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Abstract

During mouse embryonic development a mass of pluripotent epiblast tissue is transformed during
gastrulation to generate the three definitive germ layers: endoderm, mesoderm, and ectoderm.
During gastrulation, a spatiotemporally controlled sequence of events results in the generation of
organ progenitors and positions them in a stereotypical fashion throughout the embryo. Key to the
correct specification and differentiation of these cell fates is the establishment of an axial
coordinate system along with the integration of multiple signals by individual epiblast cells to
produce distinct outcomes. These signaling domains evolve as the anterior-posterior axis is
established and the embryo grows in size. Gastrulation is initiated at the posteriorly positioned
primitive streak, from which nascent mesoderm and endoderm progenitors ingress and begin to
diversify. Advances in technology have facilitated the elaboration of landmark findings that
originally described the epiblast fate map and signaling pathways required to execute those fates.
Here we will discuss the current state of the field and reflect on how our understanding has shifted
in recent years.
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Introduction:

Normal embryonic development is the outcome of a sequence of stereotypical and

coordinated cell fate decisions and morphogenetic events. While the early mouse embryo is

highly plastic and resilient to perturbations, failure during key stages results in defects that
are often incompatible with life. As such, the reliable and reproducible execution of key
developmental steps including, (1) anterior-posterior axis patterning, (2) exit from

pluripotency and specification of the definitive germ layer identities, and (3) diversification

of these germ layers into organ identities are critical for successful reproduction. These three
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key events converge in the early mouse embryo during gastrulation, when cells of the
pluripotent epiblast separate into the three germ layers: ectoderm, mesoderm, and endoderm,
with cells assigned to the latter two germ layers undergoing an epithelial-to-mesenchymal
transition (EMT) which facilitates their spatial relocation within the embryo.

Gastrulation in the mouse occurs mainly over three days from embryonic day (E) 6.25 to
E9.5, with the anterior-posterior (AP) axis being patterned just prior to the onset of
gastrulation and lineage diversification continuing thereafter. Each of these steps involves
the coordination of signaling cross-talk between adjacent tissue layers, integration of
multiple signals by individual cells within populations, along with cell movements to
achieve a reproducible allocation of cell identities and cell positions throughout the embryo.
EMT occurs throughout gastrulation at the primitive streak, a morphologically identifiable
signaling hub that is positioned at the posterior epiblast (Tam et al., 1993; Williams et al.,
2012). Cells that emanate from the primitive streak during gastrulation are patterned into
progenitors for multiple organ systems as they relocate away from the primitive streak.

The mouse embryo comprises a radially symmetrical cup-shaped pluripotent epiblast
positioned distally, and proximal extra-embryonic ectoderm (EXE, also referred to as
trophoblast, which will form the fetal portion of the placenta), enveloped in a layer of extra-
embryonic visceral endoderm (VE, also referred to as hypoblast, which forms extra-
embryonic membranes). This architecture, which is specific to rodents, is structurally
distinct from other amniotes, such as human and chick, which display a disc-shaped epiblast
structure. While the geometry of embryos across species differs at the onset of gastrulation,
there are many similarities and the apposition of epiblast, VE and EXE tissues appears
conserved. Strikingly, the fate maps for zebrafish, chick, and mouse show a similar pattern,
with, for example, cells in close proximity to the primitive streak (or its equivalent structure)
before gastrulation being destined for future anterior positions (Garcia-Martinez and
Schoenwolf, 1993; Keegan et al., 2004; Kinder et al., 2001a; Tam et al., 1997). Furthermore,
the signaling pathways that pattern the primitive streak and its derivatives are also
conserved, with knowledge gleaned in the mouse embryo having been used to develop
mouse and human pluripotent stem cell (PSC) directed differentiation protocols (Murry and
Keller, 2008). Recent advances have led to the development of /n vitro models of
gastrulation, such as micropattern differentiation, suspension aggregate gastruloids, and
synthetic embryos, which may allow for deconvolution of signaling and cell-cell
interactions, and higher-throughput screening of developmental mechanisms (Hadjantonakis
etal., 2020).

The foundation of our knowledge regarding mouse gastrulation was established around 30
years ago, when the fate and developmental potential of the pluripotent epiblast was
regionally mapped (Lawson et al., 1991; Tam and Beddington, 1987). Since then, the field
has worked to dissect the molecular mechanisms involved in each step of gastrulation and
has characterized a number of cardinal pathways and gene-regulatory networks involved in
some detail. As available technology has advanced, we have come to understand how
gastrulation and early organogenesis occurs in increasing resolution. The advent of advanced
imaging, single-cell analyses, and spatial transcriptomics techniques have been a particular
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boon, enabling the capture of dynamics across the entire embryo in ways previously not
possible.

Turning an axis on its head: establishing the anteroposterior axis.

During the window between implantation and gastrulation, at around E5.5, the embryo is
comprised of three epithelial populations: a mass of pluripotent epiblast cells, the supportive
extra-embryonic ectoderm (EXE), and an enveloping layer of visceral endoderm (VE)
(Figure 1). At this time the pre-gastrula epiblast is radially symmetrical and the maternally
oriented proximal-distal (PD) axis provides spatial information for the early embryo. The
VE can be divided into embryonic VE (emVE), which overlies the distal epiblast, and extra-
embryonic VE (exVE), which covers the EXE. Gastrulation will result in the formation of
the first mesenchymal populations, as cells undergo epithelial-to-mesenchymal transition
(EMT) at the primitive streak, and the organization of these cells into germ layers. Thus, the
establishment of the AP axis is key for delimiting the location of the primitive streak, as well
as subsequent allocation of cells along the anteroposterior (AP) axis as the germ layers are
specified and undergo massive cell proliferation.

Successful initiation of gastrulation depends on a stepwise process that includes the
specification of a distal visceral endoderm (DVE) population within the VE at the distal pole
of the conceptus, subsequent movement of the DVE to the future anterior side of the
embryo, and concomitant formation of anterior visceral endoderm (AVE). Completion of
these steps results in the restriction of the domain which will give rise to the primitive streak
to the proximal posterior pole of the embryo. These processes involve activation and
inhibition of multiple signaling pathways that organize the embryo in three-dimensional
space over time, with each successive step modifying the signaling landscape of the embryo
and resulting in regions with unigue combinations of signals. Therefore, failure to complete
any of these steps often results in severe patterning delays or a failure to gastrulate and
nonviable embryo development.

DVE cells are specified from a subset of emVE based on exposure to low levels of Nodal
signaling (Arnold and Robertson, 2009; Lu and Robertson, 2004; Takaoka et al., 2017). The
proximal epiblast secrets pro-NODAL, which is converted to NODAL by the FURIN and
PACE4 convertases in the proximally located extra-embryonic ectoderm (EXE), thereby
creating a PD gradient of active NODAL (Ben-Haim et al., 2006). BMP4 secreted from the
EXE acts to inhibit formation of the DVE, further restricting it to the distal pole (Yamamoto
et al., 2009). The DVE subsequently expresses the Nodal inhibitors CER1 and LEFTY1
through a mechanism that depends on the downstream Nodal effector SMAD2, thereby
reinforcing the Nodal signaling gradient (Yamamoto et al., 2009). The DVE population of
cells migrates proximally through a RacZ-based actin cytoskeleton-dependent mechanism,
where the direction of migration of this collective of cells will determine the future anterior
of the embryo (Migeotte et al., 2010; Omelchenko et al., 2014; Srinivas et al., 2004).
Imbalances in LeftyI expression have been shown to be predictive of DVE migration
direction, and Nodal signaling may be required to maintain DVE/AVE migration (Kumar et
al., 2015; Takaoka et al., 2006; Yamamoto et al., 2009). However, much of this process
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remains unclear and the details surrounding DVE collective cell migration are a subject of
active research.

It was previously believed that the DVE was directly converted into AVE upon migration,
due in part to similarities in gene expression, morphology, and location of the two
populations. It has since been shown by genetic lineage tracing with LeftyI that the AVE is
derived from a visceral endoderm population that lies just caudally to the DVE (Figure 1)
(Takaoka et al., 2011). Furthermore, ablation of Fomesin the VE disrupted specification of
the AVE without impacting formation of the DVE (Nowotschin et al., 2013). The formation
and migration of AVE are influenced by global cell movements within the visceral endoderm
that are triggered by DVE migration, as well as by high proliferation rates within the AVE
(Abe et al., 2018; Antonica et al., 2019; Shioi et al., 2017). AVE maintains expression of
CER1 and LEFTY1, and expresses the marker Hhex (Hoshino et al., 2015; Thomas et al.,
1998). In addition, the AVE expresses the Wnt inhibitor DKK1, which restricts the signaling
domain of WNT3a originating from the posterior epiblast and VE (Hoshino et al., 2015;
Kimura-Yoshida et al., 2005). Thus, the AVE restricts the signaling domains of Nodal and
Whnt to the proximal/posterior and posterior sides of the embryo, respectively, resulting in a
two-dimensional gradient (Belo et al., 1997; Kemp et al., 2005; Perea-Gomez et al., 2002).
In mutants that exhibit a failure in the specification or migration of the AVE, the primitive
streak forms as a radial ring positioned at the proximal epiblast (Norris et al., 2002;
Nowotschin et al., 2013). Therefore, signaling cross-talk across the AP axis is critical for
proper positioning of the primitive streak to the epiblast at the posterior pole of the embryo.

While recent findings have expanded upon our understanding of this sequence of events, a
number of open questions remain. Whether there are determinants of AP patterning present
prior to the migration of the AVE remains elusive. Asymmetric Nodal signaling may
influence the direction of DVE/AVE migration, though how a Nodal imbalance induces
migration and whether additional signals act on the DVE/AVE remain to be determined
(YYamamoto et al., 2004). Newly developed optogenetic approaches may enable a detailed
analysis of the mechanical forces that drive DVE/AVE intra-epithelial migration and a better
understanding of the cohesion of these populations (Ollech et al., 2020). Finally, it will also
be of interest to learn whether and when heterogeneity within the DVE and AVE arises,
something which has become feasible with new imaging and transcriptomic technologies.

Breaking free: EMT at the primitive streak.

Starting at E6.25 the primitive streak can be identified morphologically as cells begin to
undergo epithelial-to-mesenchymal transition (EMT) and delaminate from the epiblast. EMT
in the primitive streak is highly coordinated and is regulated by signaling pathways
including Wnt, BMP, and FGF (Figure 1) (Ciruna and Rossant, 2001; Ciruna et al., 1997;
Huelsken et al., 2000; Mohamed et al., 2004; Sun et al., 1999; Winnier et al., 1995).
Exposure to the correct combination of signals initiates expression of a transcription factor
network that triggers the switch from E- to N-Cadherin expression, adoption of a
mesenchymal state and subsequent migration of cells away from the primitive streak.
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Fgf4 becomes restricted to the primitive streak at the onset of gastrulation and is dependent
on Fgf8for maintained expression (Niswander and Martin, 1992; Sun et al., 1999). While
gastrulation can initiate in the absence of FGF signaling, mutations in the genes encoding
the FGF signaling components Fgf4, Fgf8, or Fgfrl result in an inability to complete EMT,
and cells fail to migrate away from the primitive streak (Ciruna and Rossant, 2001; Ciruna et
al., 1997; Sun et al., 1999). Fgf5is also expressed throughout the epiblast during mid
gastrulation (Hebert et al., 1991). While mice null for Fg75 do not display a gastrulation
phenotype, it is unclear whether Fgf5 plays a functional role that is compensated for through
redundancy of other ligands (Hébert et al., 1994). New data suggests that the Hedgehog
pathway may mediate FGF signaling in the primitive streak region, potentially explaining
the mesoderm defects observed in Hedgehog pathway mutants (Guzzetta et al., 2019; Zhang
et al., 2001). Embryos lacking Bmp4 or the receptors Alk2, Alk3, or Bmprll arrest during
gastrulation, due to defects in AVE specification and primitive streak formation, and lack
mesodermal lineages (Beppu et al., 2000; Gu et al., 1999; Lawson et al., 1999; Mishina et
al., 1999, 1995; Winnier et al., 1995). Asymmetric canonical Wnt signaling activity is
predictive of primitive streak location (Mohamed et al., 2004). Furthermore, embryos
deficient for p-Catenin are unable to correctly pattern the AP axis and Wnt3 mutants fail
during gastrulation (Huelsken et al., 2000; Liu et al., 1999; Tortelote et al., 2013; Yamaguchi
etal., 1999). Suppression of E-Cadherin levels in Fgfr1 mutant embryos was able to restore
formation of the primitive streak, suggesting a direct connection between FGF, Wnt, and E-
Cadherin (Ciruna and Rossant, 2001).

The primitive streak expresses a number of transcription factors throughout gastrulation.
Successful induction of EMT relies on expression of the transcription factors £omesand
Snail1, which target and repress E-cadherin (Arnold et al., 2008; Cano et al., 2000; Costello
etal., 2011). Snail1 is expressed in nascent mesoderm, but not definitive endoderm, and loss
of Snaill results in accumulation of mesoderm in the primitive streak region while any cells
that leave the primitive streak retain an epithelial identity (Carver et al., 2001; Pérez-
Gonzalez et al., 2018). Sox2is downregulated in the primitive streak epiblast just prior to
Snaill expression, a switch that is necessary but not sufficient for mesoderm migration
(Acloque et al., 2011; Bazzi et al., 2017; Ramkumar et al., 2016). Mutants that lack or
misexpress £omes do not specify definitive endoderm or cardiac mesoderm, and fail to form
a morphological node (Arnold et al., 2008; Costello et al., 2011; Simon et al., 2017). The
transcription factor Brachyury/ 7 reliably marks the mesoderm-producing posterior of the
streak throughout gastrulation. 7bx6is expressed in a similar domain, and maintenance of
Tbx6 expression is dependent on 7 (Chapman et al., 1996). The primitive streak is also
marked by Mix/1, which may act to restrict the 7 expression domain (Hart et al., 2002). In
the absence of 7, posterior mesoderm is specified but fails to exit the primitive streak,
resulting in an accumulation of cells at the tail bud and a loss of posterior somites (Rashbass
etal., 1991; Wilson et al., 1995). Despite the mild gastrulation phenotype in 7 mutants, 7
and £omes have been shown to increase accessibility of mesoderm and endoderm genes
while repressing the pluripotency and ectoderm programs (Tosic et al., 2019). FoxaZ2, which
marks an anterior region of the primitive streak that gives rise to definitive endoderm, is also
key for patterning the primitive streak epiblast. Foxa2 mutant embryos lack an organized
node and suffer from neural tube patterning defects but are capable of forming definitive
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endoderm (Ang and Rossant, 1994). The expression domains of 7and FoxaZ2are partially
overlapping, and cells that co-express 7and Foxa2 may give rise to a subset of cardiac
mesoderm early during gastrulation and axial mesoderm during late gastrulation (Bardot et
al., 2017; Burtscher and Lickert, 2009).

The first morphological event during the gastrulation EMT is the breakdown of the basement
membrane that separates the epiblast and VE in the primitive streak region (Nakaya et al.,
2008; Williams et al., 2012). Basement membrane removal triggers a loss of cell polarity,
apical junction dissolution, and completion of EMT in a Crumbs2-dependent fashion
(Ramkumar et al., 2016). Recent live imaging studies suggest that non-apical cell division
within the posterior primitive streak contributes to gastrulation cell ingression through
mitotic cell-rounding (Despin-guitard et al., 2020). These processes initiate at the proximal-
posterior epiblast, with the primitive streak elongating anteriorly until it reaches the distal
pole of the embryo. The newly specified mesoderm migrates between the epiblast and VE as
morphologically identifiable wings that wrap laterally around the embryo and eventually
meet at the anterior side. The definitive endoderm appears to retain E-cadherin expression,
albeit isotropically, and, rapidly undergoes a mesenchymal-to-epithelial transition (MET)
redistributing E-cadherin anisotropically as it intercalates into the visceral endoderm layer
(Kwon et al., 2008; Viotti et al., 2014). This suggests the possibility that the definitive
endoderm undergoes partial EMT, which may be executed by £omes in regions that lack of
Snaill expression (Acloque et al., 2011; Pérez-Gonzalez et al., 2018; Viotti et al., 2014).
Epiblast cells exit the primitive streak continuously throughout gastrulation, proliferating to
rapidly expand the embryo. As such, the remaining epiblast proliferates and is displaced into
the EMT-inducing signaling environment to replace recently departed cells (Lawson and
Schoenwolf, 2001; Williams et al., 2012).

The biomechanical aspects of pluripotency control and gastrulation initiation are of
increasing interest to the field. There has been a recent burst of studies investigating how
stem cells integrate their signaling environment, matrix stiffness, and external forces into
cell state changes (recently reviewed in Kumar et al., 2017). The early embryo undergoes a
series of dramatic shape and extracellular matrix (ECM) changes, including during the
period surrounding gastrulation, which changes both the rigidity and signal presentation of
the surrounding cells (reviewed in Sutherland, 2016). How the composition of the ECM
changes during gastrulation and how that makeup influences cell behaviors remains to be
fully elucidated, though recent studies have shown that local cell confinement and tension
influence asymmetrical 7 expression /n vitro (Blin et al., 2018; Muncie et al., 2020).
Advances in live imaging, optogenetic perturbations and /7 vivo fluorescent force-sensors
should enable the study of how force changes influence fate decisions during gastrulation
initiation in the coming years.

From fate maps to destinations: how epiblast cells find their way.

Cells of the epiblast remain highly plastic at least until they pass through the primitive
streak, as demonstrated through grafting experiments (Tam et al., 1997). Specifically,
epiblast cells from multiple locations and stages could be grafted to different positions
(orthotopic grafting) and would acquire fates similar to their neighbors. Conversely, cells
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that have already passed through the primitive streak become fate restricted and show
limited potential after transplantation back into the epiblast. Thus, during normal
development movement through the primitive streak acts as a determinant of cell fate
acquisition, rather than the age or position of epiblast cells.

However, while cells of the epiblast are not committed to particular fates, their position
relative to the primitive streak is highly predictive of their ultimate fate. These fate maps are
highly reproducible and show similarity to other organisms, particularly the chick.
Generally, the position of cells within the epiblast is inversely related to their location later
during development and, due to the minimal neighbor exchange within the epiblast
epithelium, gastrulation essentially flips their anteroposterior arrangement (Figure 2). For
example, the posterior epiblast will contribute to the cranial and cardiac mesoderm, which
migrates to the anterior side of the embryo, while the anterior epiblast will contribute to the
ectoderm (Kinder et al., 1999; Lawson et al., 1991; Lawson and Pedersen, 1992; Quinlan et
al., 1995; Tam and Beddington, 1987). Additionally, cells that meet at the midline maintain
their left vs. right orientation, and new data from the chick posits a role for the ECM and
programmed cell death in maintaining ipsilaterality (Maya-Ramos and Mikawa, 2020). This
roadblock may serve as an important mechanism to maintain left-right asymmetry, a key
axis patterning event in all bilateral organisms (reviewed in: Komatsu and Mishina, 2013;
Namigai et al., 2014). Thus, fate acquisition in the epiblast depends on a logic-based
allocation of cells that correlates their starting positions with their respective destinations.

During early gastrulation (E6.5) the primitive streak is formed in a region of high BMP,
Whnt, FGF, and Nodal signaling (Brennan et al., 2001; Ciruna and Rossant, 2001; Conlon et
al., 1994; Huelsken et al., 2000; Liu et al., 1999; Mishina et al., 1995). Correct patterning of
the anterior mesoderm relies on FGF signaling, the absence of which causes mesoderm
migration and somitogenesis defects (Yamaguchi et al., 1994). Cells that ingress from the
early streak, including the cranial and cardiac mesoderm, are exposed to high levels of these
signals (Conlon et al., 1994; Klaus et al., 2007). The extra-embryonic mesoderm and
primordial germ cells (PGCs), which represent the posterior-most cells formed, rely on high
BMP signaling and must be shielded from Nodal activity (Lawson et al., 1999). BMP and
Nodal are cross-inhibitory in PGCs, which migrate proximally away from the Nodal
signaling source (Senft et al., 2019). Cranial and cardiac mesoderm migrate anteriorly,
forming the leading edge of the mesodermal wings (Kinder et al., 1999, 2001a; McDole et
al., 2018). The migratory behavior of these early mesodermal subtypes are also distinct, with
embryonic mesoderm being faster and more directional than extra-embryonic mesoderm
(Saykali et al., 2019).

As gastrulation progresses and the primitive streak elongates and extends distally Nodal
expression remains confined to its anterior domain, eventually being expressed from the
distally located node of the embryo (Conlon et al., 1994; Norris and Robertson, 1999). BMP
remains highly expressed at the posterior of the embryo and the physical separation of the
EXE and the node, brought about by the elongation of the streak, yields unique zones of
signaling that act to pattern cell types as they are formed. During mid gastrulation (E7.5) cell
fates are determined by the balance of BMP and Nodal as cells ingress through different
positions along the AP axis, and these pathways act in a cross-inhibitory fashion during this
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window (Vincent et al., 2003; Winnier et al., 1995). Thus, the rapid proliferation within the
embryo and the associated geometric changes result in a dynamic signaling environment that
exposes cells to different combinations of signals throughout gastrulation (Figure 2).

The specification of lineages occurs in a posterior-to-anterior primitive streak arrangement,
with lateral plate mesoderm forming from the posterior primitive streak, followed by
intermediate mesoderm, anterior paraxial mesoderm, axial mesoderm, and eventually
definitive endoderm from the anterior primitive streak (Lawson et al., 1991; Tam and
Beddington, 1987). Whereas the lateral plate mesoderm and posterior primitive streak
derivatives require high levels of BMP, definitive endoderm specification requires sustained
Nodal signaling. Consistent with the anterior to posterior specification of mesoderm, the gut
endoderm is formed in a similarly organized fashion (Lawson et al., 1987; Tam and
Beddington, 1992). Anterior definitive endoderm is specified early and contributes to the
foregut endoderm, while the mid- and hindgut are derived from later-specified definitive
endoderm (Franklin et al., 2008; Lawson et al., 1986; Tam et al., 2007). The nascent gut
endoderm precursors cover the surface of the embryo and will subsequently involute along
the AP axis to form the gut tube.

The final stages of gastrulation are coordinated with the initiation of neurogenesis, including
the specification of neuromesodermal progenitors (NMPs) and the morphogenetic resolution
of the primitive streak. The anterior somites originate from paraxial mesoderm formed in the
anterior primitive streak during gastrulation (Cambray and Wilson, 2007; Tam and
Behringer, 1997). However, NMPs are long-perduring progenitors that contribute to the
somites and spinal cord during axial elongation, and some early-specified NMPs have been
shown to contribute to all somite levels (Tzouanacou et al., 2009). A population of NMPs
formed near the tail bud subsequently contributes to neurectoderm of the trunk and
additional paraxial mesoderm during what could be considered “secondary gastrulation”
(Tzouanacou et al., 2009). The presence and contribution of this common progenitor to the
spinal cord and somites is consistent with the late allocation of cells along the length of the
embryo (Metzis et al., 2018; Tzouanacou et al., 2009). Recent data supports the late
commitment of NMPs to either mesoderm or neurectoderm fates, showing that expansion
and distribution of NMPs occurs prior to differentiation (Metzis et al., 2018).

Gastrulation concludes its initial phase at E9.5 as the primitive streak is resolved and
ingression of additional cells ceases (Wilson and Beddington, 1996). The primitive streak of
the late gastrula contributes to the ventral ectodermal ridge (VER), a thickened structure at
the posterior of the early tailbud stage embryo. Formation of the VER occurs concomitantly
with the initiation of neuropore closure, and these events mark the final stages of
gastrulation. Upregulation of Noggin within the tail ventral mesoderm underlying the VER
acts to inhibit BMP signaling in the late primitive streak region (Ohta et al., 2007). This
inhibition acts to suppress the EMT-inducing activity of BMP, leading to restoration of E-
cadherin expression in that region.

This detailed understanding of cell fate allocation is built on a series of advances made over
thirty years ago. The development of techniques to culture embryos ex vivo, label specific
regions of cells, and visualize their subsequent contributions provided the blueprint for
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further studies that determined the genetic regulators of gastrulation (Lawson et al., 1991,
1987; Tam and Beddington, 1992, 1987). The advent of genetic lineage tracing and
fluorescent markers have bolstered these findings, and high resolution live imaging will
continue to fill in the gaps in our knowledge of how cells get from origin to destination
(Harrison and Perrimon, 1993; McDole et al., 2018; Nowotschin et al., 2019a). Furthermore,
new transcriptomic and bioinformatic techniques have revealed the lineage trajectories of
single cells and their gene expression changes during development (Nowotschin et al.,
2019b; Peng et al., 2019; Setty et al., 2019). As these technologies continue to advance
further we will only better understand how cell fate changes occur and the cell-cell
interactions that mediate those decisions (Alemany et al., 2018; Chan et al., 2019; Giladi et
al., 2020; McKenna et al., 2016).

Diversify and conquer: preparing for organogenesis.

Concomitant with gastrulation, newly specified cells further differentiate from the parental
germ layers into progenitors for various organs and tissues. The time and position at which a
given cell passes through the primitive streak dictate not only the signaling environment the
cell is exposed to in the vicinity of the primitive streak, but also as it subsequently moves to
its final destination. For example, cardiac mesoderm is specified from the early primitive
streak where it is exposed to the BMP, Nodal, and Wnt pathways. As it migrates anteriorly,
the cardiac mesoderm moves into a Wnt-inhibitory region established by the anterior
endoderm (Figure 3a) (Cohen et al., 2012; Marvin et al., 2001; Schultheiss et al., 1995). This
dynamic signaling environment is critical for correct differentiation of the cardiac lineage
and has been recapitulated in directed differentiation of pluripotent stem cells (PSCs) to
cardiomyocytes /in vitro (Lian et al., 2013; Yang et al., 2008).

As with the processes discussed to this point, lineage diversification occurs in a coordinated
stepwise fashion and incorporates crosstalk between multiple cell types. Furthermore, as
cells begin to differentiate, they go on to shape the signaling environment within the embryo.
Newly formed cells of the endoderm and mesoderm lineages begin to inhibit Nodal at the
anterior of the embryo, keeping active signaling restricted to the primitive streak as cells
differentiate (Peng et al., 2019). The anterior endoderm expresses high levels of Wnt
inhibitory proteins, which are critical for proper mesoderm differentiation (Kemp et al.,
2005; Klaus et al., 2007; Mohammed et al., 2017). The posteriorizing Retinoic Acid (RA)
pathway acts in a caudal-to-rostral fashion and patterns multiple organ systems including the
heart and lungs (Hochgreb et al., 2003; Rankin et al., 2018).

This complex overlay of multiple pathways means cells are exposed to unique signaling
combinations dependent on their position within the embryo, resulting in the specification of
an array of cell types that subsequently organize into functional units. Recent efforts to
annotate the signaling environment during gastrulation have resulted in a three-dimensional
map of activating and inhibitory signals (Peng et al., 2019, 2016). In addition to providing
high spatiotemporal resolution for the activity of pathways known to act during gastrulation,
a potential role for Hippo signaling in early endoderm development was posited as well.
Specifically, inhibition of the Hippo pathway component YAP resulted in downregulation of
VE genes but did not affect expression of genes involved in later endoderm development
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(Peng et al., 2019). It remains to be seen what effect the loss of Hippo signaling has on cell
fate decisions or gastrulation progression.

The diversification of early mesoderm has been explored in detail, with a particular focus on
the cardiac and hematopoietic lineages (DeLaughter et al., 2016; Guzzetta et al., 2019;
Ibarra-Soria et al., 2018; Lescroart et al., 2018; Pijuan-Sala et al., 2019; Scialdone et al.,
2016). Studies of the cardiac mesoderm have added additional resolution to our
understanding of the temporal specification of this lineage (Devine et al., 2014; Lescroart et
al., 2018, 2014). The earliest cardiac mesoderm cells are specified at E6.5 and will
contribute to the interventricular septum (IVS) and left ventricle, followed by cells that
contribute to the right ventricle, atria, and finally outflow tract. This sequence corresponds to
the contributions of the first and second heart fields, transient structures present at E8.25 that
give rise to the IVS/left ventricle and right ventricle/outflow tract, respectively (thoroughly
reviewed in Meilhac and Buckingham, 2018). While early cells are fated for first heart field
derivatives, cardiac mesoderm appears to be largely homogenous until E7.25 (Lescroart et
al., 2018).

Similar effort has been given to mapping the hematopoietic lineage, which is also derived
from mesoderm from the early primitive streak. Generation of blood occurs in two waves:
primitive hematopoiesis generates transient embryonic erythrocytes starting at E7.5, while
definitive hematopoiesis occurs around E8.25 and produces erythro-myeloid progenitors that
gives rise to the blood later during development (reviewed in Nandakumar et al., 2016).
These two waves appear to originate from common mesodermal progenitors in the posterior
primitive streak that diverge into distinct hematopoietic progenitors (Huber et al., 2004;
McGrath et al., 2015; Pijuan-Sala et al., 2019; Scialdone et al., 2016). Formation of
erythrocytes is dependent on the function of Tall, a key hematopoietic transcription factor
(Shivdasanl et al., 1995). Tall appears to function independently in primitive and definitive
hematopoiesis rather than in a common progenitor, as both primitive and definitive
erythrocytes are lost in Tall-/- chimeras (Pijuan-Sala et al., 2019).

After specification and movement away from the anterior primitive streak, the definitive
endoderm intercalates into the visceral endoderm on the surface of the embryo, thereby
dispersing the visceral endoderm (Kwon et al., 2008; Viotti et al., 2014). The epithelial
endoderm arranges at the midline of the embryo and involutes to form the embryonic gut
tube by E8.75, with the most medial cells becoming the dorsal portion of the gut tube (Tam
et al., 2007). The anterior definitive endoderm forms the foregut region, which gives rise to
the visceral organs. More posteriorly, the midgut and hindgut regions form the small and
large intestines, respectively. Notably, while most visceral endoderm ends up in the extra-
embryonic region where it gives rise to the endoderm component of the yolk sac, a small
proportion contributes to the posterior gut tube, ultimately resembling cells originating from
neighboring definitive endoderm (Chan et al., 2019; Kwon et al., 2008; Nowotschin et al.,
2019b; Pijuan-Sala et al., 2019).

The patterning of the foregut corresponds to the locations of organs that will bud off during
organogenesis, with progenitors for the thymus, thyroid, lung, liver, and pancreas being
arranged from anterior to posterior. While the destination of definitive endoderm along the
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AP axis of the gut tube can be predicted, early allocation to specific organ lineages is so far
unknown. However, organ progenitors within the foregut can be delimited with high
accuracy using a limited number of transcription factors, many of which are known to play
key roles during the development of the respective organs (Nowotschin et al., 2019b). It
remains to be seen if gut tube progenitors are prepatterned or if they constitute a multipotent
pool that responds to localized signaling during organ fate commitment, though recent data
supports the latter hypothesis (Han et al., 2019; Nowotschin et al., 2019b).

Data suggests that such crosstalk should play a significant role during foregut organ
specification. For instance, the liver and ventral pancreas are specified from a bipotent pool
of progenitors in the ventral anterior endoderm at E8.5 (Deutsch et al., 2001). Specification
of liver progenitors from this pool depends on close proximity to the developing heart tube,
which secretes FGFs, and the septum transversum mesenchyme, a source of BMPs, whereas
the absence of these signals is required for pancreatic specification (Figure 3b) (Jung et al.,
1999; Rossi et al., 2001). Similarly, specification of the dorsal pancreatic progenitors
depends on proximity to the notochord, which secretes TGF-p and FGF ligands to repress
Shh in the pancreatic progenitors (Figure 3b) (Hebrok et al., 1998; Kim et al., 1997). In this
way, an anterior-to-posterior sequence of organ specification becomes apparent: cells that
arrive at the anterior of the embryo first are specified by their surroundings and begin
differentiating, which in turn influences the fate of cells that arrive thereafter. As further
research into this cascade of events is performed, we will likely discover more about the
importance of the order of organ specification events.

Epiblast cells that do not ingress through the primitive streak during gastrulation become the
ectoderm (Lawson and Pedersen, 1992). The medially located ectoderm will thicken to form
the neural plate, from which the spinal cord and central nervous system are derived.
Exposure to high Wnt signaling within the posterior epiblast remodels chromatin to pattern
the neurectoderm to spinal cord fates (Metzis et al., 2018). As with the ventrally located
epidermal epithelium, the dorsally positioned neural plate epithelium undergoes a series of
morphogenetic movements that results in the formation of an internalized neural tube. This
process occurs in parallel with termination of gastrulation, and both neural plate
morphogenesis and cessation of primitive streak EMT require efficient inhibition of BMP
(Ohta et al., 2007; Stottmann et al., 2006; Ybot-Gonzalez et al., 2007).

Modeling gastrulation in vitro and comparisons to human development.

As discussed, gastrulation integrates timing and exposure to signaling pathways in order to
specify cell types and pattern them prior to organogenesis. Knowledge gleaned from studies
of gastrulation and organogenesis /n7 vivo has been used to generate multiple cell types from
pluripotent stem cells (PSCs) /n vitro. These results have highlighted the replicability of
these developmental pathways /n vitro and have further highlighted the conservation
between mouse and human developmental models. Approaches such as directed
differentiation, micropattern differentiation and gastruloids, as well as synthetic embryos
facilitate deconstruction of gastrulation events and enable the validation and expansion of
concepts discovered /n vivo and open the door to techniques that are not possible in more
complex animal models.
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Directed differentiation protocols have been developed for the generation of multiple cell
types, including pancreatic p-cells, hepatocytes, and multiple cardiac and neural subtypes,
from both mouse and human PSCs (Pagliuca et al., 2014; Peng et al., 2019; TCW et al.,
2017; Touboul et al., 2010; Yang et al., 2008). These protocols harness our knowledge of
early signaling pathway activities that lead to specification and differentiation of each
lineage and allow for higher-throughput analysis of individual cell types. However, while the
signaling environment created by neighboring cell types can be mimicked, the spatial
organization of cells and the physical restraints created within the embryo are more difficult
to recreate. Therefore, these methods lack contextual information that is key to better
understanding /n vivo development, especially when trying to study human development in
the absence of /n7 vivo experiments.

In this light, recent efforts have been directed at developing models that capture the
arrangements and interactions between cell types that lead to pattern formation. Particular
success has been seen by plating PSCs on micropatterned surfaces that force cells into a
radial organization prior to differentiation (Morgani et al., 2018; Warmflash et al., 2014).
Pluripotent stem cells differentiated on micropatterns show patterning and signal responses
that are strikingly similar to those seen /n vivo, suggesting that these models faithfully
recapitulate aspects of normal development (Morgani et al., 2018). While this system does
not recapitulate all of the cell migratory events or AP patterning associated with gastrulation,
modulation of the signaling environment facilitates the formation and spatial organization of
multiple germ layer cell types. Moreover, the precisely controlled nature has been leveraged
to describe the activity and regulation of morphogen dynamics as the primitive streak, node,
and germ layers are formed (Chhabra et al., 2019; Etoc et al., 2016; Heemskerk et al., 2019;
Martyn et al., 2018).

An alternative approach has been to encourage organization of small aggregates of cells,
similar to embryoid bodies, which form structures that resemble gastrulation stage embryos
(Marikawa et al., 2009; ten Berge et al., 2008; VVan Den Brink et al., 2014). By greatly
reducing the starting number of cells relative to most embryoid body protocols, as well as
limiting the time of signal induction, these gastruloids adapt asymmetrical morphologies and
initiate AP patterning (Van Den Brink et al., 2014). Mouse gastruloids show an elongating
tail bud structure and organize along embryonic-like axes (Beccari et al., 2018; Van Den
Brink et al., 2014), and late stage gastruloids embedded in Matrigel (which is enriched in
ECM components) have been shown to form neural tube and somite structures (MVeenvliet et
al., 2020). A major remaining question is how initial symmetry breaking is achieved in these
models given the presence of a pulse of uniform Wnt induction.

Human PSCs seeded on Geltrex (which like Matrigel comprises proprietary growth factor
and ECM components) and overlaid with ECM spontaneously organize into post-
implantation-like asymmetric cysts that initiate a SNAI1-dependent EMT (Shao et al.,
2017). The reproducibility of this behavior can be enhanced by asymmetrically delivering
BMP via a microfluidic device (Zheng et al., 2019). Matrigel-embedded human gastruloids
show BMP-induced symmetry breaking and initiation of EMT (Simunovic et al., 2019).
Through the aggregation of PSCs with extra-embryonic-like trophoblast stem (TS) cells and
primitive endoderm-like eXtra-Embryonic eNdoderm (XEN) cells, highly organized
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synthetic embryos could be generated that recapitulate /77 vivo gastrulation (Harrison et al.,
2018; Kunath et al., 2005; Sozen et al., 2018; Tanaka et al., 1998). Recent reports suggest
these synthetic embryos can be implanted into host mothers, and while their development
arrests soon after, this further verifies their resemblance to normally developing embryos
(Sozen et al., 2019; Zhang et al., 2019). Advances in the complexity of these synthetic
embryos that allow for a more realistic complement of tissues may soon enable further
developmental progression /n utero.

This is a rapidly developing field which has recently been reviewed in greater detail
(Hadjantonakis et al., 2020; Morgani and Hadjantonakis, 2020) and will likely yield
additional breakthroughs in the very near future. These /in vitro models offer a high degree of
control and perturbation for the study of early patterning, morphogenetic and gastrulation
events. They also lend themselves to combination with increasingly precise optogenetic
tools, live imaging capabilities, screening platforms, and cell competition studies. While 7in
vitro approaches have been informative for dissecting the detailed mechanisms at play
during gastrulation, these findings have largely yet to be taken back to the mouse embryo for
validation or further study. The coming years promise to be exciting as results from in vitro
gastrulation models are explored in the embryonic context.

Concluding remarks: clarifying how we think about the germ layers.

Despite being performed 30 years ago, the pioneering studies that described how
gastrulation unfolds have largely proven to hold true. In the past decade, we have added
detail to these findings in ways that elaborate on the overall model. Recent identification of
visceral endoderm contributing to the gut tube challenges the formerly clear trajectory of the
VE to the extra-embryonic endoderm (Kwon et al., 2008; Nowotschin et al., 2019b; Pijuan-
Sala et al., 2019; Viotti et al., 2014). The homogeneity of gut tube endoderm irrespective of
VE vs. DE origin also raises the specter that our current understanding of lineage histories
may be further modified. The combination of computational lineage trajectory mapping and
lineage-recording techniques with single cell analysis approaches will blur fate maps and
transcriptional trajectories, and is likely to yield more novel lineage relationships.

Within the past decade there has been new discussion over the relationships between the
germ layers. Lineage trees based on earlier fate maps held that the endoderm and mesoderm
were closely related, potentially even having a common mesendodermal progenitor, and that
the epiblast and ectoderm were more directly related (Kinder et al., 2001b; Lawson et al.,
1991; Lewis and Tam, 2006). These relationships are supported by the similar spatial origins
and trajectories between lineages, with mesoderm and endoderm migrating through the
primitive streak and the majority of ectoderm coming from cells that remain in the epiblast.
However, recent findings have begun to reshape these lineage trees. The discovery of
neuromesodermal progenitors, along with evidence that discounts the existence of
mesendoderm, suggest a close relationship between the mesoderm and ectoderm at least at
later stages of gastrulation, which is further supported by recent phylogenetic analysis of
transcriptome data (Goulti et al., 2017; Peng et al., 2019; Tzouanacou et al., 2009;
Wymeersch et al., 2019). Regardless of the existence of a bipotent mesendodermal
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population, the mesoderm is a diverse lineage and likely contains populations that are more
similar to endoderm than ectoderm and vice versa.

The discoveries of the past 30 years have yielded a detailed map of gastrulation and early
organogenesis and have been shown to be consistent across model systems both in vivo and
in vitro. Going forward, emerging technologies will enable the field to revisit subtle
(quantitative) phenotypes that could not be described previously, deconvolve the
combinatorial action of multiple signals on a single cellular output, and explore how these
diverse inputs represent the origins of congenital birth defects. Of particular interest will be
to learn how the early mammalian embryo resists perturbation and compensates for errors,
or how gene families act in tandem (e.g. Wnt3-Wnt3a, Eomes-Tbx6) to ensure robust
development. As emerging technologies become more accessible and start to be widely
applied, we may be able to better understand how genetic mutations lead to phenotypes on
the cellular and organismal scale and add to our overall comprehension of the fundamental
mechanisms of embryonic development; how cellular cohorts reproducibly build tissues and
organs in the correct timeframe, place and size.
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Highlights:

During gastrulation pluripotent epiblast generates the three definitive germ
layers: endoderm, mesoderm, and ectoderm.

Gastrulation is initiated at the posteriorly positioned primitive streak, from
which nascent mesoderm and endoderm progenitors ingress and begin to
diversify.

A spatiotemporally controlled sequence of events results in the generation of
organ progenitors positioned in a stereotypical fashion throughout the
embryo.

Key to correct fate acquisition is the establishment of an axial coordinate
system along with the integration of multiple signals by individual epiblast
cells to produce distinct outcomes.

Signaling domains evolve as the anterior-posterior axis is established and the
embryo grows in size.
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Figure 1: Anterior-posterior axis patterning positions the primitive streak prior to gastrulation.
After implantation, the embryo transitions from using the proximal-distal axis to the

embryonic anterior-posterior (AP) axis. The establishment of this axis depends on a
sequence of events including specification of the DVE at E5.5 and formation and migration
(dashed black arrow) of the AVE at E5.75. The primitive streak is restricted to the posterior
pole by E6.5 and elongates distally and anteriorly (white dashed arrow) until E7.5. Solid
arrows indicate activation, bar-headed lines indicate inhibition. Adapted from (Rivera-Pérez
and Hadjantonakis, 2015).
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Figure 2: Dynamic signaling in the gastrulating mouse embryo influences epiblast cell fate
decisions.

Regions of the epiblast have been shown to have reproducible lineage destinies, resulting in
fate maps for multiple stages during gastrulation (top row). These fates are determined by
the signaling environment cells are exposed to as they ingress through and migrate away
from the primitive streak (bottom row). Thus, the combination of fate and signaling maps are
instructive for how specific lineages are specified during development. DE, definitive
endoderm; CM, cardiac mesoderm; EXM, extraembryonic mesoderm; LPM, lateral plate
mesoderm; PxM, paraxial mesoderm, AxM, axial mesoderm; SE, surface ectoderm; SC,
spinal cord; NE, neurectoderm; FB, forebrain; MB, midbrain; HB, hindbrain.
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Figure 3: Differentiation of early organ progenitors occurs in an interdependent manner.
Cells fated to give rise to individual organs arrive at their destinations at different times, and

are therefore exposed to different signaling environments. Late specified cells and axial
progenitors are exposed to Wnt and FGF signals at the posterior of the embryo. Heart
progenitors form the cardiac crescent at E8.25 adjacent to the Wnt-inhibitory anterior
endoderm. As these cells differentiate and form the primitive heart tube, they express FGF
ligands. These signals, in combination with BMP from the septum transversum
mesenchyme, act on the foregut endoderm to induce liver fates and inhibit pancreas
formation. Foregut endoderm just ventral to that domain will become the ventral pancreas.
The notochord lies between the gut tube endoderm and the neural tube. The notochord
secretes FGF and TGF-p to inhibit Shh expression in the gut tube endoderm, which is
necessary for the formation of the dorsal pancreas, but is an important Shh source for
specifying cell fates within the ventral neural tube.
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