favours the
specification of the allantois.

In conclusion, at the onset of gastrulation, Bmp signals to the epiblast
and signalling becomes restricted to the future posterior part of the
embryo. As the PS elongates, Bmp signalling is restricted to the most
proximal part of the PS. Functionally, Bmp signalling is important in
specifying posterior cell fates while cells leave the PS.

3.3. Nodal signalling

A third signalling pathway that is required for gastrulation is Nodal
signalling. Like BMP4, NODAL belongs to the TGF-p superfamily, but it
binds to different and specific type-I (ACVR1B, ACVR1C) and type-II
(ACVR2A, ACVR2B) receptors. In addition, NODAL requires the EGF-
CFC co-receptor TDGF1 (CRIPTO) to activate signalling (Reissmann
et al., 2001; Yan et al., 2002; Yeo and Whitman, 2001). Downstream,
Nodal signalling is transduced by phosphorylation of SMAD2 and/or
SMAD3. Both can bind DNA, but they cooperate with additional TFs to
activate context specific transcription (Aragon et al., 2019; Massagué
et al., 2005). During gastrulation, SMAD2/3 specifically recruits the TF
FOXH1 to initiate the first Nodal specific transcriptional program
(Hoodless et al., 2001; Yamamoto et al., 2001).

Prior to gastrulation, Nodal is expressed at low levels in the epiblast
(Mesnard et al., 2006; Varlet et al., 1997) (Fig. 2B). At early streak
stages, expression becomes confined to the future posterior part of the
epiblast in a posterior to anterior gradient (Varlet et al., 1997; Zhou
et al.,, 1993). As the PS elongates, Nodal expression becomes localised
more towards the distal tip of the embryo (Norris et al., 2002) and
around E7.5, has become restricted to the node (Brennan et al., 2001;
Collignon et al., 1996) (Fig. 2B). As is the case for Wnt3 and Bmp4, Nodal
forms a graded expression domain in a defined time window during PS
formation.

Although NODAL can initiate signalling as a homodimer, it forms
more potent heterodimers with a different TGF-p ligand; GDF3. In
zebrafish, Gdf3 is required for Nodal function during gastrulation
through the formation of heterodimers (Bisgrove et al., 2017; Montague
and Schier, 2017; Pelliccia et al., 2017). The role of GDF3 in mice has
been more difficult to elucidate, likely because of redundancy with
GDF1 and its involvement in additional pathways (reviewed in (Hayes
et al., 2021)). However, the phenotypes of compound mutants for Gdf1/
3 resemble Smad2 knockout mice and in cell culture experiments, GDF3
induces signalling in an ACVR1B and TDGF1 dependent manner syn-
ergistic with NODAL (Andersson et al., 2007; Chen et al., 2006). Inter-
estingly, Gdf3 is exclusively expressed in the epiblast up to early-streak
stages but not beyond (Fig. 2B), potentially creating a time window for
the formation of NODAL-GDF3 heterodimers around the time of PS
formation (Andersson et al., 2007).

A body of research demonstrates that Nodal signalling is required for
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A-P axis formation and the specification of mesoderm and endoderm.
Functional deletion of TDGF1, ACVR1B, ACVR2A/ACVR2B or NODAL
all result in failed gastrulation, characterised by the absence of meso-
derm and endoderm (Ding et al., 1998; Gu et al., 1999; Lu and Rob-
ertson, 2004; Song et al., 1999). In addition, Smad2/3 double mutants
show a similar phenotype while individual deletion indicated that
SMAD?2 is the main intracellular mediator during gastrulation (Dunn
et al., 2004; Nomura and Li, 1998).

Prior to gastrulation, Nodal knock out leads to reduced expression of
pluripotency markers and upregulation of neural markers, indicating a
role in maintaining pluripotency and preventing the premature differ-
entiation towards neuroectoderm (Camus et al., 2006; Mesnard et al.,
2006). This notion fits with the observation that NODAL is required for
maintaining pluripotency in human blastocysts (Blakeley et al., 2015).
Importantly, conditional deletion of NODAL in the epiblast, which
leaves expression in the extraembryonic tissues intact, mimics the
complete NODAL knockout phenotype, emphasising the importance of
Nodal expression in the embryo itself (Lu and Robertson, 2004). Partial
loss-of-function of Nodal signalling has revealed that higher levels are
required for the induction of the anterior mesoderm and endoderm as
opposed to posterior mesoderm (Ding et al., 1998; Dunn et al., 2004;
Lowe et al., 2001; Norris et al., 2002). These findings align with the
observation that mesoderm originates posteriorly from the proximal
streak, while definitive endoderm arises at an anterior position from the
distal part of the PS, where Nodal signalling levels are high (Robertson,
2014).

Since patterning of the PS is dependent on the levels of Nodal sig-
nalling, inhibitors including CER1, LEFTY1 and LEFTY2 play an
important role in feedback loops as shown by loss of function studies.
CER1 interacts with NODAL in the extracellular space (Piccolo et al.,
1999) whereas LEFTY1/2 can also bind and sequester the co-receptor
TDGF1, preventing NODAL from signalling (Chen and Shen, 2004).
Importantly, in all vertebrates LEFTY1/2 are inhibitors that are under
control of Nodal signalling itself, creating a negative feedback loop upon
activation of signalling (van Boxtel et al., 2015).

3.4. Fibroblast growth factor (Fgf) signalling

Of the signalling pathways discussed in this review, the role of Fgf
signalling during gastrulation is probably the least well understood. The
mammalian FGF family comprises 22 secreted ligands that signal
through four FGF Receptor tyrosine kinases (FGFRs) in a heparan sul-
phate proteoglycan (HSPG)-dependent manner (Ornitz and Itoh, 2015).
FGF binding to FGFRs leads to dimerization and cross-phosphorylation
of the receptors and activation of multiple downstream pathways.
During early development, Fgf signalling is predominantly mediated by
the ERK branch of the pathway and in general, ERK signalling is medi-
ated by ETS transcription factors (Oki et al., 2010). Recent work has
specifically identified ERF and ETV4/5 as having crucial roles during
gastrulation (Simon et al., 2024; Vega-Sendino et al., 2021). The role of
the additional Fgf downstream pathways remains understudied,
although PI3K is also likely involved since mutants have comparable
phenotypes to mutations in FGF ligands and receptors (Bloomekatz
et al.,, 2012). Importantly, Fgf signalling is highly regulated by in-
hibitors, including the SPRED, SPROUTY, SEF, and DUSP families
(Ornitz and Itoh, 2015). These regulators act on different levels within
the pathway and create negative feedback loops in response to signalling
(Neben et al., 2019).

Whole mount ISH and scRNA seq experiments demonstrate that Fgf4,
Fgf5 and Fgf8 are expressed at low levels in the epiblast prior to
gastrulation while only Fgf4 and Fgf8 are highly upregulated in the PS
(Crossley and Martin, 1995; Hébert et al., 1991; Niswander and Martin,
1992; Pijuan-Sala et al., 2019) (Fig. 2B). Attenuation of Fgf signalling in
the epiblast results in abnormal patterning, characterised by defects in
extension of the PS (Deng et al., 1994; Guo and Li, 2007). FGF8 and its
receptor FGFR1 are the only ligand-receptor pair demonstrated to be
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essential for gastrulation (Ciruna et al., 1997; Deng et al., 1994; Sun
et al., 1999; Yamaguchi et al., 1994). However, Fgf4 expression is also
lost in FGF8 mutants and FGF4 ablation itself is embryonic lethal before
gastrulation commences, making it difficult to assess what the role of
Fgf4 in the process is (Feldman et al., 1995). On the tissue level, the
defects in FGF8 knockout mice are characterised by a lack of embryonic
mesoderm and endoderm, while showing an accumulation of epiblast
cells caused by defects in migration (Meyers et al., 1998; Sun et al.,
1999). These defects are also seen in FGFR1 knockout embryos and in
chimeric FGFR1 embryos, where mutant cells fail to ingress through the
PS (Ciruna and Rossant, 2001). Importantly, pharmacological inhibition
of MEK results in similar phenotypes underscoring that ERK signalling is
the main required branch of the pathway during gastrulation (Oki et al.,
2010). Mechanistically, Fgf induces the TF Snail, which downregulates
E-cadherin (CDH1) and induces EMT (Ciruna and Rossant, 2001).
Although this explains the impaired migration of cells in the PS observed
in vivo following Fgf inhibition, it is still largely unclear how Fgf sig-
nalling contributes to lineage specification and how the pathway in-
teracts with the Wnt, Bmp and Nodal pathways.

3.5. A gene regulatory network for signalling in the epiblast and early
gastrula

So how should all these individual observations be integrated?
Knockout mouse models for individual signalling pathway components
have not only revealed regulatory interactions within, but also between
the Wnt, Bmp, Nodal and Fgf pathways. Due to the interplay between
embryonic and extraembryonic tissues, the precise cross regulation
within the epiblast has proven challenging to elucidate. Nevertheless, an
in vivo GRN for signalling (Fig. 2A) can be distilled for the epiblast,
which we discuss here. Such a GRN is essential to describe processes on
the micro- or molecular scale - but within the cell itself, it operates on
multiple levels.

The first level of signalling pathway regulation concerns individual
pathways and arises from autoregulation via positive and negative
feedback loops. For example, expression of Wnt3 is initially restricted to
the VE but subsequently induces its own expression in the epiblast (Ben-
Haim et al., 2006; Tortelote et al., 2013)(Fig. 2A). Downstream of Wnt3,
expression of a second Wnt gene, Wnt3a, is induced in a similar domain,
providing a second source and localised enhancement of WNT signalling
(Takada et al., 1994). Similarly, Nodal signalling in the epiblast is
reinforced through an autoregulatory loop in a FOXH1-dependent
manner via an enhancer located in the first intron of the Nodal gene
(Norris et al., 2002).

A second regulatory layer involves cross-pathway activation. The
first comes from the observation that BMP4 from the EXE contributes to
induction of Wnt3 expression within the proximal epiblast (Ben-Haim
et al., 2006; Miura et al., 2010) (Fig. 2A). Secondly, there is a reciprocal
signalling interaction between the EXE and the epiblast between Nodal
and Bmp. First, Nodal induces BMP4 in the ExE, and second, BMP4 from
the EXE maintains Nodal expression within the epiblast (Ben-Haim et al.,
2006; Winnier et al., 1995). Loss of function of WNT3 in the epiblast
results in a loss of Fgf8 expression, suggesting that Fgf8 is a WNT target
gene (Tortelote et al., 2013). However, in zebrafish, Nodal signalling has
been shown to induce fgf8 (and fgf3) expression (Van Boxtel et al.,
2018). In mouse ESCs, there is evidence that Fgf8 is similarly a Nodal
target, regulated by SMAD2/3 and FOXH1 (Aragon et al., 2019).
Collectively, these findings suggest that, in mice as well, Fgf signalling is
activated downstream of Nodal, rather than Wnt. Notably, Fgfr] recep-
tor mutants also exhibit disrupted WNT target gene expression, indi-
cating that Fgf may also regulate WNT signalling (Ciruna and Rossant,
2001).

A third regulatory layer consists of the production of secreted and
intracellular inhibitors. Many of these inhibitors are synthesised by the
AVE; however, WISH and scRNA seq data show that they are also pro-
duced within the epiblast itself (Pijuan-Sala et al., 2019). The essential
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role of inhibition in regulating signalling is exemplified by the conse-
quences of removing inhibitors from the Nodal pathway. For instance,
loss of either CERI or LEFTYI1 alone does not prevent proper A-P
patterning but in double mutants, the entire epiblast adopts a meso-
dermal fate (Perea-Gomez et al., 2002). Furthermore, in LEFTY2 mu-
tants, the PS is expanded (Meno et al., 1999). As gastrulation advances,
the anterior PS also expresses CHORDIN, NOGGIN, and DKK1, thereby
likely suppressing Bmp and Wnt signalling (McMahon et al., 1998;
Pijuan-Sala et al., 2019) (Fig. 2A). Combined, these findings underscore
the importance of spatiotemporal regulation of signalling, presumably
through the precise shaping of signalling gradients in 3D space and time,
for the correct patterning of the epiblast. Dissecting what the dynamics
of these interactions are, will require models that allow for more rapid
genetic and quantitative analyses on the single cell level, both in the
presence and in the absence of extraembryonic tissues.

4. Gastruloids as a model system for studying signalling during
gastrulation

To elucidate how signalling drives cellular and tissue-scale changes,
it is essential to visualise, measure, and quantify signalling dynamics,
differentiation processes, and cellular behaviours. Although recent ad-
vances in imaging technologies and ex vivo culture methods for whole
mouse embryos have provided new opportunities, these approaches
remain technically demanding and low throughput (McDole et al.,
2018). To address the inherent experimental limitations of the in vivo
mammalian embryo model, a growing number of research groups are
employing two- (2D) and three-dimensional (3D) ESC culture systems
(Morgani et al., 2018; Moris et al., 2020; Van Den Brink et al., 2014;
Warmflash et al., 2014). The focus of this review will be on a widely used
3D mESC culture system, historically referred to as embryoid bodies
(EBs). These systems have more recently been termed gastruloids (Van
Den Brink et al., 2014), a nomenclature also adopted for the purposes of
this review (Martinez Arias et al., 2024). While gastruloids do not fully
recapitulate all aspects of gastrulation, they serve as useful, simplified
models that mimic PS formation and patterning. Of note, several reviews
on the 2D, human gastrulation model systems exist (Fu et al., 2021;
Morgani and Hadjantonakis, 2020; Sullivan and Santos, 2023) that
readers may find informative.

4.1. Embryoid bodies and gastruloids

The development of the gastruloid model is largely based on research
using embryonal carcinoma (EC) cell aggregates termed EBs. Already in
the late 1950s it was recognised that, in vivo, cells from EC cells could
form structures that contained embryonic cell types (Pierce and Dixon,
1959; Stevens, 1959). These aggregates were termed EBs because their
organisation morphologically resembled early embryos. Indeed, EC cells
were later formally shown to be multipotent (Kleinsmith and Pierce,
1964). Pioneering work showed that EBs could also be generated in vitro
by aggregating EC cells and subsequently used for differentiation ex-
periments (Martin and Evans, 1975). The isolation of mESCs and opti-
misation of their culture conditions in the early 1980’s led to the
formation of EBs from ESCs to demonstrate their in vitro differentiation
potential (Doetschman et al., 1985). Ever since, EBs have been used to
study the differentiation potential of multipotent and pluripotent cells.

In one of the first studies that used EBs to study signalling, aggregates
were generated from mESCs and incubated with recombinant WNT3A,
BMP4 or ACTIVIN-A (to mimic Nodal signalling) (ten Berge et al., 2008).
Interestingly, all three treatments resulted in the activation of Wnt sig-
nalling and the induction of the three germ layers, demonstrating the
cross talk between the three pathways (see above). However, the pop-
ulation sizes and spatial organisation of cell types varied between EBs,
which was likely caused by varying starting cell numbers. Indeed, when
aggregates were produced from a defined number of cells using the
pluripotent mouse EC cell line P19, this resulted in a relatively high
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degree of organisation and reproducibility (Marikawa et al., 2009).
Remarkably, P19 derived gastruloids organise spontaneously in the
presence of bovine serum and do not require addition of any exogenous
signalling molecules.

Building on these findings, a protocol was developed that used a
defined number of mESCs to generate EBs, which resulted in a low
percentage of organised aggregates after five days (Van Den Brink et al.,
2014). Further optimisation showed that adding Wnt agonists, such as
CHIR99021 or recombinant WNT3A, between 48 and 72 h after aggre-
gation (haa), more robustly induced the formation of polarised and
organised structures (Turner et al., 2017; Van Den Brink et al., 2014). Of
note, the addition of recombinant BMP4 and ACTIVIN-A also allowed
the induction of different cell fates, but with limited polarisation, overall
resulting in less well organised structures (Anlas et al., 2024; Van Den
Brink et al., 2014). The CHIR99021 induced model has now become
widely accepted as a standard model to generate gastruloids.

Gastruloids can be generated from mESCs by aggregating cells in
hanging drops or in round-bottomed wells (Anlas et al., 2021; Marikawa
et al., 2009). The exact protocol varies between cell lines and robust
generation of gastrulation requires optimization of multiple parameters.
One important aspect is the culture conditions that are used for main-
tenance of mESCs prior to gastruloid formation. For routine passaging,
mESCs can be maintained in medium containing either ESC grade foetal
calf serum and LIF (“serum + LIF”), or in medium supplemented with
LIF and two inhibitors (“2i”"), a MEK inhibitor (PD-0325901) to block Fgf
signalling and CHIR99021 to stimulate Wnt signalling (Silva et al.,
2008). Some mESC lines require a pulse of 2i for robust gastruloid for-
mation while others readily self-organise when grown on serum + LIF
(Anlas et al., 2021; Cermola et al., 2022). A recent report demonstrates
that such culture and pre-treatment conditions of mESCs have a pro-
found impact on the epigenetic state of the cells and with that, the
timing of morphogenetic events (Balayo et al., 2025; Blotenburg et al.,
2024). In addition to culture conditions, optimising the starting cell
number is essential for the formation of correctly organised structures
(Van Den Brink et al., 2014). For most mESC lines, around 300 cells
seems to be optimal. Thus, with some optimisation, gastruloids provide
an easily accessible model to study important aspects of differentiation
and morphogenesis in three dimensions.

4.2. Advantages and limitations of gastruloids

Gastruloids have several key advantages for studying signalling and
differentiation on the molecular, cellular and tissue scales. First, they are
highly amenable to chemical and genetic manipulation, facilitating
targeted perturbations at the DNA and protein level. Another advantage
is their scalability which aids in generating quantitative data and in
performing screens using a larger number of structures than could be
obtained from a single mouse pregnancy (Suppinger et al., 2023). A
third advantage is their compatibility with advanced imaging tech-
niques, including time-lapse single cell imaging, which enables the dy-
namic analysis of cellular behaviours and differentiation over time (Gros
et al., 2024; Hashmi et al., 2022). Combined, these attributes make the
model a powerful system for dissecting the molecular and cellular
mechanisms that govern aspects of gastrulation.

Notwithstanding the power of the model, gastruloids also have
several limitations that need to be considered. First, they lack extra-
embryonic tissues, which play critical roles in establishing and main-
taining the Wnt, Bmp, Nodal and Fgf signalling centres during
gastrulation in vivo as described above. Because of this, the first Wnt
signalling cue must be provided by addition of CHIR99021 to the culture
medium. Thus, the initial activation of Wnt signalling occurs in a sym-
metrical manner, rather than being provided by a localised source as is
the case in the mouse epiblast. In addition, the high levels of Wnt sig-
nalling induced by CHIR99021 predominantly induces posterior cell
types, since anterior cell types require low levels of Wnt signalling
(Girgin et al., 2021). As such, gastruloids grown according to this
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“standard” protocol do not fully replicate the complex three-
dimensional architecture and biomechanical forces present in the em-
bryo, which are also integral to gastrulation in vivo. A more general
problem of the model is reproducibility. In particular, gastruloid
morphology and organisation can be highly variable, even under opti-
mised culture conditions (Rosen et al., 2022). This variability can
complicate the interpretation of experimental results.

In general, gastruloids provide an easily accessible model that can be
used to study aspects of gastrulation in a quantitative manner. Here,
their ease of generation and scaling together with their experimental
tractability typically make up for the inherent variability and hetero-
geneity across individual structures. However, care needs to be taken
both when performing experiments and when interpreting findings.
Ideally, gastruloids would be used to facilitate discoveries that can ul-
timately also be tested in vivo.

4.3. Germ layer organisation and cell movements in gastruloids

ScRNA seq on gastruloids has confirmed the presence of derivatives
of all three germ layers (Rosen et al., 2022; Suppinger et al., 2023; Van
Den Brink et al., 2020). At 120 haa, gastruloids are polarised structures
that contain the equivalent of an A-P and D—V axis and resemble E8.5
embryos (Beccari et al., 2018; Van Den Brink et al., 2014). Along those
axes, different PS and germ layer markers are expressed in a relatively
stereotypical manner. Time courses using mESC lines containing fluo-
rescent lineage reporters and immunofluorescence for markers, have
revealed a sequence of events for the spatial organisation of the germ
layers that we discuss here (Fig. 3A).

As a central PS marker, TBXT has also been used extensively in
determining the organisation of gastruloids. Prior to the induction of
Wnt signalling at 24 haa, Tbxt is expressed in only a few cells in the
aggregate (Turner et al., 2017) (Fig. 3A). A recent report showed that at
48 haa, some Tbxt positive cells can already be detected towards one
side of the aggregates, suggesting that symmetry breaking can occur
prior to the CHIR99021 pulse (Anlas et al., 2024). In response to
CHIR99021, Tbxt expression is highly induced throughout the structure
within a few hours (Anlas et al., 2024; Suppinger et al., 2023; Turner
etal., 2017; Van Den Brink et al., 2014). At 72 haa, TBXT staining often
shows a gradient of expression intensity with higher levels towards the
outside of the aggregate and lower levels in the interior (Suppinger et al.,
2023). Recent work using two-photon microscopy has demonstrated
that this is not due to imaging artefacts that may be caused by imaging in
dense and opaque structures (Gros et al., 2024). Thus, the most logical
explanation is that TBXT closely follows the concentration gradient of
CHIR99021 and accordingly, a graded Wnt response. Importantly, Thxt
induction is accompanied by the down-regulation of pluripotency
markers such as Sox2, in an opposing gradient (Fig. 3A), indicating
differences in differentiation between the outer layers of cells compared
to the inner layers (Suppinger et al., 2023).

Between 72 and 96 haa, Tbxt expression becomes progressively
restricted to one end of the gastruloid, until it is confined to the posterior
tip by 120 haa (Hashmi et al., 2022; Suppinger et al., 2023)(Fig. 3A).
Concurrently, CDH1 protein levels gradually become higher on the
posterior side, while surrounding cells display low CDH1 and high CDH2
levels (Hashmi et al., 2022; Mayran et al.,, 2023; Underhill and
Toettcher, 2023) (Fig. 3A). Since cell populations with differing adhe-
sive properties will naturally segregate over time (Foty and Steinberg,
2005), this provides a plausible mechanism for macro-scale polarisation
of the gastruloid, driven by meso-scale cell sorting (Fig. 3B). Several lines
of evidence support this hypothesis. First, live imaging of gastruloids
containing fluorescent CDH1 and Tbxt reporters demonstrated that this
population separates from surrounding cells over time (Hashmi et al.,
2022). In experiments where two aggregates were fused, with one
aggregate being derived from a Tbxt:GFP transgenic reporter cell line,
Thbxt positive cells were observed to actively migrate towards the pos-
terior end (Xu et al., 2021). Collectively, these findings show that two
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Fig. 3. Protein localisation, cell sorting behaviours and signalling pathway activation in gastruloids. Depicted are schematic representations based on
integration of existing, fragmented data. Note that there is considerable variation in gastruloid development and existing data quality and resolution, and these
cartoons represent our interpretation of average domains of immunofluorescence staining. A) Protein localisation of TBXT, SOX2, CDH1, CDH2, SNAIL1, FOXA2,
EOMES, and SOX17 in gastruloids 24-120 h after aggregation (haa). Structures with a dashed outline represent stages at which protein localisation is variable.
Question marks indicate insufficient data to determine an average expression domain. B) Schematic of the CDH-driven mechanism for cell sorting and gastruloid
polarisation. C) Bmp, Wnt, Nodal and Fgf signalling pathway activation in gastruloids.

distinct cell populations with different identities (Tbxt high versus low)
and physical properties (CDH1/CDH2 high versus low) separate between
72 and 96 haa through a cell sorting mechanism (McNamara et al., 202.3;
Suppinger et al., 2023) (Fig. 3B). Once the two cell populations have
separated, a less organised population of anterior mesoderm appears.
Although more variable and less well organised, this population is
partially positive for SNAIL1, FOXA2 and EOMES, consistent with
anterior mesoderm (Fig. 3A) (Suppinger et al., 2023; Turner et al.,
2017).

Mesoderm has been well studied since this is the most abundant cell
population in gastruloids. However, less is known about endoderm in-
duction and organisation. Both in mouse embryos and gastruloids,
endoderm is induced as a sparse population of cells intermingled with
mesoderm precursors (Pour et al., 2022; Scheibner et al., 2021).
Immunofluorescence staining for the lineage markers SOX17 showed
that the first endodermal cells appear in regions expressing CDH1 and
low levels of TBXT around 72 haa, either as single cells or in small
clusters (Farag et al., 2024; Hashmi et al., 2022; Pour et al., 2022)
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(Fig. 3A). Between 72 and 120 haa, endodermal cells proliferate and
form variably organised domains that range from one large posterior
cluster to smaller cell clusters or even tubular structures (Farag et al.,
2024) (Fig. 3A). Collectively, these findings indicate that endoderm
emerges as a rare population from cells that express markers also
observed in the embryo. However, there is a lack of robust organisation
during gastrulation likely because additional physical or chemical
guidance cues are missing.

A crucial process during gastrulation is axial elongation. In gas-
truloids, this process is conserved and occurs just after the structure
breaks symmetry, predominantly between 96 and 120 haa. The mech-
anisms that drive axial elongation are signalling dependent since inhi-
bition of Wnt, Nodal or Fgf signalling at different timepoints all abrogate
the process and result in shorter structures (Suppinger et al., 2023;
Turner et al., 2017; Underhill and Toettcher, 2023). Importantly, sym-
metry breaking and axial elongation are accompanied by changes in
expression of cell adhesion molecules and in particular CDH1 (E-Cad-
herin) and CDH2 (N-Cadherin). CDH1 is initially expressed throughout
the structure (Mayran et al., 2023), whereas Wnt activation at 48 haa
results in widespread expression of CDH2, followed by local down-
regulation of CDH1 and cell sorting behaviour (Hashmi et al., 2022;
Mayran et al., 2023; Underhill and Toettcher, 2023; Van Den Brink et al.,
2014) (Fig. 3B). At 120 haa, only a small domain of CDH1 positive cells
remain, which creates a rigid structure with little cell movement on the
posterior side (Underhill and Toettcher, 2023). Elongation is likely
driven by a combination of proliferation and continued cell sorting
behaviour in a zone, directly anterior of the CDH1 high domain
(Underhill and Toettcher, 2023).

Taken together, germ layer organisation in gastruloids is reminiscent
of spatiotemporal events in gastrulating mouse embryos, but with a clear
difference in geometrical layout. Most likely, this is explained by the fact
that the developing gastruloid and embryo face very different spatial
and mechanical constraints.

5. Embryonic signalling in gastruloids

Gastruloids are excellent for quantitatively studying embryonic sig-
nalling during germ layer induction and organisation in three di-
mensions and over time (Suppinger et al., 2023). Importantly, it is well
established that each of the four pathways is active in gastruloids and
each pathway regulates distinct aspects of differentiation and/or
morphogenesis (Cooke et al., 2023; Suppinger et al., 2023; Turner et al.,
2017; Van Den Brink et al., 2014). Gastruloids are now also being
combined with approaches such as signalling specific lineage tracing, as
well as single cell sequencing techniques that shed light on signalling
activity (Anlas et al., 2024; McNamara et al., 2023). Below we will
highlight some of the insights obtained from these studies.

5.1. Wnt signalling

Wnt signalling plays a central role in the differentiation and orga-
nisation of gastruloids. This is first and foremost because Wnt stimula-
tion with CHIR99021 is used for robust formation of organised
structures. The effect of CHIR99021 is Wnt specific because it can be
replaced by recombinant WNT3A (Turner et al., 2017; Van Den Brink
et al., 2020). Perhaps unsurprisingly therefore, inhibition of Wnt sig-
nalling using multiple inhibitors from 48 haa shows that the pathway is
required for axial elongation and correct patterning (Suppinger et al.,
2023; Turner et al., 2017). However, co-incubation of CHIR99021 with
PORCN inhibitors, which prevent the secretion of endogenously pro-
duced WNT ligands, from 48 to 72 haa or incubation from 72 to 96 haa,
also results in impaired elongation and delayed polarisation of Tbxt
expression (Suppinger et al., 2023; Turner et al., 2017). This is coun-
terintuitive since any Wnt signalling directly induced by CHIR99021
between 48 and 72 haa should be insensitive to PORCN inhibitors.
Combined, this indicates that while CHIR99021 can provide the
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required Wnt pathway activation between 48 and 72 haa, endogenous
WNT ligand production is essential for gastruloid formation between 72
and 96 haa.

To elucidate the spatiotemporal activation of the Wnt pathway, re-
porter gene constructs containing TCF/LEF binding sites to drive
(destabilised) fluorescent proteins have been used. Prior to the pulse
with CHIR99021, very little Wnt signalling activity was found
(McNamara et al., 2023)(Fig. 3C). As expected, stimulation with
CHIR99021 results in high levels of signalling activation throughout the
structure (Van Den Brink et al., 2014) while at 72 haa, smaller, inde-
pendent clusters of cells with high TCF/LEF signalling levels can be
identified (McNamara et al., 2023). These gradually become restricted
to one side of the gastruloid around 96 h, until finally, only the cells in
the posterior tip are actively signalling around 120 haa (McNamara
et al., 2023). Importantly, throughout this time, the TCF/LEF responsive
domain overlaps with Tbxt expression which is in line with the notion
that Wnt signalling contributes to expression of the Thxt gene (Arnold
et al., 2000)(Fig. 3A,Q).

In a recent study, Wnt signalling activation was analysed using
pathway specific lineage tracing experiments (McNamara et al., 2023).
These experiments are based on mESCs containing Doxycycline (Dox)
dependent TF (rtTA) under the control of synthetic, pathway specific
promoters that induce CRE recombinase. For Wnt signalling the syn-
thetic promoter consists of TCF/LEF binding sites followed by a minimal
promoter. On top of this, a constitutively expressed, floxed, red fluo-
rescent protein (dsRED), followed by a green fluorescent protein (GFP)
was introduced. Thus, these mESCs switch from red to green whenever
signalling induced rtTA is present in combination with Dox. When
gastruloids are incubated with Dox this allows for the recording of sig-
nalling activity in specific time windows while obtaining a spatial
readout at later time points. Pulsing with Dox confirmed the low activity
of the pathway at 48 haa whereas pulsing at 72 for 3 h, resulted in nearly
all cells in the gastruloid being traced (McNamara et al., 2023)(Fig. 3C).
Tracing for a similar period starting at 96 or 108 h, also resulted in GFP
expression in most of the structure, except for the anterior pole. These
results demonstrate that Wnt signalling is active in most cells that
contribute to axis elongation.

5.2. Bmp signalling

Aggregated mESCs are competent to respond to BMP ligands since
incubation with recombinant BMP4 results in activation of Wnt signal-
ling followed by differentiation (ten Berge et al., 2008; Van Den Brink
etal., 2014). However, since gastruloids do not contain EXE, which is the
source of BMP4 in vivo, no endogenous Bmp signalling would be ex-
pected during gastruloid differentiation and morphogenesis. In the first
instance, the lack of endogenous Bmp signalling was supported by the
finding that gastruloids generated from a Bmp reporter mESC line
showed little to no activation of the reporter (Serup et al., 2012; Turner
et al., 2017). Immunostaining for pSmad1/5/9 corroborates this, as did
the finding that gastruloids grown in the presence of the selective Bmp
inhibitor DMH1 did not show an overt phenotype (Cooke et al., 2023).
However, Bmp signalling inhibition from 24 to 48 haa using DMH]1,
resulted in an increase in the number of PGC-like cells. Likewise, gas-
truloids generated from Bmprla knockout mESCs also resulted in
structures containing significantly more PGC-like cells. These observa-
tions are consistent with the recently elucidated role for Bmp activation
in the EXME, where Bmp signalling was shown to limit the number of
PGCs (Hadas et al., 2024). Thus, low levels of endogenous Bmp signal-
ling do seem to be present in developing gastruloids, with disruption
resulting in subtle cell fate changes at the micro-scale rather than in
tissue-level phenotypes.

As with Wnt signalling, Bmp signalling activity was also analysed
using pathway specific lineage tracing experiments (McNamara et al.,
2023). Recording of Bmp signalling for 3 h, just prior to 48 haa revealed
activity in a fraction of cells before Wnt stimulation (Fig. 3C). Spatial
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analysis of these cells revealed that cells with Bmp signalling activity at
48 haa, had become enriched at 120 haa on the posterior side of the
gastruloid where Wnt signalling levels are highest. Of note, pulsing with
Dox at later time points demonstrated that Bmp signalling was low to
non-detectable, either during (48-72 haa) or after CHIR99021 stimu-
lation (96 haa), further confirming its limited involvement during gas-
truloid development per se (Fig. 3C).

5.3. Nodal signalling

How the Nodal signalling domain develops in gastruloids has partly
been addressed using reporter gene constructs and immunofluorescence
staining for pSMAD2/3. Imaging of gastruloids generated from two
different mESC lines that contain reporter gene constructs for Nodal
activity demonstrated that the pathway is active in a fraction of cells in
24-48 haa gastruloids (Fig. 3C) (Turner et al., 2017). Tracing of cells
with active Nodal signalling confirmed spontaneous activation of the
pathway in a low number of cells at 48 h (McNamara et al., 2023). Of
note, the offspring of these cells preferentially become localised to the
anterior part of the gastruloid at 120 haa (McNamara et al., 2023).

At 72 h, directly after incubation with CHIR99021, Nodal signalling
is induced throughout the structure, indicating that induction of the
Nodal reporter is WNT dependent (Turner et al., 2017). In addition,
PSMAD2/3 staining at 78 h indicated that the entire structure is indeed
positive for Nodal signalling (Farag et al., 2024; Suppinger et al., 2023).
How the Nodal signalling domain develops after the 72 haa time point
awaits further analysis, but at 120 haa, a stable domain of Nodal gene
expression and corresponding signalling activity can be observed close
to the ventral posterior side of the gastruloid (Beccari et al., 2018;
Suppinger et al., 2023).

Chemical inhibition of Nodal signalling or mutation of Tdgfl blocks
axial elongation in mESC derived gastruloids, confirming that signalling
is functionally active and required (Suppinger et al., 2023; Turner et al.,
2017). Gastruloids generated from Tdgf1 knockout mESC lack polarised
Thxt expression at 120 haa whereas a core of presumably still pluripo-
tent, Sox2 expressing cells remained visible. Counterintuitively, these
gastruloids contained SOX17 positive cells, suggesting that Nodal sig-
nalling is not required for endoderm specification in gastruloids
(Cermola et al., 2022). This is unexpected, since in vivo the formation of
endoderm is absolutely dependent on Nodal signalling (Camus et al.,
2006). However, in other gastruloid studies, endoderm was reduced
following Nodal signalling inhibition with the small molecule inhibitor
SB-431542 (Farag et al., 2024) and could be induced by ACTIVIN-A (Van
Den Brink et al., 2014). Thus, as in mouse embryos, the induction of
endoderm in gastruloids also appears to be Nodal dependent.

The regulation of Nodal signalling in mouse gastruloids remains
largely uncharacterised. However, Nodal pathway reporters have shown
that a transient activation of the WNT pathway using a WNT agonist
stimulates the Nodal signalling cascade, as evidenced by the upregula-
tion of Nodal and its downstream antagonist Leftyl (Pour et al., 2022;
Turner et al., 2017). Furthermore, treatment of aggregates with BMP4
also induces Nodal expression (Xu et al., 2021). These findings suggest
that both BMP4 and WNT signalling pathways regulate Nodal expression
in gastruloids, consistent with observations in mouse embryos.

5.4. Fgf signalling

Fgf signalling plays an important role in gastruloid patterning and
elongation. The in vitro model has, for the first time, also allowed
research to address the relative importance of ERK and AKT signalling in
this context. Immunofluorescence using antibodies against pERK and
PAKT revealed the presence of a high posterior to low anterior signalling
gradients in 120 haa gastruloids (Suppinger et al., 2023; Underhill and
Toettcher, 2023). Whereas the gradient for pAKT was relatively ho-
mogenous, pERK staining showed a peak of higher staining, just anterior
of the main pERK domain (Fig. 3C). Interestingly, significant
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heterogeneity was also observed in the pERK levels on a cell-to-cell
basis, perhaps correlating with the dynamics of the pathway or differ-
ential sensitivity of individual cells.

Chemical inhibition of FGFRs, MEK and ERK demonstrated that ERK
mediated signalling is required for Tbxt expression in the posterior
domain (Suppinger et al., 2023; Underhill and Toettcher, 2023). These
experiments also revealed that AKT signalling is not induced via the
FGFR but rather by IGFR1. Receptor tyrosine kinase signalling is
generally well known for inducing proliferation. Indeed, Edu labelling
confirmed a gradient of proliferating cells that coincides with pERK and
PAKT staining, with higher levels of proliferation in the posterior half of
the structure. A polarised pattern of proliferation is also seen using Ki67
staining (Cermola et al., 2021). Inhibiting AKT- but not ERK- mediated
signalling reduced overall gastruloid size, suggesting that AKT drives
proliferation. In contrast, Fgf mediated ERK signalling patterns gas-
truloids through the regulation of SNAIL and CDH1 (Underhill and
Toettcher, 2023).

Thus, FGFR/ERK signalling patterns the elongating gastruloid in
conjunction with IGFR/AKT. It is likely that this occurs in a zone of
highly proliferative SNAIL positive cells that contribute to the anterior
outgrowth of the structure.

5.5. A conceptual model for signalling-induced gastruloid development

An important and central notion for understanding signalling in
gastruloids is that Wnt activation through the addition of CHIR99021,
induces Nodal and Fgf signalling (Suppinger et al., 2023; Turner et al.,
2017; Underhill and Toettcher, 2023). In addition, all three pathways
are required for lineage specification and the morphogenetic movements
that shape the overall gastruloid structure (Turner et al., 2017). More-
over, Thbxt expression likely depends on the combinatorial input of all
three pathways (Cermola et al., 2022; Suppinger et al., 2023; Underhill
and Toettcher, 2023). Thus, the GRNs that operate in vivo are, at least to
some extent, also operating in gastruloids. What is different in terms of
signalling from the in vivo situation is that in gastruloids, CHIR99021
bypasses BMP4 to initiate Wnt signalling. However, recombinant BMP4
can also activate Wnt and Nodal signalling in vitro and is capable of
inducing differentiation and organisation of the aggregate, demon-
strating that in its core, this part of the GRN is also conserved and
functional (ten Berge et al., 2008; Van Den Brink et al., 2014; Xu et al.,
2021).

So how do these data fit into a model for how signalling induces
patterning and organisation of gastruloids? Following induction with
CHIR99021, Wnt and Nodal signalling are active in most cells between
48 and 72 haa to initiate differentiation (McNamara et al., 2023; Turner
et al., 2017)(Fig. 3C), with Fgf signalling likely also being activated
(Suppinger et al., 2023). Directly downstream of these pathways, Tbxt is
induced, facilitating the exit of mESCs from pluripotency and inducing
differentiation towards mesoderm. Cells in the outer layers of the gas-
truloid experience higher levels of Wnt signalling, resulting in a gradient
of Thxt expression, with higher levels in the outer layers and lower levels
towards the centre (Gros et al., 2024). The core of the structure retains a
cluster of SOX2-positive, presumably pluripotent cells (Fig. 3C). From
72 haa onwards, a cell sorting mechanism segregates two cell pop-
ulations. The first is characterised by elevated Wnt signalling, high Thxt
expression, and increased levels of CDH1 protein. This population of
cells is gradually redistributed to the presumptive posterior side. The
remaining SOX2-positive cells are dispersed towards the presumptive
anterior, thus establishing a clear separation between anterior and
posterior domains within the structure (Anlas et al., 2024; Mayran et al.,
2023; McNamara et al., 2023)(Fig. 3B).

Following polarisation of the aggregate between 72 and 96 haa, a
stable Wnt signalling domain is maintained at the posterior tip until 120
haa (Fig. 3C). This domain likely arises from sustained expression of
Wnt3a, as observed in P19 -derived gastruloids (Marikawa et al., 2009).
Concurrently, an Fgf-induced gradient of pERK extends from posterior to
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anterior, likely driven by the induction of Fgf8 (Pijuan-Sala et al., 2019;
Underhill and Toettcher, 2023). Anterior to the Wnt signalling domain,
Fgf/ERK signalling induces Snail expression, while IGFR/AKT activity
maintains a proliferative zone that contributes to tissue outgrowth
(Suppinger et al., 2023; Underhill and Toettcher, 2023). Elongation of
the gastruloid is the result of a combination of high proliferation and
continuous cell sorting, driving anterior extension of the structure
(Underhill and Toettcher, 2023). The precise role of Nodal signalling in
this phase is not well defined; however, it is tempting to speculate it is
active just anterior to the posterior tip, since Foxa2 and Eomes, known
Nodal target genes, are enriched in this region, overlapping with Snaill
expression (Suppinger et al., 2023; Underhill and Toettcher, 2023)
(Fig. 3A).

Although Bmp signalling does not appear to make a major contri-
bution to overall patterning and morphogenesis, inhibition of Bmp sig-
nalling does increase the number of PGC-like cells, which demonstrates
that it is active and functional (Moris et al., 2020). Given the lack of
physical separation of EXME and embryonic mesoderm and endoderm in
the gastruloid model, some of the developmental processes, including
the specification of PGC-like cells, may occur at locations that are very
different from where they would take place in the normal embryo.

6. How computational models can close current knowledge gaps

As should be clear from the above, similarities and differences exist
when it comes to the precise role, regulation, and activity patterns of the
Bmp, Wnt, Nodal and Fgf pathways between mouse embryos and murine
gastruloids. Drawing analogies between the two systems remains chal-
lenging as the tissue-scale signalling context and the geometric shape
constraints and directional cell movements allowed, are quite different
when we compare the cup shaped embryo to the gastruloid. First and
foremost, therefore, it is important to realize that gastruloids essentially
model the PS itself (Turner and Martinez Arias, 2024), whereas in mouse
embryos the gastrulation movements occur within the context of the
larger embryo. A first major question therefore remains, which aspects
of gastrulation can and perhaps cannot be studied using this model
system. Those processes that are cell intrinsic, such as cell fate specifi-
cation, probably are better represented in gastruloids than those that
depend on global cues. One obvious limitation, for instance, is that more
anterior cell fates cannot be modelled using the standard gastruloid
culture conditions, as they require additional signals that are normally
provided by the AVE (Bardot and Hadjantonakis, 2020).

One of the major knowledge gaps that the gastruloid system will be
useful for, is uncovering how combinations of signalling induce cell fate
and behaviour. What is evident from work in gastruloids is that Wnt,
Nodal and Fgf signalling pathways are all active throughout the aggre-
gate, especially in response to CHIR99021. However, if and how this is
translated into discrete cell populations or cell states with different
signalling levels is still completely unclear and requires analyses on the
single cell level to measure relative signalling activity in individual cells.

Concurrent analyses of the signalling state and differentiation status
at the single cell level should also shed light on the regulation of critical
nodes that are essential in the process. This is of importance because
many of the key TFs involved in mesoderm and endoderm differentia-
tion are themselves regulated by multiple pathways. Tbxt for instance
has been described as a Wnt, Nodal and Fgf target in vivo, meaning that it
probably relies on their combinatorial input. Experiments in gastruloids
are confirming that all three pathways somehow contribute to the
expression of this central regulatory gene.

So, what really is the critical spatiotemporal requirement of these
signalling pathways? And how far do they really drive cell fate de-
cisions? As our tools and measurements become more sensitive and
quantitative, it becomes evident that even a seemingly uniform popu-
lation of pluripotent cells is, in fact, quite heterogeneous at the tran-
scriptional and protein level due to the intrinsic stochasticity of these
molecular processes. As a result, a single cell state such as pluripotency,
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can still accommodate a wide range of gene expression levels of sig-
nalling pathway components, as well as critical downstream factors such
as Thxt, with all cells still having the capability to become one cell type
or another (Bolondi et al., 2024). Here, in general, gastruloids will
finally help to shed light on if and how these cell-to-cell differences play
a role in the response to developmental signalling cues, and thus in
giving rise to a differentiating, organised structure.

With the advent of new single cell sequencing techniques, we are
moving into an era of multimodal analysis, with the opportunity to
simultaneously probe gene expression in combination with different
epigenetic marks (Zeller et al., 2024). Already, such studies have begun
to provide information on the interplay between the transcriptional and
epigenetic state and the associated cellular responses in the context of
gastruloid development (Suppinger et al., 2023). But several important
questions remain. For instance, when and how are subsets of cells
epigenetically and biochemically competent to respond to signalling
cues? How plastic or static are different cell states and what drives the
transitions between them? We anticipate that in the future, these ap-
proaches will help to build an understanding of how the epigenome
contributes to tissue morphogenesis.

Another intriguing research direction is the growing link between
metabolism and signalling during embryonic development. For instance,
it was recently found that two spatiotemporally resolved waves of
glucose uptake in epiblast cells regulate both cell fate specification and
mesoderm migration (Cao et al., 2024), with a possible link to Fgf/ERK
signalling. Given the difficulty of performing these studies in vivo, em-
bryo models are a promising tool to address this link because of the
relative ease of chemical manipulation. A good example is the use of
gastruloids to determine the role of mannose in inducing differentiation
(Dingare et al., 2024), which demonstrated that mannose directly im-
pacts Wnt signalling. These and other studies hint at the fact that we
should consider metabolic gradients in addition to signalling gradients,
as well as the interplay between the two.

Ultimately, gastruloids will also be important to explore changes in
physical and mechanical cell properties (Gorfinkiel and Martinez Arias,
2021). We know such changes are induced by different signalling gra-
dients and cellular interactions, but these processes have also been
difficult to study in vivo. For instance, the cell sorting behaviour between
CDH1 high and low cells in gastruloids can be visualized and tracked in
much more detail than has thus far been possible from in vivo analyses
(Hashmi et al., 2022; McNamara et al., 2023). Similar detailed mea-
surements can now also be made for other physical parameters with
respect to tissue morphogenesis. Whether these physical properties are
as well conserved between gastruloids and mouse embryos as the sig-
nalling and cell fate determination events appear to be remains to be
determined.

How the interplay between signalling gradients, mechanics, and
cellular interactions work will remain difficult to address experimentally
in vitro and/or in vivo. Here computational models can help fill the gaps.
Specifically, building explanatory models will help in reproduce our
current understanding of the system. Ultimately, these models will have
predictive power and can be used for in silico experimentation to aid in
discovering emergent behaviours. The real power of these models comes
when they are used alongside in vitro experimental systems that allow
perturbations for direct testing of causal mechanisms. As such, by
integrating signalling, cell behaviour and biophysical constraints, gas-
truloids in combination with computational modelling are expected to
lead to the discovery of currently hidden players and parameters,
important for symmetry breaking, germ layer specification and axial
patterning. This will likely also highlight the importance of chromatin
states and cellular heterogeneity.

In the final section we will highlight the different aspects and con-
siderations involved in building the multiscale computational models
that will allow us to answer if and how a minimal set of rules and players
can reproducibly give rise to a well-organised multicellular system in a
robust manner.
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7. Multiscale computational modelling of gastrulation

From a developmental biology perspective, computational modelling
can aid in uncovering what the rules and components are and how
stringent their timing and spatial activity must be. Specifically, the ab-
stractions required for and provided by a computational model can help
in understanding how multiple individual parts genes, signalling path-
ways, cells, and their interactions, interact across different scales.
Moreover, in silico experimentation provides a powerful approach to test
specific perturbations and determine cause and effect of in vivo phe-
nomena. This includes studying morphogenetic processes involved in
obtaining gastruloid shapes observed in vitro and mathematically
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describing them (de Jong et al., 2024). Finally, building a model greatly
helps in formulating questions with respect to individual components
and mechanisms present in the system that are directly linked to
observed phenomena. Through this iterative process, knowledge gaps
can be further defined, leading to specific experiments and/or data
mining, and ultimately to an incremental increase in understanding a
complex process. A more advanced, predictive, model further allows
new hypotheses and questions to be raised and can help develop ideas
for experiments to answer these questions.

For understanding the complexity of gastrulation using in vitro
models, computational modelling offers an ideal framework to combine
multiple aspects in so-called multiscale models. These models allow the
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Fig. 4. Different aspects of computational modelling of gastrulation. A) Visualisation of spatial scales representing the embryo during gastrulation: the micro-,
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a multiscale computational model for gastrulation. C) A selection of modelling frameworks for cells and gene regulatory networks (GRNs) arranged by complexity

and computational costs.
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integration of processes at various spatiotemporal scales, including gene
regulation, epigenetics, biochemical signalling and mechanics, cell
adhesion, cell division, cell movement and migration. As outlined in the
introduction, we broadly consider three spatial scales to guide imple-
mentation of computational modelling: the micro-scale, defined as all
processes occurring inside a single cell; the meso-scale, describing all
interactions between cells; and the macro-scale, representing the overall
3D shape of the gastruloid (Fig. 4A). We would like to stress that these
scales are not strictly separated, but they should aid in conceptual
thinking and are represented by different objects in computer models.
We will highlight relevant modelling formalisms, assumptions and in-
sights that can be obtained on each of these scales. Naturally, these
scales are interlinked, so the goal is to arrive at a multiscale model that
can simulate key developmental processes and allows the study of
emergent behaviours at all scales. Although the first 3D simulations of
gastruloid development have been described (de Jong et al., 2024), to
the best of our knowledge, 3D, multiscale computational models that
describe mammalian gastrulation are currently lacking. They are, of
course, also computationally more demanding than 2D models and it is
therefore likely that in the foreseeable future inferences will continue to
be made from 2D models as well. Therefore, the following sections will
include both 2D and 3D models of mammalian gastrulation and other
biological systems or developmental processes, and present general
frameworks that could potentially be employed to model mammalian
gastrulation in three dimensions.

7.1. Micro-scale

In a multiscale computational model for gastrulation, every indi-
vidual cell should be able to perform standard biological functions, such
as cell division and apoptosis (Fig. 4B). Each of these biological pro-
cesses adds complexity to the model since they are defined by additional
parameters. While cell growth may be simply encoded by parameters
considering growth speed and cell size restrictions, EMT and differen-
tiation are more complex as these alter cell identity. Furthermore,
modelling cell division requires drawing up rules on spatial positions of
daughter cells. Naturally, the implementation and complexity of these
biological functions varies across modelling frameworks, but these dif-
ferences are mostly outside the scope of this review. However, in models
for gastrulation, cells should also be able to differentiate into each of the
three germ layers. The latter process is driven by the signalling cues and
subsequent changes in GRNs that we describe in this review.

In cells, GRNs and signalling pathways can be represented by a range
of modelling frameworks, varying from highly abstract and less com-
plex, by omitting specific components, to less abstract and highly
complex, by including many molecular details (Fig. 4C). The choice of
the modelling framework typically depends on the type of available data
that is needed for parameter estimation, and the modelling goal. Making
models more mechanistically realistic comes at the cost of computa-
tionally expensive simulations and an increase in parameter space.
Broadly speaking, GRNs and signalling pathways can be represented by
discrete or continuous models. Discrete models are based on, usually
Boolean, logic with distinct states and continuous models are based on
differential equations (DEs). For a more complete overview of other
formalisms used in GRN modelling, we refer the reader to a recent re-
view (Barbuti et al., 2020).

Boolean networks are based on a qualitative classification that con-
siders genes or proteins as either ON or OFF or in some cases: OFF, LOW,
HIGH (Kaul et al., 2023), portraying a simple and abstract approach
(Fig. 4C). In these modelling frameworks simulation is performed along
pseudo-time. DEs introduce a concentration-dependent activation and
are simulated along real time. Still, the level of abstraction can be tuned
by the type of DE used. When a set of DEs represents realistic chemical
kinetics such as RNA and protein synthesis, it can be considered a highly
realistic, kinetic model. Yet, creating such a model for a GRN or sig-
nalling pathway is very challenging and may not align with either the
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modelling goals or the level of detail available in the experimental data.

A less complex type of the DE formalism is the Hill-type kinetic
model. Here, activity of a gene or pathway follows a sigmoidal function
that depends on multiple inputs (Ehsan Elahi and Hasan, 2018)
(Fig. 4C). This mathematical model was originally developed to study
ligand-receptor binding, but in practice, it can model any type of
“thresholded” or switch-type activation that is characterised by coop-
erativity and competition. This includes gene activation under the
control of activating and repressing TFs (Garcia-Guillen and El-Sherif,
2024). Another relevant subtype of the DE formalism in a develop-
mental context is reaction-diffusion (RD) modelling, first introduced by
Alan Turing in 1952 (Turing, 1990), but still used in recent modelling
studies (Etoc et al.,, 2016; Kaul et al., 2023; Tewary et al., 2017).
Reaction-diffusion models combine chemical kinetics and spatial diffu-
sion of morphogens. Combining RD models with GRNs is a logical
approach to incorporate the response to signalling on the micro-scale
(Kaul et al., 2023). In this approach, a multi-scale model of 2D embry-
onic tissue patterning inserts a minimal GRN in each “virtual cell”. These
cells are in turn placed in a virtual cell population, at which point RD is
used to model the signalling environment of the colony. This model
allowed the effects of in silico perturbations of components of the GRN
and signalling environment to be studied, and could be used to predict
their effect on patterning (Kaul et al., 2023). Other studies developed
models where signalling cascades involved in lineage decision-making
are more central (Saiz et al, 2020). This multi-scale modelling
approach has been used to simulate growth factor-mediated fate de-
cisions in the ICM of mammalian blastocysts. In this context, cell fate
decision-making is governed by a minimal network, represented by DEs.
Importantly, modelling of GRNs can expose emergent behaviour in these
networks that may be difficult to observe with currently available
experimental techniques. We expect that these types of models will be
extended to three dimensions as 3D model systems like gastruloids
become more robust and available.

7.2. Meso-scale

While GRNs represent the relevant regulatory pathways on a single
cell level, cells are the building blocks of the developing embryo.
Therefore, cell-based models are more appropriate to describe
patterning, symmetry-breaking and dynamics on the tissue-level
(Gorfinkiel and Martinez Arias, 2021). Over the last century, a large
body of research has been dedicated to describing cell-cell interactions
and communication, the chemical and physical properties of the extra-
cellular matrix, and cellular mechanics in mathematical equations
(DiMilla et al., 1991; Lenne and TIili, 2023). These descriptions can be
used to develop a multicellular model, as is done in an agent-based
(ABM) or cell-based modelling framework, an especially popular
formalism for the modelling of multicellular tissues. In these models,
cells are designated as agents that interact through, for instance, adhe-
sion, signalling and cellular mechanics, and with their environment.
This can be done either in a 2D or 3D embedding. Again, how a single cell
is simulated in the ABM depends on the modelling goal and data
available that can be used as input.

Cellular Potts models (CPMs), where cells are represented as a set of
connected grid points, are useful for elucidating the mechanics involved
in tissue dynamics, computational frameworks for these are for example
CompuCell3D (Swat et al., 2012) and Morpheus (Starru$} et al., 2014)
(Fig. 4C). These frameworks can model aspects such as elongation, axis
formation and EMT (de Jong et al., 2024; Hirway et al., 2022; Vroomans
et al., 2015). For example, a recent study used such models for elon-
gating gastruloids to show that the observed shapes are compatible with
convergent extension movements, governed by differential adhesion
and active cell movement (de Jong et al., 2024). They can also be used to
study signalling (Hirway et al., 2022; Mulberry and Edelstein-Keshet,
2020). As another example, the multiscale integration of several sub-
models for somitogenesis has been tested using CPMs, highlighting
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inconsistencies in the integration which lead to the development of new
sub-models (Hester et al., 2011). Also, cell sorting under the guidance of
contact-dependent cell signalling has been studied using CPMs leading
to fundamental insights into self-organisation (Mulberry and Edelstein-
Keshet, 2020).

However, from a computational point of view, these CPMs are more
demanding, as each cell is represented by multiple grid points and a set
of calculations must be performed for each grid point at each iteration
step. Less computationally demanding are cell center-based modelling
approaches including TiSim/CellSys (Hoehme and Drasdo, 2010),
Chaste (Bernabeu et al., 2009), PhysiCell (Ghaffarizadeh et al., 2018),
PhenoCellPy (Gianlupi et al., 2023) and Biocellion (Kang et al., 2014).
With these frameworks, cells are normally modelled as circles (2D) or
spheres (3D) and interactions with neighbours are considered from the
centre of these shapes (Fig. 4C). In its most basic form, this results in
short-range repulsion between centres when cells start to overlap, and in
attraction between centres outside this range, thus representing cell
adhesion. Of course, many other assumptions can further shape the
mathematical descriptions of centre-based models. EmbryoMaker
(Marin-Riera et al., 2016) is another, albeit slightly more complex,
framework that differentially encodes epithelial (a set of rods) and
mesenchymal (a set of nodes) cells, as well as the ECM. Between each of
these components, specific mechanical interaction modes are specified
(Hagolani et al., 2021). The same framework also allows EMT, cell
contraction and ECM secretion to be simulated. The Biocellion frame-
work provides similar functionalities, although the user is responsible
for providing the mathematics for the cell shape and mechanical in-
teractions (Kang et al., 2014).

Another framework, MecaGen (Delile et al., 2017), couples force-
based cell mechanics and genetic regulation in a 3D framework,
defining specific cell archetypes with distinct behaviours. The simulated
cells are based on so-called Voronoi tessellation, in which the space is
subdivided into cells with the cell centre locations being determined by
the resulting forces on this cell (Fig. 4C). MecaGen even allows the
simulation of cell protrusions and cell polarisation due to the more
detailed encoding of cell shapes. While such elaborate 3D ABMs are
attractive for multiple reasons, it should be noted that minimal 2D
models have also been useful in providing supporting evidence. One
example is the crucial role of Nodal in mesoderm and endoderm inter-
nalization during zebrafish gastrulation through local unjamming
(Pinheiro et al., 2022). Altogether, these cell-based models highlight the
intricate interplay between mechanics and the major signalling path-
ways during development.

7.3. Macro-scale

The macro-scale is more complex to define, given that much of the
behaviour on this scale is the result of emergent behaviour from pro-
cesses at the micro- and meso- scales. On the macro-scale, we consider
the 3D tissue structure of the embryo, or gastruloid, and the environ-
ment it is in (Fig. 4A). It is clear that in vivo and in vitro models can
diverge considerably at the macro scale since physical constraints and
signalling from adjacent tissues are important in vivo, but not necessarily
so for in vitro gastruloids.

Minimal perturbations at the micro- or meso-scale can result in
emergent behaviour in the system, while, in turn, macro-scale tissue
constraints or dynamics can impact the other scales. For example, cell
rearrangements and cell proliferation can drive crowding in the struc-
ture and influence cellular surface tension. Variations in surface tension
can consequently alter mechanical signalling and affect the molecular
cell state (Foty et al., 1996). Recent work on human blastomeres has
linked cell contractility to cell surface tension and demonstrated that cell
contractility is required for embryo compaction (Firmin et al., 2024).
Furthermore, effort is put forward to generate 3D force atlases for early
mouse embryos (Ichbiah et al., 2023). Comparable direct physical
measurements have not yet been done, and will be difficult to perform,
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on post-implantation mouse embryos. We expect computational simu-
lation to assist in studying these macro-scale phenomena in peri- and
post-implantation embryos by generating testable predictions. This does
require that emphasis should be placed on the quantitative nature of
such simulations, which requires high-quality biological data
(Dokmegang et al., 2021).

In addition to the overall 3D biomechanics, the environment of the
embryo model can also be classified as macro-scale. In the preceding
sections of this review, we have already highlighted the spatiotemporal
signalling dynamics, including the gradients and signalling centres that
produce and secrete various agonists and antagonists, as critically
depending on the extraembryonic environment. The previously
mentioned MecaGen framework incorporates ligand secretion in its gene
regulatory module, alongside extracellular ligand diffusion and trans-
port (Delile et al., 2017). In this framework, the transport and diffusion
are represented by partial DEs.

The RD models are also relevant on the macro-scale since global
patterns arise because of communication on the meso-scale. This type of
model, coupled with elasticity equations has been used to explain ring
patterns in 2D geometrically confined human pluripotent stem cell-
derived micropatterns (Zhao et al., 2021). These ring patterns could
also be explained by introducing periodic waves of signals. Specifically,
by simulating Bmp and WNT activity as spatiotemporal waves, regulated
by inhibitory factors NOGGIN and DKK, respectively, ectodermal
patterning towards neural crest and epidermis emerged, consistent with
experimental observations (Xie et al., 2020). These studies confirm that
developmental GRNs involving positive and negative feedback loops
play a role in patterning in different contexts.

Obviously, when it comes to their actual shape, the developing
mouse embryo and the developing gastruloid are quite different, since
the in vivo environment and the resulting physical constraints are highly
dissimilar. Thus, macro-scale patterning in gastruloids may occur in
different shapes than it would in the embryo, but if the model can pre-
dict these shapes, this will provide fundamental understanding of the
underlying governing principles that may be extrapolated to the in vivo
model system for further studies.

7.4. Towards a multi-scale model

Many of the studies referred to in this section use multi-scale models.
They combine assumptions and data from the micro-, meso- and macro-
scales. The development of an integrated or multi-scale model for gas-
truloids undoubtedly will require an iterative process of finding
knowledge gaps, making predictions and testing these in the lab. Since a
model is based on assumptions, careful decision-making, and high-
quality data with sufficient detail to inform these assumptions and
help specify parameters are needed. The relative ease with which gas-
truloids can be experimentally perturbed, combined with single cell
methods, advanced imaging and other state-of-the-art data acquisition
can provide just that. Computational modelling can thus be a powerful
approach to provide a truly integrated view on the temporal and spatial
scales at which a developing embryo organises itself. Such has been
demonstrated in 3D already for mammalian blastocysts (Cang et al.,
2021), sea urchin embryos (Rizzi and Peyrieras, 2013) and zebrafish
embryos (Delile et al., 2017). We envision that bringing together the
findings over the last decades on the four core signalling pathways with
the more recent surge in biomechanical findings may lead to a better
understanding of the underlying governing principles and critical mo-
lecular nodes and should spark novel insights.

The four signalling pathways that are the centre of this review are
evolutionarily highly conserved. Despite remarkable differences in 3D
organisation of gastrulating embryos across different organisms, the
cellular behaviours that are induced by these pathways may also, to
some extent, be conserved. If that is the case, then one can imagine that
it would be possible to model germ layer formation and cell sorting in
gastruloids and to then develop species-specific models by adding the
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developmental constraints of other organisms on top. What would
happen if we would introduce a cavity (blastocoel) or an enveloping
layer (VE) to an ABM that can explain and predict organisation of the
different germ layers over time in gastruloids? Would this yield cell
behaviours and migration trajectories that are more recognizable as
mouse gastrulation? Perhaps only then will we truly understand the
mechanisms of the “substances” referred to by Hans Spemann and Hilde
Mangold a century ago.
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