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During mammalian gastrulation, a mass of pluripotent cells surrounded by extraembryonic
tissues differentiates into germ layers, mesoderm, endoderm, and ectoderm. The three
germ layers are then organized into a body plan with organ rudiments via morphogenetic
gastrulation movements of emboly, epiboly, convergence, and extension. Emboly is the
most conserved gastrulation movement, whereby mesodermal and endodermal progenitors
undergo epithelial-to-mesenchymal transition (EMT) and move via a blastopore/primitive
streak beneath the ectoderm. Decades of embryologic, genetic, and molecular studies in
invertebrates and vertebrates, delineated a BMP > WNT > NODAL signaling cascade under-
lying mesoderm and endoderm specification. Advances have been made in the research
animals in understanding the cellular and molecular mechanisms underlying gastrulation
morphogenesis. In contrast, little is known about human gastrulation, which occurs in utero
during the third week of gestation and its investigations face ethical and methodological
limitations. This is changing with the unprecedented progress in modeling aspects of
human development, using human pluripotent stem cells (hPSCs), including embryonic
stem cells (hESC)-based embryo-like models (SCEMs). In one approach, hESCs of various
pluripotency are aggregated to self-assemble into structures that resemble pre-implantation
or post-implantation embryo-like structures that progress to early gastrulation, and some
even reach segmentation and neurulation stages. Another approach entails coaxing hESCs
with biochemical signals to generate germ layers and model aspects of gastrulation mor-
phogenesis, such as EMT. Here, we review the recent advances in understanding signaling
cascades that direct germ layers specification and the early stages of gastrulation morpho-
genesis in these models. We discuss outstanding questions, challenges, and opportunities
for this promising area of developmental biology.
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Introduction

Gastrulation is a fundamental developmental process in metazoans during which the three primary

germ layers, ectoderm, mesoderm, and endoderm are induced and subsequently arranged into a body

plan with organ rudiments. These germ layers will give rise to all the tissues and organs that contrib-

ute to animal physiology and neural functions, with ectoderm (EC) contributing to most of the neural
Received: 26 September 2023 tissues and skin epidermis, mesoderm (ME) forming cardiovascular and musculoskeletal systems, and
Revised: 22 November 2023 definitive endoderm (DE) developing into the digestive system and lungs in some animals. Because
Accepted: 24 November 2023 human gastrulation is initiated at 14 days post fertilization (dpf) and occurs in utero, its experimental
Version of Record published: studies have been constrained by ethical concerns and technical limitations. Illuminating this under-
12 December 2023 studied fundamental developmental process is of significant medical relevance because of a high
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natural human embryo mortality, exceeding 50% of pregnancies, especially during the first weeks of conception
[1,2]. Over the last decade, however, momentous inroads have been made by using human pluripotent stem
cells (hPSCs), including human embryonic stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs), to model aspects of human gastrulation in 2D and 3D culture systems. Insights from these in vitro
models have to be verified with static histological studies such as the Carnegie Collection of Human Embryos,
rare transcriptomic studies of human embryos at gastrulation stages (e.g. Carnegie Stage 7, CS7) [3], and in
vitro cultured human embryos that initiate gastrulation [4,5]. Experimental studies of non-human primate gas-
trulae, including the cynomolgus monkey [6,7] and common marmoset [8], provide a valuable in vivo refer-
ence. Yet, our current understanding of the signaling events that induce, arrange, and shape the germ layers
into a blueprint of the animal body comes from over 100 years of embryological, classical forward genetic, and
molecular genetic studies in invertebrate animals such as the fruit fly, worm, sea urchin, tunicates, and verte-
brate animals including frogs, fish, chick, and mouse [9-17]. In this review, we will focus on the recent
advances in understanding signaling cascades that direct germ layers specification and gastrulation morphogen-
esis in human deduced from stem cell-based embryo models (SCEM) [18].

Setting up for gastrulation in vivo
Gastrulation in all animals is preceded by cell proliferation, activation of the zygotic genome, and the formation
of a blastula (blastocyst in mammals), in which some cells remain pluripotent and some are specified as extra-
embryonic. Specification of anteroposterior and dorsoventral polarity usually also precedes gastrulation [19]. In
the case of mosaic development, early cell type specification and axis induction events are driven by maternally
produced transcripts and proteins that are asymmetrically distributed in the egg and early embryo before the
onset of zygotic transcription. In such mosaic development, often observed in invertebrate animals, but also in
frogs and fish, blastomeres do not have equal potential and the zygotic genome is activated around the
1000-cell stage [20]. In contrast, mammalian embryogenesis exemplifies regulative development, whereby the
early blastomeres retain pluripotency although some developmental biases may exist [21,22]. Regulative devel-
opment is usually associated with early zygotic genome activation, which occurs at 2-cell stage in the mouse
and 4-8-cell stage in human [23-25]. In these mammalian species, extraembryonic cell types are specified
before implantation, resulting in a blastocyst that consists of an outer epithelial trophectoderm (TE) that will
give rise to the placenta and an inner cell mass (ICM) that comprises pluripotent cells within the pre-
implantation epiblast (EPI) and primitive endoderm (PE) that separates the ICM from the blastocyst cavity
(Figure 1A). The human blastocyst implants at 6-7 dpf (CS4) via the polar TE surrounding the ICM [2,25,26].
The post-implantation events from the ensuing week that precedes the onset of human gastrulation at 14 dpf
(CS6.5) are known from histological studies of rare in vivo embryos [33] and from embryos fertilized and cul-
tured in vitro without maternal tissues [34,35]. During this time the pluripotent and proliferating EPI is trans-
formed into an epithelial vesicle (CS5). Its portion abutting the implanted polar TE acquires squamous
epithelial morphology and forms amnion while the portion abutting the PE becomes a post-implantation EPI,
from which all the germ layers (and some extraembryonic) cell types will arise (Figure 1A). This flat
disc-shaped EPI of CS6a human and non-human primate embryos resembles the flat but significantly larger
chick EPI [6,13]. However, it contrasts the cup-shaped murine EPI, which, at the onset of gastrulation (6 dpf),
is surrounded by PE and the proximal edges of the murine EPI cup abut TE-derived extraembryonic ectoderm
[26 36,37]. Of note, the zebrafish EPI (blastoderm) is also cup-shaped, but the inverted cup walls contain mes-
enchymal cells and it sits on top of a large syncytial yolk cell [38].

Gastrulation in vivo and its hESC-based models

As current ethical and technical barriers constrain the observation and experimentation of human embryos
during gastrulation, stem-cell-based approaches are proving a valuable platform for modeling aspects of human
gastrulation [39-42]. Several approaches have been devised based on the developmental properties of hESCs
(Figure 1B). Conventional or primed hESCs were shown to be transcriptionally similar to cells from the EPI of
human embryo at the onset of gastrulation and can be differentiated into the three germ layers and amnion,
but not as efficiently into trophoblast and yolk sac derivatives [43]. Different culture conditions reprogram the
primed hESCs into naive hESCs that correspond to the blastocyst stage [44-46] and have the propensity to dif-
ferentiate into the extraembryonic TE and PE [47-49]. Culture conditions have also been devised that support
intermediate pluripotency states between ground and primed pluripotency [50]. In one approach, hESCs (of
naive, intermediate, or primed pluripotency) are aggregated and cultured in various media. Such 3D cultures,
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Figure 1. Stages of human embryogenesis in vivo and their in vitro stem cell-based embryo models (SCEMs).

(A) Schematic representation of human development from the blastocyst to the first somite stage at indicated Carnegie stages
(CS) and corresponding days post fertilization (dpf). The blastocyst is formed ~5 dpf, and ~6 dpf, the inner cell mass (ICM)
segregates into epiblast (EPI) and primitive endoderm (PE). Implantation into the uterine epithelium (not shown) via polar TE
occurs around day 6-7. From day 12, the inner surface of the trophectoderm (TE) and the outer region of the amnion and yolk
sac endoderm (YSE) become lined with extraembryonic mesoderm (EXE ME). At 14 dpf the primitive streak (PS) is evident, with
superficial ectoderm (EC), and mesoderm (ME) and definitive endoderm (DE) undergoing epithelial to mesenchymal transition
(EMT) and internalization. The miniature rectangle illustrates a transverse section of the PS with internalizing ME cells through
EMT. (B) In vitro SCEMs generated using either, primed, naive, or intermediate pluripotency hESCs. Integrated models —
Blastoid and Embryoid ETX/iIETX model. Each colored box contains a simplified description of the protocol for the
representative models. Blastoids can be generated from primed hPSC or naive hPSCs and arise by self-organization but only
the illustrated model from naive hESCs cultured for 21 days shows EMT and symmetry breaking (documented cell types shown
on the right) [27]. Embryoid ETX/iIETX models from (1) Oldak et al. [28], and (2) Weatherbee et al. [29] originate from different
cell types. Transgenic approaches or/and specific culture conditions are used to generate TE, PE and EPI cells that are
aggregated and assemble by day 8 in peri-gastrulation SCEMs (as described on the right). Differences and similarities in the
protocols contribute to models that bypass the pre-implantation stages and achieve significant features of post-implantation
development. Non-integrated models. Primed hESCs or hPSCs relying on endogenous or exogenous signaling direct
differentiation in these models. 3D-PASE simulates the development of human amniotic sac and ME/PS formation with
features of EMT and cell migration. In 2D micropatterned gastruloid exogenous BMP signaling initiates waves of BMP, WNT
and NODAL signaling activity to induce germ layers, PS and EMT behaviors [30,31]. 3D gastruloid model generated by
stimulation of WNT signaling in aggregated hESCs leads to ME, EC and DE specification, symmetry breaking in the absence of
extraembryonic cells and elongation [32]. AC, amniotic cavity; AVE, anterior visceral endoderm; HPGCLs, human primordial
germ cells like cells; YS, yolk sac; (**) [28].
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or stem cell-based embryo models (SCEMs) [18], exhibit remarkable potential for self-assembly and self-
patterning, developing into structures that reach pre-and post-implantation blastocyst stages with various con-
tributions of EPI, TE, PE, and/or amnion, even exhibiting features of early gastrulation [27,51,52]. Another
methodology entails combining peri-implantation-like pluripotent hESCs with hESCs expressing transgenes to
promote either TE or PE fate into aggregates that self-assemble in vitro into post-implantation blastocysts and
progress in vitro up to early gastrulation stages [29]. Alternatively, TE and PE fates are achieved by coaxing
naive hESCs with specific culture conditions and aggregating them with primed hESCs to generate SCEMs
reaching early gastrulation [28]. In a yet different approach to modeling aspects of gastrulation by bypassing
pre- and post-implantation stages, primed hESCs are cultured on 2D micropatterned discs and treated with
BMP4, resulting in 2D gastruloids with concentric rings of extraembryonic, definitive endoderm (DE), meso-
derm (ME), and ectoderm (EC) cells in the center [30]. Finally, aggregates of primed hESCs treated with WNT
signaling agonists differentiate into elongating 3D gastruloids that feature three germ layers without extraem-
bryonic cell types [32] (Figure 1B; Table 1). The constructs that model pre- and/or post-implantation stages
and formation of both embryonic and extraembryonic cell types, are referred to as integrated models, contrast-
ing non-integrated models, usually generated from primed hESCs, like 2D- and 3D-gastruloids that model
development of germ layers largely without extraembryonic lineages (Figure 1B) [53]. Below we will discuss the
mechanisms of germ layer induction and morphogenesis delineated by experimental studies of research organ-
isms in vivo and the insights into these processes from different embryo models, their current limitations, out-
standing questions, and opportunities.

Induction of mesendoderm precursors and anteroposterior embryonic polarity
in vivo

The murine EPI appears to be symmetric until the first morphogenetic movement of emboly is initiated in
what will become the posterior of the EPI and future embryo [36]. However, gene expression analyses in the
mouse embryo reveal that germ layer specification has already been initiated at 6 dpf with transcripts of Tbxt
in ME precursors detected in the proximal posterior EPI, marking the primitive streak (PS) [36,56]. The signal-
ing cascade that induces ME and DE precursors and thus specifies the anteroposterior embryonic axis in
mammals is best understood in the mouse [17]. At the top of the cascade is BMP signaling, with BMP4
ligands emanating from the extraembryonic ectoderm to induce Wnt3 expression in the proximal primitive
endoderm and epiblast [57] and being required for mesoderm formation [58]. Wnt signaling in turn induces
expression of another TGF-f family member, Nodal. Whereas BMP4 is expressed in the entire extraembryonic
ectoderm and signals to the entire proximal EPI [59], the BMP, Wnt, and Nodal signaling activity is limited to
the prospective posterior EPI via antagonists of these pathways (DKK, Lefty, Cerberus) secreted by the Anterior
Visceral Endoderm (AVE). The AVE is a specialized PE population that moves asymmetrically from the distal
EPI position proximally, thus defining future anteroposterior polarity and limiting mesendoderm induction
and PS formation to the posterior EPI (reviewed in [37]). During gastrulation, the PS extends anteriorly/distally
as different ME and DE cell types undergo EMT and internalization with its anterior tip becoming an evolu-
tionarily conserved signaling center, Spemann-Mangold organizer [60]. The organizer gives rise to axial meso-
derm (prechordal plate and notochord) and secretes Wnt and BMP antagonists and Nodal ligands to pattern
the nascent germ layers and gastrulation movements [61].

Studies of non-human primates and in vitro cultured human embryos point to the ME inducing signal as
BMP4 ligands secreted by amnion [8,62]. Notably, a putative AVE-like signaling center in the PE underlying the
EPI has been identified, expressing BMP, NODAL, and FGF antagonists, including CER1, LEFTY1, LEFTY2, and
SHISA2 [63]. The asymmetric expression of these genes in the PE implies an AVE-like activity that would limit
ME induction to the posterior region of the epiblast thus defining the anteroposterior embryonic axis.

Modeling induction of mesendoderm and embryonic polarity in SCEMs

The current SCEMs recapitulate to various degrees symmetry breaking-like events and ME, DE, and PS forma-
tion. Several embryo models have been generated from naive hPSCs derived in either PXGL [45,64] or 5i/L/A
culture conditions [44]. In aggregation culture, these naive hPSCs self-organize into fluid-filled vesicular struc-
tures composed of TE-, PE- and ICM-like cell types and resembling natural human blastocysts at pre- and peri-
implantation stages, hence dubbed blastoids, which were initially generated by combining murine ESC and TE
cells [65]. The current models vary in efficiency of blastoid formation, cellular composition, and are limited in
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Table 1. Comparison of the cell type of origin, cellular, and tissue composition of the described SCEMs

Cellular composition

Germ layers Other cell types

Gastrulation patterning and
morphogenetic events

References
Self organization Signaling AP
Vs exogenous underlying ME PE/ symmetry ME cell
Developmental stage Model Cell of origin signals specification ME DE EC HPGC-like Amnion TE hypoblast breaking EMT migration
Pre-implantation Blastoid Naive hPSCs Self organization YES YES YES YES YES YES YES YES YES NO [27]
blastoids (from 5 dpf) hEEs Self organization BMP — WNT — YESNO NO NO YES NO VYES YES YES NO [51]
NODAL
3D human naive hPSCs (HENMS  Self organization YES YES YES YES YES YES YES YES YES NO [28]
extra-embryoids  condition)
RSeT hESCs, Self organization BMP — WNT — YESNO NO YES YES YES VYES YES YES NO [29]
trophoblast-like, NODAL
hypoblast like
3D-PASE hPSCs Self organization BMP YESNO NO NO YES NO NO NO YES YES [54]
Post-implantation/ 2D gastruloid Primed hESCs BMP BMP — WNT — YES YES YES YES YES YES/ NO NO YES YES [30,55]
gastrulation (from NODAL NO?
8 dpf) 3D gastruloid Primed hPSCs WNT (Chiron) WNT — NODAL YES YES NO NO NO NO NO YES YES* YES [32]
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their developmental progression [66]. Only most recently, blastoids generated from naive hPSC reaching early
stages of gastrulation have been reported [27]. In this study, 5i/L/A derived naive hPSCs were aggregated in a
simplified blastocyst induction medium to self-assemble by 7 days of culture into cavitating blastoids composed
of TE-, EPI and PE-like compartments. Subsequent transfer of these blastoids onto slides coated with a thick
layer of extracellular matrix (ECM) supported further development, including evidence of amnion and
pro-amniotic cavity formation, substantial expansion of trophoblast and its differentiation into blastoid extravil-
lous trophoblast (EVT) and blastoid syncytiotrophoblasts (STB) by 14 days of culture. Of note, a majority of
blastoids in the extended culture expressed TBXT and over 30% showed localized TBXT expression, suggesting
symmetry breaking in this model. sScCRNA-seq analyses at 21 days of culture showed close alignment of this
model to the CS7 natural human embryo [3], supporting differentiation of both ME, DE-like cells, and primor-
dial germ cell like (PGCL) cells, yet axial mesoderm markers were not detected [27].

The SCEMs initiated from hPSCs of intermediate pluripotency termed human extra-embryoids (hEEs) that
develop organization similar to CS6 embryos and contain amnion and PE-like compartments, form PS-like
(TBXT, WNT3A, HESI) and later ME-like (HANDI1, MIXL1, MESPI) states [51]. However, DE and TE were
not reported in this model. That the amnion-like compartment exhibits high BMP signaling and all EPI-like
cells express BMPR1 supports the notion of a BMP signal emanating from amnion to induce PS (Table 1B). In
this system, AVE-like activity was proposed to arise in the PE, initially marked by broad expression of CERI,
LEFTY1, GSC, and LEFTY2 with CERI expression becoming restricted over time. The observation that this
restricted CER1 expression in PE mirrored TBXT expression in the overlying EPI implies that AVE-like antag-
onisms bias TBXT expression and PS induction to the posterior EPI. However, TBXT expression was also
observed in SCEMs that did not show any spatial bias in CER1 expression, implying that asymmetric AVE-like
activity in the PE might not be necessary for the symmetry breaking in the EPI [51]. In addition to BMP, treat-
ment of hEEs at day 4 with inhibitors of WNT, NODAL, and FGF significantly blocked TBXT expression, con-
sistent with these four pathways being implicated in ME/PS specification in human [51].

Aggregation of human extended PSCs to self-organize into pre- and post-implantation embryo-like structures
that exhibit aspects of gastrulation, neurulation and organogenesis has been recently reported [52]. This SCEM,
features EPI and hypoblast/PE-like compartments as well as cavitation of the EPI into amnion and EPI
embryonic-disc-like structure, without a TE compartment. Formation of TBXT-expressing cells was documen-
ted in the prospective posterior end of the embryonic disc/EPI at 8 days of culture. Development of HPGCL,
and DE-like, and neural cells were also observed in this model [52].

Representing an approach for producing the human post-implantation embryo model by combining extra-
embryonic and embryonic cell types, Weatherbee et al. generated TE- and PE-like cells, by overexpression of
transcription factors (TF) in RSeT hESCs of intermediate peri-implantation pluripotency and aggregated them
with RSeT hESCs. The aggregated three cell types self-organized to form an EPI-like cluster surrounded by
extraembryonic-like cell types resembling post-implantation natural embryos and bypassing a blastocyst-like
morphology [29]. Gene expression and chromatin accessibility characterization of cellular composition of the
resulting SCEMs at 4-8 days post aggregation revealed differentiation of several EPI derivatives, including
amnion-like, HPGCL, extraembryonic mesenchyme-like and ME-like cells (marked by expression of TBXT,
MESPI1, FOXH1). However, neither differentiation of DE, nor a distinct trophoblast-like cluster were observed.
Emergence of amnion- and HPGC-like fates has been attributed largely to BMP signaling, with low levels of
NODAL signaling being inferred in the EPI-like domain [29]. In a variation of this approach, Oldak et al. [28]
assembled a SCEM using optimized proportions of genetically unmodified naive hESCs that were stimulated
with culture conditions towards embryonic and extraembryonic TE and PE/Extraembryonic mesoderm-like cell
types. In the early in vitro culture, these integrated SCEMs featured external TE-like compartment marked by
CK7 expression surrounding EPI-like with columnar epithelial morphology and PE-like compartments but
without a blastocoel cavity. During continued culture, EPI-like compartment formed the amniotic like cavity
surrounded by pseudostratified EPI on one side and squamous amniotic epithelium-like on the other with the
PE-like compartment forming a Yolk Sack-like cavity. SCRNA-seq interrogation of more advanced SCEMs
revealed a cell population expressing markers of EMT and thus nascent PS in the presumed posterior EPI,
including TBXT, MIXL1, EOMES, MESPI, and WNT8. Whereas identification of another cluster marked by
expression of DKKI, LXH]1, and CERI in PE/Yolk Cell-like compartment supports the existence in this model
of AVE-like activity. In addition, this SCEM comprises PGCL cells. However, the current limitation is low effi-
ciency (~1%) with which SCEM of such complex cellular composition and architecture corresponding to in
utero human embryos at 13-14 dpf (6.5CS) can be generated [28]
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Another SCEM of aspects of early gastrulation is the post-implantation amniotic sac embryoid (PASE), in
which hESCs cultured with 3D ECM overlay self-organize into an epithelial cyst that features amnion-like and
EPI-like epithelia separated by an amniotic-like cavity (Figure 1B) [54,67]. In extended culture of PASE, a PS-like
region arises expressing ME but not DE markers. Both the emergence of amnion and subsequently progressive
TBXT expression in this system is correlated with self-patterned BMP signaling and BMP signaling inhibition
impairs these processes [54]. ScCRNA-seq profiling of hESC microfluidic PASE and comparison with in vivo
primate datasets point to a critical role of NODAL signaling in human ME and HPGCL specification [68].

Blastoids and post-implantation SCEMs rely on self-assembly of starting hESCs and intercellular signaling to
establish extraembryonic tissues, embryonic polarity, and germ layers. In contrast, in the gastrulation models
generated from primed hESCs resembling the pre-gastrulation EPI, germ layers are induced by adding to the
culture media components or agonists of the BMP > WNT > NODAL cascade. 2D micropatterned gastruloids
were pioneered by Warmflash et al. who seeded primed hESC on 0.5-1 mm discs of ECM under continuous
stimulation of BMP4. Instead of heterogenous differentiation of ME, DE, and EC typical of embryoid bodies
forming from hESCs in liquid culture [69], 2D micropattern gastruloids differentiate within 48 h into concen-
tric cellular rings of EC-like in the disc’s center, surrounded by a PS-like ring of ME and DE-like cells [30].
The most external ring of extraembryonic-like cells was initially identified as TE-like [30,31], but has gene
expression pattern similar to both TE and amnion and expresses high levels of BMP4 suggesting it represents
amnion [55,70,71]. hPGCL cells are interspersed in the extraembryonic and PS-like regions [55,72]. Despite a
global BMP4 application, cells located at the micropattern edge exhibit higher BMP activity as indicated by
high levels of pPSMAD1 due to apical localization of BMP receptors, compared with the cells in the center that
localize the receptors to their basolateral membranes. Furthermore, BMP directly induces the expression of its
feedback inhibitor, NOGGIN, and via a reaction-diffusion mechanism establishes a BMP signaling gradient
from the edge to the disc’s center [73]. Subsequent work demonstrated that BMP signaling induces and main-
tains waves of WNT and NODAL signaling activity that move toward the colony center, but in a manner
inconsistent with a reaction-diffusion model of Turing [31]. BMP and NODAL signaling synergize to control
the inward movement of WNT signaling activity. Expression of TBXT is not observed when 2D micropatterns
are differentiated in the presence of TGF-B and BMP inhibitors, supporting their essential roles in germ layer
induction in this model [30].

The temporal transcriptional dynamics of the signaling pathways’ components and the TFs underlying cell
fate emergence in 2D micropatterned gastruloids were further analyzed by scRNA-seq at 0, 12, 24, and 48 h
[55,70]. These studies support the wave of BMP, WNT, and NODAL signaling in the course of germ layer
emergence with transcriptional signature of EC arising first by 12 h, mesendoderm progenitors appearing by
24 h and ME, DE, hPGCL by 48 h. Comparative analysis with scRNA-seq datasets from three mammals as ref-
erence (mouse, monkey, and CS7), suggested that 2D micropatterned gastruloids recapitulate temporal emer-
gence and differentiation trajectories of germ layers of in vivo gastrulation [70]. The edge ExE-like cells showed
strong expression of BMP4 and the negative regulator target gene BAMBI, suggesting signaling activity and a
source of BMP ligands similar to that of monkey amnion [6]. Instead, WNT ligands (WNT3, WNT5A), were
expressed in the mesendodermal progenitors, ME and EPI, but less in the extraembryonic or EC cell types.
Within the NODAL pathway, transcriptome data at 24 and 44 h suggest high NODAL expression in the middle
rings comprising EPI-like, ME, and DE. A recent study posits that NODAL, rather than diffusing through
embryonic tissues as demonstrated in zebrafish [74], stimulates adjacent cells to transcribe NODAL and there-
fore regulates NODAL itself in an extremely short-range area [75]. The BMP4-induced 2D micropatterned gas-
truloids have radial symmetry, they lack PE and likely TE. Moreover, ME-like cells exhibit transcriptomes of
somitic, intermediate and lateral plate mesoderm, while axial mesoderm cell types do not form. Of note, axial
mesoderm cell types and Spemann-Mangold like activity can be generated in 2D micropatterned hESC cultures
stimulated with WNT and ACTIVIN/NODAL signaling [76].

Work by Moris et al. demonstrated the formation of elongating 3D gastruloids. Primed hESCs were pre-
treated with a WNT agonist (Chiron) and aggregated in liquid culture with additional stimulation of WNT sig-
naling. Within 24 h, they observed the formation of round aggregates, which elongated by 72-96 h [32]. These
3D gastruloids generate ME, DE, and neuroectoderm-like cell types, but lack extraembryonic cell types or
HPGCLs. The arrangement of neuroectoderm-like and ME-like cells at opposite ends of the elongating gastru-
loids implies a symmetry breaking process and AP axis formation albeit in the absence of extraembryonic
tissues. Of note, stimulation of WNT signaling with Chiron could not be substituted with WNT3. Moreover,
co-treatment with a BMP inhibitor (LDN192189) impaired the formation of patterned aggregates, but nuclear
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localization of SMADI1 reporter was observed in the anterior region, implicating BMP signaling in cardiac
development rather than initial germ layer specification. Whereas inhibition of NODAL signaling (SB431542)
resulted in aggregates containing cells that co-expressed SOX2 and TBXT, increasing Chiron concentration nor-
malized gastruloid elongation and robust TBXT expression. As the transcriptomic profile of the 3D gastruloids
showed similarity to CS8/9 stages of human gastrulation [32], 3D gastruloids model different stages and aspects
of gastrulation than 2D gastruloids and the SCEMs that progress through pre-implantation stages.

Primitive streak formation, mesoderm and endoderm internalization and
migration in vivo

The morphological manifestation of gastrulation in amphibians is the blastopore that takes shape of PS in the
mouse and some other amniotes, via which precursors of ME and ED cells internalize beneath the EPI and
migrate to their embryonic destinations (Figure 1A) [19]. The molecular hallmark of EMT in PS is nuclear
expression of SNAI1 and SNAI2 TFs, transient expression of TBXT, and down-regulation of epithelial
characteristics and gene expression, including E-cadherin (CDH1) and ZO1, with a concurrent gain of mesen-
chymal features such as expression of N-cadherin (CDH2) and motility [77]. In the mouse, PS morphogenesis
in the posterior proximal region of the epithelial EPI entails EMT of induced ME and DE precursors; it occurs
in situ and progresses as a wave towards the distal EPI [78]. However, recent studies posit that in the mouse
DE forms via a partial EMT process in which the EMT TF, Snaill, is not required and the cadherin switch is
not observed [79]. PS, extending from the posterior/proximal aspect of the EPI to the distal EPI, is evident in
the natural human CS7 embryo [3].

Primitive streak formation, mesoderm and endoderm internalization and
migration in SCEMs

In the most evolutionarily conserved emboly gastrulation movement, internalized ME and DE precursors move
beneath epiblast and away from the PS in amniotes, blastopore in frogs, and blastoderm margin in zebrafish
[19]. ME cells in fish, chick, and mouse move via directed cell migration [80-82]. In murine embryos, Fgf8 is
the most highly expressed ligand, and its inactivation partially impairs EMT and movement of ME cells from
the PS [83,84]. In human gastrulation, a different FGF ligand might play a key role, as only low levels of FGF8
transcript are observed in ME and DE of 2D gastruloids, which express high levels of FGF17, encoding a
related ligand [55,70]. Accordingly, this FGF8"FGF17"¢" signature was reported in ME of CS7 human gastrula
[3] and in gastrulating cells of cynomolgus monkey [6]. However, in chick, FGF8 has been proposed to act as
chemorepellent to guide ME migration away from the PS [81]. In zebrafish, the migration of internalized ME
cells is controlled by Apelin receptor (Aplnr) [85,86] and its ligand Toddler [87]. Interestingly, ME cells in
hESC 2D gastruloids [70] express high APLNR levels, as also observed in CS7 human gastrula [3]. However,
genetic studies in the mouse argue against a global and essential role of Apela/Apelin/Aplnr signaling in meso-
derm migration during gastrulation [88].

A CDHI1/CDH2 cadherin switch has been reported in blastoids generated from 5i/L/A naive hPSCs [27], and
at day 4 culture of the hEE embryo model derived from hPSCs of intermediate pluripotency [51]. In the latter
model, live imaging revealed that CDH1-CDH2 + SNAI1/2+ cells acquired mesenchymal morphology, appeared
to breach the basement membrane and to move in the space between the EPI-like and PE-like layers [51].

In the hPSC PASE model, EMT and cell emigration from the embryonic disc portion occurs. These emigrat-
ing cells express nuclear TBXT and SNAI1, membrane-bound CDH2, as well as up-regulated CDX2 and MSX1
TFs, while being negative for FOXA2 and SOX17. This combination suggests the formation of a PS-like struc-
ture with migratory ME cells. Of note, this PS-like structure forms in the central region of the embryonic disc
and does not expand [54]. Disruption of SNAII reduces EMT, formation of the PS-like structure, and cell
migration, while not blocking TBXT expression, consistent with the separation of ME induction and morpho-
genesis. The self-organization of primed hPSCs into an asymmetric cyst of amnion-like squamous epithelium
separated from epithelial embryonic disc was proposed to entail endogenously activated high levels of
BMP-SMAD signaling in the amniotic epithelium with low levels observed in the embryonic disc [89]. At later
stages, high BMP/phospho-SMAD levels are observed in the embryonic disc in the nascent PS-like structure
and migrating ME cells [54]. Interestingly, high levels of BMP signaling in posterior PS of human and murine
gastrulae might be evolutionarily conserved, as they are also documented in the ventral/posterior region of the
zebrafish blastoderm margin/blastopore [90].
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hESC 2D micropatterned gastruloids exhibit many cellular and gene expression features of PS, which is ring-
shaped in the ME- and DE-like territories (Figure 1B). Cellular rings expressing TBXT up-regulate SNAI, while
CDHI1 appears to be relocalized from the cell membrane to the cytoplasm and EpCAM epithelial marker is
down-regulated [30,55]. Cadherin switching is also seen at the transcriptional level. Moreover, reduced CDHI
and elevated CDH2 RNA levels in 2D gastruloids suggest a more conventional EMT of DE in this model of
human gastrulation [55]. Expression of components of FGF (including FGFR1), WNT and NODAL pathways
in TBXT+ cells in 2D gastruloids provides evidence that similar pathways underly EMT in human and mouse.
In the PS-like region, several cell layers form in the initially monolayered 2D gastruloid. Furthermore, cells in
the bottom layers express SNAI within nuclei, consistent with ME precursors undergoing EMT [30]. Applying
the photo-convertible Kik-GR hESC line, migration of cells from the PS-like region towards the center was
observed. Whereas, 2D-gastruloids differentiated with WNT3A and ACTIVIN enabled monitoring of the
migration of axial mesoderm-like cells, illustrating the potential of this model to study morphogenetic aspects
of human gastrulation [91].

The separation of the DE, ME, and EC layers during gastrulation is a fundamental cell sorting event demon-
strated by the classic experiments of Holtfreter et al. during which cells from dissociated amphibian gastrulae
re-aggregated into three germ layers in vitro [92,93]. Whereas such experiments have not been carried out with
mammalian gastrulae, 2D micropatterned gastruloids provided an opportunity to test whether human germ
layer cells can undergo cell sorting in vitro. When differentiated gastruloids were dissociated into single cells
and reseeded onto ECM microdiscs, they were migratory and aggregated with similar cell types but segregated
from distinct cell types: EC cells segregated from DE and extraembryonic but mixed with ME cells [55]. These
observations support that human germ layer cells exhibit evolutionarily conserved sorting behaviors.

3D gastruloids generated from primed hESCs pre-treated with WNT agonists present an intriguing model of
gastrulation, as the pre-treated cells express pluripotency markers but also genes associated with ME, DE and
PS formation (TBXT, MIXLI1, EOMES) and CDH2 at cell membranes at the time of aggregation [32].
Interestingly, SOX17-positive cells initially emerge throughout the gastruloid, before SOX17 expression
becomes confined to the posterior pole. With ME and DE cells already manifesting partial EMT characteristics
during aggregation, 3D gastruloids may not model PS formation but reflect behaviors of internalized ME and
DE cells. That ME and DE internalization can occur without a full EMT program is well illustrated by emboly
in zebrafish, where epiblast is composed largely of mesenchymal cells [9]. It will be of interest to monitor the
behaviors of SOX17 DE-like cells initially organized in a salt and pepper fashion and determine the mechan-
isms via which they congregate.

Convergence & extension (C&E) gastrulation movements

Convergence & extension (C&E) gastrulation movements elongate the germ layers down the anteroposterior
embryonic axis, while narrowing them along the mediolateral (dorsoventral) axis. These dramatic morpho-
genetic movements are achieved by a suite of gastrulation cell behaviors observed in dorsolateral ME, DE, and
neuroectodermal tissues, such as directed cell migration, polarized planar and radial cell intercalations, includ-
ing the famous mediolateral cell intercalation discovered by pioneering studies of Ray Keller in Xenopus
[19,94,95]. From the hPSC models of gastrulation discussed here, tissue elongation has been observed in 3D
gastruloids, whereby the initially round cellular aggregates extend along the nascent anteroposterior axis.
However, this process does not appear to be driven by movements of TBXT expressing ME or SOX17 expres-
sing DE cells, which accumulate in the posterior region of the aggregates without apparent extension of these
cell populations. The cellular basis of 3D gastruloids’ elongation and the underlying signaling mechanisms
remain to be investigated. More typical C&E movements likely occur in the embryo models generated from
mouse ESCs that form extending axial mesoderm [96]. The absence of axial mesoderm in the current SCEMs
is intriguing and the next opportunity for the human SCEM field. It will be important to learn more about the
embryonic origins of the axial mesoderm in non-human primate and human embryos whereas transcriptomes
of axial mesoderm cells and their progenitors may guide the generation of these cell types in SCEMs.

Posterior body elongation

C&E movements continue to elongate mesodermal and neuroectodermal tissues that arise from the bipotential
progenitors in the tailbud. Several hPSC-based models of these processes, as well as segmentation of the preso-
mitic mesoderm have been reported [97,98].
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Perspective

The breathtaking progress in deploying hPSCs to model aspects of human development enables investigations of
human gastrulation, which has been hidden from experimentation in utero and by the 14-day limit on experimenta-
tion with human embryos. The repertoire of SCEMs increases daily [18] and these models open doors to investigate
induction of germ layers, and the internalization of ME and DE, illuminating their migratory properties. Remarkably,
ME- and DE-like cells arise in SCEMs that model pre- and post-implantation development, but also by SCEMs that
bypass them. It will be important to stringently compare the three germ layer cell types that form in different models
to the growing in vivo human and non-human primate gastrulation datasets. Whereas molecular hallmarks of PS are
apparent in many SCEMs, PS extension and formation of the Spemann-Mangold organizer at its anterior tip are yet
to be modeled in the context of other cell types. The variability and low efficiencies with which some SCEMs are gen-
erated make rigorous genetic dissection challenging. The lack in current models of axial mesoderm and of morpho-
logical embryonic midline towards which germ layers converge presents an opportunity for SCEM improvements
and for advanced models to be devised that more closely recapitulate aspects of human gastrulation.

Summary
e Stem cell-based embryo models (SCEMs) help to understand human gastrulation, a critical devel-
opmental process not accessible to experimentation due to technical and ethical limitations.

e |Integrated models comprising both embryonic and extraembryonic tissues and non-integrated
models lacking some extraembryonic tissues, simulate different aspects of germ layer induc-
tion and gastrulation morphogenesis with varied fidelity and efficiency.

e The BMP>WNT >NODAL cascade underlying germ layer induction is supported by experi-
mental evidence in some SCEMs.

e Current evidence from different SCEMs supports epiblast symmetry breaking by signal(s)
from primitive endoderm and mesendoderm induction by BMP signaling from amnion.

e Although EMT markers are evident in blastoids, embryoids, and gastruloids, so far ME migra-
tion has been observed only in the 3D phase of 2D and 3D gastruloids.

e Current and future SCEMs provide experimental platforms for dissecting the molecular under-
pinnings of the inductive and morphogenetic processes of human gastrulation and of early
pregnancy failure.
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