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The experimental production of complex structures resembling mammalian embryos (e.g., blastoids, gastruloids) from

pluripotent stem cells in vitro has become a booming research field. Since some of these embryoid models appear to

reach a degree of complexity that may come close to viability, a broad discussion has set in with the aim to arrive at a

consensus on the ethical implications with regard to acceptability of the use of this technology with human cells. The

present text focuses on developmental autonomy of embryoids which is an aspect of great ethical relevance and must

receive increased attention during the preparation of new legal regulations, but which has not been included yet in the

recently issued ISSCR Guidelines.
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1. Introduction

The experimental production of complex structures resembling mammalian embryos (or parts of them) from stem cells in

vitro has recently become a rapidly growing research field (for reviews, see ). Depending on the degree

of structural complexity, various types of such embryoids can be distinguished. For many years it has been known that

structures which only vaguely resemble real mouse embryos in an early germ layer stage can develop from pluripotent

stem cells (PPSC) in ascites or in suspension culture, i.e., the so-called embryoid bodies (for illustrations, see Figures 1

and 13 in ). During the last few years, however, numerous studies have been published on stem cell-derived constructs

which resemble mouse and human embryos or embryo parts much more closely. Remarkably, this is emerging as a novel,

booming research field, and various new terms have now been introduced to address these various entities (summarized

and illustrated in ): blastoids (resembling blastocysts), polarized embryo-like structures, gastrulating embryo-like
structures, gastruloids, post-implantation amniotic sac embryoids, and asymmetric human epiblast. A general

term proposed for such human embryoids is SHEEFs (Synthetic Human Entities with Embryo-like Features) .

As a result of the wealth of recent observations and publications, it is now widely realized that the morphogenetic potential

of PPSCs should be of ethical concern when dealing with human cells, and it has become a topic to ask whether and

where a line may be drawn between embryoids and real embryos, if any. The need for discussions on the ethical aspects

of this peculiar stem cell potential for embryoid formation was indeed already seen many years ago, at the time when the

first publications on human PPSCs appeared ; however, this aspect started to receive broader attention only

much later . In recent years, studies with improved methodologies for stem cell culturing have shown that embryoids

can now be formed more regularly, and that some of these constructs can develop into complex structures which may

come close to resembling, e.g., primitive streak or even more advanced stages (gastruloids), in the mouse model as well

as in the human . It was then asked whether these technical advances would be

reason enough to question the validity of the limit so far set in many countries, for research with human embryos (or stem

cell-derived embryo-like entities?) at the primitive streak/14-day stage . Specifically with regard to stem cell-derived

embryoids, a broad discussion has been started by various institutions, with the aim to arrive at a consensus on whether

new legislation should be initiated, and whether such new laws could be more liberal as to permit producing even more

complete and advanced stage human embryoids for research , and which of the various embryoid models,

and cultivation up to what stages, might be considered ethically permissible.

Any call for such changes in legislation should of course not be based only on the prospect of the new research

possibilities but must consider all ethically relevant aspects connected with this new technology. In such considerations,

an aspect often addressed is whether the degree of artificiality of embryoid constructs should be decisive; not the

functionality (principal viability) of the “end product”, but rather how it came into existence, i.e., in a “natural” or an

“artificial” way (various intricate manipulations, „embryo engineering“; for the type of manipulations used and for
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references to the voluminous literature, see the full article 10.3390/cells10061461). Concerning ethical implications, such

embryo-engineering approaches naturally focus our attention on the act of purposefully constructing these entities. Would

this very act of “engineering” have any bearings on the dignity we have to ascribe to the emerging entities? Although this

view is defended by some authors, it is refuted by others who argue that the functionality (possible viability) of the

construct should be seen as the major point of concern . 

2. Autonomy in the Morphogenesis of Stem Cell-Derived Embryoids

As experimental embryology has taught us, the development of structural order, specifically of a basic body plan, involves

patterning processes that start with the formation of asymmetry centers, the elaboration of positional information and the

initiation of spatially ordered gene activation cascades. The origin of the initial asymmetry signals in regular development

is still a matter of discussion and is being investigated (for literature, see chapter 2 in the full article

10.3390/cells10061461). Recent research gives reason to reconsider theories on a significant role of segregation of

cytoplasmic factors asymmetrically localized in the oocyte cytoplasm . In stem cell cultures, however, such specific

structural information must be missing: In contrast to early blastomeres, stem cells, even ES cells derived from early

embryos, must be expected to have lost any oocyte-derived cytoplasmic asymmetry during passaging. In addition, it

appears improbable that developmentally significant asymmetries of this type can be regained through reprogramming of

fibroblasts, or at primed-to-naïve (and back) conversion of stem cells in culture as performed in some experimental

approaches . Nevertheless, remarkable self-organization processes have been and are being reported to occur in

PPSC cultures, under certain conditions and even spontaneously, starting processes of this type independent of any

specific embryo engineering maneuvers. Some examples are illustrated in Figure 1, e.g., blastocyst-like cysts recently

described to sprout spontaneously in the mouse  (to be discussed more in detail further below). A particularly striking

example are embryonic disc-like structures that have been observed already in 1996 to develop in dense cultures of

marmoset monkey PPSCs (Figure 5 in ). Those authors described a primitive streak-like ingression center as well as

amnion-like and yolk sac-like structures. Gastrulation-like ingression centers were also described to develop in rhesus

monkey PPSC colonies (Figure 1c ). Anterior–posterior axis initiation has also been found to occur spontaneously in

suspension cultures of mouse stem cell aggregates, a seminal observation that was received by many as a surprise 

(gastruloid formation ). As has been discussed earlier , it seems to be significant for what is going on in cultures of

stem cells that the asymmetry signals which probably govern morphogenetic patterning (the development of embryonic

axes) in vivo can obviously be replaced by surrogate asymmetries in stem cell cultures, e.g., asymmetries in cell–cell and

matrix densities that are always present in cultures and which arise stochastically .

Figure 1. Embryoid structures autonomously developing in stem cell cultures. (a,b) Blastocyst-like cysts sprouting from a

colony of mouse PPSCs: (a) morphology; (b) composing cell types of induced blastocyst-like cysts (iBLCs) in comparison

with a blastocyst (BC). Embryoblast cells: magenta (YAP); DNA: light blue (from Kime et al. , with permission). (c)
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Embryonic disc-like colony formed spontaneously in rhesus monkey PPSC culture, showing a crater mimicking

gastrulation-like cell ingression (serial sections) (from , with permission).

Nevertheless, in many of the recent embryoid formation experiments using stem cells, it was found to be helpful to use a

degree of “engineering” by providing some type of spatial information, e.g., to combine the various types of cells in an

appropriate polar arrangement , or to apply physical constraints or specially engineered matrices . Such

experimental details are at least helpful for allowing morphogenesis to regularly reach stages largely resembling oocyte-

derived embryos and their extraembryonic membranes . They do not seem to be indispensable, however, as

demonstrated by the observations on spontaneous/autonomous initiation of stem cell-derived embryoid morphogenesis

just mentioned.

3. Spontaneous Budding of Blastocyst-Like Cysts in Stem Cell Cultures

In contrast to embryo-engineering experiments, a striking phenomenon of spontaneous morphogenesis has been

described in recent studies by Kime et al. , i.e., the formation of blastoids, so-called “induced blastocyst-like cysts
(iBLCs)”. This development, remarkably, did not require specific physical manipulations but occurred spontaneously by a

budding-like process, under their conditions (Figure 1a,b). Of note, considerable numbers of such iBLCs were produced in

each culture vessel. In their detailed analysis of the composing cell types, the authors emphasized the presence of three

types of cells, autonomously taking typical positions in the iBLCs, i.e., trophoblast-like, primitive endoderm-like, and

embryoblast-like cells, the latter showing properties of “expanded/extended potential stem cells (EPSCs)” or “2C-like
cells” (discussed further below). In these experiments, Kime et al.  employed a methodology which they had

previously developed and which allows conversion of primed state mouse PPSCs into the naïve state and v.v. with

appropriate media supplements .

3.1. Implantation Potential of Blastocyst-Like Cysts, and Endometrial Response

A remarkable observation in the work by Kime et al.  was that such iBLCs initiated early parts of an implantation

cascade after transfer to a uterus in this mouse model, i.e., they elicited an implantation-like response (decidualization) in

the endometrium and formed extraembryonic tissues. This was comparable to the initial phase of implantation events as

seen with normal blastocysts transferred as a control. However, the extraembryonic membranes formed by iBLCs were

grossly underdeveloped and disorganized, and the anlage of the embryo proper did not proceed on to differentiate a basic

body plan. Instead, the whole artificial “conceptuses” became resorbed later on. In addition to blastocysts, other controls

were similarly transferred to a uterus: mouse epiblast stem cell clusters, and embryoid bodies. These latter two controls

did not implant nor elicit a decidual reaction, thus providing evidence that the iBLCs had shown a remarkable blastocyst-

like behavior, i.e., a degree of specificity in their interaction with the receptive endometrium. This was obviously due to the

fact that the iBLCs possessed trophoblast, in contrast to epiblast stem cell clusters and embryoid bodies. Overall, the

observations by Kime et al. on implantation potential were quite comparable to results obtained with other stem cell-

derived blastocyst-like constructs, as presented by Li et al. .

3.2. Extended/Expanded Potential Stem Cells, 2C-Like Cells

With regard to the developmental potentiality of the reported iBLCs, an important point appears to be that they possessed,

in addition to trophoblast-like and primitive endoderm-like cells, a population of cells exhibiting molecular properties of so-

called “extended/expanded potential stem cells” (EPSCs) or “2C-like cells”, interesting sub-types of PPSCs that just

recently started to receive attention in a number of labs .

Investigations on EPSCs gained momentum around 2015, with one of the first publications from the Torres-Padilla group

on this peculiar subspecies of PPSCs . These authors described a method of how “2C-like cells” (which had previously

been found to occur spontaneously in stem cell cultures in small numbers ) can be induced to arise more frequently in

vitro through down-regulation of the chromatin assembly activity of CAF-1. Ishiuchi et al.  reported that the EPSCs

(“2C-like cells”) resembled blastomeres isolated from two-cell stage embryos, not only with regard to gene expression

patterns but also to the capacity to reactivate transcription of endogenous retroviruses, as well as to the embryo-forming

capacity gained during reprogramming by nuclear transfer to oocyte cytoplasm.

EPSCs are much smaller than two-cell blastomeres, and like other PPSCs they cannot be expected to possess any axis

pre-information provided via asymmetrical segregation of cytoplasmic determinants derived from an oocyte/zygote. As

discussed before , self-organized early embryonic pattern formation can apparently be initiated in colonies of stem cells

by surrogate signals, e.g., asymmetries in cell densities or physical constraints, as well as by the structure of the

extracellular matrix. This is in agreement with computer modelings of pattern formation processes in development (the
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Turing/Meinhardt model) . Such surrogate signals can be decisive for pattern formation in stem cell colonies in vitro

(e.g., in the system used by Warmflash et al.  as discussed earlier ). For example, the type of extracellular matrix or

of feeder layers was previously found to be critical for the formation of gastrulation-like craters (as shown in Figure 1c) in

rhesus monkey PPSC colonies . If the potential of EPSCs would be tested by, e.g., transferring the cells into an empty

zona pellucida (providing a neutral environment excluding locally acting external asymmetry signals), it could be seen

whether autonomous morphogenesis would be possible or impossible in this case . Effects of the addition of an artificial

local source of morphogen could be investigated. Such experiments could shed light on the question of what exactly the

differences might be between a (totipotent) morula and a cluster of PPSCs/EPSCs formed under certain conditions. In

order to determine how close the biological properties of EPSCs may come to those of blastomeres, it could appear

interesting to study in various types of embryoids whether or not a regular primitive streak (and, thus, an incipient basic

body plan) can be formed autonomously in vitro. It should be remembered that autonomous morphogenesis in marmoset

monkey stem cell cultures was already reported, many years ago, to sometimes reach advanced stages, including

primitive streak formation . It would be of much interest to investigate the role of EPSCs in this type of morphogenesis

in the marmoset monkey model . Indeed, such experiments should not be performed in the human but with non-human

primate PPSCs, in order to avoid any formation of a human basic body plan anlage in vitro .

4. Conclusions and Ethical Implications

Undifferentiated PPSCs are not zygotes or embryos. However, as discussed, groups (colonies) of PPSCs can gain

developmental autonomy in the process that is now usually addressed as self-organization, either on an organ level

(organoids) or an early embryo level (blastoids, various higher organization levels of embryoids), depending on the

epigenetic state of the initiating stem cells and on the local conditions provided in culture. For the start of these pattern

formation processes and the subsequent morphogenesis, very simple asymmetries are obviously sufficient, as can occur

in cultures stochastically . The recent progress with formation of various types of embryoids from stem cells shows that

these constructs are now reaching impressive complexity, with mouse as well as with human cells; that relatively well-

structured embryonic as well as extraembryonic tissue (trophoblastic shell, amnion, yolk sac) anlagen are formed; and

that a primitive streak stage can be reached in vitro. The anterior part of the primitive streak is known to act as an

organizer, instrumental in the formation of a basic body plan (discussed in ). Organizer action marks individuation; this

is the last stage of development at which the formation of identical twins is possible. It was for this reason that the

primitive streak stage was set as a limit even in relatively liberal legal rulings for the use of human embryos for research,

in many countries (as mentioned in the Introduction). The critical role of the primitive streak/organizer in individuation is

the reason why now again a broad discussion has been initiated about the use of human embryos in research, and on the

production and use of human embryoids, since the technological advances let it appear quite probable that human

embryoids will soon be able to reach a complexity beyond the primitive streak stage that may approach viability. Primitive

streak/organizer formation is not the only aspect of concern: embryoids (not only mouse but also human) are being

proposed by some to be attractive models for the study of the biology of germ line cell formation , an aspect that is

usually not covered by ongoing discussions on informed consent to be obtained from embryo and stem cell donors ,

but certainly has to be included.

If an in vitro system allows for the production of large numbers of stem cell-derived embryoids, as in the experiments

described by Kime et al. , research along these lines may of course be facilitated. In my opinion, such experiments, in

particular if involving EPSCs and leading to the formation of blastocyst-like or gastruloid constructs, should, however, not

be extended to human stem cells, for ethical reasons, since what is initiated here in stem cell colonies are, on a large

scale, self-organization processes which can be enabled to continue up to basic body plan (primitive streak etc.) stages,

i.e., starting individuation. I thus urge us to critically reconsider the ethical implications of producing and of using human

embryoid constructs that can gain organismic wholeness (for a modern discussion of the organismicity aspect in

developmental biology, I recomment to read ).

Would there be alternatives for the use of human stem cells, avoiding the ethical dilemma but allowing basic research on

embryoids to proceed? Obviously, in order to come as close as possible to the human system, non-human primate

PPSCs may be used instead . Specifically, we need to pay attention to questions like, under which conditions a

group of stem cells may start the way to autonomy in the sense of gaining independence of pattern formation from outside

signals, how this specific state of developmental autonomy can be detected, and how the process can be controlled.

These questions open very important aspects to be urgently included in the ongoing discussions about new legal

regulations concerning research on human stem cell-derived embryoids, since we are talking here about the biological

basis of individuation. The gaining of developmental autonomy should be considered a quantum leap with regard to the

dignity to be ascribed to a colony of stem cells, moving it into the same ethical category as an embryo of that stage. These

aspects have, however, not yet been addressed in the recently published ISSCR Guidelines .

[14]

[43] [61]

[62]

[36]

[39]

[63]

[11][15][61]

[14]

[14]

[64]

[33]

[38]

[65]

[63][66]

[67][68]



 

References

1. Matthews, K.R.W.; Wagner, D.S.; Warmflash, A. Stem cell-based models of embryos: The need for improved naming
conventions. Stem Cell Rep. 2021, 16, 1014–1020.

2. Gupta, A.; Lutolf, M.P.; Hughes, A.J.; Sonnen, K.F. Bioengineering in vitro models of embryonic development. Stem Cell
Rep. 2021, 16, 1104–1116.

3. White, M.D.; Plachta, N. Specification of the First Mammalian Cell Lineages In Vivo and In Vitro. Cold Spring Harb.
Perspect. Biol. 2020, 12, a035634.

4. Posfai, E.; Schell, J.P.; Janiszewski, A.; Rovic, I.; Murray, A.; Bradshaw, B.; Yamakawa, T.; Pardon, T.; El Bakkali, M.;
Talon, I.; et al. Evaluating totipotency using criteria of increasing stringency. Nat. Cell Biol. 2021, 23, 49–60.

5. Shahbazi, M.N.; Siggia, E.D.; Zernicka-Goetz, M. Self-organization of stem cells into embryos: A window on early
mammalian development. Science 2019, 364, 948–951.

6. Rossant, J.; Tam, P.P.L. Opportunities and Challenges with Stem Cell-Based Embryo Models. Stem Cell Rep. 2021, 16,
1031–1038.

7. Rivron, N.; Fu, J. It takes a village to form embryo models. Stem Cell Rep. 2021, 16, 1011–1013.

8. Baillie-Benson, P.; Moris, N.; Martinez Arias, A. Pluripotent stem cell models of early mammalian development. Curr.
Opin. Cell Biol. 2020, 66, 89–96.

9. Posfai, E.; Lanner, F.; Mulas, C.; Leitch, H.G. All models are wrong, but some are useful: Establishing standards for
stem cell-based embryo models. Stem Cell Rep. 2021, 16, 1117–1141.

10. Denker, H.-W. Cell lineage, determination and differentiation in earliest developmental stages in mammals. In Problems
of the Keimbahn. New Work on Mammalian Germ Cell Lineage; Hilscher, W., Ed.; S. Karger AG: Basel, Switzerland,
1983; Volume 24, pp. 22–58.

11. Aach, J.; Lunshof, J.; Iyer, E.; Church, G.M. Addressing the ethical issues raised by synthetic human entities with
embryo-like features. eLife 2017, 6, e20674.

12. Denker, H.-W. Embryonic stem cells: An exciting field for basic research and tissue engineering, but also an ethical
dilemma? Cells Tissues Organs 1999, 165, 246–249.

13. Denker, H.-W. Potentiality of embryonic stem cells: An ethical problem even with alternative stem cell sources. J. Med.
Ethics 2006, 32, 665–671.

14. Denker, H.-W. Early human development: New data raise important embryological and ethical questions relevant for
stem cell research. Naturwissenschaften 2004, 91, 1–21.

15. Pera, M.F.; de Wert, G.; Dondorp, W.; Lovell-Badge, R.; Mummery, C.L.; Munsie, M.; Tam, P.P. What if stem cells turn
into embryos in a dish? Nat. Methods 2015, 12, 917–919.

16. 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.; et al. 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.

17. ten Berge, D.; Koole, W.; Fuerer, C.; Fish, M.; Eroglu, E.; Nusse, R. Wnt signaling mediates self-organization and axis
formation in embryoid bodies. Cell Stem Cell 2008, 3, 508–518.

18. Van den Brink, S.C.; Baillie-Johnson, P.; Balayo, T.; Hadjantonakis, A.K.; Nowotschin, S.; Turner, D.A.; Martinez Arias,
A. Symmetry breaking, germ layer specification and axial organisation in aggregates of mouse embryonic stem cells.
Development 2014, 141, 4231–4242.

19. 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.; et al. Single-cell and spatial transcriptomics reveal somitogenesis in gastruloids.
Nature 2020, 582, 402–409.

20. Harrison, S.E.; Sozen, B.; Christodoulou, N.; Kyprianou, C.; Zernicka-Goetz, M. Assembly of embryonic and extra-
embryonic stem cells to mimic embryogenesis in vitro. Science 2017, 356, eaal1810.

21. Harrison, S.E.; Sozen, B.; Zernicka-Goetz, M. In vitro generation of mouse polarized embryo-like structures from
embryonic and trophoblast stem cells. Nat. Protoc. 2018, 13, 1586–1602.



22. Sozen, B.; Amadei, G.; Cox, A.; Wang, R.; Na, E.; Czukiewska, S.; Chappell, L.; Voet, T.; Michel, G.; Jing, N.; et al.
Self-assembly of embryonic and two extra-embryonic stem cell types into gastrulating embryo-like structures. Nat. Cell
Biol. 2018, 20, 979–989.

23. Sozen, B.; Cox, A.L.; De Jonghe, J.; Bao, M.; Hollfelder, F.; Glover, D.M.; Zernicka-Goetz, M. Self-Organization of
Mouse Stem Cells into an Extended Potential Blastoid. Dev. Cell 2019, 51, 698.e8–712.e8.

24. Zhang, S.; Chen, T.; Chen, N.; Gao, D.; Shi, B.; Kong, S.; West, R.C.; Yuan, Y.; Zhi, M.; Wei, Q.; et al. Implantation
initiation of self-assembled embryo-like structures generated using three types of mouse blastocyst-derived stem cells.
Nat. Commun. 2019, 10, 496.

25. Rivron, N.C.; Frias-Aldeguer, J.; Vrij, E.J.; Boisset, J.C.; Korving, J.; Vivie, J.; Truckenmuller, R.K.; van Oudenaarden,
A.; van Blitterswijk, C.A.; Geijsen, N. Blastocyst-like structures generated solely from stem cells. Nature 2018, 557,
106–111.

26. Moris, N.; Anlas, K.; van den Brink, S.C.; 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.

27. Shao, Y.; Taniguchi, K.; Townshend, R.F.; Miki, T.; Gumucio, D.L.; Fu, J. A pluripotent stem cell-based model for post-
implantation human amniotic sac development. Nat. Commun. 2017, 8, 208.

28. Guo, J.; Wang, P.; Sozen, B.; Qiu, H.; Zhu, Y.; Zhang, X.; Ming, J.; Zernicka-Goetz, M.; Na, J. Machine learning-
assisted high-content analysis of pluripotent stem cell-derived embryos in vitro. Stem Cell Rep. 2021, 16, 1331–1346.

29. Hyun, I.; Wilkerson, A.; Johnston, J. Embryology policy: Revisit the 14-day rule. Nature 2016, 533, 169–171.

30. Matthews, K.R.; Morali, D. National human embryo and embryoid research policies: A survey of 22 top research-
intensive countries. Regen. Med. 2020, 15, 1905–1917.

31. Hyun, I.; Munsie, M.; Pera, M.F.; Rivron, N.C.; Rossant, J. Toward Guidelines for Research on Human Embryo Models
Formed from Stem Cells. Stem Cell Rep. 2020, 14, 169–174.

32. Nicolas, P.; Etoc, F.; Brivanlou, A.H. The ethics of human-embryoids model: A call for consistency. J. Mol. Med. 2021,
99, 569–579.

33. Hyun, I.; Bredenoord, A.L.; Briscoe, J.; Klipstein, S.; Tan, T. Human embryo research beyond the primitive streak.
Science 2021, 371, 998–1000.

34. Pereira Daoud, A.M.; Popovic, M.; Dondorp, W.J.; Trani Bustos, M.; Bredenoord, A.L.; Chuva de Sousa Lopes, S.M.;
van den Brink, S.C.; Roelen, B.A.J.; de Wert, G.; Heindryckx, B. Modelling human embryogenesis: Embryo-like
structures spark ethical and policy debate. Hum. Reprod. Update 2020, 26, 779–798.

35. Piotrowska, M. Research guidelines for embryoids. J. Med. Ethics 2021.

36. Denker, H.-W. Self-Organization of Stem Cell Colonies and of Early Mammalian Embryos: Recent Experiments Shed
New Light on the Role of Autonomy vs. External Instructions in Basic Body Plan Development. Cells 2016, 5, 39.

37. Denker, H.-W. Recent embryo twinning data prompt reconsideration of theories on a crucial role of segregation of
oocyte cytoplasmic constituents in mammals. Mol. Hum. Reprod. 2020, 26, 193–198.

38. Kime, C.; Kiyonari, H.; Ohtsuka, S.; Kohbayashi, E.; Asahi, M.; Yamanaka, S.; Takahashi, M.; Tomoda, K. Induced 2C
Expression and Implantation-Competent Blastocyst-like Cysts from Primed Pluripotent Stem Cells. Stem Cell Rep.
2019, 13, 485–498.

39. Thomson, J.A.; Kalishman, J.; Golos, T.G.; Durning, M.; Harris, C.P.; Hearn, J.P. Pluripotent Cell Lines Derived from
Common Marmoset (Callithrix jacchus) Blastocysts. Biol. Reprod. 1996, 55, 254–259.

40. Behr, R.; Heneweer, C.; Viebahn, C.; Denker, H.W.; Thie, M. Epithelial-mesenchymal transition in colonies of rhesus
monkey embryonic stem cells: A model for processes involved in gastrulation. Stem Cells 2005, 23, 805–816.

41. Barzegari, A.; Gueguen, V.; Omidi, Y.; Ostadrahimi, A.; Nouri, M.; Pavon-Djavid, G. The role of Hippo signaling pathway
and mechanotransduction in tuning embryoid body formation and differentiation. J. Cell Physiol. 2020, 235, 5072–5083.

42. Bertels, S.; Jaggy, M.; Richter, B.; Keppler, S.; Weber, K.; Genthner, E.; Fischer, A.C.; Thiel, M.; Wegener, M.; Greiner,
A.M.; et al. Geometrically defined environments direct cell division rate and subcellular YAP localization in single mouse
embryonic stem cells. Sci. Rep. 2021, 11, 9269.

43. Warmflash, A.; Sorre, B.; Etoc, F.; Siggia, E.D.; Brivanlou, A.H. A method to recapitulate early embryonic spatial
patterning in human embryonic stem cells. Nat. Methods 2014, 11, 847–854.

44. Kime, C.; Kiyonari, H.; Ohtsuka, S.; Kohbayashi, E.; Asahi, M.; Yamanaka, S.; Takahashi, M.; Tomoda, K. Implantation-
Competent Blastocyst-Like Structures from Mouse Pluripotent Stem Cells. bioRxiv 2018.



45. Kime, C.; Sakaki-Yumoto, M.; Goodrich, L.; Hayashi, Y.; Sami, S.; Derynck, R.; Asahi, M.; Panning, B.; Yamanaka, S.;
Tomoda, K. Autotaxin-mediated lipid signaling intersects with LIF and BMP signaling to promote the naive pluripotency
transcription factor program. Proc. Natl. Acad. Sci. USA 2016, 113, 12478–12483.

46. Li, R.; Zhong, C.; Yu, Y.; Liu, H.; Sakurai, M.; Yu, L.; Min, Z.; Shi, L.; Wei, Y.; Takahashi, Y.; et al. Generation of
Blastocyst-like Structures from Mouse Embryonic and Adult Cell Cultures. Cell 2019, 179, 687–702 e18.

47. Yang, J.; Fu, H.; Tam, C.; Liu, P. Expanded potential: The key to synthetic embryo? Curr. Opin. Genet. Dev. 2020, 64,
72–77.

48. Posfai, E.; Schell, J.P.; Janiszewski, A.; Rovic, I.; Murray, A.; Bradshaw, B.; Pardon, T.; El Bakkali, M.; Talon, I.; De
Geest, N.; et al. Defining totipotency using criteria of increasing stringency. bioRxiv 2020.

49. Ishiuchi, T.; Enriquez-Gasca, R.; Mizutani, E.; Boskovic, A.; Ziegler-Birling, C.; Rodriguez-Terrones, D.; Wakayama, T.;
Vaquerizas, J.M.; Torres-Padilla, M.E. Early embryonic-like cells are induced by downregulating replication-dependent
chromatin assembly. Nat. Struct. Mol. Biol. 2015, 22, 662–671.

50. Kolodziejczyk, A.A.; Kim, J.K.; Tsang, J.C.; Ilicic, T.; Henriksson, J.; Natarajan, K.N.; Tuck, A.C.; Gao, X.; Buhler, M.;
Liu, P.; et al. Single Cell RNA-Sequencing of Pluripotent States Unlocks Modular Transcriptional Variation. Cell Stem
Cell 2015, 17, 471–485.

51. Hendrickson, P.G.; Dorais, J.A.; Grow, E.J.; Whiddon, J.L.; Lim, J.W.; Wike, C.L.; Weaver, B.D.; Pflueger, C.; Emery,
B.R.; Wilcox, A.L.; et al. Conserved roles of mouse DUX and human DUX4 in activating cleavage-stage genes and
MERVL/HERVL retrotransposons. Nat. Genet. 2017, 49, 925–934.

52. Rodriguez-Terrones, D.; Gaume, X.; Ishiuchi, T.; Weiss, A.; Kopp, A.; Kruse, K.; Penning, A.; Vaquerizas, J.M.; Brino,
L.; Torres-Padilla, M.E. A molecular roadmap for the emergence of early-embryonic-like cells in culture. Nat. Genet.
2017, 50, 106–119.

53. Wu, K.; Liu, H.; Wang, Y.; He, J.; Xu, S.; Chen, Y.; Kuang, J.; Liu, J.; Guo, L.; Li, D.; et al. SETDB1-Mediated Cell Fate
Transition between 2C-Like and Pluripotent States. Cell Rep. 2020, 30, 25.e6–36.e6.

54. Rodriguez-Terrones, D.; Hartleben, G.; Gaume, X.; Eid, A.; Guthmann, M.; Iturbide, A.; Torres-Padilla, M.E. A distinct
metabolic state arises during the emergence of 2-cell-like cells. EMBO Rep. 2019, 21, e48354.

55. Hu, Z.; Tan, D.E.K.; Chia, G.; Tan, H.; Leong, H.F.; Chen, B.J.; Lau, M.S.; Tan, K.Y.S.; Bi, X.; Yang, D.; et al. Maternal
factor NELFA drives a 2C-like state in mouse embryonic stem cells. Nat. Cell Biol. 2020, 22, 175–186.

56. Baker, C.L.; Pera, M.F. Capturing Totipotent Stem Cells. Cell Stem Cell 2018, 22, 25–34.

57. Genet, M.; Torres-Padilla, M.E. The molecular and cellular features of 2-cell-like cells: A reference guide. Development
2020, 147, dev189688.

58. Tomoda, K.; Hu, H.; Sahara, Y.; Sanyal, H.; Takasato, M.; Kime, C. Reprogramming Epiblast Stem Cells into Pre-
Implantation Blastocyst Cell-like Cells. bioRxiv 2020.

59. Yang, J.; Ryan, D.J.; Wang, W.; Tsang, J.C.; Lan, G.; Masaki, H.; Gao, X.; Antunes, L.; Yu, Y.; Zhu, Z.; et al.
Establishment of mouse expanded potential stem cells. Nature 2017, 550, 393–397.

60. Macfarlan, T.S.; Gifford, W.D.; Driscoll, S.; Lettieri, K.; Rowe, H.M.; Bonanomi, D.; Firth, A.; Singer, O.; Trono, D.; Pfaff,
S.L. Embryonic stem cell potency fluctuates with endogenous retrovirus activity. Nature 2012, 487, 57–63.

61. Denker, H.-W. Stem cell terminology and ‘synthetic’ embryos: A new debate on totipotency, omnipotency, and
pluripotency and how it relates to recent experimental data. Cells Tissues Organs 2014, 199, 221–227.

62. Maranca-Hüwel, B.; Denker, H.-W. Epithelial-mesenchymal transition in rhesus monkey embryonic stem cell colonies:
The role of culturing conditions. In Vitro Cell Dev. Biol. Anim. 2010, 46, 516–528.

63. Shiozawa, S.; Nakajima, M.; Okahara, J.; Kuortaki, Y.; Kisa, F.; Yoshimatsu, S.; Nakamura, M.; Koya, I.; Yoshimura, M.;
Sasagawa, Y.; et al. Primed to Naive-Like Conversion of the Common Marmoset Embryonic Stem Cells. Stem Cells
Dev. 2020, 29, 761–773.

64. Hancock, G.V.; Wamaitha, S.E.; Peretz, L.; Clark, A.T. Mammalian primordial germ cell specification. Development
2021, 148.

65. Gilbert, S.F.; Sarkar, S. Embracing complexity: Organicism for the 21st century. Dev. Dyn. 2000, 219, 1–9.

66. Stauske, M.; Rodriguez Polo, I.; Haas, W.; Knorr, D.Y.; Borchert, T.; Streckfuss-Bomeke, K.; Dressel, R.; Bartels, I.;
Tiburcy, M.; Zimmermann, W.H.; et al. Non-Human Primate iPSC Generation, Cultivation, and Cardiac Differentiation
under Chemically Defined Conditions. Cells 2020, 9, 1349.

67. Lovell-Badge, R.; Anthony, E.; Barker, R.A.; Bubela, T.; Brivanlou, A.H.; Carpenter, M.; Charo, R.A.; Clark, A.; Clayton,
E.; Cong, Y.; et al. ISSCR Guidelines for Stem Cell Research and Clinical Translation: The 2021 update. Stem Cell
Rep. 2021.



68. Clark, A.T.; Brivanlou, A.; Fu, J.; Kato, K.; Mathews, D.; Niakan, K.K.; Rivron, N.; Saitou, M.; Surani, A.; Tang, F.; et al.
Human embryo research, stem cell-derived embryo models and in vitro gametogenesis: Considerations leading to the
revised ISSCR guidelines. Stem Cell Rep. 2021.

Retrieved from https://encyclopedia.pub/entry/history/show/37660


