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Abstract

Gastrulation is a key milestone in the development of an organism. It is a period

of cell proliferation and coordinated cellular rearrangement, that creates an outline

of the body plan. Our current understanding of mammalian gastrulation has been

improved by embryo culture, but there are still many open questions that are diffi-

cult to address because of the intrauterine development of the embryos and the low

number of specimens. In the case of humans, there are additional difficulties associ-

ated with technical and ethical challenges. Over the last few years, pluripotent stem

cell models are being developed that have the potential to become useful tools to

understand the mammalian gastrulation. Here we review these models with a special

emphasis ongastruloids andprovide a surveyof themethods toproduce themrobustly,

their uses, relationship to embryos, and their prospects as well as their limitations.
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INTRODUCTION

In all organisms, fertilization of an egg triggers a process of cell pro-

liferation leading to an ensemble of seemingly identical cells that

progressively segregate into distinct lineages. In amniote vertebrates

(reptiles, birds, and mammals) one of the first lineages gives rise to

the epiblast, often a circular epithelium that will become the embryo

proper. As development progresses, a conspicuous furrow can be

observed along themidline of the epiblast that presages the anteropos-

terior (AP) axis of the organism. The furrow, called the primitive streak,

signals the start of the process of gastrulation and is associated with

an epithelial mesenchymal transition (EMT) that acts as a conduit for a

process of directional cell migration. Gastrulation transforms the epi-

blast disc into a complex three-dimensional structure within which the

three germ layers (ectoderm, mesoderm, endoderm) organized with

reference to a coordinate system that also acts as a reference for the
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arrangement of the primordia of tissues and organs. At the end of gas-

trulation, the initialmass of cells that results from fertilization has been

sculpted into the outline of an organism, its body plan.[1]

Gastrulation is conditioned by variations in the structure of the

egg across different species. Reptiles and birds are oviparous, develop

within yolk-rich eggs that are laid externally and hatch at the end of

development. In these animals, fertilization leads to a very large epi-

blast with thousands of cells and gastrulation is, principally, a matter

of wholesale cell orientated movements. On the other hand, mam-

mals are viviparous, develop inside the mother from eggs with very

little yolk, and their embryos rely on maternal supplies of nutrient

for their growth and patterning. In this case, gastrulation takes place

after two lineage decisions that specify extraembryonic tissues that

will link the embryo to the mother, the placenta, or contribute to its

early nourishment, the extraembryonic endoderm. At the onset of gas-

trulation mammalian embryos are made up of no more than about 300
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cells and this contrasts with the thousands of frogs, fish, and chickens.

This means that mammalian gastrulation takes place against a back-

ground of vigorous cell multiplication[2] that is running in parallel with

a dramatic process of self-organization.

Advances in microscopy and embryo culture have opened up the

possibility of studying gastrulation in the mouse[3] and further devel-

opments in the long-term culture of mouse embryos ex vivo have

opened up possibilities for experimentation.[4] However, the small lit-

ter sizes and the delicate nature of the embryos still create challenges

for experimental studies, particularly in theperiod leadingup to gastru-

lation. In the case of primate embryos, it has been possible to culture

them through this time until the end of gastrulation, but the current

protocols produceembryos that arenot developingnormally.[5,6] In the

case of human embryos, it has also been possible to grow them until

gastrulation (Day 14),[7–9] a stage that represents a legal limit for lab-

oratory work with human embryos in many jurisdictions, though again,

under the current conditions the embryos do not look normal.

Over the last few years pluripotent stem cells (PSCs) have led to

a number of in vitro systems that allow an experimental study of

early mammalian development.[10] These systems have the poten-

tial of assisting work in early development in a manner that, at the

moment, embryos cannot. However, we surmise that for a PSC model

to be deemed a model of gastrulation, it has to fulfil one or more of a

number of requirements: it has to break symmetry and, in three dimen-

sions, acquire the coordinate system that acts as a reference for the

organization of organ primordia or, at least a polarization with an AP

axis. Additionally, it has to generate in a spatio-temporally organized

manner the fates that characterize themammalian body plan.

Here we discuss these models in this light with a major focus on the

gastruloid system, a PSCmodel of both gastrulation and the emergence

of the body plan. Our aim is to look critically at methods in their gen-

eration, their biological meaning, experimental limitations, and future

prospects of these embryomodels.

Cell fate choices in a dish

The primary building blocks of embryo models are PSCs. There are

several kinds of PSCs that span a continuumof states between theblas-

tocyst and gastrulation.[11] Embryonic stem cells (ESCs) are derived

from theblastocyst (ESCs, naïve) and epiblast (EpiSCs, primed) ofmam-

malian embryos and are pluripotent that is, have the ability to give rise

to all cell types of an organism and maintain this ability indefinitely in

culture. A third kind of PSCs are induced PSCs (iPSCs), that are derived

from the reprogramming of differentiated cells;[12,13] in mouse these

cells are in a naïve state, whereas in human, they are in a primed state.

Human ESCs are equivalent to mouse primed cells (EpiSCs), though

they can be converted to a naïve state with chemical treatment;[14]

surprisingly, naïve human cells are totipotent that is, they have the

capacity to give rise to the three blastocyst lineages.[15]

The discovery that PSCs can be differentiated in culture toward,

in principle, any cell type was important to develop different mod-

els of embryonic development. In particular, detailed analysis of

the paths of differentiation revealed that, upon exiting pluripotency,

PSCs go through a sequence of stages that mimic gastrulation and

express markers of the primitive streak before specific differentiation

markers.[16–18] This can be achieved in adherent culture under specific

signals that are tailored to particular fates.

In a population of PSCs under self-renewal conditions, only a small

proportion of cells exist in a competent state to respond to dif-

ferentiation signals and, in general, differentiation proceeds in an

asynchronous and heterogeneous manner.[18–20] A study of the rea-

sons for this behavior led to the realization that, to differentiate, cells

need to exit the pluripotent state and enter what appears to be a hold-

ing state,[21] probably similar to the formative state of pluripotency.

This observation is likely to reflect the situation in thepostimplantation

mouse epiblast where cells maintain pluripotency in a primed state for

2 days behaving as a proper stem cell population with self-renewal and

differentiation.[22]

In addition to a temporal progression of the exit of pluripotency,

there might be aspects concerning the organization of the cells. To

address this, Warmflash and colleagues constrained human PSCs in

micropatterns.[20] In these arrangements, subject to the signals that

initiate gastrulation, cells seeded in tight circular patterns differen-

tiate in a spatially organized concentric rings that are identified as

elements of the three germ layers. From the inside out: ectoderm,

mesoderm, endoderm, and extraembryonic cell types. This configura-

tion has been extremely useful to understand the way PSCs respond

to signals early in differentiation and, to a lesser degree, how they

organize in space[23] This experimental system has also allowed the

exploration of mechanical cues into the fate choice system.[24]

Mouse gastruloids

While it is possible to obtain many different cell types in adherent

culture differentiation, albeit in a heterogeneous manner, the acqui-

sition of some fates requires an initial period of aggregation. Initially,

this was achieved through the embryoid body (EB) protocol, where a

tight three-dimensional aggregate of PSCs is formed in suspension cul-

ture from (usually) many thousands of cells.[25] In many instances, EBs

exhibit a localization of Brachyury/TbxT (TbxT) expression to a pole

in the aggregate[26,27] after which the system becomes disorganized.

While cells continue to differentiate, they do so in a heterochronic

and spatially disorganized manner. Together with the results from

micropatterns, these observations emphasized the point for need, pat-

terned interactions between cells, as well as a control of their physical

environment, for the coordination of their differentiation and, perhaps

also for the interpretation of chemical signals.

In 2009, YusukeMarikawa reported that, upon release frompluripo-

tency and in the presence of Serum, aggregates of embryonal carci-

noma (EC) cells organize themselves into elongated structures that

resemble amphibian exogastrulae.[28] Furthermore, in these struc-

tures, the extending mass displays localized expression of many tail

bud genes, including TbxT, suggesting that they represent the poste-

rior epiblast of the mouse embryo. Interestingly, application of this
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F IGURE 1 General workflow for generatingmouse and human gastruloids: (A)Mouse embryonic stem cells aremaintained in conditions that
maintain their pluripotency (e.g., ESL: serum and LIF; 2iL; 2iL+serum). Approximately 300 cells are seeded into 96-well plates in the basal N2B27
medium. Aggregates are exposed to a 24 h pulse of CHIR between 48 and 72 h, andmaintained in culture until 120 h. If extended culture is
required, they can be “shaken” or embedded inMatrigel. (B) Prior to seeding, a subculture of human ESCs are plated in 6-well plates from a single
cell suspension in Nutristem for 96 h, after which the forming colonies are exposed to a pulse of CHIR for 24 h. Cells are then dissociated to single
cells and plated in E6medium containing CHIR and ROCKi for 24 h, followed by culture in E6medium. (C) A number of critical factors that are
important for bothmouse and human gastruloids are listed. Batch-tested components are essential, as is the quality and source of N2B27. A-P
indicates the anteroposterior axis.

simple protocol to ESCs did not yield similar results (Y.M. personal

communication andA.M.A. unpublished observation). Extension of this

observation tomouse ESCs required precisemodification of the exper-

imental conditions, drawing on our (and other’s) observations from

adherent culture and differentiation of PSCs.[18,29] The result is the

gastruloid system (Figure 1A,2).

In the current standard protocol, defined numbers of mouse ESCs

are aggregated in neurobasalmedium (N2B27) and, after 48h, exposed

to high levels of the Wnt agonist CHIR99021 (Chiron). At 120 h after

aggregation (AA), a structure emergeswith a prominent elongated side

and a dense core at the opposite end.[21,30] Gene expression analy-

sis of these structures revealed a patterned arrangement of cell types

that, at 120 h, resembled the E8.5 mouse embryo but in the absence of

extraembryonic tissues and anterior neural cell types.[30–32]

Mouse gastruloids: Principles and variables

Most gastruloid work to date has involved mouse PSCs, and current

protocols can attain frequencies of more than 90% success from start-

ing cultures, see for example, in refs. [32–34]. This makes the system

amenable to detailed measurements and large-scale screens,[34] as
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F IGURE 2 Temporal and spatial reproducibility of Gastruloids. (A) A schematic example of gastruloids formed fromBra::GFPmouse
embryonic stem cells over time. Note the early symmetry-breaking, polarization of GFP, and the axial elongation over time. (B) Stereotypical
polarization and patterning of specific markers in a typical 120 h gastruloids showing Tbxt (cyan), Sox2 (magenta), and a BMP signaling (yellow). (C)
Typical brightfield images of E14Tg2Amouse ESCs at∼120 h showing a high degree of reproducibility within a single experiment. Note the smooth
elongating region (which would be TbxT positive).

well as to single gastruloid studies.[35] However, our own experience

and that from several other labs has revealed that the gastruloid pro-

tocol is highly sensitive to small changes in a number of variables that

need to be precisely controlled. Due to the central importance of these

conditions, wewill summarize and comment on them here (Figure 1C).

Starting pluripotent cell state. Mouse gastruloids can be made with

naïve ESCs and iPSCs. The current protocol does not workwith EpiSCs

or other states of pluripotency.[36] The culture conditions of PSCs

before aggregating in gastruloid formation is critically important. The

initial protocols used Serum and LIF to culture PSCs, butmany labs use

2i/LIF and even 2i/Serum/LIF to grow cells; this reduces the hetero-

geneity of the starting population and delays elongation (unpublished

observation). A recent report has analyzed in detail the effect that the

growth conditions of the PSCs have on the cell type diversity of the

gastruloids.[37] Growth on feeders has been shown to produce good

yields and homogeneities in gastruloid formation.[36] Furthermore, we

and others have observed that the cell line, and probably its genetic

background, can make a difference to whether a gastruloid forms

or not.

The density of the culture at the time of aggregate formation also

appears to matter. In many instances, a culture in Serum/LIF might

drift to differentiation. In this instance, it is advisable to give cells

one or two passages in 2i/LIF before starting the gastruloid proto-

col. The concentration of CHIR99021 (CHIR; Wnt/β-Catenin agonist,

GSK3 antagonist) required to trigger gastruloid formation might need

to be adjusted from one cell line to another.

The number of initial cells appears to be particularly critical and

should be tailored for each cell line. The emergence of a gastruloid

with a single polar axis requires an initial number of cells between 100

and 400 cells. Too few cells and gastruloids will form in a stochastic

manner, slightly too many starting cells and gastruloids with multiple

axes emerge, and starting with far toomany cells disorganized EBs will

develop.[30,33] For most cell lines, the crucial number appears to be

around 300. There appears to be a correspondence between the ini-

tial number of cells and the final size of the gastruloid and the patterns

of gene expression scale over a range of sizes.[33]

Culture conditions. A highly important variable in gastruloid forma-

tion is the quality of the gastruloid growth medium, N2B27. There

seems to be a variability in the commercial medium whose origin is

difficult to pinpoint, but many labs make their own. Interestingly, the

crucial ingredient here seems to be the source of the N2 supplement,

and batch testing (using the ability to form elongated gastruloids as a

readout) is essential.[38]

When conditions are optimal for reproducible and robust gastruloid

formation, analysis of gene expression over time suggests that, at 48 h,

most of the cells in the aggregate have exited pluripotency and are in
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a state where they can respond to signals.[18,29,31,32,34] At this time,

the aggregate expresses epiblast genes and exposure to a Wnt signal-

ing agonist, in the form of Chiron, triggers events between 48 and 72 h

AA thatmimics gastrulation, as assessed by emergence of different cell

types and polarization of gene expression along an AP axis.[30–32,34]

Gastruloids lack anterior neural cell types. This is likely due to

the exposure of the aggregates to high levels of Wnt pathway acti-

vation, which is known to suppress the development of anterior

neuroectoderm.[39] Exposure of the aggregate to inhibitors of Wnt

signaling[40] or the presence of extraembryonic endoderm[41] leads to

gastruloids with the addition of anterior neural structures. An example

of the relationship between exposure to Wnt activation and anterior

neural emergence can be observed in an adaptation of the standard

gastruloid protocol.[42] In this system, a small aggregate of PSCs is

exposed to BMP, and begins to expressWnt3 andNodal and, later TbxT.

Apposition of this aggregate to a larger one that is just leaving pluripo-

tency, leads to a polarized expression of TbxT at the juxtaposed end

of smaller aggregate, with the most anterior cells expressing hindbrain

markers. In this system,Wnt pathway activity is polarized because only

the smaller induced aggregate was exposed to BMP-dependent Wnt

activation, and the exposure to Wnt signaling decays from the fusion

point, leading to thedevelopment of anterior neural fates furthest from

the initiating aggregate.

In summary: (1) gastruloids are easy to form, robust and repro-

ducible; (2) The quality of N2B27 medium is paramount; (3) CHIR is

essential. In this piece, we shall refer to this protocol as the “classic

protocol” where patterning is triggered by exposure to CHIR.

Mouse gastruloids: Interpretation

Analysis of the patterns of gene expression in gastruloids at 120 h

AA from different laboratories has shown a fair degree of consistency

and reproducibility in cell fate complexity and spatial organization.

The expression of Hox genes suggests an AP axis with the extend-

ing region being a faithful representation of the axially extending part

of the embryo, with an overrepresentation of paraxial mesoderm and

spinal cord tissues.[31,43–45] This suggests the presence of neurome-

sodermal progenitors (NMPs) at the posterior tip, that also contains

a structure that resembles the node.[21,31,45–47] In the anterior region

of the gastruloid, there is a more variable, and less organized ensem-

ble of cell types, that appear to be a mixed collection of progenitors of

cardiac, neural crest, craniofacial and hemogenic mesoderm.[44] Gas-

truloids also contain primordial germ cells (PGCs) that associate with

different tissues throughout the protocol, perhaps indicative of cell

migration.[44,45,48]

The presence and degree of endoderm in the classic protocol can

vary from one cell line to another.[44] This suggests that different cell

lines might have intrinsically different levels of Nodal signaling, which

is themain inducer of endodermalthough some level ofNodal signaling

is required for gastruloid formation and development.[32,36] Addition

of Activin, as a surrogate for Nodal, together with CHIR increases the

frequency and amount of endoderm.[49] Notably, growth in hypoxia

conditions creates endoderm and normal gastruloid development,

even in the absence of CHIR.[50]

A recent series of important studies have shown that the axial

organization of the mouse embryo is divided into two modules depen-

dent on different T-box factors. One is organized by Eomesodermin

(Eomes), corresponds to anterior fates (endoderm, cardiac, craniofa-

cial and hemogenic mesoderm) and requires Nodal signaling, while a

second module (more posterior, activated later) depends on TbxT, and

requires Wnt signaling.[51–53] We suspect that the classic gastruloid

system reflects the TbxT dependent module, with a variable contri-

bution of the Eomes dependent network depending on the amount of

intrinsic Nodal expression expressed by the cells that, in turn, depends

on several of the variables mentioned above.

Overall gastruloids do not look like embryos despite having embryo-

like spatially organized and proportioned domains of gene expression.

This suggests the absence of some morphogenetic events in gastru-

loids. One conspicuous example of a disconnect between genetic and

morphogenetic activities is observed in the patterning of the paraxial

mesoderm. In suspension culture, gastruloids exhibit axially organized

patterns of gene expression associated with somitogenesis but no

somites.[31] Exposure to Matrigel elicits the emergence of somites in

the regionwhere somite gene expression is confined.[30,45] This obser-

vation opens up the possibility of studying the relationship between

gene (GRNs) and cell (CRNs) regulatory networks[54,55] that under-

lies morphogenesis. In other instances for example, the gut tube,

gastruloids seem to provide the environment for primordial endoder-

mal cells to form a tube,[56,57] indicating the existence of an intrinsic

morphogenetic program in this tissue.

In general, it is agreed that at 120 h AA, gastruloids resemble E8.5

embryos[30,31,34,44,45,58] with representation of all three germ layers

arranged along an axial coordinate system, but without anterior neural

cell types, that is, gastruloids have undergone the process of gastrula-

tion. However, at no time during the protocol there is a presence of a

primitive streak. Cells in the gastruloid appear to be in an intermediate

state betweenepithelial andmesenchymal[30] and therefore,wewould

like to surmise that the starting cell state of gastruloids represents

the same state as cells in the primitive streak. In this case, a gastru-

loid would be a “self-organized primitive streak.” The early response

to CHIR with the whole gastruloid expressing TbxT[34,47] and the later

organization into different primordia support this contention. This sug-

gestionwould explain the absenceof a primitive streak in gastruloids as

they represent the primitive streak.

At themoment, gastruloids have been shown to represent a number

of events associatedwith gastrulation and in some instances (e.g., somi-

togenesis), early organogenesis; in doing so, opening up new avenues

for research (Table 1). A most striking feature of these studies is that

they suggest a modular nature in the construction of the embryo. Gas-

truloids might be useful to reveal the components of each module, for

example, it is possible to observe paraxial mesoderm without a sig-

nificant representation of lateral or intermediate mesoderm or one

can ask the question of what features are added to the differentia-

tion of the paraxial mesoderm by the presence of a spinal cord. It will

be interesting to look into this in some detail to see what we learn
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TABLE 1 An overview of studies using gastruloids and the processes and/or cell types they can produce.

Process/Cell type Species References Comments

Axial extension Mouse Beccari et al. (2008) [31] Genetic characterization of gastruloids in space and time.

Axial extension Mouse Rekaik et al. (2003) [43] Hox temporal expression. control by CTCF.

Axial extension Human Hamazaki et al. (2024) [58] Extended gastruloids and role of retinoic acid in axial organization.

Axial extension Human Yaman et al. (2023) [109] Engineered gastruloids reveal role of gradients in somitogenesis.

Axial extension Human Anand et al. (2023) [110] Engineered gastruloids reveal excitable systems in somitogenesis.

Biophyisics Mouse Gsell et al. (2023) [111] Tissue flows and symmetry breaking.

Blood Mouse Rossi et al. (2022) [112] Development of hemogenesis

Blood Mouse Ragusa et al. (2022) [80] Hemogenic gastruloid andmodelling of infant leukemia.

Brain Mouse Girgin et al. (2021) [40] Neural biased gastruloids and he role ofWnt signaling on anterior

development.

Brain Mouse Berenger-Currias et al.

(2022)

[41] Combining XEN and ESC in classic protocol leads to brain

development.

Cardiac Mouse Rossi et al. (2021) [79] Cardiogenesis.

Cardiac Mouse Agiro et al. (2023) [113] Cardiopharyngeal progenitors.

Cardiac Human Olmsted (et al. (2022) [114] Alternative gastruloid protocol, cardiogenesis.

Endoderm Mouse Vianello et al. (2021) [56] Emergence of endoderm in gastruloids and its relationship to the

embryo.

Endoderm Mouse Pour et al. (2022) [115] Endoderm specification.

Endoderm Mouse Farag et al. (2023) [57] Emergent dynamic of endoderm specification andmorphogenesis.

Endoderm Mouse Hashmi et al. (2022) [49] Endoderm specification, cell movements andmorphogenesis.

Endoderm Human Olmsted et al. (2021) [116] Neuroendodermal gastruloids.

Epigenetics Mouse Braccioli et al. (2022) [117] Epigenetics in classic gastruloids.

Epigenetics Mouse Zeller et al. (2024) [37] Multiomics technology.

FGF Mouse Gharibi et al. (2020) [118] FGF signaling and pluripotency.

Gastrulation Mouse Xu et al. (2014) [42] Directed gastruloid organization. Signaling.

Gastrulation Mouse Mayran et al. (2023) [119] EMT in gastrulation. Snai, Cdh2mutants.

Gastrulation Mouse Underhill et al. (2023) [120] ERK and FGF signaling in gastrulation and axial extension.

Gastrulation Mouse McNamara et al.

(2023)

[121] Signal recording and cell fates during gastrulation.Wnt and nodal.

Gastrulation Mouse Hennessy et al. (2023) [122] Retinoid acid and brachyury during gastrulation.

Gastrulation Human Stronati et al. (2022) [70] YAP in human gastruloids.

Gastrulation Human Moris et al. (2020) [69] Establishment and characterization of human gastruloids.

Gastrulation Mouse Wehmeyer et al.

(2022)

[59] Mosaic gastruloids. Study of Brachyury and endoderm.

Gastrulation Human Yamanaka et al. (2023) [123] Extension of gastruloid protocol to human somitogenesis.

Gastrulation Human Miao et al. (2023) [115] Somitogenesis and somite formation.

Gastrulation Mouse de Jong et al. (2024) [124] Convergent extension and axial elongation.

Gastrulation Mouse Cermola et al. (2021) [36] Gastruloids as discriminants of pluripotent state.

Gastrulation Human Lee et al. (2024) [58] BMP signaling and calcium in gastrulation.

Hypoxia Mouse Lopez-Anguita et al.

(2022)

[50] Role of hypoxia in early patterning of gastruloids.

Metabolism Mouse Dingare et al. (2024) [125] Glucosemetabolism and FGF signaling during gastrulation.

Metabolism Mouse Stapornwongkul et al.

(2023)

[126] Glucosemetabolism during axial extension.

Metabolism Mouse Villaronga Luque et al.

(2023)

[127] Phenotypic screening in trunk-like structures reveals role of

metabolism.

(Continues)
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TABLE 1 (Continued)

Process/Cell type Species References Comments

methods Mouse Blotenburg et al.

(2023)

[37] Analysis of the influence of starting conditions on complexity and

patterning.

Multiomics Mouse Rosen et al. (2022) [35] Single gastruloid, single cell analysis: Variability.

Proteomics Mouse/Human Stelloo et al. (2024) [128] Proteomics: germ layers and axial elongation.

Scaling Mouse Merle et al. (2024) [33] Size dependent gastruloid pattern. Invariance and scaling.

Precision.

Somites Human Sanaki-Matsumiya

et al. (2022)

[129] Modeling somitogenesis.

Somites Mouse Umemura et al. (2022) [130] Interactions between somitogenesis and circadian clocks.

Somites Human Budjan et al. (2022) [131] Model for somitogenesis.

Somitogenesis Mouse Veenvliet et al. (2020) [45] Trunk-like structures and induction of morphogenesis.

Sumoylation Mouse Cossec et al. (2023) [132] Effect of sumoylation on gastrulation.

Symmetry breaking Mouse Suppinger et al. (2023) [34] Symmetry breaking and screening for determinants of the process.

Symmetry breaking Mouse Turner et al. (2017) [32] Symmetry breaking without extraembryonic tissues. Signaling.

Symmetry breaking Mouse Sagy et al. (2019) [77] Mechanical inputs into symmetry breaking.

Symmetry breaking Mouse Anlaş et al. (2021) [133] Signaling and symmetry breaking.

TLS Human Gribaudo et al. (2023) [134] Spinal cord and trunk-like structures.

TLS lineage Mouse Bolondi et al. (2024) [46] Lineage analysis of fate assignments and patterning in classic

gastruloids.

Toxicity Mouse Yuan et al. (2017) [83] Toxicity assays.

Toxicity Human Marikawa et al. (2020) [81] Different protocol for human gastruloids and toxicology.

Toxicity Mouse/Human Mantziou et al. (2021) [84] Pilot study of gastruloids as teratology assays.

Toxicity Mouse Amoroso et al. (2023) [85] Budesonide effects on axial elongation andmesoderm

specification.

Toxicity Mouse Huntsman et al. (2024) [135] Embryotoxicity assay in reference to the ICH S5(R3) guideline

chemical exposure list.

Note: A number of gastrulation-associated processes (e.g., symmetry-breaking, axial extension, somitogenesis) and cell types (e.g., endoderm, blood) that can

be generated using gastruloids from either mouse or human embryonic stem cells. The key references to these studies are indicated.

Abbreviations: EMT, epithelial mesenchymal transition; ESC, embryonic stem cells.

about the units and their relationships. The possibility of generating

chimeric gastruloids[59] adds onemoreexperimental component to the

exploration of this modularity.

Our suggestion that gastruloids represent a model of the primi-

tive streak indicates a capacity for self-organization in these cells that,

perhaps, does not match the current picture of fate assignments in

this structure. Text books and review articles tend the present an

orderly emergence of cell fates from the primitive streak[60–62] but

studies of individual cells reveal wayward trajectories[63] and labile

cell fates[64,65] that would be consistent with the notion of a degree

of self-organization in the primitive streak and resulting cells in the

embryo.

Human gastruloids

The reproducibility and versatility ofmouse gastruloids suggested that

the classic protocol couldbeextended tohumanPSCs. Thiswouldmake

a compelling case for gastruloids as a system to study human gastru-

lation, a process that currently is out-of-bounds for ethical reasons

associated with the 14-day rule which does not allow the culture of

embryos beyond the initiation of gastrulation.

Transferring the classic gastruloid protocol from mouse to human

PSCs was challenging, due to the fact that human PSCs reflecting

a “primed” state of pluripotency which, as described above, is not

compatible with mouse gastruloid formation.[36] Likewise, the classic

mouse gastruloid protocol does not generate gastruloids from human

PSCs (AMA unpub). To bypass these problems, an alternative protocol

was devised to form gastruloids frommouse EpiSCs that served as the

basis for human gastruloids (AMA and Tina Balayo, unpub).

The protocol developed for human PSCs[66] is, at themoment, more

sensitive to starting conditions than that of the mouse (Figure 1B,C).

Variables that are important in mouse gastruloids (e.g., media, cell

state and number, CHIR concentration) become absolutely essential

for optimization in human gastruloids. This is likely to be due to the

importance of PSC culture prior to gastruloid formation. Also, human

PSCs are amore heterogeneous population than themouse PSCs[67,68]

and it is likely that different culture media shift the balance of differ-

 15211878, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bies.202400123 by T

est, W
iley O

nline L
ibrary on [01/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 15 TURNER and ARIAS

ent subpopulations influencing the proportion of cells competent to

form gastruloids. It would be helpful to identify which population of

cells within the human PSC culture is more amenable to gastruloid for-

mation. Notwithstanding these issues, the published protocol works

well[58,69,70] though it is important that we acknowledge that it could

bemademore robust.

Like all human PSC differentiation protocols, the formation of

human gastruloids has an essential priming state, see for example,

the protocols in refs. [71–73] without which proper differentiation

does not occur. After aggregation, human gastruloids undergo mor-

phological changes, similar to mouse gastruloids, and, by 96 h, display

an elongated morphology with a spatially structured representa-

tion of primordia from the different tissues and organs and an AP

polarity.[58,74] The extending region contains NMPs at the posterior

tip and this has been used to develop a number of models of human

somitogenesis (Table 1).

One important feature of human gastruloids is their relationship to

human embryos. In the original report, the onset of the program of

somitogenesis was used to suggest that, at 72 h, human gastruloids

correspond to human embryos around 19 days postcoitum (dpc). How-

ever, this does not mean that human gastruloids develop faster than

embryos. What needs to be understood when comparing PSC states

between mouse and human is that, as stated above, human PSCs are

in a heterogeneous state between naïve and primed, which spans over

1-week, and contains a wide range of states with independent repre-

sentations dependent on the culturemedia.[68] The subpopulation that

usually participates in gastruloid formation corresponds to one that is

about 14 to 15 dpc of development that is, they are at the gates of gas-

trulation. This population can be seen in a plethora of studies where

addition ofWnt agonistsmovePSCs into fate decisions associatedwith

gastrulation,[71,72] and it is this population that is favored in the culture

conditionsweuse to generate gastruloids.Given this consideration and

the 24 h pretreatment stage which triggers patterns of gene expres-

sion associated with gastrulation,[58] 96 h-old gastruloids would mean

5 days from the start of the protocol. If PSCs were, as we surmise in a

stage about D14/15, 96 h would mean D19/22 as suggested.[69] This

has also recently been corroborated in an independent study that has

alsomade comparison with other species.[58]

Gastruloids: Uses and applications

Gastruloids can be used as an experimental system to study the self-

organizing properties of PSCs within a natural context. However, their

main value lies in understanding the relationship between gastruloids

and embryos; what can they teach us that embryos do not or cannot?

They do this through experiments that are not possible with embryos

that mirror the work of experimental embryology that thrived in the

first half of the 20th century.[75] This work, largely performed with

frogs and salamanders, involved manipulations of different regions of

developing embryos to test their autonomy and interactions and led

to the discovery of the organizer and neural induction. Unfortunately,

the lack of genetic techniques at the time limited the understanding

of these findings and the progress of the field. Until now, mammalian

systems have lacked such a versatile experimental system and devel-

opmental biology has relied on genetics: gastruloids, however, allow a

blending of the two.[76]

A number of studies already highlight their value to study funda-

mental questions such as spontaneous symmetry-breaking[47,77] and

its relationship to genetically supervised self-assembly,[78] pattern

scaling in early development[33] or the relationship between gene-

regulatory networks (GRNs) and CRNs in morphogenesis.[44,45] Most

importantly, gastruloids also reveal amodularity of embryonic develop-

mentwhich is intrinsic to all organoids. It is obvious, but perhapsworth

stating, how surprising it is that primordia of different organs and tis-

sues can be created and differentiated in isolation from other organs

and tissues, and importantly in a context that is removed from thewhole

embryo. Regarding gastruloids, this is also the case with some differ-

ences, for instance, by 72 h in gastruloids, the primordia ofmost organs

and tissues are in placewith an organization relative to each other that

mimics the embryo.[44] This means that interactions are possible that

shape what happens afterward. The current protocol veers toward the

trunk, which it does faithfully in terms of the paraxial mesoderm and

neural tube, whereas changes in the protocol between 48 and 72 h AA,

can alter the cell fates and their relative ratios toward specific organs

and tissues.[79,80] This can be used in the generation of primordia for

different tissues and organs as a basis for organoids, as for example

with cardiac or hemogenic gastruloids.

Gastruloids are not a substitute for embryos but rather a comple-

mentary experimental system that allows many experiments, and in

particular screens and experimental procedures that are not possible

with embryos. It is increasingly clear that they do reflectmany features

of embryos but in many instances, whatever they suggest should be

tested, or at least related to, embryos.

A potentially important use of gastruloids is as substrates for drug

screening platforms in teratology and toxicology.[81–85] While they still

need to undergo much testing before they become a favored element

in this area of research, there is little question that they are better than

many current animal and cellular models that are distant from human

embryos.[86]

Alternative embryo models of gastrulation

Gastruloids are minimal models of mammalian gastrulation that have

started to reveal much about how cells build embryos. A recent report

has provided some insights into the trigger of EMT in a 3D model

mouse PSCs.[87] However, while this system lacks most of the features

of gastrulation (see above), most notably symmetry-breaking and the

sequence of fates associated with the body plan, we therefore see this

more as amodel of EMT than of gastrulation.

Unlike gastruloids that are made exclusively of PSCs, embryos

develop surrounded by, and interacting with, extraembryonic tissues

that are likely to play a role in its morphogenesis.[88,89] In particular,

the localization of the primitive streak and the morphogenesis of the

epiblast might require inputs from the trophectoderm (TE) and the
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primitive endoderm (PrEnd). To explore this, over the last few years,

models have been built that attempt to assemble the embryonic and

extraembryonic tissues in one structure. In these studies, trophec-

toderm stem cells (TSC) and primitive endoderm (XEN) are brought

together with PSCs and allowed to interact with each other at random.

In mouse models, combinations of TSCs with PSCs form an epiblast

that, in the presence of Matrigel, initiates gastrulation from a local-

ized position at the interface TE and the epiblast, as it does on the

embryo.[90] Addition of XEN or PrEnd cells to this combination forfeits

the requirement for Matrigel and leads to more complete structures

in which a primitive streak-like structure progresses and, sometimes,

reaches the distal part of the epiblast.[91,92] A conclusion from these

studies is that an important role of the extraembryonic endoderm is to

provide a basement membrane that maintains the epithelial nature of

the PSCs in the epiblast and therefore provides a substrate for EMT

and the spatially organized progression of the Primitive streak. The

reproducibility of these experiments is low: usually less than 10% of

the starting cultures generate the desired structures. This makes it dif-

ficult to use this system to extract information about cell interactions.

Nonetheless, reporting increases in frequency could be used to find

elements that underlie the formation of the epiblast, as in the case of

Cadherins.[93]

A different engineering-inspired approach treated TSC and PSC

separately to first form epithelial cysts and then bring them together

to study their interactions. Under these conditions, the yield of struc-

tures is higher, and it is possible to perform experiments with proper

statistical rigor inherent to larger experimental numbers.[94] These

combinations have shown that the size of the epiblast is critical for the

containment of the primitive streak and also that the role of signaling

from the TE is to bias the intrinsic symmetry breaking ability of the epi-

blast that is revealed in the gastruloids, independently of the PrEnd.

Similarly, engineering XEN, TSC, and PSC yields insights.[95]

In one remarkable instance, a combination of mouse PSC with

genetically induced TE and PrEnd leads, under defined culture condi-

tions, to structures that mimic an E8.5 embryo.[96,97] Although these

structures occur at very low frequencies, on the order of 1% from

starting cultures, they are remarkable and reveal the robustness of

the mouse gastrulation. Nevertheless, even the best of the structures,

although superficially similar to embryos, when looked at in detail can

be seen to lack the structural organization of the organs in the embryo.

For example, although they exhibit beating cardiomyocyte within a

cardiac primordium, as well as neural plate, both structures display

differences with their embryonic correlates. Notwithstanding these

differences, an important feature of these structures is the presence

of a forebrain that is never found in gastruloids, nor even in some of

the earlier TSC, XEN, PSC combinations. This suggests that thesemod-

els will be useful to understand the requirements for the emergence

of the most anterior region of the embryo and how this is coordinated

with the rest of the embryo. However, for these structures to be useful,

a concerted effort will be required to improve the frequency of their

generation.

The emergence of a body plan with mouse PSCs has encouraged

extending these experiments to human embryos. Although very simi-

lar to mouse embryos at the blastocyst stage, human embryos diverge

remarkably from the moment of implantation. The peri-implantation

human embryo is a very different entity from the mouse one, and

exhibits a more complex organization of the TE and the PrEnd.[98]

Nevertheless, combinations of human PSCs with TSC and Primitive

endoderm cells exhibit a high capacity of self-organization that is man-

ifest in a range of structures that can be used to learn about the

assembly of the postimplantation human embryo and the interactions

between embryonic and extraembryonic lineages (reviewed in refs.

[99] and [100]).

At the moment, studying gastrulation, the progression of the prim-

itive streak, and the emergence of the body plant, in humans remains

a challenge. Surprisingly, on their own, human PSCs can form a mature

epiblast, with an amnion, polarized TbxT expression andPGCs.[101–103]

These structures collapsewithout progressing to generate a body plan.

One possibility for the failure of the emerging Primitive streak to

progress might be a need to be constrained by its interactions with

the TE and the primitive endoderm. This needs to be explored but,

in the most accurate model to date, in which the emerging structures

mimicked closely the 14-day embryo,[104] gastrulation does not ensue.

One study reported progress through gastrulation, and even the

emergence of the body plan, from a system composed of epiblast and

primitive endoderm.[105] However, the frequency of these structures is

extremely lowand their similarity to embryos, particularly passDay14,

arguable. A feature of these structures is the presence of anterior neu-

ral tissue.[105] This is interesting since, as in the mouse, this structure

only appears in “complete” models, suggesting an interaction between

the extraembryonic and embryonic tissues in the development of the

forebrain at the anterior end of the embryo.

An alternative route toward amodel of human gastrulation relies on

extended development of blastoids in vitro. In this regard, there is one

claim of gastrula stage structures from blastoids.[106] However, once

again, a thorough comparisonwith embryos, raises questions about the

claim.

One of the anchors of many of the different models of gastrulation

comes from single-cell RNAseq analysis. These studies always feature

a representation of the cell types present at gastrulation within an

embryo. However, these studies overlook that adherent culture dif-

ferentiation protocols can, and will, yield similar cell ensembles. The

value of the embryo models is not the array of cell types but their

arrangement and relative proportions and organizations. We support

the proposal that, for gastrulation and postgastrulationmodels, single-

cell RNAseq should be ancillary rather than primary information. The

aim should be to compare the spatial organization of the different cell

types.

Summary and future prospects

There is little doubt that stem cell models of early mammalian devel-

opment represent an important new research tool that is opening up

avenues for experimental study of the interactions between cells and

genes in the construction of organisms. They are revealing surprising
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features andunexpectedpropertiesof biological systems: spontaneous

symmetry breaking leading to a body plan, disconnects between mor-

phogenesis and patterned gene expression, an unexpected degree

of modularity that becomes integrated in the organism. In the case

of human development, they promise to be an important tool to

understand events that cannot be otherwise studied. Their versatil-

ity not only permits us to learn about embryos, but also provides a

good system to study the principles underlying symmetry-breaking, its

consequences in a biological system, and its relationship to genetics.

Although this field is still in its relative infancy, and we are still

learning from the work, there are interesting applications ahead.

For example, it has been shown that combinations of different germ

layers[107] or primordia of different axial levels,[108] leads to bet-

ter organoids. It is therefore possible that embryo models become a

ground basis for improved organoids. At the moment, gastruloids have

started to show this potential but, formore completemodels, there is a

need to increase the frequency and the reproducibility of the system.

AUTHOR CONTRIBUTIONS

Initial draft: Alfonso Martinez Arias. Subsequent writing and editing:

Alfonso Martinez Arias and David A. Turner. Funding acquisition:

AlfonsoMartinez Arias and David A. Turner.

ACKNOWLEDGMENTS

We want to thank Naomi Moris and members of our research groups

for discussions that have sharpened the manuscript. A.M.A. is funded

by an ERC AdG (MiniEmbryoBlueprint_ 834580) and the “Maria

de Maeztu” Programme for Units of Excellence in R&D (Grant No.

CEX2018-000792-M) and is an inventor in two patents on Human

Polarised Three-dimensional Cellular Aggregates PCT/GB2019/

052670 and Polarised Three-dimensional Cellular Aggregates

PCT/GB2019/052668. D.A.T. is funded by grants from the BBSRC

(BB/X000907/1, BB/Y00311X/1) and the NC3Rs (NC/T002131/1,

NC/X001938/1).

CONFLICT OF INTEREST STATEMENT

David A. Turner declares no conflicts of interest. Alfonso Martinez

Arias is an inventor in two patents on Human Polarised Three-

dimensional Cellular Aggregates PCT/GB2019/052670 and Polarised

Three-dimensional Cellular Aggregates PCT/GB2019/052668.

ORCID

DavidA. Turner https://orcid.org/0000-0002-3447-7662

AlfonsoMartinezArias https://orcid.org/0000-0002-1781-564X

REFERENCES

1. Stern, C. D. (2004) Gastrulation: From cells to embryos. Cold Spring

Harbour Laboratory Press.

2. Snow, M. H. (1977). Gastrulation in the mouse: Growth and region-

alization of the epiblast. Journal of Embryology and Experimental
Morphology, 42, 293–303.

3. Mcdole, K., Guignard, L., Amat, F., Berger, A., Malandain, G., Royer,

L. A., Turaga, S. C., Branson, K., & Keller, P. J. (2018). In toto imag-

ing and reconstruction of post-implantation mouse development at

the single-cell level.Cell,175, 859–876.e33. https://doi.org/10.1016/
j.cell.2018.09.031

4. Aguilera-Castrejon, A., Oldak, B., Shani, T., Ghanem, N., Itzkovich,

C., Slomovich, S., Tarazi, S., Bayerl, J., Chugaeva, V., Ayyash, M.,

Ashouokhi, S., Sheban, D., Livnat, N., Lasman, L., Viukov, S., Zerbib,M.,

Addadi, Y., Rais, Y., Cheng, S., . . . Hanna, J. H. (2021). Ex utero mouse

embryogenesis from pre-gastrulation to late organogenesis. Nature,
593, 119–124. https://doi.org/10.1038/s41586-021-03416-3

5. Gong, Y., Bai, B., Sun, N., Ci, B., Shao, H., Zhang, T., Yao, H., Zhang,

Y., Niu, Y., Liu, L., Zhao, H., Wu, H., Zhang, L., Wang, T., Li, S., Wei,

Y., Yu, Y., Ribeiro Orsi, A. E., Liu, B., . . . Tan, T. (2023). Ex utero mon-

key embryogenesis from blastocyst to early organogenesis. Cell, 186,
2092–2110.e23. https://doi.org/10.1016/j.cell.2023.04.020

6. Zhai, J., Xu, Y., Wan, H., Yan, R., Guo, J., Skory, R., Yan, L., Wu, X.,

Sun, F., Chen, G., Zhao, W., Yu, K., Li, W., Guo, F., Plachta, N., & Wang,

H. (2023). Neurulation of the cynomolgus monkey embryo achieved

from 3D blastocyst culture. Cell, 186, 2078–2091.e18. https://doi.
org/10.1016/j.cell.2023.04.019

7. Deglincerti, A., Croft, G. F., Pietila, L. N., Zernicka-Goetz, M., Siggia,

E. D., & Brivanlou, A. H. (2016). Self-organization of the in vitro

attached human embryo. Nature, 533, 251–254. https://doi.org/10.
1038/nature17948

8. Shahbazi, M. N., Jedrusik, A., Vuoristo, S., Recher, G., Hupalowska,

A., Bolton, V., Fogarty, N. M. E., Campbell, A., Devito, L. G., Ilic, D.,

Khalaf, Y., Niakan, K. K., Fishel, S., & Zernicka-Goetz, M. (2016). Self-

organizationof thehumanembryo in the absenceofmaternal tissues.

Nature Cell Biology, 18, 700–708. https://doi.org/10.1038/ncb3347
9. Xiang, L., Yin, Y., Zheng, Y., Ma, Y., Li, Y., Zhao, Z., Guo, J., Ai, Z., Niu,

Y., Duan, K., He, J., Ren, S., Wu, D., Bai, Y., Shang, Z., Dai, X., Ji, W.,

& Li, T. (2020). A developmental landscape of 3D-cultured human

pre-gastrulation embryos. Nature, 577, 537–542. https://doi.org/10.
1038/s41586-019-1875-y

10. Fu, J., Warmflash, A., & Lutolf, M. P. (2021). Stem-cell-based embryo

models for fundamental research and translation. Nature Materials,
20, 132–144. https://doi.org/10.1038/s41563-020-00829-9

11. Morgani, S., Nichols, J., &Hadjantonakis, A.-K. (2017). Themany faces

of pluripotency: In vitro adaptations of a continuum of in vivo states.

BMC Developmental Biology, 17, 7. https://doi.org/10.1186/s12861-
017-0150-4

12. Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda,

K., & Yamanaka, S. (2007). Induction of pluripotent stem cells from

adult human fibroblasts by defined factors. Cell, 131, 861–872.
https://doi.org/10.1016/j.cell.2007.11.019

13. Takahashi, K., & Yamanaka, S. (2006). Induction of pluripotent stem

cells from mouse embryonic and adult fibroblast cultures by defined

factors. Cell, 126, 663–676. https://doi.org/10.1016/j.cell.2006.07.
024

14. Guo, G., Von Meyenn, F., Rostovskaya, M., Clarke, J., Dietmann,

S., Baker, D., Sahakyan, A., Myers, S., Bertone, P., Reik, W., Plath,

K., & Smith, A. (2017). Epigenetic resetting of human pluripotency.

Development, 144, 2748–2763. https://doi.org/10.1242/dev.146811
15. Guo, G., Stirparo, G. G., Strawbridge, S. E., Spindlow, D., Yang, J.,

Clarke, J., Dattani, A., Yanagida, A., Li, M. A., Myers, S., Özel, B.

N., Nichols, J., & Smith, A. (2021). Human naive epiblast cells pos-

sess unrestricted lineage potential. Cell Stem Cell, 28, 1040–1056.e6.
https://doi.org/10.1016/j.stem.2021.02.025

16. Gadue, P., Huber, T. L., Nostro, M. C., Kattman, S., & Keller, G. M.

(2005). Germ layer induction from embryonic stem cells. Experi-
mental Hematology, 33, 955–964. https://doi.org/10.1016/j.exphem.

2005.06.009

17. Gadue, P., Huber, T. L., Paddison, P. J., & Keller, G. M. (2006). Wnt and

TGF-beta signaling are required for the induction of an in vitromodel

of primitive streak formation using embryonic stem cells. Proceedings
of the National Academy of Sciences of the United States of America, 103,
16806–16811. https://doi.org/10.1073/pnas.0603916103

 15211878, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bies.202400123 by T

est, W
iley O

nline L
ibrary on [01/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-3447-7662
https://orcid.org/0000-0002-3447-7662
https://orcid.org/0000-0002-1781-564X
https://orcid.org/0000-0002-1781-564X
https://doi.org/10.1016/j.cell.2018.09.031
https://doi.org/10.1016/j.cell.2018.09.031
https://doi.org/10.1038/s41586-021-03416-3
https://doi.org/10.1016/j.cell.2023.04.020
https://doi.org/10.1016/j.cell.2023.04.019
https://doi.org/10.1016/j.cell.2023.04.019
https://doi.org/10.1038/nature17948
https://doi.org/10.1038/nature17948
https://doi.org/10.1038/ncb3347
https://doi.org/10.1038/s41586-019-1875-y
https://doi.org/10.1038/s41586-019-1875-y
https://doi.org/10.1038/s41563-020-00829-9
https://doi.org/10.1186/s12861-017-0150-4
https://doi.org/10.1186/s12861-017-0150-4
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1242/dev.146811
https://doi.org/10.1016/j.stem.2021.02.025
https://doi.org/10.1016/j.exphem.2005.06.009
https://doi.org/10.1016/j.exphem.2005.06.009
https://doi.org/10.1073/pnas.0603916103


TURNER and ARIAS 11 of 15

18. Turner,D.A., Trott, J., Hayward, P., Rué, P., &MartinezArias, A. (2014).

An interplay between extracellular signalling and the dynamics of the

exit from pluripotency drives cell fate decisions in mouse ES cells.

Biology Open, 3, 614–626. https://doi.org/10.1242/bio.20148409
19. Lowell, S., Benchoua, A., Heavey, B., & Smith, A. G. (2006). Notch pro-

motes neural lineage entry by pluripotent embryonic stem cells. PLoS
Biology, 4, e121. https://doi.org/10.1371/journal.pbio.0040121

20. Warmflash, A., Sorre, B., Etoc, F., Siggia, E. D., & Brivanlou, A. H.

(2014). A method to recapitulate early embryonic spatial pattern-

ing in human embryonic stem cells. Nature Methods, 11, 847–854.
https://doi.org/10.1038/nmeth.3016

21. Turner, D. A., Hayward, P. C., Baillie-Johnson, P., Rué, P., Broome, R.,

Faunes, F., & Martinez Arias, A. (2014). Wnt/beta-catenin and FGF

signalling direct the specification and maintenance of a neuromeso-

dermal axial progenitor in ensembles of mouse embryonic stem cells.

Development, 141, 4243–4253. https://doi.org/10.1242/dev.112979
22. Mittnenzweig,M., Mayshar, Y., Cheng, S., Ben-Yair, R., Hadas, R., Rais,

Y., Chomsky, E., Reines, N., Uzonyi, A., Lumerman, L., Lifshitz, A.,

Mukamel, Z., Orenbuch, A.-H., Tanay, A., & Stelzer, Y. (2021). A single-

embryo, single-cell time-resolved model for mouse gastrulation. Cell,
184, 2825–2842.e22. https://doi.org/10.1016/j.cell.2021.04.004

23. Camacho-Aguilar, E., & Warmflash, A. (2020). Insights into mam-

malian morphogen dynamics from embryonic stem cell systems.

Current Topics in Developmental Biology, 137, 279–305. https://doi.
org/10.1016/bs.ctdb.2019.11.010

24. Xue, X., Sun, Y., Resto-Irizarry, A. M., Yuan, Y., Aw Yong, K. M., Zheng,

Y., Weng, S., Shao, Y., Chai, Y., Studer, L., & Fu, J. (2018). Mechanics-

guided embryonic patterning of neuroectoderm tissue from human

pluripotent stem cells.NatureMaterials,17, 633–641. https://doi.org/
10.1038/s41563-018-0082-9

25. Desbaillets, I., Ziegler, U., Groscurth, P., & Gassmann, M. (2000).

Embryoid bodies: An in vitro model of mouse embryogenesis. Exper-
imental Physiology, 85, 645–651. https://doi.org/10.1111/j.1469-

445X.2000.02104.x

26. Ten Berge, D., Koole, W., Fuerer, C., Fish, M., Eroglu, E., & Nusse,

R. (2008). Wnt signaling mediates self-organization and axis forma-

tion in embryoid bodies. Cell Stem Cell, 3, 508–518. https://doi.org/
10.1016/j.stem.2008.09.013

27. Boxman, J., Sagy, N., Achanta, S., Vadigepalli, R., &Nachman, I. (2016).

Integrated live imaging and molecular profiling of embryoid bodies

reveals a synchronized progression of early differentiation. Scientific
Reports, 6, 31623. https://doi.org/10.1038/srep31623

28. Marikawa, Y., Tamashiro, D. A. A., Fujita, T. C., & Alarcón, V. B. (2009).

AggregatedP19mouseembryonal carcinomacells as a simple in vitro

model to study themolecular regulationsofmesoderm formationand

axial elongationmorphogenesis.Genesis,47, 93–106. https://doi.org/
10.1002/dvg.20473

29. Turner, D. A., Rué, P., Mackenzie, J. P., Davies, E., & Martinez Arias,

A. (2014). Brachyury cooperates with Wnt/β-Catenin signalling to

elicit primitive streak like behaviour in differentiating mouse embry-

onic stemcells.BMCBiology,12, 63. https://doi.org/10.1186/s12915-
014-0063-7

30. Van Den Brink, S. C., Baillie-Johnson, P., Balayo, T., Hadjantonakis,

A.-K., Nowotschin, S., Turner, D. A., & Martinez Arias, A. (2014).

Symmetry breaking, germ layer specification and axial organisation

in aggregates of mouse embryonic stem cells. Development, 141,
4231–4242. https://doi.org/10.1242/dev.113001

31. Beccari, L., Moris, N., Girgin, M., Turner, D. A., Baillie-Johnson, P.,

Cossy, A.-C., Lutolf, M. P., Duboule, D., & Arias, A. M. (2018). Multi-

axial self-organization properties ofmouse embryonic stem cells into

gastruloids. Nature, 562, 272–276. https://doi.org/10.1038/s41586-
018-0578-0

32. Turner, D. A., Girgin, M., Alonso-Crisostomo, L., Trivedi, V., Baillie-

Johnson, P., Glodowski, C. R., Hayward, P. C., Collignon, J., Gustavsen,

C., Serup, P., Steventon, B., Lutolf, M. P., & Arias, A.M. (2017). Antero-

posterior polarity and elongation in the absence of extra-embryonic

tissues and of spatially localised signalling in gastruloids:Mammalian

embryonic organoids.Development, 144, 3894–3906.
33. Merle,M., Friedman, L., Chureau, C., Shoushtarizadeh, A., &Gregor, T.

(2024). Precise and scalable self-organization in mammalian pseudo-

embryos. Nature Structural & Molecular Biology, 31(6), 896–902.
https://doi.org/10.1038/s41594-024-01251-4

34. Suppinger, S., Zinner, M., Aizarani, N., Lukonin, I., Ortiz, R., Azzi, C.,

Stadler, M. B., Vianello, S., Palla, G., Kohler, H., Mayran, A., Lutolf, M.

P., & Liberali, P. (2023).Multimodal characterizationofmurine gastru-

loid development.Cell StemCell,30, 867–884.e11. https://doi.org/10.
1016/j.stem.2023.04.018

35. Rosen, L., Stapel, C., Argelaguet, R., Barker, C. B., Yang, A., Reik,

W., & Marioni, J. C. (2022). Inter-gastruloid heterogeneity revealed

by single cell transcriptomics time course: Implications for organoid

based perturbation studies. bioRxiv. [Preprint]. https://doi.org/10.

1101/2022.09.27.509783

36. Cermola, F., D’aniello, C., Tatè, R., De Cesare, D., Martinez-Arias,

A., Minchiotti, G., & Patriarca, E. J. (2021). Gastruloid development

competence discriminates different states of pluripotency. Stem Cell
Reports, 16, 354–369. https://doi.org/10.1016/j.stemcr.2020.12.013

37. Blotenburg, M., Suurenbroek, L., Bhardwaj, V., & Zeller, P. (2023).

Integrated molecular-phenotypic profiling reveals metabolic control

of morphological variation in stembryos. bioRxiv. [Preprint]. https://

doi.org/10.1101/2024.05.09.593319

38. Mulas, C., Kalkan, T., vonMeyenn, F., Leitch, H. G., Nichols, J., & Smith,

A. (2019). Defined conditions for propagation and manipulation of

mouse embryonic stem cells.Development, 146(6), dev173146.
39. Arkell, R M., & Tam, P. P. L. (2012). Initiating head development in

mouse embryos: Integrating signalling and transcriptional activity.

Open Biology, 2, 120030. https://doi.org/10.1098/rsob.120030
40. Girgin, M. U., Broguiere, N., Mattolini, L., & Lutolf, M. P. (2021).

Gastruloids generated without exogenous Wnt activation develop

anterior neural tissues. Stem Cell Reports, 16, 1143–1155. https://doi.
org/10.1016/j.stemcr.2021.03.017

41. Berenguer-Currias, N. M. L. P., Mircea, M., Adegeest, E., van den

Berg, P. R., Feliksik, M., Hochane, M., Idema, T., Tans, S. J., & Semrau,

S. (2019). Early neurulation recapitulated in assemblies of embry-

onic and extraembryonic cells. bioRxiv. [Preprint]. https://doi.org/10.

1101/2020.02.13.947655

42. Xu, P.-F., Borges, R. M., Fillatre, J., De Oliveira-Melo, M., Cheng, T.,

Thisse, B., & Thisse, C. (2021). Construction of a mammalian embryo

model from stem cells organized by a morphogen signalling centre.

Nature Communications, 12, 3277. https://doi.org/10.1038/s41467-
021-23653-4

43. Rekaik, H., Lopez-Delisle, L., Hintermann, A., Mascrez, B., Bochaton,

C., Mayran, A., & Duboule, D. (2023). Sequential and directional insu-

lation by conservedCTCF sites underlies theHox timer in stembryos.

Nature Genetics, 55, 1164–1175. https://doi.org/10.1038/s41588-
023-01426-7

44. Van Den Brink, S. C., Alemany, A., Van Batenburg, V., Moris, N.,

Blotenburg, M., Vivié, J., Baillie-Johnson, P., Nichols, J., Sonnen, K. F.,

Martinez Arias, A., & Van Oudenaarden, A. (2020). Single-cell and

spatial transcriptomics reveal somitogenesis in gastruloids. Nature,
582, 405–409. https://doi.org/10.1038/s41586-020-2024-3

45. Veenvliet, J. V., Bolondi, A., Kretzmer, H., Haut, L., Scholze-Wittler,

M., Schifferl, D., Koch, F., Guignard, L., Kumar, A. S., Pustet, M.,

Heimann, S., Buschow, R., Wittler, L., Timmermann, B., Meissner, A.,

& Herrmann, B. G. (2020). Mouse embryonic stem cells self-organize

into trunk-like structures with neural tube and somites. Science, 370,
6522. https://doi.org/10.1126/science.aba4937

46. Bolondi, A., Law, B. K., Kretzmer, H., Gassaloglu, S. I., Buschow, R.,

Riemenschneider, C., Yang, D., Walther, M., Veenvliet, J. V., Meissner,

A., Smith, Z.D., &Chan,M.M. (2024). Reconstructing axial progenitor

field dynamics in mouse stem cell-derived embryoids. Developmental

 15211878, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bies.202400123 by T

est, W
iley O

nline L
ibrary on [01/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1242/bio.20148409
https://doi.org/10.1371/journal.pbio.0040121
https://doi.org/10.1038/nmeth.3016
https://doi.org/10.1242/dev.112979
https://doi.org/10.1016/j.cell.2021.04.004
https://doi.org/10.1016/bs.ctdb.2019.11.010
https://doi.org/10.1016/bs.ctdb.2019.11.010
https://doi.org/10.1038/s41563-018-0082-9
https://doi.org/10.1038/s41563-018-0082-9
https://doi.org/10.1111/j.1469-445X.2000.02104.x
https://doi.org/10.1111/j.1469-445X.2000.02104.x
https://doi.org/10.1016/j.stem.2008.09.013
https://doi.org/10.1016/j.stem.2008.09.013
https://doi.org/10.1038/srep31623
https://doi.org/10.1002/dvg.20473
https://doi.org/10.1002/dvg.20473
https://doi.org/10.1186/s12915-014-0063-7
https://doi.org/10.1186/s12915-014-0063-7
https://doi.org/10.1242/dev.113001
https://doi.org/10.1038/s41586-018-0578-0
https://doi.org/10.1038/s41586-018-0578-0
https://doi.org/10.1038/s41594-024-01251-4
https://doi.org/10.1016/j.stem.2023.04.018
https://doi.org/10.1016/j.stem.2023.04.018
https://doi.org/10.1101/2022.09.27.509783
https://doi.org/10.1101/2022.09.27.509783
https://doi.org/10.1016/j.stemcr.2020.12.013
https://doi.org/10.1101/2024.05.09.593319
https://doi.org/10.1101/2024.05.09.593319
https://doi.org/10.1098/rsob.120030
https://doi.org/10.1016/j.stemcr.2021.03.017
https://doi.org/10.1016/j.stemcr.2021.03.017
https://doi.org/10.1101/2020.02.13.947655
https://doi.org/10.1101/2020.02.13.947655
https://doi.org/10.1038/s41467-021-23653-4
https://doi.org/10.1038/s41467-021-23653-4
https://doi.org/10.1038/s41588-023-01426-7
https://doi.org/10.1038/s41588-023-01426-7
https://doi.org/10.1038/s41586-020-2024-3
https://doi.org/10.1126/science.aba4937


12 of 15 TURNER and ARIAS

Cell, 59(12), 1489–1505.e14. https://doi.org/10.1016/j.devcel.2024.
03.024

47. Turner, D., Alonso-Crisostomo, L., Girgin, M., Baillie-Johnson, P.,

Glodowski, C. R., Hayward, P. C., Collignon, J., Gustavsen, C., Serup,

P., Steventon, B., Lutolf, M., & Martinez Arias, A. (2017). Gastruloids

develop the three body axes in the absence of extraembryonic tissues

and spatially localised signalling. bioRxiv. [Preprint]. https://doi.org/

10.1101/104539

48. Cooke, C. B., Barrington, C., Baillie-Benson, P., Nichols, J., &

Moris, N. (2023). Gastruloid-derived primordial germ cell-like cells

develop dynamicallywithin integrated tissues.Development, 150(17),
dev201790. https://doi.org/10.1242/dev.201790

49. Hashmi, A., Tlili, S., Perrin, P., Lowndes, M., Peradziryi, H., Brickman,

J. M., Martínez Arias, A., & Lenne, P.-F. (2022). Cell-state transitions

and collective cell movement generate an endoderm-like region in

gastruloids. Elife, 11, e59371. https://doi.org/10.7554/eLife.59371
50. López-Anguita,N.,Gassaloglu, S. I., Stötzel,M., Bolondi, A., Conkar,D.,

Typou, M., Buschow, R., Veenvliet, J. V., & Bulut-Karslioglu, A. (2022).

Hypoxia induces an early primitive streak signature, enhancing

spontaneous elongation and lineage representation in gastruloids.

Development, 149, dev200679. https://doi.org/10.1242/dev.200679
51. Probst, S., Sagar, Tosic, J., Schwan, C., Grün, D., & Arnold, S. J. (2021).

Spatiotemporal sequence of mesoderm and endoderm lineage seg-

regation during mouse gastrulation. Development, 148, dev193789.
https://doi.org/10.1242/dev.193789

52. Tosic, J., Kim, G.-J., Pavlovic, M., Schröder, C. M., Mersiowsky, S.-L.,

Barg, M., Hofherr, A., Probst, S., Köttgen, M., Hein, L., & Arnold, S.

J. (2019). Eomes and Brachyury control pluripotency exit and germ-

layer segregationby changing the chromatin state.NatureCell Biology,
21, 1518–1531. https://doi.org/10.1038/s41556-019-0423-1

53. Schüle, K. M., Weckerle, J., Probst, S., Wehmeyer, A E., Zissel, L.,

Schröder, C.M., Tekman,M., Kim, G.-J., Schlägl, I.-M., Sagar, & Arnold,

S. J. (2023). Eomes restricts Brachyury functions at the onset of

mouse gastrulation. Developmental Cell, 58, 1627–1642.e7. https://
doi.org/10.1016/j.devcel.2023.07.023

54. Gorfinkiel, N., & Martinez Arias, A. (2021). The cell in the age of the

genomic revolution: Cell regulatory networks. Cells and Development,
168, 203720. https://doi.org/10.1016/j.cdev.2021.203720

55. Vianello, S., & Lutolf, M. P. (2019). Understanding the mechanobi-

ology of early mammalian development through bioengineered

models. Developmental Cell, 48, 751–763. https://doi.org/10.1016/j.
devcel.2019.02.024

56. Vianello, S., & Lutolf, M. P. (2021). In vitro endoderm emergence

and self-organisation in the absence of extraembryonic tissues and

embryonic architecture. bioRxiv. [Preprint]. https://doi.org/10.1101/

2020.06.07.138883

57. Farag, N., Schiff, C., & Nachman, I. (2024). Coordination between

endoderm progression and gastruloid elongation controls endoder-

mal morphotype choice.Developmental Cell. https://doi.org/10.1016/
j.devcel.2024.05.017

58. Hamazaki, N., Yang, W., Kubo, C., Qiu, C., Martin, B. K., Garge, R.

K., Regalado, S. G., Nichols, E., Lee, C., Daza, R. M., Srivatsan, S., &

Shendure, J. (2024). Induction and in silico staging of human gas-

truloids with neural tube, segmented somites & advanced cell types.

bioRxiv. [Preprint]. https://doi.org/10.1101/20240210579769

59. Wehmeyer, A. E., Schüle, K.M., Conrad, A., Schröder, C.M., Probst, S.,

& Arnold, S. J. (2022). Chimeric 3D gastruloids—a versatile tool for

studies of mammalian peri-gastrulation development. Development,
149, dev200812. https://doi.org/10.1242/dev.200812

60. Behringer, R. R., Wakamiya, M., Tsang, T. E., & Tam, P P. L.

(2000). A flattened mouse embryo: Leveling the playing field. Gen-
esis, 28, 23–30. https://doi.org/10.1002/1526-968X(200009)28:1%
3c23::AID-GENE30%3e3.0.CO;2-G

61. Kinder, S. J., Tsang, T. E., Quinlan, G. A., Hadjantonakis, A.-K., Nagy,

A., & Tam, P. P. L. (1999). The orderly allocation of mesodermal cells

to the extraembryonic structures and the anteroposterior axis dur-

ing gastrulationof themouseembryo.Development,126, 4691–4701.
https://doi.org/10.1242/dev.126.21.4691

62. Tam, P. P. L, & Behringer, R. R. (1997).Mouse gastrulation: The forma-

tion of amammalian body plan.Mechanisms of Development,68, 3–25.
https://doi.org/10.1016/S0925-4773(97)00123-8

63. Saykali, B., Mathiah, N., Nahaboo, W., Racu, M.-L., Hammou, L.,

Defrance, M., & Migeotte, I. (2019). Distinct mesoderm migra-

tion phenotypes in extra-embryonic and embryonic regions of

the early mouse embryo. Elife, 8, e42434. https://doi.org/10.7554/
eLife.42434

64. Tam, P. P. L., Parameswaran, M., Kinder, S. J., & Weinberger, R. P.

(1997). The allocation of epiblast cells to the embryonic heart and

other mesodermal lineages: The role of ingression and tissue move-

ment during gastrulation.Development, 124, 1631–1642. https://doi.
org/10.1242/dev.124.9.1631

65. Parameswaran, M., & Tam, P. P. L. (1995). Regionalisation of cell

fate and morphogenetic movement of the mesoderm during mouse

gastrulation. Developmental Genetics, 17, 16–28. https://doi.org/10.
1002/dvg.1020170104

66. Moris, N., Anlas, K., Schroeder, J., Ghimire, S., Balayo, T., Van den

Brink, S. C., Alemany, A., van Oudenaarden, A., & Martinez Arias, A.

(2020). Generating human gastruloids from human embryonic stem

cells. Protocol Exchange, 13(14), e4722. https://doi.org/10.21203/rs.
2.21540/v1

67. Hough, S. R., Laslett, A. L., Grimmond, S. B., Kolle, G., & Pera, M. F.

(2009). A continuum of cell states spans pluripotency and lineage

commitment in human embryonic stem cells. PLoS One, 4, e7708.
https://doi.org/10.1371/journal.pone.0007708

68. Hough, S. R., Thornton,M.,Mason, E.,Mar, J. C.,Wells, C.A., &Pera,M.

F. (2014). Single-cell gene expression profiles define self-renewing,

pluripotent, and lineage primed states of human pluripotent stem

cells. Stem Cell Reports, 2, 881–895. https://doi.org/10.1016/j.stemcr.

2014.04.014

69. Moris, N., Anlas, K., Van Den Brink, S. C., Alemany, A., Schröder, J.,

Ghimire, S., Balayo, T., Van Oudenaarden, A., & Martinez Arias, A.

(2020). An in vitro model of early anteroposterior organization dur-

ing human development. Nature, 582, 410–415. https://doi.org/10.
1038/s41586-020-2383-9

70. Stronati, E., Giraldez, S., Huang, L., Abraham, E., Mcguire, G. R., Hsu,

H.-T., Jones, K. A., & Estarás, C. (2022). YAP1 regulates the self-

organized fate patterning of hESC-derived gastruloids. Stem Cell
Reports, 17, 211–220. https://doi.org/10.1016/j.stemcr.2021.12.012

71. Loh, K. M., Ang, L. T., Zhang, J., Kumar, V., Ang, J., Auyeong, J. Q., Lee,

K. L., Choo, S. H., Lim, C. Y. Y., Nichane, M., Tan, J., Noghabi, M. S.,

Azzola, L., Ng, E. S., Durruthy-Durruthy, J., Sebastiano, V., Poellinger,

L., Elefanty, A. G., Stanley, E. G., . . . Lim, B. (2014). Efficient endoderm

induction from human pluripotent stem cells by logically directing

signals controlling lineage bifurcations. Cell Stem Cell, 14, 237–252.
https://doi.org/10.1016/j.stem.2013.12.007

72. Loh, K.M., Chen, A., Koh, P.W., Deng, T. Z., Sinha, R., Tsai, J. M., Barkal,

A. A., Shen, K. Y., Jain, R., Morganti, R. M., Shyh-Chang, N., Fernhoff,

N. B., George, B. M., Wernig, G., Salomon, R. E. A., Chen, Z., Vogel, H.,

Epstein, J. A., Kundaje, A., . . . Weissman, I. L. (2016).Mapping the pair-

wise choices leading from pluripotency to human bone, heart, and

other mesoderm cell types. Cell, 166, 451–467. https://doi.org/10.
1016/j.cell.2016.06.011

73. Loh, K. M., & Lim, B. (2011). A precarious balance: Pluripotency fac-

tors as lineage specifiers. Cell Stem Cell, 8, 363–369. https://doi.org/
10.1016/j.stem.2011.03.013

74. Moris, N., Anlas, K., van den Brink, S., Alemany, A., Schröder, J.,

Ghimire, S., Balayo, T., van Oudenaarden, A., & Arias, A. M. (2020).

An in vitro model of early anteroposterior organization during

humandevelopment.Nature,582, 410–415. https://doi.org/10.1038/
s41586-020-2383-9

 15211878, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bies.202400123 by T

est, W
iley O

nline L
ibrary on [01/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.devcel.2024.03.024
https://doi.org/10.1016/j.devcel.2024.03.024
https://doi.org/10.1101/104539
https://doi.org/10.1101/104539
https://doi.org/10.1242/dev.201790
https://doi.org/10.7554/eLife.59371
https://doi.org/10.1242/dev.200679
https://doi.org/10.1242/dev.193789
https://doi.org/10.1038/s41556-019-0423-1
https://doi.org/10.1016/j.devcel.2023.07.023
https://doi.org/10.1016/j.devcel.2023.07.023
https://doi.org/10.1016/j.cdev.2021.203720
https://doi.org/10.1016/j.devcel.2019.02.024
https://doi.org/10.1016/j.devcel.2019.02.024
https://doi.org/10.1101/2020.06.07.138883
https://doi.org/10.1101/2020.06.07.138883
https://doi.org/10.1016/j.devcel.2024.05.017
https://doi.org/10.1016/j.devcel.2024.05.017
https://doi.org/10.1101/20240210579769
https://doi.org/10.1242/dev.200812
https://doi.org/10.1002/1526-968X(200009)28:1%3c23::AID-GENE30%3e3.0.CO;2-G
https://doi.org/10.1002/1526-968X(200009)28:1%3c23::AID-GENE30%3e3.0.CO;2-G
https://doi.org/10.1242/dev.126.21.4691
https://doi.org/10.1016/S0925-4773(97)00123-8
https://doi.org/10.7554/eLife.42434
https://doi.org/10.7554/eLife.42434
https://doi.org/10.1242/dev.124.9.1631
https://doi.org/10.1242/dev.124.9.1631
https://doi.org/10.1002/dvg.1020170104
https://doi.org/10.1002/dvg.1020170104
https://doi.org/10.21203/rs.2.21540/v1
https://doi.org/10.21203/rs.2.21540/v1
https://doi.org/10.1371/journal.pone.0007708
https://doi.org/10.1016/j.stemcr.2014.04.014
https://doi.org/10.1016/j.stemcr.2014.04.014
https://doi.org/10.1038/s41586-020-2383-9
https://doi.org/10.1038/s41586-020-2383-9
https://doi.org/10.1016/j.stemcr.2021.12.012
https://doi.org/10.1016/j.stem.2013.12.007
https://doi.org/10.1016/j.cell.2016.06.011
https://doi.org/10.1016/j.cell.2016.06.011
https://doi.org/10.1016/j.stem.2011.03.013
https://doi.org/10.1016/j.stem.2011.03.013
https://doi.org/10.1038/s41586-020-2383-9
https://doi.org/10.1038/s41586-020-2383-9


TURNER and ARIAS 13 of 15

75. Hamburger, V. (1988). The heritage of experimental embryology. Oxford

University Press.

76. Moris, N., Martinez Arias, A., & Steventon, B. (2020). Experimental

embryology of gastrulation: Pluripotent stem cells as a new model

system.Current Opinion in Genetics &Development, 64, 78–83. https://
doi.org/10.1016/j.gde.2020.05.031

77. Sagy, N., Slovin, S., Allalouf, M., Pour, M., Savyon, G., Boxman, J., &

Nachman, I. (2019). Prediction and control of symmetry breaking in

embryoidbodiesbyenvironment and signal integration.Development,
146, dev181917.

78. Turner, D. A., Baillie-Johnson, P., & Martinez Arias, A. (2016).

Organoids and the genetically encoded self-assembly of embry-

onic stem cells.Bioessays, 38, 181–191. https://doi.org/10.1002/bies.
201500111

79. Rossi, G., Broguiere, N., Miyamoto, M., Boni, A., Guiet, R., Girgin, M.,

Kelly, R. G., Kwon, C., & Lutolf, M. P. (2021). Capturing cardiogene-

sis in gastruloids. Cell Stem Cell, 28, 230–240.e6. https://doi.org/10.
1016/j.stem.2020.10.013

80. Ragusa, D., Suen, C.-W., Cortés, G. T., Dijkhuis, L., Byrne, C., Ionescu,

G.-A., Cerveira, J., Kranc, K. R., Bigas, A., Garcia-Ojalvo, J., Arias, A.

M., & Pina, C. (2022). Dissecting infant leukemia developmental ori-

gins with a hemogenic gastruloid model. bioRxiv. [Preprint]. https://

doi.org/10.1101/2022.10.07.511362

81. Marikawa, Y., Chen, H.-R., Menor, M., Deng, Y., & Alarcon, V. B.

(2020). Exposure-based assessment of chemical teratogenicity using

morphogenetic aggregates of human embryonic stem cells.Reproduc-
tive Toxicology, 91, 74–91. https://doi.org/10.1016/j.reprotox.2019.
10.004

82. Warkus, E. L. L., & Marikawa, Y. (2017). Exposure-based validation

of an in vitro gastrulation model for developmental toxicity assays.

Toxicological Sciences, 157, 235–245. https://doi.org/10.1093/toxsci/
kfx034

83. Yuan,C. J., &Marikawa,Y. (2017).Developmental toxicity assessment

of common excipients using a stem cell-based in vitromorphogenesis

model. Food and Chemical Toxicology, 109, 376–385. https://doi.org/
10.1016/j.fct.2017.09.023

84. Mantziou, V., Baillie-Benson, P., Jaklin, M., Kustermann, S., Arias, A.

M., & Moris, N. (2021). In vitro teratogenicity testing using a 3D,

embryo-like gastruloid system. Reproductive Toxicology, 105, 72–90.
https://doi.org/10.1016/j.reprotox.2021.08.003

85. Amoroso, F., Ibello, E., Saracino, F., Cermola, F., Ponticelli, G., Scalera,

E., Ricci, F., Villetti, G., Cobellis, G., Minchiotti, G., Patriarca, E. J., De

Cesare, D., & D’aniello, C. (2023). Budesonide analogues preserve

stemcell pluripotency anddelay3Dgastruloid development.Pharma-
ceutics, 15, 1897. https://doi.org/10.3390/pharmaceutics15071897

86. Marikawa, Y. (2022). Toward better assessments of developmen-

tal toxicity using stem cell-based in vitro embryogenesis mod-

els. Birth Defects Research, 114, 972–982. https://doi.org/10.1002/
bdr2.1984

87. Sato, N., Rosa, V. S., Makhlouf, A., Kretzmer, H., Sampath Kumar,

A., Grosswendt, S., Mattei, A. L., Courbot, O., Wolf, S., Boulanger, J.,

Langevin, F., Wiacek, M., Karpinski, D., Elosegui-Artola, A., Meissner,

A., Zernicka-Goetz, M., & Shahbazi, M. N. (2024). Basal delamination

during mouse gastrulation primes pluripotent cells for differen-

tiation. Developmental Cell, 59, 1252–1268.e13. https://doi.org/10.
1016/j.devcel.2024.03.008

88. Rossant, J., Chazaud, C., & Yamanaka, Y. (2003). Lineage allocation

and asymmetries in the early mouse embryo. Philosophical Transac-
tions of theRoyal SocietyBBiological Sciences,358, 1341–1349. https://
doi.org/10.1098/rstb.2003.1329

89. Takaoka, K., Yamamoto,M., &Hamada, H. (2007). Origin of body axes

in the mouse embryo. Current Opinion in Genetics & Development, 17,
344–350. https://doi.org/10.1016/j.gde.2007.06.001

90. Harrison, S. E., Sozen, B., Christodoulou, N., Kyprianou, C., &

Zernicka-Goetz, M. (2017). Assembly of embryonic and extraembry-

onic stem cells to mimic embryogenesis in vitro. Science, 356(6334),
eaal1810. https://doi.org/10.1126/science.aal1810

91. Amadei, G., Lau, K. Y. C., De Jonghe, J., Gantner, CW., Sozen, B., Chan,

C., Zhu,M., Kyprianou, C., Hollfelder, F., & Zernicka-Goetz,M. (2021).

Inducible stem-cell-derived embryos capture mouse morphogenetic

events in vitro. Developmental Cell, 56, 366–382.e9. https://doi.org/
10.1016/j.devcel.2020.12.004

92. Sozen, B., Amadei, G., Cox, A., Wang, R., Na, E., Czukiewska, S.,

Chappell, L., Voet, T., Michel, G., Jing, N., Glover, D. M., & Zernicka-

Goetz, M. (2018). Self-assembly of embryonic and two extra-

embryonic stem cell types into gastrulating embryo-like structures.

Nature Cell Biology, 20, 979–989. https://doi.org/10.1038/s41556-
018-0147-7

93. Bao, M., Cornwall-Scoones, J., Sanchez-Vasquez, E., Cox, A. L., Chen,

D.-Y., De Jonghe, J., Shadkhoo, S., Hollfelder, F., Thomson, M., Glover,

D. M., & Zernicka-Goetz, M. (2022). Stem cell-derived synthetic

embryos self-assemble by exploiting cadherin codes and cortical ten-

sion. Nature Cell Biology, 24, 1341–1349. https://doi.org/10.1038/
s41556-022-00984-y

94. Girgin, M. U., Broguiere, N., Hoehnel, S., Brandenberg, N., Mercier, B.,

Arias, A. M., & Lutolf, M. P. (2021). Bioengineered embryoids mimic

post-implantation development in vitro. Nature Communications, 12,
5140. https://doi.org/10.1038/s41467-021-25237-8

95. Dupont, C., Schäffers, O. J. M., Tan, B. F., Merzouk, S., Bindels, E. M.,

Zwijsen, A., Huylebroeck, D., & Gribnau, J. (2023). Efficient genera-

tion of ETX embryoids that recapitulate the entire window of murine

egg cylinder development. Science Advances,9, eadd2913. https://doi.
org/10.1126/sciadv.add2913

96. Tarazi, S., Aguilera-Castrejon, A., Joubran, C., Ghanem,N., Ashouokhi,

S., Roncato, F.,Wildschutz, E., Haddad,M.,Oldak, B., Gomez-Cesar, E.,

Livnat,N., Viukov, S., Lokshtanov,D.,Naveh-Tassa, S., Rose,M.,Hanna,

S., Raanan, C., Brenner, O., Kedmi, M., . . . Hanna, J. H. (2022). Post-

gastrulation synthetic embryos generated ex utero frommouse naive

ESCs. Cell, 185, 3290–3306.e25. https://doi.org/10.1016/j.cell.2022.
07.028

97. Amadei, G., Handford, C. E., Qiu, C., De Jonghe, J., Greenfeld, H.,

Tran, M., Martin, B. K., Chen, D.-Y., Aguilera-Castrejon, A., Hanna,

J. H., Elowitz, M. B., Hollfelder, F., Shendure, J., Glover, D. M., &

Zernicka-Goetz, M. (2022). Embryo model completes gastrulation to

neurulation and organogenesis. Nature, 610, 143–153. https://doi.
org/10.1038/s41586-022-05246-3

98. Sadler, T. W. (2011). Langman’s medical embryology. Lippincott

Williams andWilkins.

99. Rossant, J. (2024).Why study human embryo development?Develop-
mental Biology, 509, 43–50. https://doi.org/10.1016/j.ydbio.2024.02.
001

100. Moris, N. (2023). Stem cells used to model a two-week-old human

embryo. Nature, 622, 469–470. https://doi.org/10.1038/d41586-
023-03150-y

101. Shao, Y., Taniguchi, K., Gurdziel, K., Townshend, R. F., Xue, X., Yong,

K. M. A., Sang, J., Spence, J. R., Gumucio, D. L., & Fu, J. (2017).

Self-organized amniogenesis by human pluripotent stem cells in a

biomimetic implantation-like niche. Nature Materials, 16, 419–425.
https://doi.org/10.1038/nmat4829

102. Shao, Y., Taniguchi, K., Townshend, R. F., Miki, T., Gumucio, D. L., & Fu,

J. (2017). A pluripotent stem cell-based model for post-implantation

human amniotic sac development. Nature Communications, 8, 208.
https://doi.org/10.1038/s41467-017-00236-w

103. Zheng, Y., Xue, X., Shao, Y., Wang, S., Esfahani, S. N., Li, Z., Muncie, J.

M., Lakins, J. N., Weaver, V. M., Gumucio, D. L., & Fu, J. (2019). Con-

trolled modelling of human epiblast and amnion development using

stem cells. Nature, 573, 421–425. https://doi.org/10.1038/s41586-
019-1535-2

104. Oldak, B., Wildschutz, E., Bondarenko, V., Comar, M. Y., Zhao, C.,

Aguilera-Castrejon, A., Tarazi, S., Viukov, S., Pham, T. X. A., Ashouokhi,

 15211878, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bies.202400123 by T

est, W
iley O

nline L
ibrary on [01/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.gde.2020.05.031
https://doi.org/10.1016/j.gde.2020.05.031
https://doi.org/10.1002/bies.201500111
https://doi.org/10.1002/bies.201500111
https://doi.org/10.1016/j.stem.2020.10.013
https://doi.org/10.1016/j.stem.2020.10.013
https://doi.org/10.1101/2022.10.07.511362
https://doi.org/10.1101/2022.10.07.511362
https://doi.org/10.1016/j.reprotox.2019.10.004
https://doi.org/10.1016/j.reprotox.2019.10.004
https://doi.org/10.1093/toxsci/kfx034
https://doi.org/10.1093/toxsci/kfx034
https://doi.org/10.1016/j.fct.2017.09.023
https://doi.org/10.1016/j.fct.2017.09.023
https://doi.org/10.1016/j.reprotox.2021.08.003
https://doi.org/10.3390/pharmaceutics15071897
https://doi.org/10.1002/bdr2.1984
https://doi.org/10.1002/bdr2.1984
https://doi.org/10.1016/j.devcel.2024.03.008
https://doi.org/10.1016/j.devcel.2024.03.008
https://doi.org/10.1098/rstb.2003.1329
https://doi.org/10.1098/rstb.2003.1329
https://doi.org/10.1016/j.gde.2007.06.001
https://doi.org/10.1126/science.aal1810
https://doi.org/10.1016/j.devcel.2020.12.004
https://doi.org/10.1016/j.devcel.2020.12.004
https://doi.org/10.1038/s41556-018-0147-7
https://doi.org/10.1038/s41556-018-0147-7
https://doi.org/10.1038/s41556-022-00984-y
https://doi.org/10.1038/s41556-022-00984-y
https://doi.org/10.1038/s41467-021-25237-8
https://doi.org/10.1126/sciadv.add2913
https://doi.org/10.1126/sciadv.add2913
https://doi.org/10.1016/j.cell.2022.07.028
https://doi.org/10.1016/j.cell.2022.07.028
https://doi.org/10.1038/s41586-022-05246-3
https://doi.org/10.1038/s41586-022-05246-3
https://doi.org/10.1016/j.ydbio.2024.02.001
https://doi.org/10.1016/j.ydbio.2024.02.001
https://doi.org/10.1038/d41586-023-03150-y
https://doi.org/10.1038/d41586-023-03150-y
https://doi.org/10.1038/nmat4829
https://doi.org/10.1038/s41467-017-00236-w
https://doi.org/10.1038/s41586-019-1535-2
https://doi.org/10.1038/s41586-019-1535-2


14 of 15 TURNER and ARIAS

S., Novershtern, N., & Hanna, J. H. (2023). Complete human day 14

post-implantation embryo models from naive ES cells. Nature, 622,
562–573.

105. Liu, L., Oura, S., Markham, Z., Hamilton, J. N., Skory, R. M., Li, L.,

Sakurai, M., Wang, L., Pinzon-Arteaga, C. A., Plachta, N., Hon, G.

C., & Wu, J. (2023). Modeling post-implantation stages of human

development into early organogenesis with stem-cell-derived peri-

gastruloids.Cell,186, 3776–3792.e16. https://doi.org/10.1016/j.cell.
2023.07.018

106. Karvas, R. M., Zemke, J. E., Ali, S. S., Upton, E., Sane, E., Fischer, L. A.,

Dong, C., Park, K.-M., Wang, F., Park, K., Hao, S., Chew, B., Meyer, B.,

Zhou, C., Dietmann, S., & Theunissen, T. W. (2023). 3D-cultured blas-

toids model human embryogenesis from pre-implantation to early

gastrulation stages.Cell StemCell, 30, 1148–1165.e7. https://doi.org/
10.1016/j.stem.2023.08.005

107. Eicher, A. K., Kechele, D. O., Sundaram, N., Berns, H. M., Poling, H.

M., Haines, L. E., Sanchez, J. G., Kishimoto, K., Krishnamurthy, M.,

Han, L., Zorn, A. M., Helmrath, M. A., &Wells, J. M. (2022). Functional

human gastrointestinal organoids can be engineered from three pri-

mary germ layers derived separately from pluripotent stem cells. Cell
Stem Cell, 9, 36–51.e6. https://doi.org/10.1016/j.stem.2021.10.010

108. Koike, H., Iwasawa, K., Ouchi, R., Maezawa, M., Giesbrecht, K., Saiki,

N., Ferguson, A., Kimura, M., Thompson, W. L., Wells, J. M., Zorn, A.

M., & Takebe, T. (2019). Modelling human hepato-biliary-pancreatic

organogenesis from the foregut-midgut boundary.Nature, 574, 112–
116. https://doi.org/10.1038/s41586-019-1598-0

109. Yaman, Y. I., & Ramanathan, S. (2023). Controlling human organoid

symmetry breaking reveals signaling gradients drive segmentation

clock waves. Cell, 186, 513–527.e19. https://doi.org/10.1016/j.cell.
2022.12.042

110. Anand, G. M., Megale, H. C., Murphy, S. H., Weis, T., Lin, Z., He, Y.,

Wang, X., Liu, J., & Ramanathan, S. (2023). Controlling organoid sym-

metry breaking uncovers an excitable systemunderlying human axial

elongation. Cell, 186, 497–512. https://doi.org/10.1016/j.cell.2022.
12.043

111. Gsell, S., Tlili, S., Merkel, M., & Lenne, P. F. (2023). Marangoni-like

tissue flows enhance symmetry breaking of embryonic organoids.

bioRxiv. [Preprint]. https://doi.org/10.1101/2023.09.22.559003

112. Rossi, G., Giger, S., Hübscher, T., & Lutolf, M. P. (2022). Gastruloids

as in vitro models of embryonic blood development with spatial and

temporal resolution. Scientific Reports, 12, 13380. https://doi.org/10.
1038/s41598-022-17265-1

113. Agiro, L., Chevalier, C., Choquet, C., Nandkishore, N., Ghata, A.,

Baudot, A., Zaffran, S., Lescroart, & F. (2023). Cardiopharyngeal

Mesoderm specification into cardiac and skeletal muscle lineages in

gastruloids. bioRxiv. [Preprint]. https://doi.org/10.1101/2023.05.15.

540476

114. Olmsted, Z., & Paluh, J. (2022). ACombinedHumanGastruloidModel

of Cardiogenesis and Neurogenesis. iScience, 25(6), 104486 https://

doi.org/10.1016/j.isci.2022.104486

115. Miao, Y., Djeffal, Y., De Simone, A., Zhu, K., Lee, J. G., Lu, Z., Silberfeld,

A., Rao, J., Tarazona, O. A., Mongera, A., Rigoni, P., Diaz-Cuadros, M.,

Song, L. M. S., Di Talia, S., & Pourquié, O. (2023). Reconstruction and

deconstruction of human somitogenesis in vitro. Nature, 614, 500–
508. https://doi.org/10.1038/s41586-022-05655-4

116. Olmsted, Z. T., & Paluh, J. L. (2021). Co-development of central

and peripheral neurons with trunk mesendoderm in human elongat-

ing multi-lineage organized gastruloids. Nature Communications, 12,
3020. https://doi.org/10.1038/s41467-021-23294-7

117. Braccioli, L., van den Brand, T., Alonso Saiz, N., Fountas, C., Celie, P. H.
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