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Abstract

Embryonic development is orchestrated by robust and complex regulatory mechanisms acting at 

different scales of organization. In vivo studies are particularly challenging for mammals after 

implantation, owing to the small size and inaccessibility of the embryo. The generation of stem 

cell models of the embryo represents a powerful system with which to dissect this complexity. 

Control of geometry, modulation of the physical environment, and priming with chemical signals 

reveal the intrinsic capacity of embryonic stem cells to make patterns. Adding the stem cells for 

the extraembryonic lineages generates three-dimensional models that are more autonomous from 

the environment and recapitulate many features of the pre- and postimplantation mouse embryo, 

including gastrulation. Here, we review the principles of self-organization and how they set cells in 

motion to create an embryo.

Vertebrate development deploys orthologous sets of genes that first create the body axes—

anterior-posterior (AP), dorsal-ventral (DV), and left-right (LR)—as well as the germ layers

—endoderm, mesoderm, and ectoderm—and ultimately refines these patterns to the diverse 

adult forms we know. How are these spectacular feats of self-organization possible?

Although we have an inventory of genes that confer cell identity, we are far from 

understanding how their products communicate to generate embryonic patterns.

Multiple levels of regulation add robustness to embryonic development, but this redundancy 

makes the regulatory network difficult to decipher. Using stem cells as a model system to 

study embryology, we are now able to start peeling back these layers of regulation to reveal 

the dynamic organization of the embryo. Technical advances that created stem cell 

embryology were reviewed in (1). Here we focus on the principles of how cell 

communication at the molecular level enables embryonic self-organization in mouse and 

human embryos.
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Mammalian embryo development

Preimplantation development is fairly conserved among mammalian species (2). 

Fertilization leads to a stepwise process of cell fate specification that culminates with the 

blastocyst comprising three cell types: the embryonic epiblast and the extraembryonic 

primitive endoderm and trophectoderm (3–6). Blastocyst implantation initiates a dialogue 

between the uterus and the embryo, which leads to the reorganization of both the embryo 

and the maternal tissues. Across diverse mammalian species, the basic relation between 

tissues is conserved, but postimplantation conceptuses present distinct embryonic 

architectures, from the cylinder-like shape of mouse embryos to the bilaminar disc of human 

embryos (2) (Fig. 1). How these different shapes evolved remains unknown.

Interactions between embryonic and extraembryonic tissues are critical to reshaping the 

developing embryo. In the mouse, the polar trophectoderm proliferates in response to 

fibroblast growth factor 4 (FGF4) secreted by the epiblast to form the extraembryonic 

ectoderm (7), which will form the placenta. Concomitantly, the epiblast and extraembryonic 

ectoderm undergo a process of lumenogenesis in response to extracellular matrix (ECM) 

secreted by the primitive endoderm–derived visceral endoderm (8, 9). The fusion of the 

extraembryonic ectoderm and epiblast cavities leads to the formation of the proamniotic 

cavity (10), fundamental for the establishment of the body plan. This coincides with a 

symmetry-breaking event to form the anterior signaling center in the visceral endoderm 

(AVE) that defines the AP axis and the site of gastrulation (11–13).

In human embryos, the epiblast undergoes lumenogenesis in a similar way to that of the 

mouse, with one important difference: Epiblast in contact with the trophoblast forms the 

amniotic epithelium, whereas epiblast in contact with the hypoblast (visceral endoderm-

equivalent) forms the epiblast disc (1, 2, 14). The mechanisms of symmetry breaking leading 

to AP axis formation in human embryos remain unknown, but mechanical and chemical cues 

are clearly involved. In cynomolgus monkey embryos, a population of hypoblast cells that 

expresses Wnt and Nodal inhibitors (DKK1 and CER1), characteristic of the mouse AVE, 

has been identified (15).

Is a dialogue between mother and embryo required for this morphogenesis? Comparative 

embryology provides a preliminary answer. In mammalian embryos such as pig, rabbit, and 

cow, embryonic morphogenesis and gastrulation take place before implantation (16, 17). 

Mouse and human embryos can undergo early postimplantation morphogenesis without 

maternal input (8, 18–21). Even if the uterine environment could help to modulate these 

events (22, 23), the self-organizing capabilities of mammalian embryos (and stem cells) are 

becoming increasingly apparent.

Modes of self-organization

Although a system composed of invariant parts might be induced to self-assemble, here we 

focus mainly on self-organization that encompasses both patterning (fate change) by 

exchange of signals, as well as cell rearrangements. To further refine terminology, consider a 

supersaturated vapor that is spatially homogeneous until droplets nucleate and grow. The 
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immediate trigger for a drop may be a speck of dust, but its subsequent expansion is 

reproducible. This is an example of spontaneous symmetry breaking, because the initially 

homogeneous vapor (the symmetric state) becomes an inhomogeneous mist of droplets. 

Analogous, self-organization occurs in systems of chemical reactions with diffusion where 

Turing showed that inhomogeneities with a characteristic spatial scale result from a random 

trigger to a uniform but unstable system (24). Embryology generally avoids spontaneous 

symmetry breaking because the outcome is too fragile; rather, it proceeds by progressive 

refinement of prior asymmetries, still suggestive of Turing’s ideas.

The requirements for Turing instability are intuitively transparent: An activator induces the 

production of its own inhibitor, but the inhibitor diffuses more rapidly than the activator and 

confines the activator in space. This has the seemingly paradoxical consequence that the 

peak expression of both the activator and inhibitor are in the same place, rather than being 

opposed. Both modes of regulation are seen in the mouse embryo (25).

Because signaling pathways often involve secreted inhibitors, Turing phenomena are 

frequently posited. However, there are many confounding influences as exemplified by 

studies of digits and feather follicles in the skin (26–28). Reaction-diffusion systems can 

also account for the “community effect,” articulated by John Gurdon, whereby a tissue 

forces the majority fate on cells within it (29–31).

In quantitative analogy to the surface tension–driven separation of oil and water, cells of 

different types can sort by differential adhesion (32). Chemotaxis can also contribute to 

pattern formation as in sporulation in Dictyostelium, and signaling pathways themselves can 

provide chemotactic signals (33).

Self-organization in embryonic stem cells

The disc shape of the human epiblast suggests the possibility of a two-dimensional (2D) 

model. Embryonic stem cells (ESCs) naturally supply the epiblast. The extraembryonic 

hypoblast and spatial confinement are modeled by micropatterns: Slides with arrays of disks 

where ECM proteins bind and control where cells adhere. The extraembryonic trophoblast is 

modeled by addition of BMP4 to the media to provide the morphogen trigger (34). As 

envisioned by Tam (35), the cells pattern with concentric rings of endoderm and mesoderm 

and a central disk of anterior epiblast (Figs. 2 and 3). The mesendoderm cells express the 

same markers and require the same signals (Wnt and Activin/Nodal induced downstream of 

BMP4) as does the mouse primitive streak, and the same secreted inhibitors are required to 

spatially confine the streak and shield the central epiblast from morphogens. Thus, a 

homogeneous layer of human ESCs (hESCs) can self-pattern on a scale of ~2000 cells, 

without contribution from extraembryonic lineages. Similarly, micropattern culture guides 

self-organization of ectodermal derivatives (36).

The micropattern system facilitates deciphering how cell fates are defined by distance from 

the colony boundary (37–40). hESCs are apicobasally polarized, and the BMP, Activin, and 

Nodal receptors are basolateral and not accessible to apical ligands except at the colony 

boundary. The secreted BMP inhibitor NOGGIN also restricts signaling to the colony 
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boundary and is active from the apical side, suggesting complex signal transmission in 

polarized epithelia (41).

Receptor localization in the micropattern system, when folded into a cup-shape as in the 

mouse, helps explain why the proamniotic cavity (facing the apical side of the epiblast) does 

not short-circuit the proximal-distal patterning and why the initial BMP response is proximal 

only (41). This conjecture was confirmed by mistargeting the BMP receptors in the embryo 

(42).

Micropattern culture has been extended to the mouse (43). When mouse ESCs (mESCs) are 

differentiated to a postimplantation-like state (44) and transferred to micropatterns, they 

display properties similar to those of the pregastrulation epiblast. Differentiation with Wnt, 

Activin and BMP gives fates indicative of distal versus proximal streak derivatives.

Embryonic and extraembryonic stem cells have been shown to self-organize in 3D culture 

(45–49). When ESCs are cultured in a 3D gel supplemented with ECM, they form an 

apicalbasal polarized shell that eliminates the boundaries of micropattern culture, allowing 

control of substrate mechanics and chemistry. Human pluripotent cells cultured in such a 

system respond to BMP by polarizing and breaking symmetry into anterior epiblast and 

posterior primitive streak in a Wnt-dependent manner (50).

A synthesis of signals and mechanics can be achieved by placing hESCs on a 3D soft gel 

and doping the media above with a low concentration of ECM components (51, 52). This 

treatment induces the patches to fold into closed polarized shells, which, depending on the 

initial cell density, can generate squamous, asymmetric, or columnar cysts. Squamous cysts 

represent an amnion-like tissue based on gene expression, cell shape, and BMP signaling 

activity (51), also active in the amnion of cynomolgous monkeys (15). Columnar cysts 

represent the epiblast, and asymmetric cysts undergo a symmetry-breaking event to form an 

amnion-like hemisphere and an epithelia-like disc (Figs. 2 and 3). The morphogenesis of the 

resulting amniotic sac plausibly requires BMP that induces Brachyury expression and EMT 

in the putative epiblast, but the mechanisms of symmetry breaking remain unknown. With 

the ability to define a gel surface in 3D, future studies will shed light on how morphology 

influences cell-cell signaling.

Embryoid bodies offer an alternative approach for eliciting the self-organizing potential of 

stem cells (53, 54). When a clump of mESCs is given a pulse of Wnt agonist, it elongates 

into a tube showing markers for AP, DV, and LR axes (55, 56) (Fig. 2). These so-called 

gastruloids recapitulate the spatiotemporal patterns of gene expression of embryos after 

gastrulation, such as homeobox (HOX) genes, in the correct temporal order and in nested 

telescoping domains (57).

Self-organization of embryonic and extraembryonic stem cells

These ESC-only based models are informative in revealing how homogeneous populations 

of cells can give rise to different cellular fates through the process of self-organization. 

However, these models differ from those of natural embryos in their lack of extraembryonic 

tissues, which are critical for development and provide spatial context for signaling 
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interactions. For this reason, new stem cell embryo models have been developed that 

incorporate interactions of ESCs with extraembryonic cells (58–61) (Figs. 2 and 3).

Combining mESCs and trophoblast stem cells (TSCs) (Fig. 1) in ECM (58) to substitute for 

the basal membrane produced by the primitive endoderm leads to the generation of 

postimplantation embryo-like structures. In this model, cells polarize and form lumens in the 

ESC-derived embryonic and TSC-derived extraembryonic compartments that then join, in 

response to Nodal signaling (58, 60). A domain of asymmetric Brachyury expression 

develops at the boundary between the ESC and TSC compartments. These polarized 

embryo-like structures induce mesoderm formation but do not proceed through gastrulation 

(Figs. 2 and 3). This event has been observed after substituting the ECM with the third stem 

cell type, extraembryonic endoderm (XEN) stem cells (Fig. 1), which provide the natural 

basement membrane (59, 60). As a result, the formed structures look markedly similar to 

early postimplantation embryos in morphology, gene expression, and signaling 

communication. They break symmetry at the embryonic and extraembryonic boundary with 

the induction of AP patterning and EMT, leading to mesoderm and definitive endoderm 

formation (59). This self-organization occurs in response to BMP and Wnt signaling active 

during the cavity fusion process (58, 59). Finally, the markers of primordial germ cells 

become expressed in a spatial-temporal manner characteristic of development. These 

structures induce decidualization upon their transfer to mouse foster mothers but do not 

develop further.

The self-assembly and subsequent self-organization into so-called gastrulating embryo-like 

structures are possible because the different stem cell types not only establish signaling 

among themselves but also provide the building blocks for spatial morphogenesis. The 

migration of ESCs to form the mesoderm layer, sandwiched between ESC-derived epiblast 

and XEN-derived visceral endoderm, and replacement of the XEN-layer with definitive 

endoderm are the hallmarks of early-to-mid gastrulation (59). This points to the essential 

requirement for the correct choreography of cells from embryonic and the two 

extraembryonic tissues to achieve correct form.

Will stem cell models ever pass the ultimate test of function, which is development 

following implantation? Combining mESCs and TSCs in a nonadherent platform leads to the 

generation of preimplantation embryo-like structures markedly similar to blastocysts, both in 

terms of shape, gene expression, and intercellular communication (61) (Fig. 2). These so-

called blastoids can also induce decidualization, but then their development stops (Fig. 3). 

The derivation of extraembryonic stem cells that better match the expression signatures of 

real embryos should improve the morphology of these embryo-like structures (62, 63). 

Similarly, the recent generation of expanded potential stem cells, which have the ability to 

form both embryonic and extraembryonic tissues, represents a promising tool for future 

research (64, 65)

Conclusions and perspectives

Stem cell models of embryogenesis allow independent control of shape, mechanics, and 

means to juxtapose embryonic and extraembryonic tissues. Therefore, they represent 
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powerful systems with which to address classic questions of embryology. For example, does 

gastrulation proceed in embryo-like structures of anomalous size, or does size have to be 

regulated first? Which combination of chemical and mechanical signals suffices to trigger 

primitive streak formation? To what extent can we induce gastrulation without AVE? Do the 

genetic barriers to chimerism operate through the same pathways as intraspecies cell 

competition? Stem cell systems will thus illuminate the genetic determinates of size and 

timing control.

Stem cell–derived embryos are models of development, and therefore they cannot fully 

recreate all the complexity of developing organisms. The field of stem cell embryology is in 

its infancy and will expand by tuning chemical and physical parameters, and using stem cell 

lines with broader developmental potential (64, 65). Particularly interesting would be the 

combination of hESCs with human TSCs (66), and potentially human hypoblast stem cells, 

to recapitulate the human conceptus.

However, in devising these studies, it is important to consider when stem cell models of 

embryos acquire the protections attached to human embryos. Is a collection of cells that 

mimics gastrulation any more human than a brain organoid that might one day be endowed 

with sensory primordia (67)? It is clearly unethical to implant a stem cell–derived embryo 

into a human, yet many pregnancies fail or are impaired by placentation. Can stem cell 

models help to address this problem?

The promise for basic science is clear. Building embryos from stem cells, like the in vitro 

reconstitution of biochemical systems from purified components, is the test of whether we 

can understand the whole from the parts.

ACKNOWLEDGMENTS

We are grateful to N. Rivron, B. Sozen, D. Turner, A. Martinez-Arias, J. Fu, M. Simunovic, A. Yoney, R. Nusse, D. 
ten Berge, and W. Koole for providing images for Fig. 2.

Funding:

M.N.S received funding from an Early Career Leverhulme Trust fellowship and an Advanced EMBO fellowship. 
Work in the laboratory of M.Z-G. is funded by the Wellcome Trust (207415/Z/17/Z) and the European Research 
Council (ERC grant 669198). Work of E.D.S. is funded by NIH grant GM101653.

REFERENCES AND NOTES

1. Shahbazi MN, Zernicka-Goetz M, Nat. Cell Biol 20, 878–887 (2018). [PubMed: 30038253] 

2. Rossant J, Tam PPL, Cell Stem Cell 20, 18–28 (2017). [PubMed: 28061351] 

3. Bedzhov I, Graham SJ, Leung CY, Zernicka-Goetz M, Philos. Trans. R. Soc. Lond. B Biol. Sci 369, 
20130538 (2014). [PubMed: 25349447] 

4. Rossant J, Tam PP, Development 136, 701–713 (2009). [PubMed: 19201946] 

5. Takaoka K, Hamada H, Development 139, 3–14 (2012). [PubMed: 22147950] 

6. Nowotschin S, Hadjantonakis AK, Curr. Opin. Genet. Dev 20, 420–427 (2010). [PubMed: 
20566281] 

7. Feldman B, Poueymirou W, Papaioannou VE, DeChiara TM, Goldfarb M, Science 267, 246–249 
(1995). [PubMed: 7809630] 

8. Bedzhov I, Zernicka-Goetz M, Cell 156, 1032–1044 (2014). [PubMed: 24529478] 

Shahbazi et al. Page 6

Science. Author manuscript; available in PMC 2021 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Li S, Edgar D, Fässler R, Wadsworth W, Yurchenco PD, Dev. Cell 4, 613–624 (2003). [PubMed: 
12737798] 

10. Christodoulou N et al., Nat. Cell Biol 20, 1278–1289 (2018). [PubMed: 30323188] 

11. Stower MJ, Srinivas S, Philos. Trans. R. Soc. Lond. B Biol. Sci 369, 20130546 (2014). [PubMed: 
25349454] 

12. Rodriguez TA, Srinivas S, Clements MP, Smith JC, Beddington RS, Development 132, 2513–2520 
(2005). [PubMed: 15857911] 

13. Tam PP, Behringer RR, Mech. Dev 68, 3–25 (1997). [PubMed: 9431800] 

14. Hertig AT, Rock J, Adams EC, Am. J. Anat 98,435–493 (1956). [PubMed: 13362122] 

15. Sasaki K et al., Dev. Cell 39, 169–185 (2016). [PubMed: 27720607] 

16. Hue I, Renard JP, Viebahn C, Dev. Genes Evol 211, 157–159 (2001). [PubMed: 11455429] 

17. Fléchon JE, Degrouard J, Fléchon B, Genesis 38, 13–25 (2004). [PubMed: 14755800] 

18. Shahbazi MN et al., Nat. Cell Biol 18, 700–708 (2016). [PubMed: 27144686] 

19. Deglincerti A et al., Nature 533, 251–254 (2016). [PubMed: 27144363] 

20. Hsu YC, Nature 239, 200–202 (1972). [PubMed: 4562729] 

21. Jenkinson EJ, Wilson IB, Nature 228, 776–778 (1970). [PubMed: 5472970] 

22. Bedzhov I et al., Cell Res. 25, 1368–1371 (2015). [PubMed: 26337800] 

23. Hiramatsu R et al., Dev. Cell 27, 131–144 (2013). [PubMed: 24176640] 

24. Meinhardt H, Models of biological pattern formation: from elementary steps to the organization of 
embryonic axes. (Academi Press, London, 1982).

25. Peng G et al., Dev. Cell 36, 681–697 (2016). [PubMed: 27003939] 

26. Hiscock TW, Tschopp P, Tabin CJ, Dev. Cell 41,459–465 (2017). [PubMed: 28586643] 

27. Shyer AE et al., Science 357, 811–815 (2017). [PubMed: 28705989] 

28. Raspopovic J, Marcon L, Russo L, Sharpe J, Science 345, 566–570 (2014). [PubMed: 25082703] 

29. Gurdon JB, Nature 336, 772–774 (1988). [PubMed: 3205305] 

30. Bolouri H, Davidson EH, Dev. Biol 340, 170–178 (2010). [PubMed: 19523466] 

31. Nemashkalo A, Ruzo A, Heemskerk I, Warmflash A, Development 144, 3042–3053 (2017). 
[PubMed: 28760810] 

32. Canty L, Zarour E, Kashkooli L, François P, Fagotto F, Nat. Commun 8, 157 (2017). [PubMed: 
28761157] 

33. Kimura-Yoshida C et al., Dev. Cell 9, 639–650 (2005). [PubMed: 16256739] 

34. Warmflash A, Sorre B, Etoc F, Siggia ED, Brivanlou AH, Nat. Methods 11, 847–854 (2014). 
[PubMed: 24973948] 

35. Behringer RR, Wakamiya M, Tsang TE, Tam PP, Genesis 28, 23–30 (2000). [PubMed: 11020713] 

36. Britton G, Heemskerk I, Hodge R, Qutub AA, Warmflash A, bioRxiv 518803 [Preprint]> (2019); .

37. Yoney A et al., eLife 7, e38279 (2018). [PubMed: 30311909] 

38. Heemskerk I et al., eLife 8, e40526 (2019). [PubMed: 30829572] 

39. Massey J et al., Proc. Natl. Acad. Sci. U.S.A 116, 4989–4998 (2019). [PubMed: 30819898] 

40. Martyn I, Brivanlou AH, Siggia ED, Development 146, dev172791 (2019). [PubMed: 30814117] 

41. Etoc F et al., Dev. Cell 39, 302–315 (2016). [PubMed: 27746044] 

42. Zhang Z, Zwick SZ, Loew E, Grimley JS, Ramanathan S, bioRxiv 491290 [Preprint] (2018); .

43. Morgani SM, Metzger JJ, Nichols J, Siggia ED, Hadjantonakis AK, eLife 7, e32839 (2018). 
[PubMed: 29412136] 

44. Hayashi K, Ohta H, Kurimoto K, Aramaki S, Saitou M, Cell 146, 519–532 (2011). [PubMed: 
21820164] 

45. Shahbazi MN et al., Nature 552, 239–243 (2017). [PubMed: 29186120] 

46. Poh YC et al., Nat. Commun 5, 4000 (2014). [PubMed: 24873804] 

47. Turco MY et al., Nature 564, 263–267 (2018). [PubMed: 30487605] 

48. Ranga A et al., Proc. Natl. Acad. Sci. U.S.A 113, E6831–E6839 (2016). [PubMed: 27742791] 

49. Haider S et al., Stem Cell Reports 11, 537–551 (2018). [PubMed: 30078556] 

Shahbazi et al. Page 7

Science. Author manuscript; available in PMC 2021 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



50. Simunovic M et al., bioRxiv 330704 (2018); .

51. Shao Y et al., Nat. Mater 16, 419–425 (2017). [PubMed: 27941807] 

52. Shao Y et al., Nat. Commun 8, 208 (2017). [PubMed: 28785084] 

53. ten Berge D et al., Cell Stem Cell 3, 508–518 (2008). [PubMed: 18983966] 

54. Brickman JM, Serup P, Wiley Interdiscip. Rev. Dev. Biol 6, e259 (2017).

55. Turner DA et al., Development 144, 3894–3906 (2017). [PubMed: 28951435] 

56. van den Brink SC et al., Development 141, 4231–4242 (2014). [PubMed: 25371360] 

57. Beccari L et al., Nature 562, 272–276 (2018). [PubMed: 30283134] 

58. Harrison SE, Sozen B, Christodoulou N, Kyprianou C, Zernicka-Goetz M, Science 356, eaal1810 
(2017). [PubMed: 28254784] 

59. Sozen B et al., Nat. Cell Biol 20, 978–989 (2018).

60. Zhang S et al., Nat. Commun 10, 496 (2019). [PubMed: 30700702] 

61. Rivron NC et al., Nature 557, 106–111 (2018). [PubMed: 29720634] 

62. Vrij EJ et al., bioRxiv (2019).

63. Frias-Aldeguer J et al., bioRxiv 510362 (2019); 10.1101/510362.

64. Yang Y et al., Cell 169, 243–257.e25 (2017). [PubMed: 28388409] 

65. Yang J et al., Nature 550, 393–397 (2017). [PubMed: 29019987] 

66. Okae H et al., Cell Stem Cell 22, 50–63.e6 (2018). [PubMed: 29249463] 

67. Rivron N et al., Nature 564, 183–185 (2018). [PubMed: 30542177] 

Shahbazi et al. Page 8

Science. Author manuscript; available in PMC 2021 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Schematic representation of mouse and human pre- and postimplantation embryos and 
the stem cell lines that can be derived from them.
Extraembryonic tissues are shown in different shades of teal, and epiblast derivatives in 

different shades of red. EPI, epiblast; TE, trophectoderm; PE, primitive endoderm (mouse), 

HYPO, hypoblast (human); ExE, extraembryonic ectoderm; VE, visceral endoderm; AVE, 

anterior visceral endoderm; CT, cytotrophoblast; SCT, syncytiotrophoblast; YSE, yolk sac 

endoderm.
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Fig. 2. Images of stem cell embryo models.
Oct4 labels pluripotent epiblast cells; Brachyury marks mesoderm; Gata6 marks endoderm; 

Gata3 marks extraembryonic cells; Sox2 labels both ectoderm and pluripotent cells; 7xTCF-

mCherry is a reporter of Wnt signaling activity; E-Cadherin labels cell-cell adhesion sites; 

and Dapi and Hoechst label nuclei. ESCs, embryonic stem cells; TSCs, trophoblast stem 

cells. Scale bars, 100 μm. These models are described in (34, 50, 52, 53, 56–59, 61).
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Fig. 3. Summary of stem cell models of the mouse and human embryo.
For each model, the starting cell types, the corresponding embryonic stage, and the main 

advantages and disadvantages are shown. AVE, anterior visceral endoderm; EMT, epithelial-

to-mesenchymal transition; PASE, postimplantation amniotic sac embryoid; ESCs, 

embryonic stem cells; TSCs, trophoblast stem cells; XEN cells, extraembryonic endoderm 

stem cells.
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