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Modifying gastruloids to dissect mechanisms of tissue- 
specific induction 
David A Turner1 and Jennifer Nichols2   

How functional organisms arise from a single cell is a 
fundamental question in biology with direct relevance to 
understanding developmental defects and diseases. Dissecting 
developmental processes provides the basic, critical framework 
for understanding disease progression and treatment. Bottom- 
up approaches to recapitulate formation of various components 
of the embryo have been effective to probe symmetry-breaking, 
self-organisation, tissue patterning and morphogenesis. 
However, these studies have been mostly concerned with axial 
patterning, which is essentially longitudinal. Can these models 
generate the appendicular axes? If so, how far can self- 
organisation take these? Will experimentally induced organisers 
be required? This short review explores these questions, 
highlighting how minimal models are essential for 
understanding patterning and morphogenetic processes. 
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Introduction 
A key event in early embryogenesis is gastrulation, which 
transforms the embryo into a tri-layered structure, progres-
sively allocating and positioning cells to the ectodermal, 
mesodermal and endodermal germ layers. This process 
defines the body-plan of the embryo, and once established, 
genetic, physical and chemical inputs gradually convert 

these cell types into defined tissues and organs over the 
timescale prescribed for the species, all precisely placed and 
interconnected. The mechanisms governing these events 
are progressively being revealed, partially through advances 
in obtaining and culturing mammalian embryos, but also by 
exploiting the rapidly advancing in vitro embryonic stem 
cell (ESC) systems, including ‘stembryos’ as well as orga-
noids for specific tissues [1]. Such stembryo models for 
mammalian development include ‘gastruloids’ that use 
mouse or human ESCs [2,3], and the related trunk-like 
structures (TLSs) [4]. Both of these mimic aspects of early 
gastrulation such as symmetry-breaking, polarisation of gene 
expression, axial elongation, the emergence of three ortho-
gonal axes and (if cultured in Matrigel), the development of 
somites (these and other systems will be discussed later). A 
significant advantage of using in vitro technologies such as 
these, in parallel with studies on embryos, allows us to 
dissect the mechanisms involved in mammalian embryonic 
patterning (as well as the general patterning principles for 
other species), lineage segregation and organ development 
from two complementary directions: ‘bottom-up’ (stembryo/ 
organoid/stem cell) and ‘top-down’ (embryos/genetics/ 
transgenics/knockouts). However, to appreciate fully the 
extent to which bottom-up models may be employed, it is 
necessary to define and understand the limits of these 
systems and how far they can be manipulated before their 
biological relevance is lost. In the context of early mam-
malian development, ‘embryoid bodies (EBs)’ were among 
the first in vitro tools used to investigate mechanisms un-
derlying changes in epiblast morphology [5]. Most other 
models for early mammalian development are concerned 
with axial patterning and the emergence of tissues and cell 
types along the trunk of the embryo, essentially generating 
a patterned tube. It is not yet clear if these self-organised 
stembryo models permit the development of appendicular 
axes. Furthermore, is it possible to model innervation of 
mammalian organoids and appendages, or migration of key 
cell types such as the neural crest? In this short review, we 
will consider the current model systems that allow us to 
study early development, as well as their limitations. We 
propose some strategies in light of recent gastruloid ex-
periments that could be employed to allow stembryo 
models to develop appendages. In the context of this re-
view, which will focus on mammalian development, we 
propose that the aim of these in vitro organoid approaches is 
not to generate an entire in vitro embryo, but to model 
specific aspects of embryonic development incrementally. 
Taking this approach, we believe we can discover more 
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about the inherent properties of the system by homing in on 
specific tissue types and their interactions. 

Tissue-specific organoids: the embryo is 
more than the sum of its parts 
The isolation and culture of ESCs, and the subsequent 
understanding of the precise factors regulating their 
pluripotency and differentiation, were essential steps for 
in vitro models of development. Grown as a monolayer, 
and without the influence of feeder cells, ESCs provide 
an attractive alternative to dissecting the signalling 
conditions required to maintain pluripotency in the early 
embryo [6–9], or to direct their differentiation to defined 
lineages and tissues [10,11]. As a monolayer, they are 
amenable to live time-lapse imaging as well as fixed, 
single-cell analysis (e.g. immunofluorescence, in situ 
hybridisation chain reaction, RNA-Fluorescent In Situ 
Hybridisation), which has permitted a more nuanced 
understanding of their heterogeneous properties, linking 
cell fate to reporter gene expression, morphology and 
cell movements [12–15]. As useful as this highly reduced 
and simplified method of studying cell-fate decisions 
during early development is, a necessary trade-off for 
this simplicity is that the 3D nature of the embryo 
cannot be reflected. As such, this motivated many groups 
to utilise something more akin to the 3D nature of or-
gans and embryos, such as EBs ([16] and other 3D cul-
ture techniques, such as mechanically supported 
cultures [17–19] and the development of organoids (see  
[20,21] for comprehensive reviews). EBs constitute a 
relatively simple 3D model system, where ESCs are 
aggregated, mostly, using hanging-drops. However, 
these tend to be disorganised, variable in their pheno-
type and are not very tractable in terms of changing the 
signalling environment. Combining EBs with micro-
fluidic approaches has the potential to improve this  
[22–25]. The ‘organoid’ field evolved from EB models, 
changing the initial aggregation phase from hanging- 
drops to U-bottom plates (with different low- or no-ad-
hesion properties), where the conditions of their growth 
could be tightly controlled. By changing the chemical 
and physical (e.g. Matrigel, Geltrex) conditions, these 
aggregates of ESCs could self-organise into 3D struc-
tures resembling the architecture and patterning profile 
of various organs, depending on the culture conditions. 
Examples include optic cup, retina, kidney, limb- 
bud and pancreas [26–29], and have the potential for 
disease modelling, as has been shown with the Zika 
virus [30,31], and drug screening [32]. 

Although these organoid approaches permit experimentally 
tractable model systems to study tissue-specific patterning 
and morphogenesis, they omit a range of physiological 
constraints for simplicity (which in some cases can be ad-
vantageous). Indeed, the tissues/organs that are being mi-
micked in vitro are, by necessity, experimentally isolated, 

whereas in vivo, organs and tissues develop in concert with 
one another, and signals from developing tissues help shape 
and pattern both themselves and tissues nearby. For ex-
ample, the embryonic heart and liver, whilst originating 
from distinct germ layers (mesoderm and endoderm, re-
spectively), require reciprocal signalling between the two 
tissues for proper development [33–35] and the notochord 
(axial mesoderm) is essential for secreting signals that es-
tablish a morphogen gradient, such as Sonic Hedgehog 
(Shh) for proper dorsoventral patterning of the neural tube 
(neuroectoderm) [36]. Such reciprocal interactions are not 
present in isolated organoid models, and although these 
signalling inputs may be supplemented experimentally, the 
subtle signalling dynamics that occur between adjacent 
tissues are more difficult to mimic experimentally. 

Post-implantation organoid models: 
stembryos 
To allow a more inclusive model system that permits the 
development of multiple tissues simultaneously, several 
approaches have been established that span the devel-
opmental period encompassing pre-, peri- and post im-
plantation [37]. Pre-implantation culture techniques for 
mammalian development encompass ‘blastoids’ 
that combine trophoblast stem cells and ESCs [38–42] 
and Embryonic-Trophoblast-Extra-embryonic endoderm 
(ETX) embryos that develop structures very similar to the 
mouse embryo between E5.5 and E7.5, by combining 
extraembryonic endoderm stem cells, trophoblast stem 
cells and ESCs [43] We direct the reader to other articles 
within this Issue that tackle such models directly. 

Most of the recent models for post-implantation develop-
ment can trace their origin back to seminal work [44]. Using 
hanging-drop culture, similar to traditional EBs, aggregation 
of embryonal carcinoma cells in medium containing di-
methyl sulphoxide resulted in morphological and gene ex-
pression changes that mimicked the early stages of 
embryonic axial development: convergent extension/elon-
gation of the axis, polarisation of gene expression and up-
regulation of markers associated with early lineage 
commitment during gastrulation [44]. Interestingly, markers 
associated with the primitive streak were localised to one 
end of the elongating organoid. The critical difference be-
tween this approach and other EB studies was in the initial 
number of cells that were plated: ∼200–300 cells per 
hanging drop [44]. Building on this but using U-bottom 96- 
well plates, the lab of Alfonso Martinez Arias aggregated 
small numbers of mouse ESCs and applied a pulse of a 
Wnt/β-catenin agonist between 48 and 72 h of culture  
[45,46]. The structures that formed broke symmetry, po-
larised the expression of primitive-streak markers to one 
side of the aggregate and also underwent axial elongation. 
Interestingly, when these structures, called ‘gastruloids’ were 
analysed in detail, a remarkable degree of self-organisation 
was revealed, reminiscent of post-occipital development, 
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with the gradual patterning of the three orthogonal axes 
(anteroposterior, dorsoventral and mediolateral), collinear 
Hox gene expression and organised derivatives of the three 
germ layers, including neural crest [47]. Furthermore, gas-
truloids have a significant advantage in that they are highly 
reproducible between replicates [47]. However, despite the 
organisation of gene expression patterns, these aggregates 
were not able to develop proper structures such as somites, 
or neural/gut tubes, showing a disconnect between gene 
expression and structure, which indicated that additional 
signalling inputs may be required [2]. Indeed, Matrigel (or 
Geltrex), an ECM-rich medium, provided this additional 
input, and embedding gastruloids at ∼96 h in low con-
centrations of Matrigel resulted in multiple features of so-
mitogenesis being recapitulated [48], and the development 
of a midline neural tube flanked by pairs of somites (re-
ferred to as ‘TLSs’) [4]. For ethical reasons, gastrulation 
cannot be studied in human embryos. However, ESCs 
derived from blastocysts left over from assisted conception 
programmes, or induced pluripotent stem cells repro-
grammed from human tissue, have been utilised to make 
gastruloids resembling those of the mouse, providing a 
means to model this largely inaccessible stage of develop-
ment [3] and thereby identify human-specific mechanisms. 

Gastruloids and their derivatives are rapidly becoming 
recognised as complementary models for early develop-
ment, that are minimal in nature so as to remain tractable 
and understandable, yet close enough in mimicking the 
processes seen in embryonic development to remain 
directly relevant. To this end, modifications of the gas-
truloid culture conditions have permitted the refinement 
of model systems for cardiac development [49], haema-
topoiesis [50], anterior neural development [51] and 
elongating multi-lineage organoids (EMLOs), which 
generate neurons, neural crest cells and gut structures 
bearing molecular and functional resemblance to those 
derived in vivo [52]. 

From tubes to appendages: what signalling 
cues are missing? 
Currently, the gastruloid is essentially a polarised, pat-
terned cylinder, attributable to its extraordinary ability to 
self-organise within a simple signalling environment. 
Remarkably, in situ hybridisation for Hoxd9, a marker for 
limb-bud primordia in mouse, identified small spots on 
the flanks of gastruloids [2]. It is tempting to speculate 
that these may indicate regions in the gastruloids that 
may have the potential to respond to signals promoting 
outgrowth (Fig. 1). In vivo, such signals come from an 
overlying ectodermal layer that is recognised to be im-
portant for the formation of an apical ectodermal ridge 
(AER) essential for limb outgrowth. As reconstruction of 
an ‘organiser region’ in gastruloids has been used to 
enhance dorsoventral patterning [53], a similar strategy 
may therefore enable some development of lateral 

structures. To date, limb organoids have been generally 
derived from mouse embryos [54], however, attempts 
have been made to generate these directly from plur-
ipotent stem cells [28]. In the case of the latter, this 
required a combination of chemical signalling and Ma-
trigel embedding, which (providing the correct me-
chanochemical signals are added) could be a mechanism 
to facilitate outgrowth from gastruloids. The exciting 
prospect of attempting to induce limb outgrowth on 
gastruloids will lead to greater understanding of how 
chemical, mechanical and temporal mechanisms are 
orchestrated to create these essential appendages. 

Conclusions 
One argument for advancing the ‘bottom-up’ approach, 
which might appear attractive, is to be able to generate a 
whole-functioning embryo from its constituent compo-
nents, satisfying Richard Feynman’s conjecture: ‘what I 
cannot create, I do not understand’. However, reproduction 
of embryonic development in toto jettisons the potential 

Figure 1  

Current Opinion in Genetics and Development

Possible strategies for encouraging the development of gastruloid 
appendicular axes. HoxD9 gene expression in small, bilateral spots 
towards the anterior of the gastruloid may indicate the initiation of 
transcriptional programs that could give rise to the appendicular axes, 
providing the correct signalling environment is present (top). Global 
application of signalling molecules such as chemical modulators and 
specific Extra-Cellular Matrix components (possibly provided by 
Matrigel) could be read by cells receptive to these signals and over time, 
develop outgrowths (bottom left). Additionally, localised signalling 
molecules, applied in beads soaked with signalling factors that mimic 
the AER (e.g. Shh or other combinations of signals), may also be an 
additional strategy (bottom right). Combinations of these strategies may 
also be required.   
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to dissect the minimal requirements for interactions be-
tween adjacent-developing organs. Studying organs and 
tissues individually or in neighbourhood groups will allow 
us to examine the minimal requirements for develop-
mental processes, defining what is truly necessary for 
specific processes to be initiated, sustained and termi-
nated. Once defined, we can incrementally add further 
complexity to examine whether our hypotheses generated 
through minimal models are upheld, or whether different 
strategies are employed by the embryo at key stages to 
integrate information from additional complex signalling 
environments (e.g. chemical, physical). 

Finally, as developmental biologists, we are comfortable 
in comparing embryogenesis across different species to 
understand common strategies for patterning and mor-
phogenesis. This is why we should also take into account 

bottom-up approaches from different species where 
possible, for example, comparing stembryo models from 
mouse, human and other vertebrates such as the zebra-
fish [55,56]. Indeed, zebrafish ‘pescoids’ show a re-
markable similarity in patterning and morphogenesis to 
their mouse and human counterparts: when boundary 
conditions are removed, aggregating cells revert to a 
‘morphogenetic ground state’ [57], providing a blank 
slate upon which we can examine what is required for 
morphogenesis of key organs and tissues when in-
crementally applied.  
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Box 1 Definition of terms commonly used to describe organoids.      

Term Definition References  

Gastruloid 3D aggregates of pluripotent stem cells that mimic embryonic axial devel-
opment 

Van den Brink et al. 
(2014) [46] 
Turner et al. (2017)[47] 
Beccari et al. (2018)[2] 
Moris et al. (2020) [3] 

TLSs Trunk-like structures: addition of Matrigel at late stages of development allows 
formation of somites flanking neural tube 

Veenvliet et al. 
(2020) [4] 
Van den Brink et al. 
(2020) [48] 

Embryonic-Trophoblast-Extra-em-
bryonic endoderm(ETX) structures 

Generation of structures that mimic some aspects of E5.5–E7.5 mouse 
embryos 

Sozen et al (2018)[43] 

EMLO Elongating multi-lineage organoids Olmsted and Paluh 
(2021) [52] 

Stembryo Portmanteau of stemcells and embryos, a term coined to bring together the in 
vitro models of early development 

Veenvliet et al. 
(2021) [1] 

Blastoid 3D aggregates combining trophoblast and ESCs to mimic blastocysts Rivron et al. (2018)[38] 
Kagawa et al. 
(2021)[39] 
Liu, et al. (2021) [40] 
Yanagida et al. 
(2021) [41] 
Yu et al. (2021) [42] 

Embryoid body (EB) A technique that uses gravity-induced aggregation of ESCs, generally dis-
organised 

Coucouvanis and 
Martin (1995) [5] 
Veenvliet et al. 
(2021) [1] 

Feeder cells A layer of mitotically inactivated cells (typically immortalised mouse embryonic 
fibroblasts) 

Martin and Evans 
(1975) [58] 

Directed differentiation The process of controlling differentiation by the addition of specific signalling 
factors to guide pluripotent cells towards defined lineages 

Multiple examples 
exist, but see: 
Neural: Ying and Smith 
(2003) [59] 
Primitive sreak: Gadue 
et al. (2006)[60] 
Turner et al. (2014)[13] 
Endoderm: Hashmi 
et al. (2022) [61] 
Mesoderm: Thomson 
et al. (2011) [62]    

4 Early embryonic development models  

www.sciencedirect.com Current Opinion in Genetics & Development 2023, 83:102130 



Data Availability 

No data were used for the research described in the ar-
ticle. 

Declaration of Competing Interest 

We have no conflict of interest to declare. 

Acknowledgements 
JN was supported by the Universities of Cambridge and Edinburgh, 
Wellcome Trust Collaborative Award (G104520) and Biotechnology and 
Biological Sciences Research Council (BB/S001816/2). DAT was supported 
by a BBSRC New Investigator Grant (BB/X000907/1), an NC3Rs David 
Sainsbury Fellowship (NC/P001467/1) and a Wellcome Trust non-clinical 
ISSF, NC3Rs/BBSRC award to both authors (NC/X001938/1). 

References and recommended reading 
Papers of particular interest, published within the period of review, have 
been highlighted as:  

•• of special interest  
•• of outstanding interest  

1. Veenvliet JV, Lenne PF, Turner DA, Nachman I, Trivedi V: Sculpting 
with stem cells: how models of embryo development take 
shape. Development 2021, 148:dev192914. 

2.
••

Beccari L, Moris N, Girgin M, Turner DA, Baillie-Johnson P, Cossy 
AC, Lutolf MP, Duboule D, Arias AM: Multi-axial self-organization 
properties of mouse embryonic stem cells into gastruloids. 
Nature 2018, 562:272-276. 

This article describes the formation of the three major body axes (AP, DV 
and ML) and collinear hox gene expression. 

3.
••

Moris N, Anlas K, van den Brink SC, Alemany A, Schroder J, 
Ghimire S, Balayo T, van Oudenaarden A, Martinez Arias A: An in 
vitro model of early anteroposterior organization during human 
development. Nature 2020, 582:410-415. 

First description of gastruloids from human ESCs. 

4.
••

Veenvliet JV, Bolondi A, Kretzmer H, Haut L, Scholze-Wittler M, 
Schifferl D, Koch F, Guignard L, Kumar AS, Pustet M, Heimann S, 
Buschow R, Wittler L, Timmermann B, Meissner A, Herrmann BG: 
Mouse embryonic stem cells self-organize into trunk-like 
structures with neural tube and somites. Science 2020, 
370:eaba4937. 

This paper describes how low concentrations of Matrigel can develop 
TLSs with a neural tube flanked by pairs of somites. 

5. Coucouvanis E, Martin GR: Signals for death and survival: a two- 
step mechanism for cavitation in the vertebrate embryo. Cell 
1995, 83:279-287. 

6. Smith AG, Heath JK, Donaldson DD, Wong GG, Moreau J, Stahl M, 
Rogers D: Inhibition of pluripotential embryonic stem cell 
differentiation by purified polypeptides. Nature 1988, 
336:688-690. 

7. Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL, Gearing 
DP, Wagner EF, Metcalf D, Nicola NA, Gough NM: Myeloid 
leukaemia inhibitory factor maintains the developmental 
potential of embryonic stem cells. Nature 1988, 336:684-687. 

8. Ying QL, Wray J, Nichols J, Batlle-Morera L, Doble B, Woodgett J, 
Cohen P, Smith A: The ground state of embryonic stem cell self- 
renewal. Nature 2008, 453:519-523. 

9. Ying QL, Nichols J, Chambers I, Smith A: BMP induction of Id 
proteins suppresses differentiation and sustains embryonic 
stem cell self-renewal in collaboration with STAT3. Cell 2003, 
115:281-292. 

10. Slager HG, Freund E, Buiting AM, Feijen A, Mummery CL: 
Secretion of transforming growth factor-beta isoforms by 
embryonic stem cells: isoform and latency are dependent on 
direction of differentiation. J Cell Physiol 1993, 156:247-256. 

11. Ying QL, Stavridis M, Griffiths D, Li M, Smith A: Conversion of 
embryonic stem cells into neuroectodermal precursors in 
adherent monoculture. Nat Biotechnol 2003, 21:183-186. 

12. Chambers I, Silva J, Colby D, Nichols J, Nijmeijer B, Robertson M, 
Vrana J, Jones K, Grotewold L, Smith A: Nanog safeguards 
pluripotency and mediates germline development. Nature 2007, 
450:1230-1234. 

13. Turner DA, Rue P, Mackenzie JP, Davies E, Martinez Arias A: 
Brachyury cooperates with Wnt/beta-catenin signalling to elicit 
primitive-streak-like behaviour in differentiating mouse 
embryonic stem cells. BMC Biol 2014, 12:63-82. 

14. Gouti M, Tsakiridis A, Wymeersch FJ, Huang Y, Kleinjung J, Wilson 
V, Briscoe J: In vitro generation of neuromesodermal 
progenitors reveals distinct roles for wnt signalling in the 
specification of spinal cord and paraxial mesoderm identity. 
PLoS Biol 2014, 12:e1001937. 

15. Morgani SM, Saiz N, Garg V, Raina D, Simon CS, Kang M, Arias 
AM, Nichols J, Schroter C, Hadjantonakis AK: A Sprouty4 reporter 
to monitor FGF/ERK signaling activity in ESCs and mice. Dev 
Biol 2018, 441:104-126. 

16. Desbaillets I, Ziegler U, Groscurth P, Gassmann M: Embryoid 
bodies: an in vitro model of mouse embryogenesis. Exp Physiol 
2000, 85:645-651. 

17. Shamir ER, Ewald AJ: Three-dimensional organotypic culture: 
experimental models of mammalian biology and disease. Nat 
Rev Mol Cell Biol 2014, 15:647-664. 

18. Kalabis J, Wong GS, Vega ME, Natsuizaka M, Robertson ES, 
Herlyn M, Nakagawa H, Rustgi AK: Isolation and characterization 
of mouse and human esophageal epithelial cells in 3D 
organotypic culture. Nat Protoc 2012, 7:235-246. 

19. Fuchs E: Epidermal differentiation: the bare essentials. J Cell 
Biol 1990, 111:2807-2814. 

20. Turner DA, Baillie-Johnson P, Martinez Arias A: Organoids and the 
genetically encoded self-assembly of embryonic stem cells. 
Bioessays 2016, 38:181-191. 

21. Battista S, Guarnieri D, Borselli C, Zeppetelli S, Borzacchiello A, 
Mayol L, Gerbasio D, Keene DR, Ambrosio L, Netti PA: The effect 
of matrix composition of 3D constructs on embryonic stem cell 
differentiation. Biomaterials 2005, 26:6194-6207. 

22. Kraehenbuehl TP, Zammaretti P, Van der Vlies AJ, Schoenmakers 
RG, Lutolf MP, Jaconi ME, Hubbell JA: Three-dimensional 
extracellular matrix-directed cardioprogenitor differentiation: 
systematic modulation of a synthetic cell-responsive PEG- 
hydrogel. Biomaterials 2008, 29:2757-2766. 

23. Meinhardt A, Eberle D, Tazaki A, Ranga A, Niesche M, Wilsch- 
Brauninger M, Stec A, Schackert G, Lutolf M, Tanaka EM: 3D 
reconstitution of the patterned neural tube from embryonic 
stem cells. Stem Cell Rep 2014, 3:987-999. 

24. Girgin MU, Broguiere N, Hoehnel S, Brandenberg N, Mercier B, 
Arias AM, Lutolf MP: Bioengineered embryoids mimic post- 
implantation development in vitro. Nat Commun 2021, 12:5140. 

25. Holley RJ, Meade KA, Merry CL: Using embryonic stem cells to 
understand how glycosaminoglycans regulate differentiation. 
Biochem Soc Trans 2014, 42:689-695. 

26. Grapin-Botton A, Kim YH: Pancreas organoid models of 
development and regeneration. Development 2022, 149:dev201004. 

27. Nakano T, Ando S, Takata N, Kawada M, Muguruma K, Sekiguchi 
K, Saito K, Yonemura S, Eiraku M, Sasai Y: Self-formation of optic 
cups and storable stratified neural retina from human ESCs. 
Cell Stem Cell 2012, 10:771-785. 

28.
•

Mori S, Sakakura E, Tsunekawa Y, Hagiwara M, Suzuki T, Eiraku M: 
Self-organized formation of developing appendages from 
murine pluripotent stem cells. Nat Commun 2019, 10:3802. 

This article describes how limb-bud organoids can be derived 
from ESCs. 

29. Takasato M, Little MH: A strategy for generating kidney 
organoids: recapitulating the development in human 
pluripotent stem cells. Dev Biol 2016, 420:210-220. 

in vitro methods for tissue induction Turner and Nichols 5 

www.sciencedirect.com Current Opinion in Genetics & Development 2023, 83:102130 

http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref1
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref1
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref1
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref2
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref2
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref2
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref2
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref3
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref3
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref3
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref3
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref4
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref4
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref4
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref4
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref4
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref4
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref5
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref5
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref5
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref6
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref6
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref6
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref6
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref7
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref7
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref7
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref7
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref8
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref8
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref8
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref9
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref9
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref9
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref9
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref10
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref10
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref10
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref10
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref11
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref11
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref11
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref12
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref12
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref12
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref12
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref13
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref13
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref13
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref13
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref14
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref14
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref14
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref14
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref14
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref15
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref15
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref15
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref15
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref16
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref16
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref16
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref17
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref17
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref17
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref18
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref18
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref18
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref18
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref19
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref19
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref20
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref20
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref20
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref21
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref21
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref21
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref21
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref22
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref22
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref22
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref22
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref22
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref23
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref23
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref23
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref23
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref24
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref24
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref24
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref25
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref25
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref25
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref26
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref26
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref27
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref27
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref27
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref27
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref28
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref28
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref28
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref29
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref29
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref29


30. Qian X, Nguyen HN, Song MM, Hadiono C, Ogden SC, Hammack 
C, Yao B, Hamersky GR, Jacob F, Zhong C, Yoon KJ, Jeang W, Lin 
L, Li Y, Thakor J, Berg DA, Zhang C, Kang E, Chickering M, Nauen 
D, Ho CY, Wen Z, Christian KM, Shi PY, Maher BJ, Wu H, Jin P, 
Tang H, Song H, Ming GL: Brain-region-specific organoids using 
mini-bioreactors for modeling ZIKV exposure. Cell 2016, 
165:1238-1254. 

31. Zhou T, Tan L, Cederquist GY, Fan Y, Hartley BJ, Mukherjee S, 
Tomishima M, Brennand KJ, Zhang Q, Schwartz RE, Evans T, 
Studer L, Chen S: High-content screening in hPSC-neural 
progenitors identifies drug candidates that inhibit Zika virus 
infection in fetal-like organoids and adult brain. Cell Stem Cell 
2017, 21:274-283 e5. 

32. Salick MR, Lubeck E, Riesselman A, Kaykas A: The future of 
cerebral organoids in drug discovery. Semin Cell Dev Biol 2021, 
111:67-73. 

33. Gualdi R, Bossard P, Zheng M, Hamada Y, Coleman JR, Zaret KS: 
Hepatic specification of the gut endoderm in vitro: cell 
signaling and transcriptional control. Genes Dev 1996, 
10:1670-1682. 

34. Jung J, Zheng M, Goldfarb M, Zaret KS: Initiation of mammalian 
liver development from endoderm by fibroblast growth factors. 
Science 1999, 284:1998-2003. 

35. Rossi JM, Dunn NR, Hogan BL, Zaret KS: Distinct mesodermal 
signals, including BMPs from the septum transversum 
mesenchyme, are required in combination for hepatogenesis 
from the endoderm. Genes Dev 2001, 15:1998-2009. 

36. Ericson J, Morton S, Kawakami A, Roelink H, Jessell TM: Two 
critical periods of Sonic Hedgehog signaling required for the 
specification of motor neuron identity. Cell 1996, 87:661-673. 

37. El Azhar Y, Sonnen KF: Development in a dish-in vitro models of 
mammalian embryonic development. Front Cell Dev Biol 2021, 
9:655993. 

38.
•

Rivron NC, Frias-Aldeguer J, Vrij EJ, Boisset JC, Korving J, Vivie J, 
Truckenmuller RK, van Oudenaarden A, van Blitterswijk CA, Geijsen 
N: Blastocyst-like structures generated solely from stem cells. 
Nature 2018, 557:106-111. 

The authors bring together trophoblast and ESCs to generate structures 
that mimic the early blastocyst. 

39. Kagawa H, Javali A, Khoei HH, Sommer TM, Sestini G, 
Novatchkova M, Scholte Op Reimer Y, Castel G, Bruneau A, 
Maenhoudt N, Lammers J, Loubersac S, Freour T, Vankelecom H, 
David L, Rivron N: Human blastoids model blastocyst 
development and implantation. Nature 2022, 601:600-605. 

40. Liu X, Tan JP, Schroder J, Aberkane A, Ouyang JF, Mohenska M, 
Lim SM, Sun YBY, Chen J, Sun G, Zhou Y, Poppe D, Lister R, Clark 
AT, Rackham OJL, Zenker J, Polo JM: Modelling human 
blastocysts by reprogramming fibroblasts into iBlastoids. 
Nature 2021, 591:627-632. 

41. Yanagida A, Spindlow D, Nichols J, Dattani A, Smith A, Guo G: 
Naive stem cell blastocyst model captures human embryo 
lineage segregation. Cell Stem Cell 2021, 28:1016-1022 e4. 

42. Yu L, Wei Y, Duan J, Schmitz DA, Sakurai M, Wang L, Wang K, 
Zhao S, Hon GC, Wu J: Blastocyst-like structures generated 
from human pluripotent stem cells. Nature 2021, 591:620-626. 

43. Sozen B, Amadei G, Cox A, Wang R, Na E, Czukiewska S, Chappell 
L, Voet T, Michel G, Jing N, Glover DM, Zernicka-Goetz M: Self- 
assembly of embryonic and two extra-embryonic stem cell 
types into gastrulating embryo-like structures. Nat Cell Biol 
2018, 20:979-989. 

44. Marikawa Y, Tamashiro DA, Fujita TC, Alarcon VB: Aggregated 
P19 mouse embryonal carcinoma cells as a simple in vitro 
model to study the molecular regulations of mesoderm 
formation and axial elongation morphogenesis. Genesis 2009, 
47:93-106. 

45. Turner DA, Hayward PC, Baillie-Johnson P, Rue P, Broome R, 
Faunes F, Martinez Arias A: Wnt/beta-catenin and FGF signalling 
direct the specification and maintenance of a 
neuromesodermal axial progenitor in ensembles of mouse 
embryonic stem cells. Development 2014, 141:4243-4253. 

46.
••

van den Brink SC, Baillie-Johnson P, Balayo T, Hadjantonakis AK, 
Nowotschin S, Turner DA, Martinez Arias A: Symmetry breaking, 
germ layer specification and axial organisation in aggregates 
of mouse embryonic stem cells. Development 2014, 
141:4231-4242. 

First description of gastruloids. 

47. Turner DA, Girgin M, Alonso-Crisostomo L, Trivedi V, Baillie- 
Johnson P, Glodowski CR, Hayward PC, Collignon J, Gustavsen C, 
Serup P, Steventon B, M PL, Arias AM: Anteroposterior polarity 
and elongation in the absence of extra-embryonic tissues and 
of spatially localised signalling in gastruloids: mammalian 
embryonic organoids. Development 2017, 144:3894-3906. 

48.
••

van den Brink SC, Alemany A, van Batenburg V, Moris N, 
Blotenburg M, Vivie J, Baillie-Johnson P, Nichols J, Sonnen KF, 
Martinez Arias A, van Oudenaarden A: Single-cell and spatial 
transcriptomics reveal somitogenesis in gastruloids. Nature 
2020, 582:405-409. 

Description of somitogenesis in gastruloids utilising the clock-and-wa-
vefront model after embedding in Matrigel. 

49. Rossi G, Broguiere N, Miyamoto M, Boni A, Guiet R, Girgin M, Kelly 
RG, Kwon C, Lutolf MP: Capturing cardiogenesis in gastruloids. 
Cell Stem Cell 2021, 28:230-240 e6. 

50. Rossi G, Giger S, Hubscher T, Lutolf MP: Gastruloids as in vitro 
models of embryonic blood development with spatial and 
temporal resolution. Sci Rep 2022, 12:13380. 

51. Girgin MU, Broguiere N, Mattolini L, Lutolf MP: Gastruloids 
generated without exogenous Wnt activation develop anterior 
neural tissues. Stem Cell Rep 2021, 16:1143-1155. 

52.
••

Olmsted ZT, Paluh JL: Co-development of central and peripheral 
neurons with trunk mesendoderm in human elongating multi- 
lineage organized gastruloids. Nat Commun 2021, 12:3020. 

Generation of EMLO gastruloids that generate a primitive gut tube co-
incidental with the development of structures resembling the spinal cord 
(dorsoventrally patterned), including many aspects of the peripheral 
nervous system. 

53. Xu PF, Borges RM, Fillatre J, de Oliveira-Melo M, Cheng T, Thisse 
B, Thisse C: Construction of a mammalian embryo model from 
stem cells organized by a morphogen signalling centre. Nat 
Commun 2021, 12:3277. 

54. Arostegui M, Underhill TM: Murine limb bud organ cultures for 
studying musculoskeletal development. Methods Mol Biol 2021, 
2230:115-137. 

55.
•

Fulton T, Trivedi V, Attardi A, Anlas K, Dingare C, Arias AM, 
Steventon B: Axis specification in zebrafish is robust to cell 
mixing and reveals a regulation of pattern formation by 
morphogenesis. Curr Biol 2020, 30:3063-3064. 

Generation of ‘pescoids’, gastruloid-like structures that are derived from 
the zebrafish embryo. 

56. Schauer A, Pinheiro D, Hauschild R, Heisenberg CP: Zebrafish 
embryonic explants undergo genetically encoded self- 
assembly. Elife 2020, 9:e55190. 

57. Steventon B, Busby L, Arias AM: Establishment of the vertebrate 
body plan: rethinking gastrulation through stem cell models of 
early embryogenesis. Dev Cell 2021, 56:2405-2418. 

58. Martin GR, Evans MJ: Differentiation of clonal lines of 
teratocarcinoma cells: formation of embryoid bodies in vitro. 
Proc Natl Acad Sci USA 1975, 72:1441-1445. 

59. Ying QL, Smith AG: Defined conditions for neural commitment 
and differentiation. Methods Enzym 2003, 365:327-341. 

60. Gadue P, Huber TL, Paddison PJ, Keller GM: Wnt and TGF-beta 
signaling are required for the induction of an in vitro model of 
primitive streak formation using embryonic stem cells. Proc 
Natl Acad Sci USA 2006, 103:16806-16811. 

61. Hashmi A, Tlili S, Perrin P, Lowndes M, Peradziryi H, Brickman JM, 
Martinez Arias A, Lenne PF: Cell-state transitions and collective 
cell movement generate an endoderm-like region in 
gastruloids. Elife 2022, 11:e59371. 

62. Thomson M, Liu SJ, Zou LN, Smith Z, Meissner A, Ramanathan S: 
Pluripotency factors in embryonic stem cells regulate 
differentiation into germ layers. Cell 2011, 145:875-889.  

6 Early embryonic development models  

www.sciencedirect.com Current Opinion in Genetics & Development 2023, 83:102130 

http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref30
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref30
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref30
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref30
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref30
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref30
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref30
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref31
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref31
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref31
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref31
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref31
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref31
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref32
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref32
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref32
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref33
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref33
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref33
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref33
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref34
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref34
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref34
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref35
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref35
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref35
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref35
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref36
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref36
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref36
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref37
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref37
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref37
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref38
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref38
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref38
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref38
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref39
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref39
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref39
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref39
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref39
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref40
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref40
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref40
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref40
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref40
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref41
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref41
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref41
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref42
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref42
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref42
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref43
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref43
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref43
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref43
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref43
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref44
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref44
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref44
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref44
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref44
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref45
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref45
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref45
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref45
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref45
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref46
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref46
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref46
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref46
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref46
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref47
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref47
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref47
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref47
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref47
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref47
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref48
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref48
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref48
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref48
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref48
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref49
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref49
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref49
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref50
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref50
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref50
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref51
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref51
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref51
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref52
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref52
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref52
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref53
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref53
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref53
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref53
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref54
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref54
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref54
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref55
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref55
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref55
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref55
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref56
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref56
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref56
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref57
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref57
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref57
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref58
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref58
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref58
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref59
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref59
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref60
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref60
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref60
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref60
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref61
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref61
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref61
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref61
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref62
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref62
http://refhub.elsevier.com/S0959-437X(23)00110-7/sbref62

	Modifying gastruloids to dissect mechanisms of tissue-specific induction
	Introduction
	Tissue-specific organoids: the embryo is more than the sum of its parts
	Post-implantation organoid models: stembryos
	From tubes to appendages: what signalling cues are missing?
	Conclusions
	CRediT authorship contribution statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




