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PREFACE  
 

The mouse early embryogenesis consists in two distinct periods divided by the time of the embryo 

implantation at the embryonic day 4.5 (E4.5). If the preimplantation stages see the first specifications 

of cell populations, the post-implantation period culminates with the gastrulation of the embryo 

leading to the differentiation of the germ layers and the massive cell rearrangements coming along. In 

the present manuscript I will be more focused on the pre-implantation stages of the mouse embryo 

and more precisely from the 8-cell stage (or morula)  to the formation of the blastocyst consisting of a 

hollow sphere composed of three distinct tissues : the trophectoderm (TE), the primitive endoderm 

(PrE) and the Epiblast (Epi) (Figure 1). 

The mouse early embryo has been well studied now for the past fifty years to understand how 

mammalian embryos develop. It is a robust and adaptive system capable of being cultured in vitro that 

presents key advantages for a biological model like a few numbers of tissues specified and their 

pseudo-transparency which is mandatory for light imaging.  

One of the most challenging question in developmental biology is to understand how from the material 

contained in one fertilized egg the embryo can develop into a multicellular individual that is organized 

by specific axes. The paradigm of the mouse embryo is that it does not present any specific orientation 

– until it reaches the blastocyst stage – unlike in other metazoan models where the embryo clearly 

displays two poles (animal and vegetal) just after fertilization. 

With no apparent embryo organization at the morula stage, we wonder how the specification of cell 

identities that will lead to the formation of distinct tissues observed at the blastocyst stage is triggered. 

Increasing evidence suggests that even though the blastomeres are phenotypically similar, key 

components including epigenetic modifications, transcription factors, signaling pathways etc. drive the 

blastomere to its fate while keeping a high degree of plasticity. After the first specification event 

separating the TE from the ICM, blastomeres within the ICM become competent for signaling cues that 

will drive their subsequent differentiation towards either PrE or Epi fate. ICM progenitors retain their 

ability to change fate until the late blastocyst stage where all cells are fully committed to their fate 

(Figure 1). 

In recent years, with the combination of mass omics sequencing, advances in live-imaging and the 

increase use of computational models allowed researchers to propose mechanistic models from which 

the blastocyst is formed, and its tissues specified. These models revealed the increasing role of 
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signaling molecules that lead to a cascade of posttranslational protein modifications usually ending in 

transcriptional regulations of core genes and is establishing the signaling pathways network. 

The aim of this manuscript is to highlight the roles of signaling pathways in regulating the events of 

cell-fate specification in the early mouse embryo. To that aim, I will present two distinct studies that 

used a combination of genetic and pharmacological approaches, as well as quantitative assessment of 

their impact on tissue specification. The first one will be focused on the role of the ACTIVIN/NODAL 

signaling which leads to the proper development of all the blastocyst lineages through a tissue-

communication mechanism. The second will present the impacts of βCATENIN – member of the 

WNT/βCATENIN pathway – on cell-fate balance and cell differentiation via its interaction with other 

signaling pathways during blastocyst formation. 
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Figure 1 : Specification of cell fates throughout pre-implantation embryogenesis. 
Adapted from V. Garg 

Schematic representation of the different lineages formed from the zygote divisions and the morphological 
events occurring during this period. Following the cleavage stages, the blastomeres slowly lose their 
potential and become more specified. Once the late blastocyst stage is reached the cells are fully 
committed to their respective lineages. From that point the three lineages TE, PrE and Epi will undergo 
processes of maturation and differentiation allowing the late blastocyst to implant. During fate 
specification, cells will express gene repertoires that are specific to their lineage and this under the control 
of signaling pathways. 
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INTRODUCTION  
 

I. THE MOUSE EARLY EMBRYOGENESIS 

 

A. From fertilization to the morula stage 

 

1. Cleavages of the zygote 

 

The preimplantation period of the mouse embryogenesis starts with the formation of zygote 

consequently of the fertilization. The newly formed 1-cell stage will therefore undergo series of 

asynchronous cell divisions with the two first cleavages being approximately twice longer than the 

subsequent divisions. The mechanism controlling the time-line by which the embryo drives the 

different events controlling its development with the division rate of its blastomeres remains unclear1. 

One of the earlier events of the cleavage period is the activation of the zygotic genome (ZGA) occurring 

at the 1-cell stage with a burst of transcriptional activity at the 2-cell stage2. It is interesting to note 

that even though maternal RNAs are mostly degraded during this event, translated proteins from these 

messengers can withstand until the late blastocyst stage3.  

During the cleavages the embryo is encapsulated by a glycoprotein shell called the zona pellucida (ZP) 

limiting its expansion, but letting the embryo free of rotation movements, from which it will hatch at 

the late blastocyst stage around the 4th embryonic day (E4.0). Because of the space restriction, the 

embryo will divide keeping a constant global cytoplasmic volume leading to the formation of smaller 

blastomeres as development progresses. Even though the ZP is essential for the fertilization to occur 

it is completely dispensable for further development of the embryo until the late blastocyst stage – as 

shown in ex vivo culture experiments. However, some studies indicate that the deformation of the ZP 

prior to the embryo hatch guides the orientation of the blastocyst through the 

embryonic/abembryonic axis4,5.  
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2. Self-organization and plasticity of the early embryo 

 

The early stage of preimplantation development is a very robust and adaptative system mostly 

highlighted by blastomeres removal or aggregation experiments. In these experiments the embryo 

adapts in size and in cell specification through the regulation of the mitotic and apoptotic activities and 

fate reversal6–8. The plasticity of these early totipotent blastomeres is best illustrated by the fact that 

isolated blastomere from the 4-cell or 8-cell stage can develop into any tissues when combined with a 

host embryo9,10. However, even though the plasticity of this isolated blastomere and its viability in 

culture, no conceptus can be formed from these cells. Indeed, minima in terms of cell number exist 

and are required to form the individual because of the inability of the blastomere to divide further6. 

Until the 8-cell stage blastomeres forming the morula are totipotent and phenotypically identical; 

nevertheless, it is fair to wonder whether they are also similar at the molecular level. 

For the last decade several studies have highlighted discrepancies between blastomeres from the 8-

cell stage11–14. Taking in consideration that the mitotic division can be asymmetrical, it induces 

differences in term of the molecular material that is being spread between the cells. It is thus possible 

to imagine that some proteins will stochastically be accumulated in only one of the cell resulting in its 

further differentiation from its sister8,14,15. Moreover, with the emergence of single-cell sequencing 

technologies, heterogeneity in terms of gene expression levels has been observed in all blastomeres 

of the morula11 (Figure 2).  

A more sensitive and precise regulation has been identified following the assessment of transcription 

factors activity such as OCT4 and SOX212,13. Indeed, the discrepancies observed in blastomeres from 

the 4-cell stage are not dependent of the expression levels of these factors but rather on the duration 

of their binding conducting their activity12,13. The duration length of these factors binding can predict 

a bias towards the first cell that will be allocated to the inner cell mass (ICM)12,13.  Therefore, epigenetic 

regulations of early transcription factors can directly affect fate specification8,12–14. This early cell 

heterogeneity results in the emergence of two distinct cell populations by the 16-cell stage when the 

morula undergoes a process a compaction (Figure 2). 
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Figure 2: Difference in SOX2 binding durations in blastomeres from the 4-cell stage to the 
morula. 
White et al. 2016 

Once injected into one blastomere of the 2-cell stage, live imaging of SOX2 nuclear localization 
revealed different fractions according the duration of its DNA interactions. Progeny of the 4-cell 
blastomere can be divided in two groups: long-lived binding and short-lived binding. Blastomere 
presenting a longer DNA binding interaction of SOX2 are more likely to become ICM. Therefore, 
molecular heterogeneity at the 4-cell stage can drive the first fate specification. 
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B. Compaction and polarization of the morula 

 

1. Compaction facilitates fate specification 

 

Like other mammals the compaction of the mouse embryo is the first morphogenetic event occurring 

during the pre-implantation period. At the 8-cell stage, blastomeres of the newly formed morula will 

flatten increasing their intercellular contacts16,17. As a resultant, the boundaries between cells are not 

apparent and the embryo displays a more spherical shape16,17. This mechanism – taking few hours to 

be completed – utilizes forces from the cytoskeleton and more precisely the acto-myosin cortex to pull 

the blastomeres together18. Evidence suggested that the adherent junctions were responsible for the 

compaction as no compacted morula have been observed in a Ecadherin (encoding the protein of the 

same name involved in the adherent junction complex) maternal-zygotic (mz) double knock-out (KO) 

background19. However, more recent data showed that even though the adherent junctions were 

required to maintain the compaction in place, they were not responsible for its initiation as the forces 

they provided were insignificant compared to those coming from the acto-myosin cortex18 (Figure 3).  

But what is the mechanism behind this observation? The explanation nests in the position of the 8-cell 

stage blastomeres. Indeed, each blastomere has two types of contacts: i) the cell-cell contact with its 

neighbors through diverse junction complexes, ii) and the cell-liquid contact corresponding to the 

surface of the embryo – forming the apical domain – where the membrane is free of tension molecules. 

Pulses of contractions observed from the acto-myosin cortex will increase the surface tension at the 

apical domain of each blastomere. This cell-autonomous process leads to the formation of a driving 

force from the apical domain towards the basal side, resulting in the compaction of the cells through 

their cell-cell contact17,18 (Figure 3). 

During the transition from the 8-cell to the 16-cell stage, two distinct populations identified as the 

inner cells (IC) and the outer cells (OC) according to their position within or at the surface of the embryo 

respectively, are formed. If the compaction is not required for the establishment of these populations 

it does facilitate the internalization of the IC for pure geometrical reasons as the sphere can allocate 

more IC because of its low surface/volume ratio20. Still, we do not know yet what controls the 

contractility of the acto-myosin cortex. One explanation could be through the phosphorylation of the 

ECADHERIN. In fact, experiments using global inhibitors of kinases can trigger the compaction of the 

morula as early as at the 2-cell stage while inhibitors of phosphatases revert and block the 

compaction21,22. It is therefore tempting to associate the temporal regulation of the initiation of the  
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Figure 3: Formation of the apical domain on OC during the compaction of the morula. 
Korotkevich et al. 2017 

The upper panel shows the specification of both OC and IC depending on their position within the 
embryo. EZRIN labels the apical domain established in OC resulting in the establishment of the apical-
basal polarity. Apolar cells that do not present the apical domain are fated to become IC.  
The lower panel summarizes the events involved in the formation of the two spatially distinct 
populations. The polarization of the blastomere drives its position within the embryo and its linked 
with the expression of specific markers, here showed by the activation of Cdx2. 
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compaction with the inhibition and activation of these posttranslational modifiers occurring at the 

same time23 (Figure 3). 

2. Polarization specifies IC versus OC fate 

 

Although, technically speaking, blastomeres become polarized at the 2-cell stage where they display 

two poles forming both cell-cell and cell-liquid contacts; the polarization of the blastomere is 

characterized at the 8-cell stage by the acquisition of the apical domain at the surface of the cells while 

the basal pole is formed at the cell-cell region. This apical domain is essential for further development 

of the embryo since it triggers the specification of both IC and OC. Indeed, the disruption of the apical 

domain by genetically removing some of its key components prevents the segregation of both IC and 

OC populations and their subsequent progression into ICM or trophectoderm (TE) cells respectively24. 

This cell-autonomous process taking approximately 5 hours is concomitant with the compaction of the 

embryo17. Still, these two events are completely independent to each other. Indeed, unpolarized 

blastomeres can flatten whilst blastomeres from a mzEcadherin KO background are polarized and 

present an apical-basal orientation19,24–26. Even if the mechanism behind the formation of the apical 

domain has no yet been elucidated, some studies have suggested that it is spatially restricted by 

molecules involved in cell-cell contacts since the apical domain is established in regions that are far 

away from cell junctions16,17.  

The apical domain constitutes a hub for different signaling pathways and components involved in the 

metabolic activity of the cell16,17,27. One of the earliest identified molecule to be part of the apical 

domain is the protein EZRIN which is involved in the orientation of microvilli25. Upon its phospho-

activation EZRIN becomes excluded from the cell-cell contact regions and gets restricted to the apical 

domain of the cell where it will drive the formation of microvilli28,29. The protein kinase C (ζ isoform - 

PKCζ) has also been identified as a member of the apical domain and appear to be a good candidate 

for the phospho-activation of EZRIN29. More interestingly, the same study also identified RHO A (a 

small GTPase) as the main regulator of PKCζ during this process ; thus forming a tripartite complex that 

upon activation is localized at the apical domain and can trigger the OC differentiation29 (Figure 3). 

Even if the apical-basal polarization of the cell consists of a robust mechanism it still is plastic and can 

be reversible. Recent evidence have shown that – through mechanically applied surface tension –  the 

apical domain could be suppressed whilst reversibly an unpolarized cell isolated from cell-cell contact 

recovers its apical-basal orientation20,24. Therefore, the maintenance of the polarization is a consistent 

and active process regulated by the embryo. Several molecules have been elucidated to provide such 
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perdurance of the apical domain. The partitioning defective complex (PARD3 – PARD6 – PRKCZ/i) 

components are first being expressed at the 2-cell stage where most of them are located in the 

nucleus30,31. However, from the 4-cell stage onwards these proteins are more often found in the 

cytoplasmic compartment until they are enriched at the apical domain specifically at the 8-cell stage. 

The localization of the complex at the apical surface does mainly depend on the activity of the RHO A 

GTPase – mentioned above24,32. The specific role of the PARD complex remains poorly understood but 

increasing evidence suggest that it is required for the establishment of tight junctions that are first 

initiated at the 8-cell stage and perdure further in development30,33,34. Indeed, disrupting the PARD 

complex prevents the correct patterning of the tight junction protein TJ-1 whilst does not affect the 

adherent junctions or the compaction30,33,34.  

 

C. First lineage specification  

 

At the 16-cell stage, two spatially distinct cell populations are observed according to their position 

within the embryo: the IC and OC. More than being limited to a phenotypical separation these two 

populations present key differences in terms of transcriptomes, orientation and morphology that lead 

to the specification of two distinct lineages. The initiation of this process starts with the internalization 

of some blastomeres which become fully enclosed by their neighbors and form the IC. The mechanism 

underlying the positioning of each blastomeres is still investigated, but some recent studies have 

proposed models pointing towards the orientation of cell division from the 8-cell stage.  

 

1. Two spatially distinct populations 

 

a) Mitotic division and fate specification 

b) The apical domain and spindle orientation 

2. TE and ICM fate specification 

 

a) From a polarized OC to a TE cell 

b) From an apolar IC to an ICM cell 

D.  Formation of the blastocyst 
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At the 32-cell stage the emerging TE layer sees the establishment of an osmotic gradient caused by the 

asymmetric repartition of ionic canals within iTSC. Apical sodium exchangers allow the influx of cations 

while sodium-potassium pumps localized at the basal membrane are responsible for the efflux of 

water59. This osmotic regulation of the TE layer leads to the accumulation of water at the interface 

between TE and ICM cells and the subsequent formation of small lumens60. As the mitotic activity 

continues in these respective tissues the already established gradient leads to the formation of more 

pockets that at some point merge – through a mechanism that remains unknown – and extend 

asymmetrically to one side of the embryo to form a fluid-filled cavity named the blastocoel. The 

asymmetric localization of the blastocoel breaks the radial symmetry of the embryo creating an 

embryonic-abembryonic axe with the ICM pushed towards the embryonic pole and the cavity growing 

at the abembryonic pole. The newly formed early blastocyst then consists in a hollow sphere with the 

ICM lying on the top of the cavity that are both enclosed with the TE layer which acquires epithelial 

properties (Figure 7).  

In order for the cavity to be formed, tight junctions should be formed and matured to tightly seal the 

TE in order to resist to the growing luminal pressure as more water is excluded from TE cells61. Tight 

junctions between TE cells are mostly composed of the CLAUDIN protein types 4 and 6 that are 

essential for the growth of the cavity61. Once established, the tight junctions will control both 

positioning and shape of the lumens via the connections between the cytoskeleton of TE cells creating 

an intercellular force within TE layer16,61. The growth of the cavity and the increased luminal pressure 

coming from it strengthens the tight junctions thus creating a stronger force within the TE layer, 

allowing the cavity to grow more, strengthening the epithelial TE etc.…62. Even though, it has been 

shown that the compaction is not required for cavitation initiation, the essential role of the tight 

junctions makes the initial polarization of OC to be mandatory. Indeed, as we explained above, the 

establishment of the apical domain leads to the formation of the tight junction through a mechanism  
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Figure 7: The formation of the blastocoel requires the consolidation of tight junctions. 
Maitre 2017 ; Chan et al. 2019 

Fluid is drawn at the contacts between TE and ICM as a consequence of an osmotic gradient within the 
TE layer. These small cavities merge to form the blastocoel at the early blastocyst stage. To allow the 
constant growth the blastocoel, tight junctions are strengthened between TE cells to support luminal 
forces. The cavity grows in expansion cycles depending on the mitosis activity of the mural TE. High 
pressure from the lumen stretches TE cells leading to increased cortical tensions and the rupture of 
the tight junctions. Thus, the cavity collapses, diminishing the luminal pressure allowing the tight 
junctions to be fully matured to resist a new growing phase. 
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involving the PARD-aPCK complex33. Therefore, embryos lacking elements for the PARD-aPCK complex 

are unable to cavitate and thus, their developmental progression arrests33 (Figure 7).  

The cavity grows according to expansion cycles that are a resultant of the mitotic activity within the TE 

layer62,63. Indeed, the asymmetric positioning of the cavity leads to discrepancies in cortical tensions 

between polar TE cells – close to the embryonic pole – and the mural TE – to the abembryonic pole62. 

The luminal pressure strengthens the mural TE cells and generates a mechanical stress through the 

tissue leading to the rupture of cell-cell junction, thus the collapse of the cavity and the reduction of 

the pressure62. Tight junctions will then regenerate after mitosis under luminal pressure, and the cavity 

will undergo a new expansion phase63,62. Therefore, the growth of the cavity is directly linked with the 

mitotic activity of mural TE cells through cycles of expansions and collapses. In contrast, the mitotic 

activity of the ICM that does not establish the same junctions as the TE is not affected by this process62. 

It is then noteworthy that low luminal pressure (i.e. at the early blastocyst stage) allows more cells to 

be internalized and limits the mitotic activity of mural TE cells leading to higher ICM/TE ratios whereas 

high luminal pressure (i.e. at the late blastocyst stage) results in the decrease of the ratio62. Thus, the 

cavitation of the blastocyst is required for the proper allocation of specified cells to their respective 

layer and the proper developmental progression of the embryo via its regulation of the proportion 

between fates (Figure 7). 

 

E. Second lineage specification 

 

1. Establishment of Epi and PrE fates 

 

Once the first specification has terminated, ICM cells will progressively differentiate into two spatially 

and morphologically distinct tissues by the time of implantation. These populations are called the 

epiblast (Epi) and the primitive endoderm (PrE). The Epi is an embryonic tissue responsible for the 

specification of all tissues composing an individual while the PrE forms extra-embryonic populations 

that support the proper development of the embryo throughout gestation.  
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Figure 8: Acquisition of the salt-and-pepper distribution. 
The second cell fate specification results in the differentiation of both the Epi and the PrE lineages. At 

the 32-cell stage ICM progenitors present stochastic difference in expression levels of NANOG and 

GATA6. This discrepancy is amplified by the action of molecules signals and transcription factors that 

promote the acquisition of each lineage program. The salt-and-pepper distribution observed by the 

mid blastocyst stage is the consequence of the asynchronous fate decision that occurs in each ICM 

progenitor. At this stage of development ICM cells remain plastic and upon reception of signals can 

switch fate. 
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a) The salt-and-pepper distribution 

b) NANOG as the gatekeeper of the Epi fate 

c) GATA6 and the adoption of the PrE fate 

2. Balance between Epi and PrE fates  

 

Since similar expression levels of both Nanog and Gata6 are observed between the 8-cell stage and 

their respective fate-allocated cell at the mid blastocyst stage, it seems that fate specification depends 

on the downregulation of the opposite fate rather than the promotion of a specific factor57. As 

mentioned above, two main inhibition processes have been determined: the Gata6 inhibition by 

NANOG and the Nanog inhibition by pERK. Thus, placing FGF/ERK signaling at the core of a tripartite 

regulatory system68. It is therefore imperative to understand the mechanism by which FGF signals are 

transmitted and what more does the activity of the pathway regulate. 

 

a) Activity of FGF/ERK signaling 

b) Regulation of FGF/ERK signaling 

F. The ICM segregation 

 

1. Cell sorting and survival 

 

During the blastocyst development, as the cavity expands, another physical and mechanical event 

occurs: the segregation of the ICM. As they progress towards their respective fate ICM cells undergo 

rearranging movements resulting in the complete separation of both Epi and PrE at the late blastocyst 

stage. Not much is known regarding this cell reorganization. However, since it consists of PrE cells 

sorting out of the mixed ICM pool, some studies focused their interest on a link between PrE 

progression and cell sorting97–100. PDGF signaling is a RTK-dependent pathway involved in the 

progression of the PrE program via the presence of its receptor PDGFRA at the membrane of PrE cells 

from the 32-cell stage100,101 (Figure 13).  
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Figure 13: PDGF signaling sustains cell survival in the PrE independently of the cell position 
Artus et al. 2013 

During the specification of both Epi and PrE, cells from each lineage will undergo cell sorting 
rearrangements resulting in the complete separation of both populations in a process named ICM 
segregation. In the lower panel, time-lapse imaging of PdgfraH2B-GFP/H2B-GFP E3.5 embryos revealed 
an increase in apoptotic activity in the PrE layer. Since cell death occurs independently of the position 
of the PrE cell, it is unlikely that apoptosis is specifically triggered in misplaced PrE cells. Similar 
observations were made with inhibitors for PDGF signaling. 
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Although, the downregulation of the PDGF signaling does not affect the specification of the Epi or the 

PrE, it strongly reduces the number of PrE cells while not affecting the Epi number98,102. This would 

suggest that PDGF signaling is required for the maintenance of definitive PrE cells that die rather than 

convert to the Epi fate. Indeed, reducing the activity of the pathway leads to an increase of cell death 

within the PrE layer via apoptotic mechanisms depending on the action of the CASPASES98. However, 

even if the apoptotic activity was hypothesized for the proper sorting of the ICM cells, this study 

showed that cell death was increased in PrE cells independently of their position within the ICM upon 

PDGF downregulation98,103. Moreover, apoptotic events occur in both Epi and PrE via different 

mechanisms involving JAK/STAT signaling throughout the blastocyst progression suggesting that it is 

way for the embryo to control the number of cells from each tissue102–105. Therefore, even if cell death 

could be involved in order to select correctly positioned cells only, this regulation is undermined by 

the other roles of apoptosis during blastocyst development (Figure 13). 

 

2. Cell sorting and epithelialization 

 

As the blastocyst develops PrE cells acquire a robust organization leading to the formation of one layer 

of epithelialized cells separating the Epi from the blastocoel. Thus, at the late blastocyst stage, 

definitive PrE cells are linked together via both actions of adherent and tight junctions. This epithelium 

lays on a fully formed basal membrane – which is not a membrane – via the accumulation of extra-

cellular LAMININ and COLLAGEN106–108. The acquisition of an apical-basal polarity is completed by the 

accumulation of LRP2 and DAB2 at the apical membrane and cytoplasm respectively106–109. The 

appearance of such epithelial makers before the cells are fully sorted could suggest that it has a role 

in the rearrangement of the populations107,108. Indeed, lack of DAB2 or aPKC – another apical marker 

located at the membrane of PrE cells – prevents the cells to maintain their position and are found 

mixed back in the ICM pool99,106,109,110. Interestingly, if DAB2 could be regulated by the TGFβ signaling 

pathway, aPKC appears to be directly controlled by FGF/ERK signaling and the PrE progression 

program111,112,99,108. Moreover, the activity of aPKC was required to sustain cell-survival within the PrE 

layer, and more specifically, suggested to sustain only properly segregated cells99. However, this 

appears to be unlikely since aPKC’s role has been identified to maintain GATA4 levels, which are 

required for the activity of PDGF, and thus to maintain cell-survival in all PrE cells independently of 

their position as described above99,101,113 (Figure 14). 

Although not through apoptosis regulation, the epithelialization of the PrE could impact the cell-sorting 

through mechanical properties. Mathematical modelling and in vitro experiments have excluded  
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Figure 14: PrE cells are epithelialized and polarized at the late blastocyst stage 
Gerbe et al. 2008 

From the mid to late blastocyst stage, PrE cells progress expressing specific genes leading to their 
maturation. Among those expressed genes are found specific marker of epithelialization such as Dab2, 
Lrp2 or Collagen-IV. Once PrE cells have arisen at the surface of the ICM they assemble and form a 
proper epithelium with adherent junctions and the establishment of the apical-basal polarity 
represented by the apical accumulation of DAB2 and the formation of a basal membrane. 
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ECADHERIN driven adherent properties but not the impact of cortical forces114,115. Indeed, the presence 

of the cavity and the establishment of tight-junctions could govern the segregation in a similar way 

than the organization of the germ-layer in zebrafish116. Practically, the cortical tension exercised from 

the surface of the PrE by the molecules accumulated there reduce the contractility of the cell that 

result in force discrepancies between apical-basal polarized and apolar cells (i.e. Epi cells that are not 

epithelialized yet). Moreover, since about half of PrE cells were reported to lay against the cavity – as 

early as their specification could be detected – the lower surface tension from the blastocoel could be 

sufficient to maintain their position20,100. Thus, a similar contractility-based mechanism between IC 

internalization and PrE cell sorting could be possible16. To support this hypothesis, cytoskeleton 

inhibitors-based experiments have identified that the acto-myosin cortex and not the microtubules 

was responsible for the cell movements103. Alternatively, apoptosis regulation and directed cell 

migration could also play a role in the grand mechanism of Epi and PrE cell sorting that is yet to be 

completely understood (Figure 14). 

 

G. Maturation and polarization of the late blastocyst 

 

1. Progression into the PrE program 

 

The maturation of the PrE is a multistep time gated process depending on the sequential activation of 

transcription factors controlled by mechanical cues and signaling pathways. To completely lock its fate 

and mature, a PrE cell needs to acquire specific properties and to activate a specific gene repertoire at 

each stage of the blastocyst development. Each step must be completed in order to progress to the 

next forming a linear process. The acquisition of these specificities during the blastocyst progression 

are regrouped in the so-called PrE program. As described above, the program starts with the initiation 

and maintenance of Gata6 expression. However, GATA6 alone is not sufficient to progress into the 

program as illustrated in Nanog mutants where GATA6 positive cells fail to mature67–69. From the mid 

blastocyst stage onwards the activity of the FGF/ERK signaling and enough levels of GATA6 induce the 

expression of SOX1767. SOX17 is transcription factor expressed in PrE cells until the late blastocyst stage 

and is present in its derivatives after the implantation97. Although, its expression marks the 

commitment of the cell to further progress into the PrE program, its deletion did not reveal any 

requirements for the specification and maturation of the tissue97. Nevertheless, precise 

characterization of its binding during the gastrulation stages indicated that SOX17 was required to 

exclude SOX2 for its target genes, thus triggering the endoderm differentiation; such competitive  
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Figure 15: PrE acquisition program during the blastocyst maturation 
Starting with Gata6 expression PrE cells will slowly commit to their fate and start to express a specific 
gene repertoire according to the developmental stage. Pdgfra is one of the earliest markers to be 
express in PrE cells after Gata6. Sox17 starts to be express at the mid blastocyst stage and is soon 
followed by the expression of Gata4 signifying that the cell has fully committed to the PrE lineage. The 
last marker of the PrE is Sox7 which expression is concomitant with the end of cell sorting and the 
epithelialization of the tissue. This linear acquisition of PrE markers makes a good tool to properly stage 
the embryos and identify at which step the development is affected. 
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mechanism at the preimplantation stages remains to be elucidated97,117,118. It is interesting to note that 

the restriction of Sox2 expression to the Epi layer coincides nicely with the accumulation of SOX17 in 

emergent PrE cells and this restriction has been shown to be ERK signaling dependent like SOX1758,119 

(Figure 15).  

Shortly after the initiation of Sox17 expression, a combination of GATA6, ERK signaling OCT4 and some 

unidentified markers promotes the expression of Gata4 at E3.7555,58,67,120. Unlike GATA6 and SOX17, 

that can label uncommitted cells, GATA4 is the first transcription factor to be expressed in definitive 

PrE cells, thus unable to switch back towards the Epi lineage97,100,119,120. Although the factors mentioned 

above are required for the expression of Gata4, its transcriptional regulation in the embryo is yet to 

be characterized. Similar to SOX17, the depletion of Gata4 does not prevent the maturation of the 

tissue and its differentiation towards either the parietal endoderm (PaE) or the visceral endoderm 

(VE)121. Nonetheless, in vitro and similarly to GATA6, GATA4 is required and sufficient to differentiate 

ESC into PrE-like XEN cells78,97. Interestingly, since at this stage of development Gata6 becomes 

sensitive to both ERK and OCT4 it is possible to imagine a combined complex including 

ERK/GATA6/OCT4 and GATA4 for further PrE maturation55 (Figure 15).  

SOX7 is the last known transcription factor being expressed by the PrE program at the late blastocyst 

stage where the initiation of its expression coincides, but does not requires, the completion of the ICM 

segregation97. Thus, SOX7 labels only definitive PrE cells and is known to regulate the epithelialization 

of the cell, even though its role in the PrE remains to be elucidated122. Sox7 expression persists in the 

PrE derivatives tissues and is required for endothelial differentiation and hematopoietic stem cells 

differentiation97,123. However, unlike Gata6 or Gata4 its expression is dispensable for in vitro XEN cells 

differentiation124. Interestingly, most of the genes required for the maturation of the PrE are either 

expressed in both lineages and/or are Epi makers acting non cell-autonomously via signaling pathways 

suggesting that the Epi controls each step of the PrE maturation via the production of ligands55,58,67 

(Figure 15).  

One such ligands is PDGFA involved in another RTK signaling pathway named PDGF. Pdgfa is expressed 

in Epi cells during the 16-cell to the 32-cell stage transition whereas its receptor PDGFRA is expressed 

and located in PrE cells at the 32-cell stage – although the activity of its locus starts earlier96,98,119,125. 

The activity of PDGF signaling in PrE cells starts shortly before the expression of Sox17 and is 

responsible for the maintenance of PrE cell numbers98,102. Interestingly, the activity of the signaling is 

maintained by the mechanical properties of the cell and the conjoint activity of both GATA6 and 

GATA499. Reciprocally, since PDGF signaling comes before the expression of Gata4, its activity is fully  
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Figure 16: BMP signaling sustains cell survival within the PrE layer 
Graham et al. 2014 

BMP signals coming from the Epi are able to signal in PrE cells via receptors of the TGFβ family. 
Inhibition of these signals result in the activation of apoptosis in PrE cells preventing their subsequent 
maturation as seen by the downregulation of SOX17. BMP among with FGF and PDGF therefore 
demonstrate that the Epi sustains the maturation of the PrE via the expression of those signaling 
pathway ligands. 
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required for the progression of the PrE cell until it reaches a stage where Gata4 is activated99 (Figure 

15).  

Similar to PDGF, the BMP signaling pathway – member of the TGFβ superfamily – has been identified 

to be required for the maintenance of the PrE via the regulation of cell-survivability105. Indeed, 

reducing the activity of the SMAD1/5/9 – the effectors of BMP signaling – results in a striking increase 

of cell death but only in the PrE layer; thus, preventing the proper maturation of the tissue105. The 

activity of the pathway is mainly regulated by the ligand BMP4, expressed in a subpopulation of Epi 

cells at the early blastocyst stage57,105,119 (Figure 16).  

Therefore, a combination of cell-survival, transcription factors and Epi signals is controlling the 

progression of the cell though its PrE program. However, even though not much is known about the 

regulation of the mechanism driving a committed PrE cell and its late maturation, the expression 

profiles of the makers quoted above are an essential tool for researchers to properly stage the 

development of the blastocyst and to identify the state of maturation of the PrE layer. Lastly, it is 

remarkable than even though these transcription factors are spatially and temporally tightly regulated, 

none of their depletion – besides Gata6 – presents a fully penetrant phenotype, highlighting the 

robustness of the mechanism and the possible redundancies between these factors. 

 

2. The maturation of the Epi 

 

a) The pluripotency factors in Epi maturation  

b) Acquisition of the Epi gene repertoire 

3. The polarization of the blastocyst 

 

The polarization of the blastocyst – not to be mistaken with the apical-basal polarity of the cells – sets 

up a population of cells that can be oriented to one side of the embryo leading to a symmetry breaking. 

Not every event of polarization perdures and thus cannot be associated with embryonic axis 

establishment. The most noticeable polarization event occurs during the formation of the cavity and 

the pushback of the ICM towards one pole of the embryo. This mechanism described previously is 

essential for the cell sorting of the PrE during its maturation and the differentiation of the TE cells that 

are separated between a polar TE and a mural TE. Moreover, the adhesion between the polar TE and 

the Epi is for instance suggested to limit the movement of Epi cells, therefore driving PrE cells towards 

the cavity137. This radial symmetry breaking event will then control the orientation of the embryo 
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during its implantation into uterine horns138. Besides the cavitation process, the polarization of the 

embryo comes from the emergence of a subpopulation of cell within a tissue expressing a specific gene 

repertoire (Figure 19). 

 

a) Lefty1 patterning and NODAL signaling 

b) Hex positive population and BMP4 restriction 

H. The implantation and building the egg cylinder 

 

1. Preparation for the implantation 

 

The implantation is initiating – once all the lineages are fully specified – by the hatch of the embryo 

out of the ZP. This acts as a checkpoint in order to verify that the embryo is ready for further 

development. Within the next few hours the hatched embryo invades the maternal tissues and 

implants into the uterine horns. While the embryo develops, increased levels of estrogen and 

progesterone are produced by the ovaries to synchronize the timing of uterine receptivity with the 

blastocyst progression165. More so, the levels of estrogen determine the time window by which the 

implantation can be started via the upregulation of “implantation genes”165. The regulation of estrogen 

can be controlled by each blastocyst via estrogen receptors at the membrane of their mural TE to 

postpone the implantation via the initiation of a dormant state called diapause166,167. This allows all  

 

 

 

 



33 
 

 

Figure 20: The implantation is concomitantly controlled by both the mother and the embryo 
Bedzhov et al. 2014 

After hatching, the embryo adheres to the LE and invades the stroma at the antimesometrial side of 

the uterus. The timing of the implantation is a resultant of the maturation of the blastocyst tissues and 

the estrogen signals sent by maternal tissues. During the penetration of the embryo, surrounding 

stromal cells differentiate into decidual cells regulating the directionality of the trophoblast invasion. 

Within the decidua the embryo induces massive proliferation of its cells resulting in the rapid growth 

of the embryo, allowed by the nutrients and gas exchanges made by decidual cells and the extra-

embryonic tissues. 
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embryos to be implanted at the same developmental stage independently of the time spent in the 

uterus. This process is also taken advantaged off, in the case of embryo transfer experiments to 

synchronize as much as possible the developmental stages of each blastocyst168. Upon the initiation of 

the implantation, the embryos will progressively downregulate their estrogen receptor via a ubiquitin-

proteasome mechanism; the completion of the degradation correlates with the termination of the 

uterine invasion169 (Figure 20). 

The process of implantation can be divided in three phases: apposition, attachment and penetration. 

During the apposition phase, the diameter of the uterus lumen becomes gradually reduced to position 

the floating embryo close the luminal epithelium (LE)170. Although, the first contact between the TE 

and LE is mediated by LE microvilli – responsible for grabbing and maintaining the embryo in place – it 

is not enough the permit its adhesion. Indeed, a glycoprotein layer of mucines covers the uterine tissue 

to act as a barrier for pathogens and prevents the embryo to adhere. At this step of the process 

maternal hormones and embryonic signal will suppress this layer allowing the embryo to be attached 

via a mechanism involving several adherent molecules171,172. Following to the penetration step, the 

contact between TE and LE triggers massive apoptosis at the site of attachment for the embryo to 

colonize the endometrial stroma173. This process is rapidly followed by the extensive proliferation of 

the surrounding stromal cells that differentiate into polyploid cells in order to form the decidua – 

responsible for nutrient and gas exchanges in top of immune protection174,175. The embryo implants at 

the antimesometrial side of the uterus – with the ICM pointing towards the mesometrial side – via the 

expansion of the TE that is directly controlled by the surrounding stromal cells176. The implantation 

process is a great example of the concomitant regulations coming from both maternal and embryonic 

cues (Figure 20). 

 

2. TE differentiation and embryo implantation 

 

Since the ICM points towards the mesometrial side, the mural TE is responsible for most of the 

regulation occurring during this event. Shortly after the adhesion phase, mural TE cells in contact with 

the LE will differentiate into trophoblast giant cells (TGC). TGC will invade in the endometrium through 

the directional control of decidual cells177. As the embryo invades deeper into maternal tissues, TGC 

will both secrete PROGESTERONE and type 1 INTERFERON in order to differentiate the surrounding 

cells, once again, and trigger the angiogenesis178. The local vasculature is remodeled by this process 

and the embryo can then grow while receiving nutrients and gas from the maternal circulatory 

system172 (Figure 20).  
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On the other side, polar TE cells are actively differentiated by the time of the implantation to both 

form the ExE and the ecto-placental cone (EPC). This differentiation is initiated by the rapid increase in 

proliferation and the activation of the TE program, resulting in the expression or upregulation of a 

specific gene repertoire composed by Cdx2, Eomes, Bmp4, Elf5 and Ets2170. The initiation of ExE and 

EPC differentiation mostly depends on EOMES activity downstream of CDX250. Accordingly, genetic 

depletion of Eomes prevents any TE differentiation which in turn results in a developmental arrest at 

the implantation stage50. Interestingly, the proliferation and activation of the polar TE repertoire forms 

a multipotent lineage which keeps proliferating while maintaining a balance between self-renewal and 

EPC differentiation170. Indeed, the maintenance of these TE/ExE stem cells (TES) is essential for the 

constantly growing ExE and EPC – to attach the conceptus to a mass of differentiated TGC which 

mediates the early endometrial interactions179. During the formation of the egg cylinder at E5.0, this 

pool of TES is maintained in the ExE from which the EPC expansion is controlled179.  

The constant nature of this multi-potency is in part regulated by the concomitant action of the 

transcription factors ELF5 and ETS2179–183. Accordingly, the absence of either of these factors leads to 

the loss of the TES pool and a failure to maintain the ExE by the time of gastrulation179–183. 

Redundancies between these two factors were identified since the overexpression of ETS2 could 

rescue part of the Elf5 mutant and double mutants embryos display a complete loss of the ExE by 

E5.5179. Interestingly these factors form a positive feedback loop with CDX2 and EOMES since the 

reduction of either protein levels lead to strong downregulation of Eomes and Cdx2 and 

conversely180,183.  

Interestingly, the maintenance of the ExE is directly linked with the proper patterning of the adjacent 

Epi since ETS2 is able to maintain high level of NODAL and WNT3 – two Epi markers179. Reciprocally, 

the development and maintenance of the TES in the ExE is regulated by NODAL and FGF4 signaling that 

activate the core of genes described above, that culminates with the upregulation of BMP4 which in 

turn promotes a proper Epi patterning160,162,184. The EPC, on the other hand is mostly differentiated by 

the expression of Mash2 expressed in TES cells by SP-1 following AKT/PI3K signaling185–187. Other 

transcription factors from the same family of MASH2 can also override FGF4 signals – essential for the 

TES maintenance – and promote the differentiation to the EPC188. 
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1. PrE differentiation 

 

Among the three lineages, the PrE undergoes the highest number of fate specification events, forming 

multiple cell populations by the time of the egg cylinder forms. Two main tissues are derived from the 

PrE by the time of the implantation: the VE and the PaE both contributing to the endoderm of the 

visceral yolk sac. The similarities between those three tissues (PrE, VE, PaE) make the reading of the 

differentiation quite challenging. Transcriptomic analyses of in vitro differentiations or more recently 

from the embryo itself identified specific markers that are lineage specific (i.e. Ttr and Afp for the VE; 

Follistatin and Sparc for the PrE)189,190. Tracking the expression of these genes will permit to precisely 

narrow the moment where a PrE cell will become a VE cell. It is however easier in the case of the PaE 

since it is considered that PaE cells are differentiating once they migrate distally over the mural TE138 

(Figure 21). 

 

a) Differentiation of the VE 

b) Forming the PaE layer 

2. Epi morphogenesis 

 

a) Reorganization of the Epi tissue 

b) Patterning of the Epi 

II. SIGNALING PATHWAYS PATTERN THE EARLY MOUSE EMBRYO 

 

A. Active signaling pathways in a nutshell 

 

Cell communication, via signal transduction, is essential for the proper patterning of the tissues 

composing the embryo. The action of signaling pathways appears to be fundamental for both spatial 

and temporal regulation of transcriptional and translational activities resulting in fate specification and 

morphogenesis. While introducing the different steps of lineage specification in the early mouse 

embryo we highlighted the vital nature of some of the mainstream signaling pathways; like HIPPO 

signaling for the first fate decision or the FGF/ERK signaling for the second specification event. 

Although, the main cascade pathway, following the capture of the ligand, can be drawn these days 
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with all the evidence available, numerous regulated factors are still being added regarding a specific 

process, cell-type or animal model. Indeed, even though the FGF/ERK signaling has been extensively 

studied in the context of Epi versus PrE fate decision the past decade, a very recent study has just 

elucidated a new role for a factor associated with FGF/ERK signaling88. Thus, the accumulation of 

knowledges that can fulfil blanks within the webs of signaling pathways is essential to properly 

understand the impact of such signals and the crosstalk they induce resulting in the establishment of 

more precise models concerning their action on fate specification. 

 

1. NOTCH signaling backs HIPPO up during first cell-specification 

 

If HIPPO signaling is at the core of TE versus ICM differentiation, another pathway has been found 

involved in this process; this pathway works concomitantly with HIPPO signaling to reinforce the TE 

identity via the transcriptional regulation of Cdx2. NOTCH signaling is activated by different ligands 

resulting in the activation and cleavage of an intracellular receptor which is translocated to the nucleus 

to bind transcription factors and initiate gene expression. One of these genes at preimplantation stages 

is Cdx2 from which NOTCH activation allows the reinforcement of its levels during the 8-cell to 16-cell 

stage transition48. Accordingly, mutant embryos for the NOTCH associated binding sites or 

pharmacological inhibitions of the signaling lead to Cdx2 downregulation albeit not sufficient to 

prevent TE specification45. Therefore, NOTCH signaling is suggested to act to maintain a fate identity 

that is initiated by HIPPO signaling. Recent evidence also suggested a role of NOTCH in the exit of naïve 

pluripotency of ESC leading to their differentiation; a process however depending mostly on FGF/ERK 

and ACTIVIN/NODAL signaling48,218. Indeed, striking phenotypic defects coming from the mutations of 

NOTCH signaling component are visible after the gastrulation where its overactivation leads to both 

impaired germ layer patterning and differentiation225. 

 

2. HEDGEHOG prepares the uterus for the implantation 

 

Not much is known about HEDGEHOG (HH) signaling during the pre-implantation development of the 

mouse embryo. Upon receiving HH signals the constitutively inhibiting PATCH receptor releases the 

transmembrane protein SMOOTHEN resulting in the activation and nuclear translocation of the GLI 

proteins for transcriptional regulation. One of the first identified role of HH signaling in mice consisted 

in requirements for Indian HH for the differentiation of extra-embryonic endoderm226. A study also 
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provided evidence regarding the activity for the pathway for the proper implantation of the embryo227. 

Although, recent studies have demonstrated requirements of the signaling for oocyte maturation in 

different mammals it seems that it is not required in mouse oocytes and its action is restricted to either 

placental maturation or uterine receptivity228–230.  

 

3. IGF signaling redundancies play with many factors 

 

The insulin-like growth factor family – comprises INSULIN, IGF1 and IGF2 – mediates cell responses 

such as apoptosis, mitosis and differentiation. IGF ligands can bind to specific binding protein (IGFBP) 

that regulate their availability to their respective receptors insulin receptor (IR), IGFR1 and IGFR2. 

Binding to those tyrosine kinase receptors activates both PI3K/AKT and MAPK cascades that, in the 

end, regulate transcriptional activity. The activated downstream pathway determines the cell response 

that depends on the activity of the cascade. While IGFR2’s role is to internalize the complex IGF/IGFBP, 

IR and IGFR1 can either transduce their signal independently or form dimers with one another resulting 

in the formation of hybrids; each of them capable of transducing the signals from the three ligands but 

with different affinities. These redundancies between ligands and receptors make it challenging to 

investigate the different roles of the pathway. 

Since the different KO of IGF ligands or receptor did not present any embryonic defects but size and 

weight reductions not much is known about IGF signaling in the early embryogenesis231. In the pre-

implantation embryo Igfr1 is expressed from the oocyte to the blastocyst stage232. While IGF1 addition 

to the culture media helps to proper develop the blastocyst, IGFR1 depletion resulted in cell number 

reduction via an increased apoptosis activity233. Accordingly, IGF1 signals increased the 

phosphorylation of AKT known to inhibit apoptotic activity233. PI3K/AKT is active very early in 

embryogenesis to promote the ZGA and the cleavages of the zygote234,235. Although minor, the 

inhibition of IGFR1 signaling was also shown to perturb mitotic spindle during the first division of the 

zygote233. mTOR is also a target in the PI3K/AKT cascade downstream of IGF signals which inhibition 

induce the diapause state of the blastocyst preventing tissues to mature and differentiate167,236. More 

recently, an in vitro study based on ESCs has demonstrated requirements for INSULIN to support naïve 

pluripotency via a selective increase of this population proliferation giving rise to high-contribution 

chimeras when transferred to pseudo-pregnant females202. Lastly, the antagonist effect of 

WNT/βCATENIN and IGF signaling was essential to allow extra-embryonic endoderm differentiation as 

it was suggested by IGF acting on the phosphorylation of GSK3 to prevent βCATENIN activation206. 
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Therefore, IGF signaling could be involved in many specification events occurring during the formation 

of the blastocyst via its regulation of the several downstream pathways described. 

 

4. BMP dynamic expression sustains cell-survival 

 

BMP are members of the TGFβ superfamily of extracellular ligands signaling via the phosphorylation 

of SMAD1/5/9 through the activity of serine/threonine kinase type II (BMPRII) and I (ALK2/3/6) 

receptors. pSMAD1/5/9 can form a complex with the co-SMAD, SMAD4, resulting in the nuclear 

translocation of the complex and the transcriptional regulation of target genes. Although some SMAD 

can directly bind to the DNA, most of their roles consist in the activation of transcription or epigenetic 

factors to promote gene transcription. By its components and signal transduction mechanism BMP 

signaling is very closed to ACTIVIN/NODAL signaling, another TGFβ member. BMP signaling is required 

for the patterning, cell specification, cell proliferation and survival throughout the development of the 

embryo. Most of its early roles consist in the patterning of the VE and the ExE prior to gastrulation237,238. 

Since most of the genetic depletions of BMP components lead to post-implantation defects, not many 

studies have investigated the impact of the pathway at pre-implantation stages. Single-cell sequencing 

revealed however that all the components required for the pathway to be active are expressed at the 

morula stage with an activity of SMAD1 detected as early as at the 4-cell stage57,119,239,240. The early 

activity of BMP signaling is essential for the 16-cell to the blastocyst transition as most of the embryos 

inhibited for the pathway did not reach the blastocyst stage240. Moreover, similar to JAK/STAT3 and 

PDGF signaling, BMP signals are required to sustain cell-survival in the PrE layer105.  

Interestingly, as it is common for secreted growth factors, the ligands and receptors are expressed in 

different tissues: Bmp1/4/7 are IC markers while Bmpr1/2 are expressed in OC at the 16-cell stage105. 

Accordingly, Id2 expression – a well identified target of BMP signaling – is specifically induced in the 

OC. From the blastocyst stage these genes present a highly dynamic expression pattern since from the 

mid blastocyst stage Bmp4 and Bmp7 are expressed in the early Epi and Bmpr2 is in TE cells while at 

the implantation stage Bmp4 is in the polar TE while Bmpr2 is expressed in the PrE layer57,105,144,241. 

Consistent with these expression patterns, phenotypes linked with BMP signaling shut down affected 

the TE until E3.5 and the PrE at the late blastocyst stage105. Lastly, pSMAD1 activity at the late 

blastocyst stage is required for the specification of the DVE and probably VE differentiation from PrE 

cells144,200,201. Therefore, dynamic expression of BMP components can promote cell proliferation and 

survival in the proper tissue at a defined timeline.  
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B. ACTIVIN/NODAL signaling patterns the early mouse embryo 

 

1. Structure of the ACTIVIN/NODAL pathway 

 

ACTIVIN and NODAL are two TGFβ secreted factors binding to ACTIVIN receptors type I and type II. 

Upon fixation of the ligands the phospho-activation of the serine/threonine receptors will transduce 

the signal via the activation of the SMAD effectors through specific phosphorylation of their MH1 

motif. Once activated, the SMAD form complexes with different factors leading to their nuclear 

translocation and transcriptional regulation of target genes (Figure 23). 

 

a) Introducing the main components 

b) Activity and regulation of the pathway 

2. Patterning the early mouse embryo 

 

a) Phenotypic descriptions of ACTIVIN/NODAL mutations 

b) Nodal patterns the tissues of the egg cylinder 

3. Dynamic expression sets the stage for embryo patterning 

 

a) Activin expression and maternal cues  

b) Mid blastocyst expresses all NODAL signaling components 

c) NODAL requirements for early tissue patterning 

C. WNT/βCATENIN signaling balances lineage specification 

 

1. The canonical WNT/βCATENIN signaling pathway 

 

a) Structure of WNT/βCATENIN signaling 

b) Complexity of WNT signals 

c) Transducing the signal 
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d) βCATENIN nuclear function 

2. WNT-independent βCATENIN regulation 
 

a) Mechanotransduction activates βCATENIN  

b) HIPPO signaling controls βCATENIN activity 

3. βCATENIN activity and lineage differentiation 

 

a) Maintenance and differentiation of mESC and mEpiSC 

b) Early embryo patterning  

4. Pre-implantation requirements for βCATENIN 

 

Most of WNT signaling components are however expressed prior to the implantation of the embryo. 

10 out of the 19 WNT ligands expressed in mammals are present at the blastocyst stage, along with 

Lrp5/6, Fzd receptors and WNT antagonists Sfrp and display specific patterns and spatial 

distributions466,467. For example, Wnt1 is specifically expressed in the ICM whilst Wnt6 is present in the 

cells surrounding the blastocoel466. Despite the expression of these genes, the WNT/βCATENIN 

signaling pathway appears not to be active during the blastocyst formation. Indeed, GOF embryos at 

the oocyte stage did not present any nuclear localization of βCATENIN and these embryos developed 

correctly to the blastocyst stage463. Moreover, silencing the pathway did not affect preimplantation 

development either, albeit displaying some implantation defects468.  

In fact, several studies have highlighted the role of WNT/βCATENIN in the preparation of the uterus 

for the implantation and the subsequent decidualization369,469–471. As described previously, the success 

of the implantation depends on both the hormonal preparation of the receptive uterus and the proper 

maturation of the TE. Interestingly, Wnt9a is strongly expressed in the TE and the activation of 

βCATENIN specific genes such as Cdx2 in both in vivo and in vitro models471–473. Therefore, WNT/ 

βCATENIN signaling could help the proper maturation of the TE to increase the efficiency of the 

implantation. Although, embryos mutants for βcatenin can still implant and form an egg cylinder this 

could be rescued by other factors and by maternal signals474,475.  

The earlier requirements for the transcriptional activity of βCATENIN before the implantation were 

identified at the implanted blastocyst stage for the activation of the PEE70. The dependence between 

PEE expression and βCATENIN activity was investigated at E6.5 during the PS formation307. A similar 

relation between these elements was found at E4.5 where embryos mutants for βcatenin failed to 

express the reporter PEE-GFP whereas Apc mutants presented an increase in PEE-GFP positive cells70. 
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This demonstrates that βCATENIN is active in the Epi prior to the implantation. Analyses of the Apc 

mutants also revealed that a GOF of βCATENIN at this stage ectopically express mesoderm makers461 

(Figure 34).  

Precisely assessing βCATENIN functions at these stages is quite challenging considering the 

mechanisms involved in the regulation of its activity and the signaling pathways in place. However, 

with the remodeling of the junctions during the blastocyst formation and the expression of epithelial 

markers, a specific regulation of βCATENIN could come from the membrane16,17. Indeed, as described 

previously many mechanisms of fate specification and tissue patterning are regulated by specific 

molecules involved at the membrane16,17. Therefore, βCATENIN could have an indirect role in these  
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Figure 34: βCATENIN activity is found in the Epi of implanted blastocysts  
Granier et al. 2011 

Most of the phenotypical defects characterized in mutant embryo for βcatenin are observed at the egg 

cylinder and during gastrulation. One of the earliest roles of ΒCATENIN, is its regulation of the PEE of 

Nodal during the implantation of the blastocyst. Indeed, modulating the activity of ΒCATENIN directly 

impacts the levels of the PEE-GFP transgene. Therefore, ΒCATENIN is active prior to the formation of 

the egg cylinder and can regulate transcriptional activities within the Epi layer.  

 

 

events via its interactions with these factors471. On the other hand, some of the main pathways 

(HIPPO, FGF, ACTIVIN/NODAL etc…) interacting with βCATENIN for their activity are required for 
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tissue patterning prior to the implantation70,424,432. It would thus be interesting to investigate the 

roles of βCATENIN in the events regulated by these pathways. Experiments conducted during the 

blastocyst formation however, disqualified βCATENIN in the ERK mediation of the PrE maturation476. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. DEVELOPING IN VITRO STRATEGIES TO STUDY EARLY 

EMBRYOGENESIS 
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A. Derivation of stem cells models 

 

The study of the mouse embryo can be technically challenging considering different aspects: biological 

material availability, variety of tested conditions, developmental progression during culture 

experiments and genetic depletion. i) Indeed, although the isolation of cells from specific lineages is 

possible, the material provided by these few cells was not sufficient to conduct certain experiments. 

ii) Moreover, with the use of pharmacological inhibitors being more commonly used in laboratories, it 

is possible to compare different culture conditions, however limitation in terms of embryo number 

restricts the number of parallel conditions that can be conducted within a litter. iii) Lastly, studying a 

tissue at one specific developmental time point during development is in most of the case not possible 

considering the constant maturation of the lineage in correlation with the developmental progression 

of the blastocyst. Therefore, most of the conclusions from these experiments are subjected to 

causality-correlation conflicts. Short culture conditions and the use of time gated CRE lines can be used 

to counter this effect but they both present strong limitations. iv) Advances in the CRISPR technology 

allows the creation of several stem cell lines quite rapidly to analyze specific mutations whilst in mice 

although genetic depletion with the same technology is possible at the zygote stage, it is much more 

expensive and time consuming with restrictions in terms of line numbers. For these technical reasons 

among ethical considerations, stem cells models were derived to provide enough biological material, 

tissue specificity and control of the developmental stage.  

 

1. Embryonic stem cells as a model for Epi maturation 

 

By the time the ICM is fully segregated, the nascent Epi is sandwiched by two extra-embryonic lineages. 

The mechanisms by which this cell population emerges remains to be fully understood, even though 

several studies have elucidated many of the factors involved in this process. The nascent Epi will slowly 

acquire specific markers, indications of its maturation as the blastocyst progresses. During the 

implantation the Epi undergoes massive cell rearrangements and gene repertoire switch. The 

establishment of the germ layers is the main goal of the maturing Epi during the gastrulation. From it 

derives all the lineages forming the embryo proper; making the Epi the only pluripotent tissue of the 

mouse embryo. 

For reasons described above, it is difficult to investigate the molecular mechanisms behind the 

acquisition of the pluripotency during the Epi maturation. To palliate in vivo difficulties and to study 
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the nature of pluripotency, Epi cells were derived from the late blastocyst stage and plated in vitro – 

historically on a layer of fibroblasts – in a culture media containing both BMP4 and LIF signaling 

molecules. These cells in culture represent the immortalized mESC, replicating the properties of the 

pre-implantation Epi477,478. Indeed, once injected in blastocysts these cells colonized preferentially the 

Epi without affecting the extra-embryonic lineages for the majority of stem cell lines479. Adaptations 

of the culture media were piloted to either maintain these self-renewing cells or, conversely, 

differentiate them into the three germ layers mimicking the gastrulation Epi477,478. Studies conducted 

in the embryo highlighted to main role of FGF/ERK signaling pathway to balance the differentiation 

between Epi and PrE. From these knowledges, mESC cultured in a medium composed of an ERK 

inhibitor and the inhibitor of GSK3 to maintain the identity of the nascent Epi478,480. These cells were 

stable and could sustain a state of pluripotency called naïve. Therefore, mESC with their close 

properties to Epi cells allow the investigations of molecular mechanisms involved in the maintenance 

of an early state pluripotency matching a specific developmental stage.  

Although described as a pluripotent pool of cells the nascent Epi in vivo matures to its polarized version 

during the formation of the egg cylinder before being differentiated into any of the germ layers. 

Therefore, the nascent Epi forms a transient state between the ICM specification and the maturation 

of the competent Epi able to differentiate into both PS and neurectoderm lineages. The maturation of 

the Epi is an interesting process and the center of many studies conducted both in vivo and in vitro. 

Indeed, Epi cells at the egg cylinder stage can be derived and cultured in vitro into EpiSC481,482. EpiSC 

can be integrated back into the Epi of a gastrulating embryo but are not able to colonize the blastocyst, 

demonstrating that these cells acquire developmental and functional properties that diverge from the 

nascent Epi127,482. Moreover, the maintenance of EpiSC in vitro requires the activation of FGF and 

ACTIVIN/NODAL signaling in contrast to the BMP/LIF that are involved in mESC self-renewal481,482. 

These differences are highlighted by the clump morphology of these cells presenting more epithelial 

features and need to be cultured in colonies. Interestingly, once derived from human blastocysts, hESC 

are very similar to EpiSC483. This suggests that the mature Epi form the true pluripotent tissue of the 

mouse embryo and that the nascent Epi is specified before to trigger the formation of the egg cylinder 

required for the gastrulation to occur in rodents compare the disc morphology presented by other 

gastrulating mammal embryos. 
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Figure 35: Enhancer switch drives the Epi maturation in vitro  
Buecker et al. 2014 

During the in vitro differentiation of mESC into EpiLC, mimicking the in vivo maturation of the Epi, cells 
activate of new network of pluripotency. Maintenance of the naïve pluripotency in mESC requires the 
expression of Nanog, Pou5f1, Klf4, Tbx3 etc.… From the implantation onwards a new set of genes is 
expressed such as Pou3f1, Esrrb, Otx2 etc.… This new gene repertoire encodes transcription factors 
able to promote the expression of specific genes associated with the maturation of the Epi. In vitro, 
the differentiation of mESC require the activity of FGF and ACTIVIN/NODAL signaling. pERK and 
pSMAD2/3 – the effectors of these pathways – form complexes with transcription factors to promote 
the activation of the new repertoire. In most of these genes their expression in EpiLC is controlled by 
regulative sequence with high affinity for the transcription factors involved in the primed core of 
pluripotency. These enhancers activation and for some genes, enhancers switch is a major tool to shut 
down transcription factors associated with naïve pluripotency and activate those associated with 
primed pluripotency.  
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Advances in culture conditions allowed researchers to develop in vitro conditions to induce the 

maturation of mESC to resemble EpiSC. These epiblast-like cells (EpiLC) are differentiating via the 

withdraw of the 2i medium and the addition of the FGF/ACTIVIN/knock-out serum medium484. 

Therefore, previously established mutant cell lines in mESC could now be differentiating into EpiLC to 

investigate the molecules involved in the maturation of the Epi. From these experiments, were 

identified two specific core of pluripotency factors each responsible for the respective maintenance of 

the naïve state and the now so-called primed pluripotency79,80. The downregulation of the first core 

and activation of the second core requires the precise regulation of transcriptional activities79,80. This 

has been identified as being depend of the specific activation and repression of genetic sequences and 

in some cases switches of activation between those sequences79,80 (Figure 35).  

The presence of these different states of pluripotency raises questions considering the ground state of 

pluripotency suggested to be shared by the Epi of mammalian embryos to control the germ layers 

differentiation. Derivation of ESC from different mammal models is mostly successful from the 

blastocyst stage. However, these ESCs do not share similar networks of gene with mESC as represented 

by the comparison with hESC485. This could be due to the necessity of the establishment of the egg 

cylinder in rodents prior to gastrulation that concomitantly requires the maturation of the Epi as 

previously mentioned. Another specificity of the mouse blastocyst is the diapause167,236. This 

development arrest occurs normally in rodents by the regulation of endometrial estrogen for the 

embryos to reach a similar stage of development before the implantation167. Self-renewal of Epi cells 

occurs during this period – albeit mitosis is strikingly reduced – in order to maintain the survivability of 

the embryo. The nascent Epi could thus be a state of ICM differentiation promoting pluripotent genes 

to maintain its identity while promoting its proliferation and maturation of the adjacent extra-

embryonic tissues until the blastocyst implants. At this step the Epi will maturation to activate its 

specific network of pluripotency allowing it to differentiate into embryonic germ layers. 

 

2. XEN cells as an advanced state of the PrE lineage 

 

Stem cells can be derived from each tissue of the blastocyst, and the PrE does not rule this out via the 

establishment of the XEN stem cells486. XEN cells derived from the PrE can be maintained in vitro under 

serum conditions via the activation of ERK through PDGF signaling mostly189,487. Once injected back to 

the embryo, XEN cells colonize some cells in the PrE and contribute mostly to the PaE rather than the 

VE probably because of their interaction with the mural TE upon injections making them more 

susceptible to differentiate into PaE202,486,488. However, XEN cells can be differentiating in vitro into 
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both lineages via the addition of BMP4 and ACTIVIN200,201,488. Transcriptomic analyses conducted in XEN 

cells revealed a gene repertoire that share PrE, VE and PaE cells189. Notably XEN cells express Hex and 

Dkk1 making them a powerful tool to study DVE specification189. Although derived from the PrE 

directly, XEN cells cannot be used – under the current culture conditions –  to study the emergence 

and maturation of the PrE since they poorly contribute to this lineage defining a more advance state 

of differentiation200–202,486,488. 

XEN cells can be differentiated from mESC by the addition of external signaling cues that is sufficient 

for mESC to acquire an endoderm-like identity489. In fact, mESC cultured under serum conditions 

already express genes that are involved in the PrE repertoire such as Gata6 and Sox17108. Accordingly, 

once transferred into embryonic hosts, these cells can contribute the PrE and found in the VE 

layer108,461. This suggests that, when not forced by the 2i medium, mESC resemble more to ICM cells in 

general than nascent Epi specifically. Consistent with what has been described in vivo to promote the 

PrE program, the activation of ERK is mandatory489. However, other signaling cues such as retinoic acid 

and ACTIVIN are required for the conversion to be initiated and the XEN identity to be maintained489. 

The transition between mESC to XEN cells can be investigated to better understand what is required 

to separate both Epi and PrE fates (Figure 36). 

 

3. TE derived trophoblast stem cells 

 

During the preimplantation embryogenesis, extra-embryonic lineages are specified prior to the Epi 

determination. In fact, the TE fate is the first to be acquired from OC at the compacted morula stage. 

The main goal of the TE is to allow the development of the embryo proper via its differentiation 

towards several cell types culminating with the formation of the embryonic placenta, connecting with 

cells derived from the PaE. Given the biological importance of the placenta and before that the 

implantation of the embryo and formation of extra-embryonic tissues. Studied have been conducted 

to establish an in vitro model ending with the formation of the immortalized trophoblast stem cell 

(TSC) line490. TSC can be maintained in culture via the addition of FGF and ACTIVIN similarly to EpiSC 

and can differentiate following the withdraw of these signaling molecules490. It is noteworthy that the 

derivation of TSC was not successful in human blastocysts unlike their ESC counterpart, although TS-

like human cells can be converted from hESC491,492. Mouse TSC provide thus the only in vitro tool to 

investigate the molecular mechanisms responsible for both maintenance of identity and 

differentiation of the TE. 
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Figure 36: Stem cells can be derived from the blastocyst and interconvert fates   
Watts et al. 2018 

Three different stem cell types are derived from the blastocyst stage: mESC, TSC and XEN cells, 
respectively representing the Epi, TE and PrE derivatives. Each stem cell type can be immortalized and 
maintained in culture under specific conditions. LIF and βCATENIN activation with pERK inhibition 
maintains the pluripotency and self-renewing capabilities of mESC whereas TSC are cultured in FGF 
and ACTIVIN and, lastly, XEN cells are cultures in serum like conditions. Although, derived from 
delimitated lineages, those cell types can be interconverted in vitro if cultured with the specific cues 
associated with the stem cell type. Indeed, ESC to XEN cells differentiation requires the activation of 
FGF signaling and is supported by the activities of both retinoic acid and ACTIVIN. For TSC 
differentiation, conditions developed to this day require the genetic depletion of Pou5f1. Indeed, lack 
of OCT4 is required to activate the TSC gene repertoire composed of Cdx2, Gata3 and Tead4 mainly. A 
reverse differentiation is possible by the genetic ablation of Cdx2 that results in the upregulation of 
OCT4 and the activation of the ESC gene repertoire.  
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Being derived from the same developmental stage TSC and ESC are suggested to be completely distinct 

in terms of tissue identity. However, since totipotent stem cell lines have not been derived from pre 

16-cell stage embryos, some studies attempted to differentiate ESC to TSC in order to mimic the first 

cell specification49,50. The core of the mechanisms requires the double inhibition of both CDX2 and 

OCT4. Indeed, both factors are required to maintain the identity of their respective stem cell line and 

thus imbalance in terms of expression levels of OCT4 and CDX2 is sufficient for the stem cells to acquire 

either ESC or TSC-like properties. The identity barrier between these two cell types can therefore be 

overcame to investigate the molecular events required for the acquisition and promotion of each 

lineage; providing more knowledges regarding the first cell fate specification (Figure 36).   

 

B. Patterning embryonic tissues 

 

Cells have a remarkable intrinsic ability to self-assemble and self-organize into complex and functional 

tissues. By taking advantage of this ability, embryoids, organoids and gastruloids have recently been 

generated in vitro, providing a unique opportunity to deeper explore complex embryological events. 

These self-assembly models were mostly formed through the conjoint action of physical restrictions 

and signaling cues applied to aggregated stem cell types. Forming these structures allows the 

reproduction of patterned tissues composing the embryo to properly study tissue organization and 

symmetry breaking events493. Several features occurring during the early embryogenesis were 

mimicked and studied in vitro like: lumen formation, cell sorting, cell polarization, cell epithelialization 

via mechanical influences and geometric confinement493–496. Finally, since the derivation of hESC and 

the application of technics developed in mESC, these self-organized structures provide a powerful tool 

to study the human embryology483,495. 

 

1. Models for symmetry breaking events 

 

Attempts to build an in vitro structure that can recapitulate tissue patterning and orientation were 

made to properly assess the correlation between specific development processes and molecular 

cascades497,498. For that purpose, aggregates of mESC were plated in vitro and their arrangement 

assessed220,499. A specific structure emerged from these aggregates, cultured in a given media, forming 

a hollow cylinder220,499. The number of mESC was determinant for the viability and patterning of these 

structures requiring between 100 and 300 cells, corresponding the number of Epi cells by the time of 
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gastrulation is initiated220. The main interest coming from these structures is the fact that they are able 

to establish specific orientations and fate specifications although being composed of only mESC500,501. 

Indeed, the AP orientation was sort of mimicked by the restriction of T/Bra expression to one side of 

the structure therefore named gastruloids for their ability to form an oriented mesoderm-like pool of 

cells220,500. Similar to what has been described in vivo the specification and orientation of this cell 

population is directly regulated by the combined action of both ACTIVIN/NODAL and WNT canonical 

signaling220,500. 

Symmetry breaking has been of a main interest for developmental biologists. Since these gastruloids 

– composed solely of mESC – are forming specific axis orientations, they enter in a direct opposition of 

the currently established model from which extra-embryonic lineages are required to orientate the 

Epi. Indeed, in the embryo both VE and ExE are essential for the proper patterning of the maturing 

Epi162,193. However, although composed of mESC, gastruloids structures do not fully recapitulate the 

pattern of a mature Epi, becoming evident by the activation of Cdx2 – an ExE specific gene – localized 

next to the T/Bra expression pattern500. As described above, mESC have a remarkable ability to 

differentiate and specify distinct populations upon signaling activation, which appears to be the case 

for the formation of the gastruloids. Indeed, the addition of external mature ligands for NODAL and 

WNT3 that have shown to be either processed of their expression initiated in extra-embryonic tissues 

is a way to bypass these tissues to activate specific genes in an oriented fashion162,193,500. More 

interestingly, is the fact that these gastruloids can be culture beyond the gastrulation-like stages where 

they present gene expression that resembles E9.5 gene repertoire501. At the end of the culture 

gastruloids present structures oriented multi-axially that can be useful to study the AP orientation of 

the forming brain tissues501. Thus, instead of being fully true with the developing embryo, the 

gastruloid model offers an interesting in vitro model to study symmetry breaking events occurring at 

different stages during mouse early embryogenesis and organogenesis.  

 

2. Physical constraints and fate specification 

 

During the different events of fate specification throughout early embryogenesis, mechanical cues and 

physical properties acted in concert to promote the activation of signaling pathways. Combined, these 

elements can promote tissue differentiation and their proper organization in the mouse embryo from 

the blastocyst to the gastrulation stages. One of the major considerations of using embryonic bodies 

is to correlate the activation of signaling pathways in response to diverse physical elements such as 

size, adhesion, cell proportions of certain fate, shape etc.… Given space to grow, embryonic bodies  
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Figure 37: Cooperation between BMP, WNT and ACTIVIN/NODAL signaling can specify the 
gastrulation lineages of hESC   
Yoney et al. 2018 

In a geometrically confined environment and upon BMP treatment, hECS differentiate a radially 
symmetric pattern displaying markers for all gastrulation lineages. According to the proximity of BMP 
signals the ExE is specified in the outer layer while the ectoderm receiving the least amount of signals 
is specified in the inner circle. Although the pattern is established by a unidirectional gradient of BMP 
signals, the differentiation of the cells requires both WNT/βCATENIN and ACTIVIN/NODAL signaling to 
be active. Different treatments conditions revealed that WNT3A signals mostly promoted the 
endoderm and mesoderm layers whereas ACTIVIN differentiate all cells toward the ectoderm fate. 
However, the mesoderm differentiation although dependent on WNT signals requires the activity of 
pSMAD2/3 to be induced.  
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made of mESC will usually adopt a hollow sphere-like shape in order to reduce physical constrains and 

allow the formation of junctions between cells without affecting their shape or structure too much. 

However, although the mouse blastocyst presents similar shape properties, upon implantation the 

embryo is constrained by mechanical forces from the maternal tissues and the Epi endure these 

tensions from the extra-embryonic lineages. Such tensions are fully required for the gastrulation to 

occur properly502. 

Advances in biophysical methods allow researchers to apply mechanical constraints in their stem cell 

cultures. Spatially confining hESC in 2D onto submillimeter circles was made possible by the 

elaboration of the micropattern technology503,504. These circles of different sizes made by Matrigel 

confined cells in a physical constraint setting from the edge503,504. Upon application of BMP4 and 

adhesive molecules – forming a layer on top of which hESC are plated – hESC differentiate into a 

radially symmetric pattern503,504. The resultant pattern mimics the onset of gastrulation displaying 

layers of cells expressing specific makers that can differentiate them in ExE, endoderm, mesoderm and 

ectoderm503,504.  These layers are differentiated according to the amount of TGFβ signals they receive 

starting with ExE receiving the most of BMP4 and the inner layer of ectoderm receiving the least. This 

is due to the formation of a single morphogen gradient with TGFβ receptors being expressed on the 

edge of the colony and BMP4 antagonists being express from the center in response to the 

signals503,504. The specification of cell fate depends on the response from other signaling pathways 

including ACTIVIN/NODAL and WNT canonical signaling221,505. Interestingly, adapting the diameter of 

the micropattern and the cell density directly affects the formation of the layers as shown with the 

absence of the inner layers in smaller settings221,503–505 (Figure 37).  

This technology allows the study of the human gastrulation in combination with already developed 

tools such as genetic engineering of hESC and pharmacological treatments. It is also a great tool to 

analyze the mechanisms behind secretion-diffusion properties and the impact of size, cell number and 

mechanical tensions to fate specification events. Further differentiation of the derived tissues has been 

induced to study the formation of cardiomyocytes506. The micropattern technology has been adapted 

to the mouse model more recently but displays some differences in term of the tissues derived and 

the conditions applied for the differentiation of the mESC219. This is not surprising considering the 

major differences between the mESC and the hESC properties as described before. The availability of 

this technology in mice allows the study of different features and signaling cues of the gastrulating 

mouse embryo, although not competent to analyze the embryo in all its complexity at these stages. 
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C. Forming embryo-like structures 

 

The variety of developed in vitro models forms a solid base to investigate different features of the 

developing mouse embryo. However, none of these technics recapitulate the entire complexity of the 

mouse embryo. The constant communication, segregation and differentiation of cells occurring 

concomitantly with one other add a degree of interactions that cannot be mimicked via the isolation 

of specific cell populations; preventing a full understanding of the mechanisms responsible for the 

developmental progression of the embryo.  To counter this, research teams have looked for the 

elaboration of technics based on embryo-derived stem cells to faithfully reproduce embryonic 

structures. This allows to take advantage of the stem cells engineering combined with the in vivo 

complexity and fidelity of the embryo resulting in a major breakthrough in the developmental biology 

field. 

 

1. Pre-implantation blastoids  

 

With recent advances in culture conditions, blastocyst-derived stem cell can be maintained in specific 

states matching developmental stages and subsequently combined to form embryonic structures. The 

blastocyst model with its apparent simplicity was favored in vivo to study fate specification from a 

unique progenitor cell. Since ESC and TSC were derived from this model, a team has recently been able 

to combined those two cell types in blastocyst-like structures they named blastoids507. With specific 

culture conditions and a precise proportion between these two cell types, ESC and TSC can aggregate 

resulting in the formation of a hollow sphere resembling a blastocyst507. These blastoids express 

specific makers of the three lineages composing the blastocyst and have the ability to implant upon 

uterus transfers507. However, the viability of these blastoids has not been confirmed after the 

implantation507. It is noteworthy that their developmental viability depends on the joint actions of two 

TGFβ signaling molecules, BMP4 and NODAL that are responsible for the expansion of the cavity and 

to support the TE layer507. This system could be used in the future to combine ESC and TSC carrying 

different genetic modifications in order to investigate the requirements of factors involved in the 

formation and maturation of the blastocyst. 
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2. Post-implantation ETX embryos 

 

The ability of the mouse embryo to be cultured and developed in vitro is the consequence of its 

remarkable robustness and self-organizing properties. Pre-implantation and post-implantation 

embryos have been cultured ex vivo for many years now allowing to test the impact of external cues 

to the development of their tissues. However, the barrier of the implantation represents a challenge 

for developmental biologists and most studies investigate separately both early embryogenesis 

periods. This leads to the formation of uncharted territories at the edge of peri-implantations stages 

and the disjunctions between mechanisms involved in pre-implantation and post-implantation 

development. Therefore, negatively affecting our understanding of the maturation and differentiation 

of the blastocyst tissues. To counter these effects several culture conditions were elaborated to allow 

the progression of the blastocyst to the egg cylinder stages. And so, with no apparent success since no 

consensus was found in the utilization and on the performance of these technics.  

Like the blastoid model, researchers have tried to combined stem cells derived from the blastocyst to 

aggregate them and allow their maturation to form a conceptus. The association between ESC and TSC 

cultured in a specific medium resulted in the formation of ETS embryos composed of an ExE and a 

matured Epi resembling embryos at the egg cylinder stage222. Those embryos were found to establish 

specific boundaries between the ExE and the Epi and the formation of a basal membrane surrounding 

the conceptus222. Moreover, upon specific signals these ETS embryos arbore a specific axial asymmetry 

similar to the AP orientation of the Epi during gastrulation; displayed by the posterior orientation of  

T/Bra expression222. A more resembling version of the mouse embryo was made shortly after via the 

addition of XEN cells in addition with ESC and TSC223,224. Different combinations of these cell 

populations revealed that the ETX embryos were predominant meaning that the three cell types and 

thus the three tissues are required to properly form the mouse egg cylinder223,224. Indeed, these ETX 

embryos fully formed a VE surrounding both Epi and ExE223,224. Strikingly, these embryos displayed axes 

orientation and expressed specific genes regulated both spatially and temporally223,224. This was 

sufficient for these structures to gastrulate and express definitive endoderm markers along with 

displaying typical features of an oriented mesoderm similar to a properly gastrulated embryo223,224. 

Finally, uterus transfers of ETX embryos resulted in the initiation, although with a low penetrance, of 

their implantation224. Such complex structures recapitulate the interactions between the tissues 

composing the embryo and their concomitant progression, characteristic of the early embryogenesis 

(Figure 38).  
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The utilization of such models can vastly contribute to our understanding of the mouse developmental 

biology and can be applied to the human model once the derivation and the culture of TSC and XEN 

cells will be possible; which, obviously raises ethical questions considering the formation of in vitro 

early human embryos… 
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Figure 38: ETX embryos in culture can properly gastrulate  
Sozen et al. 2019 

The aggregation of mESC, TSC and XEN cells cultured in vitro can form embryonic structures called ETX 
embryos. These structures are very similar to mouse embryos at the egg cylinder stage. Presenting all 
three lineages at this stage, these ETX embryo also display axis orientation similar to the AP orientation 
of gastrulating embryos. Moreover, once cultures to day 6 posterior Epi cells from ETX embryos can 
undergo the EMT and migrate distally to form the PS. During this migration both endoderm and 
mesoderm fates are specified characteristics of the proper gastrulation of these embryonic structures. 
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CONTEXT  
 

 

During the pre-implantation development of the mouse embryo, numerous fate specification events 

are associated with metabolic and structural changes to ultimately form the implanted blastocyst. The 

specification of cell populations is directed by a linear progression with fates being acquired from a 

previous progenitor and initiated according to the developmental stage of the embryo. Once specified 

each cell will deeply commit to its lineage via the activation of specific gene repertoires that is usually 

strengthened by its ability to directly inhibit the factors associated with a concurrent fate. In addition 

to transcriptional regulations, fate specification is accompanied by morphological and structural 

events. Cell polarization and cortical tensions can either restrict or promote the ability of a cell to 

acquire its identity. All those processes involved in the specification of the blastocyst populations are 

governed by the establishment and subsequent activation of signaling pathways. 

Signaling pathways have the ability to transduce a signal, regulating key processes of the cell 

metabolism, from either external sources or from a different cell compartment. Most of these signaling 

molecules diffuse their message via the assemble of a molecular cascade, often found to self-regulate, 

ensuring the robustness of the process. During the formation of the blastocyst, several signaling 

pathways have been identified to drive a given fate to a competent cell. ACTIVIN/NODAL and 

WNT/βCATENIN are two signaling pathways required for the proper tissue patterning and axes 

orientation of the mouse embryo. 

Most of the impacts of these signaling pathways have been characterized shortly after the 

implantation at the egg cylinder stages. They were found to be required for the maintenance of the 

Epi identity and for the proper patterning of extra-embryonic tissues. Lack of either one of these signals 

results in in a developmental arrest of the embryo a consequence to AP axis establishment failures and 

ectopic differentiation of the Epi.  

Considering that both fate specification and tissue patterning depend on the completion of previous 

events, it is interesting to wonder whether the impacted tissues observed in mutant embryos lacking 

either Nodal or βcatenin are of the resultant of earlier requirements for the molecules that both genes 

encode. Supporting this hypothesis comes from the fact that the phenotypic defects of embryos 

carrying those mutations occur very shortly after the implantation, thus suggesting that prior to this, 

the proper patterning of the blastocyst tissues is affected. 
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Not much is known about pre-implantation requirements for these signaling pathways since mutant 

embryos for the main signal/effector can implant and present an organization resembling early egg 

cylinders. However, with increasing evidence showing phenotypic rescues via molecular redundancies 

and maternal cues, it is fair to investigate the roles of both signaling pathways during the pre-

implantation development. 

The main components of the signaling cascades are found expressed in the early stages of the 

development and in the case of Nodal show indications of activity. In contrast, the WNT/βCATENIN 

pathway does not seem to be activated at these early stages. However, βCATENIN does not depend 

only on WNT signals and can its activity can be induced by several mechanisms, mostly interconnected 

with already established signaling cascades. 

Therefore, I aimed here to investigate the roles and requirements for both ACTIVIN/NODAL and 

βCATENIN activities in the different fate specifications that contribute to the formation and maturation 

of the blastocyst. For that purpose, I will use different combinations of genetic mutations and 

pharmacological treatments to assess the impacts of modulating the activity of both signaling 

pathways in the acquisition and balance of cell fates. Lineage associations and quantifications were 

made to precisely identify the molecular mechanism behind the phenotypic characterization. 

In two distinct studies, for each signaling pathway respectively, I was able to identify specific 

requirements for the molecules involved in those cascades to the proper formation and maturation of 

the blastocyst lineages. Indeed, disrupting the activity of these two signaling pathways resulted in cell 

populations specification failures and profound imbalance between the lineages composing the 

embryo. If the study focused around ACTIVIN/NODAL reflected tissues communication processes and 

maternal cues requirements for the concomitant maturation of the cell populations; the second study 

displayed βCATENIN as an intermediate of signaling cascades to regulate tissue differentiation of the 

blastocyst and beyond implantation.  
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MATERIALS AND METHODS  
 

 

Mouse husbandry and embryo collection  

 

Mouse strains used in this study were NodalLacZ/+ 250, PgkCre/+, βcateninΔex2-6/+ 442, βcateninflex3/+ 462, 

HexGFP/+ 508, PdgfraH2B-GFP/+ 509, H2B-GFP+/- 510. Mice were maintained on a mixed bred Swiss, 

129sv/C57BL6 or CBA background under a 12h light/dark cycle according the guidelines of the 

Animaliance – Paris Diderot-Institut Jacques Monod guidelines. For fluorescent cassettes mice were 

crossed with Swiss females to either recover heterozygous or wild-type embryos. Wild-type embryos 

were obtained from Swiss by Swiss crosses. Embryos were collected according to the date of the 

vaginal plug which was considered as embryonic day 0.5 (E0.5).  Pre-implantation embryos were 

dissected in M2 media (Sigma) their ZP removed by a short treatment of pre-warmed Tyrode’s acid 

solution (Sigma) and then washed 2 times in M2 before being transferred in the culture media .Post-

implantation embryos were dissected in DMEM/F-12 (Gibco) enriched with 5% new born calf serum 

(Invitrogen) their Reichert’s membrane was removed using tungsten needles and fine forceps. 

NodalLacZ/LacZ embryos were genotyped by nested PCR using the primers listed in Table 1. βcatenin 

mutants from both lines were genotyped as described in442,462. 

 

 

 

Immunostaining  

 

For immunofluorescent staining, embryos were fixed in 4% paraformaldehyde (PFA) in PBS at room 

temperature (RT) for 5’ (E3.25 – E4.0), 10’ (E4.25, E5.0) or 15’ (E5.5, E6.5) and washed three times 5’ 

in 0.1% PBS Triton-X100 (PBX) and stored at 4°C protected from light. From this step immunostaining 

was performed according to different protocols depending on the antibodies used (Table 2). For 

multiple staining, all primary antibodies were combined in one step of primary incubation. Secondary 

Name Sequence Company Purpose 

N2E-F CACCGTCATTCCTTCTCAGGT Eurofins Nodal genotyping external PCR 

N2E-R CTCCCCCACAGGGTTAGGA Eurofins Nodal genotyping external PCR 

N2I-F TCTCAGGTCACGTTTGCCTC Eurofins Nodal genotyping internal PCR 

N2I-R CACCTGGAACTTGACCCTCC Eurofins Nodal genotyping internal PCR 

Table 1 : primers used in the nested PCR to genotype NodalLacZ/LacZ embryos 
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incubation was made using Dylight (488, 550, 650 - Thermofisher) species-specific secondary 

antibodies diluted 1:500. Nuclear coloration was obtained by a short incubation in Hoechst 33342 

10μg/ml (Life Technologies) at the end of the protocol. Embryos were then washed in 0.1% PBX and 

stored at 4°C protected from light until confocal imaging. 

Name Species Reference Dilution 
Blocking 

buffer 

aCaspase3 rabbit CST 1 :500 5% HS 

aPKC mouse Santa cruz 1 :200 3% BSA 

DAB2 rabbit Abcam 1 :200 3% BSA 

Ecadherin rat Sigma 1 :500 5% HS 

Gata4 goat Santa cruz 1 :200 5% HS 

Gata6 goat RD system 1 :200 5% HS 

GFP chicken Abcam 1 :500 5% HS 

Laminin rabbit Sigma 1 :200 5% HS 

LRP2 rabbit Abcam 1 :200 3% BSA 

Nanog rat BD bioscience 1 :500 5% HS 

Nanog rabbit Abcam 1 :500 5% HS 

Oct4 mouse Santa cruz 1 :100 5% HS 

Otx2 rabbit Abcam 1 :200 5% HS 

Pecam rabbit Abcam 1 :500 5% HS 

pHistone3 rabbit CST 1 :500 5% HS 

Sox17 goat RD system 1 :200 5% HS 

Sox2 rabbit Milipore 1 :500 5% HS 

Sox7 goat RD system 1 :200 5% HS 

Sparc rabbit Abcam 1 :200 5% HS 

βcatenin rabbit Milipore 1 :500 5% HS 

Table 2 : reference of all the antibodies used with their respective dilution and blocking buffer  

 

Image acquisition and processing  

 

Images were acquired using a Zeiss LSM780 confocal microscope and raw data were processed using 

ZEN Black software and ImageJ. Fixed embryos were imaged in drops of PBX on glass bottom MatTek 

II dishes using an EC Plan-Neofluar 40x/1.30 oil immersion objective with 1.6μm z-stacks. Multi-

positionning set ups were established to keep constant parameters during the imaging of the embryos 

from one experiment. Fluorescence was excited with a 405-nm diode laser, 488-nm argon laser, 561-

nm DPSS laser and a 633-bn HeNe laser. Brightfield and in situ photos of cultured embryos were taken 

using a Zeiss Axio observer Z.1 equipped with a CCD Zeiss HRc color camera and processed with ZEN 

Blue software. Time-lapse imaging was performed using a CSU-XI spinning disk head mounted on a 

Zeiss Axio observer Z.1 equipped with sCMOS Prime 95 (Photometrics) camera. GFP was detected with 
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a 514-nm Argon laser using an EC Plan-Neofluar 40x/1.30 oil immersion objective with 2μm z-stacks. 

Cultured embryos were scanned every 15’ for indefinite cycles until they reached the correct 

developmental stage. Images obtained from time-lapse imaging were acquired using the Metamorph 

software and processed using ImageJ or Imaris. All imaged embryos, fixed or alive, were imaged in 

separate drops with one embryo each.  

 

Embryo culture and treatments 

 

Pre-implantation embryos were cultured in G2-plus (Vitrolife) medium in an incubator at 37°C with 5% 

CO2. Embryos were regrouped in drops according to the culture conditions in a 35mm culture dish 

(TPP) covered in mineral oil (Sigma). Embryos were carefully transferred using glass capillary and a 

mouth pipette and positioned into the culture drop in order to avoid embryos aggregations. Culture 

times were defined to reach specific developmental stages. Embryos were treated in the presence of 

different molecules as shown in Table 3. Control conditions were made using the molecular carrier of 

the given molecule. The different molecules were resuspended in the indicated solvent. All 

recombinant proteins were purchased from Cell Guidance System and all inhibiting molecules were 

purchased from Sigma. 

 

Table 3 : Recombinant proteins and molecular inhibitors used in embryo culture 

 

Traitement [stock] [final] [intermediate] Dilution V G2 µl V add µl Solvent 

SB431542 10mM 40µM 4mM 2,5 20 0,2 DMSO 

CHIR9910 3mM 3µM 300µM 10 20 0,2 DMSO 

CHIR9910 3mM 10µM 1mM 3 20 0,2 DMSO 

Activin 20µg/ml 20ng/ml 2µg/ml 10 20 0,2 
PBS/1% 

BSA 

Fgf4 0,1mg/ml 1µg/ml   0 20 0,2 
PBS/1% 

BSA 

XAV939 5mM 5µM 500µM 10 20 0,2 DMSO 

PD0325901 1mM 1µM 100µM 10 20 0,2 DMSO 

Follistatin 0,1mg/ml 1µg/ml   0 20 0,2 
PBS/1% 

BSA 

Nodal 0,2mg/ml 1µg/ml 0,1mg/ml 2 20 0,2 
PBS/1% 

BSA 

Lefty 0,5mg/ml 1µg/ml 0,1mg/ml 5 20 0,2 
PBS/1% 

BSA 

BMS 10mM 10µM 1µM 10 20 0,2 DMSO 

Verteporfin 2,5mM 2,5µM 250 µM 10 20 0,2 DMSO 

INK128 2mM 40nM   50 20 0,4 DMSO 
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RNA whole-mount in situ  hybridization  

 

RNA probes for Nodal, Fgf4, Otx2, Bmp4, T/Bra and Cripto were synthesized using in vitro transcription 

protocols with DIG labeling mix (Roche). RNA probes were purified on RNA columns and resuspended 

in TE10:1 (Macherey-Nagel). Whole-mount in situ hybridization was performed as previously 

described163. Briefly, embryos were fixed overnight in 4% PFA in PBS at 4°C, washed three times 5’ in 

PBS, and dehydrated in Ethanol/Saline series to be stored at -20°C. Embryos were rehydrated and 

permeabilized 20’ in RIPA solution. They were then post-fixed 20’ in 0.2% glutaraldehyde/4% PFA in 

0.05% PBS-Tween20 at RT, pre-hybridized in hybridization buffer for 2h at 70°C and hybridized 

overnight at 70°C with the denatured RNA probe (1μg/ml). After post-hybridization washes the 

embryos were blocked in 20% fetal bovine serum and 2% BBR (Roche) for 1h30 at RT and incubated in 

blocking buffer with DIG antibody 1:2000 (Roche). Staining was revealed at RT using BM purple (Roche) 

in PBT 0.05%. 

 

Embryo lysis and RT-qPCR 

 

For mRNA quantifications embryos were lysed in pools according to their culture conditions 

(Macherey-Nagel). The lysate was then frozen at -70°C until the RNA extraction using purification 

columns (Macherey-Nagel). Total RNA were purified and suspended in 10µl of water. RT enzyme and 

buffer were added to the suspension and incubated 10’ at RT 2h at 42°C and inactivated at 85°C for 5’. 

qPCR was performed according to the Roche protocol of the LightCycler480 using the SyBR Green 

solution (Roche). cDNA concentrations were obtained according to a standard of serial dilutions made 

of the cDNA of all conditions. Calculations were performed by the LightCycler480 using the CPs for 

each primer combination. Relative expression of the genes was obtained by dividing the mean of the 

concentration over the mean of the Gapdh levels. Standard deviations were calculated using the CoVar 

for each primer combination (Table 4). 
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Name Sequence Name Sequence 

Apela F 4 CTCCTTGGAGCTTTGCAGAGA Pou5f1 F AGTTGGCGTGGAGACTTTGC 

Apela R 168 GCAAGTGAACAATAGCTCTTC Pou5f1 R CAGGGCTTTCATGTCCTGG 

Aplnr F 10 CTGTGCTGGATGCCTTACCA Gapdh F TTCAACAGCAACTCCCACTCTTC 

Aplnr R 137 TGAGAATGGCTGATGCAGGT Gapdh R CCCTGTTGCTGTAGCCGTATTC 

SMAD4 F AGGTGGCCTGATCTACACAAG Lefty2 F CAGCCAGAATTTTCGAGAGGT 

SMAD4 R ACCCGCTCATAGTGATATGGATT Lefty2 R AGTGCGATTGGAGCCATCC 

SMAD7 F GACAGCTCAATTCGGACAACA Fgf5 F TGTACTGCAGAGTGGGCATC 

SMAD7 R CAGTGTGGCGGACTTGATGA Fgf5 R ACAATCCCCTGAGACACAGC 

GATA6 F CTCATCAAGCCACAGAAGCG Nodal F CTGTGAGGGCGAGTGTCCTA 

GATA6 R CCCTCAGCATTTCTACGCCA Nodal R CAGTGGCTTGGTCTTCACGG 

FGF4 F GAGGCGTGGTGAGCATCTTC Klf4 F GGAAGGGAGAAGACACTGCG 

FGF4 R CGGGGTACGCGTAGGATTC Klf4 R ATGTGAGAGAGTTCCTCACGCC 

SMAD6 F GCAACCCCTACCACTTCAGC Cripto F GTC TTT CCA GTT TGT GCC TTC 

SMAD6 R GTGGCTTGTACTGGTCAGGAG Cripto R GTT CAC AGT TGC GTC CAT AGA 

T/Bra F CCAGCTCTAAGGAACCACCG Otx2 F CTGTTTGCCAAGACCCGGTA 

T/Bra R ACTCCGAGGCTAGACCAGTT Otx2 R TGGCGGCACTTAGCTCTTC 

Sox2 F GCTCGCAGACCTACATGAAC Pou3f1 F TCG AGG TGG GTG TCA AAG G 

Sox2 R GCCTCGGACTTGACCACAG Pou3f1 R GGC GCA TAA ACG TCG TCC A 

Table 4 : primers used for RT-qPCR experiments 

 

Cell culture and aggregation chimera  

 

mESC were cultured at 37°C in 5% CO2 in either 2i+LIF medium127 or in 15% FBS depending to establish 

chimera experimental conditions. Nodal-/- mESC were made by the depletion of the exon2 by CRISPR 

technology on the HM1 background. Nodal-YFP mESC were made as described previously described 

but derived on a R1 background expressing a H2B-mCherry cassette163. Wild-type HM1 mESC were 

used as control for the chimera. For the aggregation wild-type, NodalLacZ/LacZ and HexGFP/+ E2.5 embryos 

were collected and their ZP removed. Embryos were positioned in small holes created in 35mm plastic 

culture dish by aggregation needles. Each hole contained a specific number of mESC and one embryo. 

Different drops containing several holes were formed to separate cell types and culture conditions. 

Aggregation chimera were cultured for 48h in G2-plus media as previously mentioned. 

 

Embryo transfer  

 

To assess the impact of the inhibitor to post-implantation tissues, E2.5 wild-type or HexGFP/+ embryos 

were cultured for 48h in presence or absence of SB in the culture conditions described above. Pseudo-
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pregnant females were obtained by crossing Swiss females with vasectomized males. At the end of the 

culture, embryos were washed in M2 medium and transferred in one uterine horn. Embryos were 

transferred in the pseudo-pregnant females at E3.5 and dissected at E6.5 or E7.5 as described above 

according to the day of the plug of the pseudo-pregnant female and not according to the embryonic 

stage. Peudo-pregnant females were anesthetized using a solution of Ketamin/Xylazin at 15ml/100g 

of weight.  

 

Quantification and post-acquisition computational analysis  

 

Nuclei were segmented from confocal z-stack images using the algorithm MINS (Modular Interactive 

Nuclear Segmentation)511 for fluorescence intensity and nuclear volume quantification. The number of 

VE cells was manually determined using the Cell Counter plugin on ImageJ. GFP-positive cells were 

tracked using the tracking spot function on Imaris software. Movies were made from TIFF file 

sequences produced by ImageJ and regrouped using VLC media player. All raw data coming from the 

different software have been analyzed through Excel and presented in clustered histograms using 

PrismGraphpad. Statistical analysis has been performed using different statistical tests as indicated 

and calculated by the matrix of PrismGraphpad: * p<0.05, ** p<0.01, *** p<0.001. All representing 

schemes were made using Adobe Illustrator, all figures were assembled using the same software. 
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RESULTS  
 

NODAL Signals in the Epiblast to Ensure the Proper Development of 

the Blastocyst and its Derivatives 

 

 

ACTIVIN/NODAL signalling is required to ensure the proper development of the 

blastocyst 

To analyse the contribution of ACTIVIN/NODAL signalling to blastocyst development E2.5 morulas were 

cultured with or without the ALK4,5,7 inhibitor SB431542 (SB) for 48h. At the end of the culture SB-

treated embryos were smaller than control embryos, their blastocoel cavity underdeveloped (Fig. 1a, 

b, c). Immunostaining that allowed the identification of Epi and PrE cells showed that SB-treated 

embryos failed to segregate them into separate layers. Cell counting revealed a significant deficit in 

total cell number, associated with a reduction in TE and PrE cell numbers (Fig. 1a, b ,c). E3.25 embryos 

cultured for 30h in the presence of SB presented slightly less severe versions of the same defects (Fig. 

S1a, d). Moreover, the percentage of embryos that reached the late blastocyst stage was strongly 

lowered in SB-treated embryos as shown the lower ratio of segregated ICM and the higher ration of 

NANOG positive embryos (Fig. S1b, c). These results showed that ACTIVIN/NODAL signalling promotes 

blastocyst development as soon as it is formed.  

To precisely narrowed the time window of which ACTIVIN/NODAL signalling inhibition impacted 

developmental progression we scored the ratio of segregated ICMs in E2.5 embryos cultured for 48h 

and exposed to SB for different lengths of time (Fig. 1d, e, f). Only 9% of embryos that were with SB 

for 48h had completed their segregation against 77% for control embryos (Fig. 1d, e, f). Embryos 

treated with SB for 24h, regardless of whether it was in the first or the second half of the culture, 

reached a ratio of about 50%. In contrast, embryos that were relieved from SB exposure for the last 12 

hours of the culture were almost as affected as those treated for the full 48h, while embryos exposed 

to SB just for these last 12h appeared unaffected (Fig. 1d/e, f). All together these observations thus 

revealed that ACTIVIN/NODAL signalling was continuously required for up to 36 h, from the morula 

stage, to ensure the proper segregation of the ICM-derived Epi and PrE layers in these conditions. 
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Figure 1: ACTIVIN/NODAL signaling is required to ensure the proper development of the 
blastocyst 
A. Maximum intensity projection (MIP) of confocal images rendering the inner views (2D) of whole-
mount immunostained wild-type embryos cultured from E2.5 for 48h in either control (VEHICLE) or 
inhibitor (SB) conditions showing inner cell mass (ICM) segregation with the labelling of its derivatives: 
NANOG (Epi), OCT4 (ICM), GATA6 (PrE). Magenta arrow shows non segregated PrE cell. Orange arrow 
shows a NANOG+;GATA6+ double positive cell. Scale bar = 20µm. B. Histogramm displaying the cell 
numbers of each tissue present at the blastocyst stage and their total cell number from the embryos 
cultured as described in (A.). Vehicle (N=11) ; SB (N=7). C. Box plot showing discrepancies in the 
blastocoel area measured in a.u. of embryos cultured in the same conditions as in (A.). D. Schematic 
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representation of the different culture conditions applied for the following experiments shown in (E.) 
and (F.). All cultured embryos shared the same starting and ending point with only the treatment 
duration as difference. Couple conditions (1-2 ; 3-4 ; 5-6) were processed from the same batch for a 
total of three distinct experiments. E. Histogram displaying the percentages of embryos with proper 
segregated ICMs at the end of each culture conditions. Row numbers represent the culture conditions 
explained in (D.). 1 (N=31); 2 (N=23); 3 (N=6); 4 (N=10); 5 (N=14); 6 (N=14). F. MIP rendered inner views 
(2D) of whole-mount immunostained wild-type embryos cultured from E2.5 for 48h in the presence of 
the inhibitor either for the first or the last 24h labeling all tissues of the blastocyst: SO2 (Epi), CDX2 
(TE), SOX17 (PrE). Scale bar = 20µm. G. 3D reconstruction rendered by confocal MIP of different time 
points from E3.25 showing the blastocyst development of embryos cultured in VEHICLE (N=5) or SB 
(N=5) conditions carrying the H2B-GFP transgene which labels all nuclei. Orange arrow shows 
apoptotic cells. Magenta arrow shows mitotic cells. Scale bar = 50µm. H. Histogramm displaying the 
total number of apoptotic and mitotic cells of the embryos during the entirety of the movies time-line 
for both conditions presented in (G.). Statistical significance is calculated using T.tests with Pvalues 
represented as following: *<0.05 ; **<0.01 ; ***<0.001. 

 

ACTIVIN/NODAL signalling sustains cell -survival of the blastocyst lineages  

To investigate what was affected in SB-treated embryos that lead to lower cell numbers, we performed 

live imaging of E2.5 transgenic embryos expressing ubiquitously the H2B-GFP nuclear fluorescent 

label510 and cultured with or without SB for 48h (Fig. 1g). Analysis of these recordings detected a 3-fold 

increase of apoptotic cells and showed a ~30% decrease in the number of mitotic cells (Fig. 1h). Failures 

of ICM segregation and fewer cell numbers indicated that the PrE layer was the most affected tissue. 

To confirm this hypothesis the experiment was repeated using embryos harbouring a nuclear 

fluorescent reporter knock-in, PDGFR::H2B-GFP509.  This reporter is expressed in uncommitted cells 

but subsequently becomes restricted to PrE cells as they specify100 (Fig.  S1e). Analysis of these 

recordings revealed again a strong increase of apoptosis in the GFP-positive cells of SB-treated 

embryos (Fig. S1f). Lineage association of activated CASPASE3 positive cells revealed increased 

apoptosis in both the ICM and the TE of SB-treated ones (Fig. S1g, h). These increases correlated with 

the downregulation of the TE markers CDX2 and GATA3 and of the PDGFR reporter – showed to 

reflect the activity of PDGF signalling, known to promote PrE cell survival98 (Fig. S1i, j, k). 

These results indicate that ACTIVIN/NODAL signalling promotes cell-survival in all cell layers of the 

blastocyst throughout its development, and suggest that SB-treated embryos have a lower cell count 

because they fail to compensate for increased apoptosis. 

 

 



70 
 

 

Figure 2: Lack of ACTIVIN/NODAL signalling impairs the maintenance of the Epi identity  
A. Representation of the blastocyst tissue composition in percentages from the total cell numbers in 
the embryos shown in (Fig. 1A.). OCT4+ cells were counted as ICM cells while OCT4- were labeled as 
TE cells. B. Representation of the ICM composition in percentages from the total ICM cell numbers in 
the embryos shown in (Fig. 1A.). DP represents NANOG+/GATA6+ double positive cells. NANOG+ cells 
were labeled as Epi while GATA6+ cells were labeled as PrE. C. Histogramm displaying RT-qPCR data 
from whole-mount lysed E2.5 embryos cultured for 48h in control or SB conditions. Fgf4 and Otx2 
relative expression were obtained after being normalized by Gapdh. D. WMISH for Fgf4 and Otx2 on 
wild-type embryos cultured from E3.5 for 24h in control or SB conditions. Scale bars = 50µm. E. 
Schematic representation of the different culture conditions applied for the following experiments 
shown in (F.) and (G.) All cultured embryos shared the same ending point with only the start of the 
culture being changed. F. Heatmap displaying the normalized relative expression of Pou5f1, Sox2, 
Nanog and Klf4 obtained from a unique RT-qPCR experiment on the embryos (N≥6) cultured in the 
conditions presented in (E.). The color scale on the right represents the normalized expression values 
with darker blue indicating higher enrichment of cDNAs. Each couple experiment (control/inhibitor) 
was conducted using embryos from the same litter for a total of 4 separated experiments for all 
conditions. G. Interleaved scatter plots showing the corrected mean ± SEM fluorescence intensity of 
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OCT4 and SOX2 in the Epi of embryos cultured as in E. without the E3.0 starting point. For both OCT4 
and SOX2 quantifications: E2.5+48h Vehicle (n=25), SB (n=21); E3.5+24h Vehicle (n=38), SB (n=35); 
E2.5+48h: Vehicle (n=29), SB (n=27) embryos were used. H. Histogramm displaying relative gene 
expression from RT-qPCR data obtained after the lysis of whole-mount E4.0 embryos cultured for 12h 
in control or SB conditions. Statistical significance is calculated using T.tests with Pvalues represented 
as following: *<0.05 ; **<0.01 ; ***<0.001. 

 

Lack of ACTIVIN/NODAL signalling impairs the maintenance of the Epi identity 

resulting in PrE maturation defects  

Most of the studies indicate that the progression of the Epi lineage is essential for the maturation of 

the PrE27 via the sequential activation of transcription factors forming the PrE program (Fig. S2a). 

Taking this into account we examined how ACTIVIN/NODAL signalling inhibition affected the 

development of both layers at different stages of development (Fig. S2b). The impact of the inhibitor 

on cell numbers affected the composition of the blastocyst lineages. Indeed, E2.5 embryos cultured in 

the presence of SB for 48h had a higher percentage of ICM cells than controls (Fig. 2a). Their ICM had 

a higher percentage of Epi cells than that of controls, a lower percentage of PrE cells, and still 

harboured nearly 16% of undetermined GATA6-NANOG double positive cells (Fig. 2b), an indication of 

specification failures. The upregulation of the early Epi-specific markers Fgf4 and Otx2 in such SB-

treated embryos (Fig. 2c), was likely reflecting the over-representation of this tissue in their ICM, 

correlated with a higher expression of SOX17 in their PrE (Fig. S2c/d). In contrast, E3.5 embryos 

cultured with SB for 24h had a lower expression of GATA4 than controls in their PrE (Fig. S2e/f), 

associated this time with a concomitant loss of Fgf4 and Otx2 expression in the Epi (Fig. 2d). Lastly, 

embryos cultured from E4.0 with SB for 12h resulted in the complete absence of SOX7 (Fig. S2g). Taken 

together these results indicated that ACTIVIN/NODAL was required for the maturation of the PrE 

lineage to its definitive state. 

Since SB treatment impacted Epi markers differently depending on the time-length of the incubation, 

we then characterized how added the inhibitor at different developmental stages affected its impact 

on Epi progression (Fig. 2e). The expression of Pou5f1 (OCT4), Sox2, Nanog, and Klf4, which encode 

master regulators of the pluripotency network, served as a readout. We found that when the 

treatment started before E3.5, their expression at the end of the culture was maintained at a higher 

level than in control embryos (Fig. 2f) correlated with the pan-ICM expression of SOX2 (Fig. S2c), an 

indication that the maturation of the Epi was delayed. In contrast, when started after E3.5 the 

treatment resulted in the four genes being expressed at lower level, indicating that identity of the 

nascent Epi was prematurely extinguished. Quantification of fluorescence in individual Epi cells after  
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Figure 3: ACTIVIN/NODAL signalling counters BMP signals to pattern the PrE 
A. Maximum intensity projection (MIP) of confocal images rendering the inner views (2D) of whole-
mount immunostained embryos cultured from E2.5 for 48h in either control (VEHICLE) or inhibitor (SB) 
conditions and carrying the Hex::GFP transgene showing the expression pattern of Hex. N in the GFP 
column indicates the number of Hex-GFP+ embryos/total embryos. Scale bar = 20µm. B. Histogramm 
displaying RT-qPCR data of the BMP signaling members from whole-mount lysed E2.5 embryos 
cultured for 48h in control or SB conditions. Bmp4, Smad4 and Smad6 relative expression were 
obtained after being normalized by Gapdh. C. Histogramm displaying normalized RT-qPCR data for 
both BMP and ACTIVIN/NODAL signaling targets from embryos cultured 48h in presence of either 
ACTIVIN or NODAL recombinant proteins. D. WMISH on wild-type embryos cultured from E3.5 for 24h 
in control or SB conditions showing the expression pattern of Bmp4. Scale bars = 50µm. E. MIP 
rendered inner views (2D) of whole-mount immunostained Hex::GFP embryos cultured from E3.75 for 
16h in either control or in presence of recombinant BMP4. N in the GFP column indicates the number 
of Hex-GFP+ embryos/total embryos. Orange arrows indicate GFP+ cells mixed in the ICM. Scale bar = 
20µm. F. Histogramm displaying the percentage of embryos showing a GFP staining at the end of the 
culture as shown in (E.). G. Box plot showing discrepancies in Hex+ cell positioning in the ICM of the 
embryos cultured in (E.) and in (Fig. S3E.) conditions. Hex+ embryos were categorized according to the 
positions of their GFP+ cells. Embryos with GFP+ cells correctly positioned on one side of the PrE layer 
got a score = 1 while embryos displaying cells mixed within the ICM received a score = 0; embryos with 
both cell behavior were categorized as score = 0.5. Statistical significance is calculated using T.tests 
with Pvalues represented as following: *<0.05 ; **<0.01 ; ***<0.001. 
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immunodetection of OCT4 and SOX2 found differences between treated and control embryos that 

were consistent with the changes in gene expression seen in whole embryos (Fig. 2g). RT-qPCR 

measurements of Fgf5, Otx2 and Pou3f1, which normally see their expression increase in maturing Epi 

cells, found missing or drastically reduced expression in E4.0 embryos cultured for just 12h in the 

presence of SB (Fig. 2h), confirming that their maturation was curtailed and suggesting that they were 

on a path to premature differentiation.  

These results reveal a for ACTIVIN/NODAL signalling in the developing Epi, acting first to promote its 

maturation, and then maintaining its identity after E3.5. They also show that ACTIVIN/NODAL signalling 

is continuously required to ensure proper PrE development but suggest that much of the defects seen 

in the PrE are a consequence of what happens in the Epi.  

 

ACTIVIN/NODAL signalling counters BMP signals to pattern the PrE  

To study how ACTIVIN/NODAL signalling controls later aspects of PrE development we focused on its 

patterning and how the AP orientation is initiated. It begins before implantation, as subsets of PrE cells 

start to express markers distinguishing them from other cells in the layer such as Hex140,343. We found 

that E2.5 embryos carrying the Hex::GFP reporter transgene failed to express it when cultured for 48h 

in the presence of SB (Fig. 3a), a finding consistent with PrE development being stalled in these 

embryos. To assess if the lack of staining was a consequence of earlier defects, we cultured embryos 

with SB from E3.5 shortly prior to the initiation of Hex expression. This was enough to prevent the 

expression of the transgene (Fig. S3a, b). In contrast, E4.0 Hex::GFP embryos cultured in the presence 

of SB for just 12h all activated the transgene, implying that ACTIVIN/NODAL signalling was required for 

the initiation of this expression but not for its maintenance (Fig. S3c, d). 

Previous work had shown that BMP ligands restricted Hex expression at E5.5154. As ACTIVIN/NODAL 

signalling inhibition is known to enhance BMP signalling in early mouse embryos144,343, we wondered 

whether something similar underlay the lack of Hex::GFP expression in SB-treated embryos. Bmp4 is 

expressed in the ICM and in the nascent epiblast but this expression is normally downregulated as the 

epiblast matures, while it starts to be expressed in the polar TE352. RT-qPCR measurements showed 

Bmp4 and Smad4 expression levels in our SB-treated embryos were 2-3 times of those in controls (Fig. 

4b), while the expression of Smad6, which encodes a potent inhibitor of BMP signalling, was strongly 

reduced, changes all conducive to higher BMP signalling levels. In contrast, wildtype embryos cultured 

in the presence of ACTIVIN or NODAL saw a two-fold decrease in the expression of Id1 (Fig. 4c), a target  
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Figure 4: Inhibition of ACTIVIN/NODAL signalling impairs the development of the blastocyst 
derivatives 
A. Schematic representation of the experimental design where wild-type or Hex::GFP embryos were 
cultured for 48h from E2.5 and transferred into pseudo-pregnant mice and analyzed at either E6.5 or 
E7.5 during gastrulation. B. MIP rendered inner views (2D) of whole-mount immunostained Hex::GFP 
embryos cultured as explained in (A.) and dissected at E7.5 labelling the global morphology of the 
embryo in brightfield and the Hex expression pattern – marker of the anterior visceral endoderm –  
with an antibody against the GFP. Green arrow shows the disturbed expression of Hex in SB treated 
embryos. Scale bar = 50µm. C. MIP of confocal images rendering the surface (3D) of whole-mount 
immunostained wild-type embryos cultured as explained in (A.) and dissected at E6.5 labelling the 
embryonic visceral endoderm, endoderm, anterior Epi (FOXA2; OTX2) and anterior visceral endoderm 
(CERBERUS). Magenta arrow shows a deem staining of OTX2 in the embryonic visceral endoderm. Scale 
bar = 50µm. D. Table showing the percentage of embryos with the indicated affected feature from the 
analyzed embryos from both (B.) and (C.). These percentages were obtained through the ration of 
embryos displaying either lack of staining or a misplaced pattern over the total number of embryos 
analyzed for each condition. 
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of BMP signalling, while the expression of Lefty2, a target of ACTIVIN/NODAL signalling, showed 

expected increases. These results confirmed that at this stage ACTIVIN/NODAL signalling acts to keep 

BMP signalling in check.  

Since the proximity with BMP ligands was responsible for turning Hex expression off we investigated 

the expression pattern of Bmp4 in embryos lacking ACTIVIN/NODAL activity. Embryos cultured from 

E3.5 in presence of SB for 24h hours resulted in the aberrant persistence of Bmp4 expression in the 

epiblast of these embryos (Fig. 3d). We then tested whether excessive or prolonged BMP signalling 

was the cause of the defective Hex::GFP expression seen in SB-treated embryos. Culture of E3.75 

Hex::GFP embryos in the presence of recombinant BMP4 resulted in a drastic reduction in the ratio of 

fluorescent embryos and in the number of fluorescent cells they harboured (Fig. 3e, f, g – Fig. S3e), 

confirming that the number of Hex::GFP-expressing PrE cells is at least in part determined by the 

antagonistic action of BMP signals on ACTIVIN/NODAL signalling. Moreover, BMP4 treatments affected 

the pattern of Hex::GFP preventing expressing cells to become polarized to the lateral side of the 

embryo (Fig. 3e, g). These defects were attenuated when the embryos were cultured for 48h 

suggesting a rescuing mechanics (Fig. S3f, g). 

However, the impact of BMP treatment on the formation of Hex::GFP-positive cells in the PrE was 

never as drastic as that of SB treatment. These results indicate that ACTIVIN/NODAL signalling is 

required for the specification of Hex-positive cells concomitantly to the inhibition of BMP signalling 

ensuring the proper pattern of the PrE.  

 

Inhibition of ACTIVIN/NODAL signalling impairs the development of the blastocyst 

derivatives  

With all the defects to the blastocyst development induced by the lack of ACTIVIN/NODAL signalling 

we wanted to investigate if those embryos could develop beyond the implantation as suggested by the 

phenotypes of embryos carrying the double mutations for Smad2/3306. To assess whether this was the 

case E2.5 embryos cultured for 36 or 48h in the presence or absence of SB were transferred in pseudo-

pregnant females, and collected 3.5 or 4 days later for analysis (Fig. 4a). Although, SB-treated embryos 

were able to implant and to develop into egg-cylinders, their anterior orientation was not properly 

established as shown by the pattern of Hex::GFP that usually layers the anterior visceral endoderm 

(AVE) (Fig. 4b). Moreover, SB-treated embryos presented tissue morphological defects resulting in 

their smaller size compared to those of the controls (Fig. 4b). Immunostaining for an array of markers 

showed that the development of both PrE and Epi derivatives was defective. A majority of SB-treated  
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Figure 5: NODAL signals in Epi cells to promote the whole ICM maturation 
A. Schematic representation of the different culture conditions with or without recombinant NODAL 
applied for the following experiments shown in (Fig. 5, S4). All cultured embryos shared the same 
starting point with only the end of the culture being changed. Each ending time point corresponds to 
an approximative total cell number obtained after nuclear segmentation of each embryo which was 
then categorized in the three categories. B. Representation of the blastocyst tissue composition in 
percentages from the total cell numbers in the embryos shown in (Fig S4) for each condition presented 
in (A.). OCT4+ cells were counted as ICM cells while OCT4- were labeled as TE cells. C. Representation 
of the ICM composition in percentages from the total ICM cell numbers in the embryos shown in (Fig. 
S4) for each condition presented in (A.). SOX2+;SOX17- cells were labeled as Epi while SOX17+ cells 
were labeled as PrE. D. Interleaved scatter plots showing the corrected mean ± SEM fluorescence 
intensity of OCT4, SOX2 in the Epi and SOX17 in the PrE of embryos cultured as in (A.) without the ~60 
cells point for the last two since the Epi and PrE are not fully specified yet. OCT4 is quantified in all ICM 
cell at ~60 cells then only in the Epi for both ~120 and ~150 cells. E. Interleaved scatter plots showing 
the corrected mean ± SEM fluorescence intensity of OCT4 in the Epi or PrE of embryos cultured to the 
>150 cells stage in presence (N=8) or absence (N=6) of recombinant NODAL. F. Scatter plots showing 
the corrected OCT4 fluorescence intensity of each nuclei in the embryos cultured from the ~70 cells 
stage for 4 hours without (N=3) or with (N=3) recombinant NODAL. n represents the number of nuclei 
used in this quantification. G. MIP rendered inner views (2D) of whole-mount wild-type E2.5 embryos 
immunostained against phosphoHistone3 at the end stage of 30h culture without or with recombinant 
NODAL. Orange arrows show mitotic Epi cells colocalizing pH3 and OTX2.  Green arrows show mitotic 
TE cells as they are OCT4 negative. Scale bar = 20µm. H. Histogramm displaying the number of mitotic 
events per cell population in each embryo cultured in the conditions described in I. Scatter plots 
showing the corrected OTX2 fluorescence intensity of each nuclei in the embryos cultured from the 
~70 cells stage for 4 hours without (N=10) or with (N=8) recombinant NODAL. n represents the number 
of nuclei used in this quantification. J. MIP of confocal images rendering the surface (3D) of whole-
mount immunostained Hex::GFP embryos cultured from E2.5 for 36h until they reach a cell number of 
~150 cells in either control condition or in presence of recombinant ACTIVIN or NODAL. K. Histogramm 
displaying the percentage of embryos showing a GFP staining at the end of the culture as shown in (J.). 
L. Histogramm displaying the number of Hex+ cells in each embryo cultured as shown in (J.). M. 
Correlation plot between the total cell number of each embryo and its GFP+ cells at the end of the 
culture described in (J.). The linear regression was calculated from a X,Y table showing the best fit ±SE. 
The pearson correlation factor of r=0.6517 for a R²= 0.4247 shows a significant correlation for the 39 
pairs analyzed with a Pvalue<0.0001. The three different treatments are colored coded in the plot with 
one dot equals one embryo. Three different experiments using the same conditions were conducted 
and the embryos pooled for statistical significance. Besides the correlation plot as mentioned above, 
statistical significance is calculated using T.tests with Pvalues represented as following: *<0.05 ; 
**<0.01 ; ***<0.001. 
 

embryos had failed to pattern their VE properly and to form a primitive streak reflecting a failure to 

establish the anterior-posterior axis (Fig. 4c, d).  

The failure of SB-treated embryos to develop normally after implantation, even though signals during 

the implantation overcame their failure to segregate Epi and PrE cells, showed that most of the tissue 

patterning defects finds its origin at pre-implantation stages. 
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Figure 6: The initial Nodal expression in the PrE is sufficient to drive ICM maturation 
A. Schematic representation of the experimental design where wild-type, H2B-GFP or Hex::GFP E2.5 
embryos were dissected and aggregated with either wild-type, Nodal-/- or Nodal::YFP embryonic stem 
cells (ESCs). Then the newly formed chimeras were cultured for 48h in either control or with ACTIVIN 
or NODAL. B. MIP rendered inner views (2D) of whole-mount immunostained H2B-GFP chimeras 
aggregated with either wild-types or Nodal-/- ESCs and cultured 48h, showing Epi only colonization of 
the ESCs and the patterning of both ICM (OCT4) and PrE (SOX7). C. Table summarizing the tissue 
contribution for both wild-type and Nodal-/- ESCs after the aggregation and the percentage of correctly 
segregated ICMs; This table was obtained by pooling the results of two different experiments led in a 
similar manner. D. Histogramm displaying the cell numbers of TE, PrE and their total cell number from 
the embryos aggregated with wild-type (N=6) or Nodal-/- (N=6) ESCs as described in (B.). E. Box plot 
showing discrepancies in the blastocoel area measured in a.u. of embryos cultured in the same 
conditions as in (B.). F. Interleaved scatter plots showing the corrected mean ± SEM fluorescence 
intensity of OCT4 in the Epi and SOX7 of embryos cultured as in (B.). For OCT4: wild-type ESCs (N=6), 
Nodal-/- ESCs (N=3) and SOX7: wild-type ESCs (N=6), Nodal-/- ESCs (N=6). G. MIP rendered inner views 
(2D) of whole-mount immunostained Hex::GFP chimeras aggregated with either wild-types or Nodal-/- 

ESCs and cultured 48h in control or ACTIVIN in the case Nodal-/- aggregated embryos. The Hex::GFP 
expression pattern is shown using an anti-GFP antibody. H. Histogramm displaying the percentage of 
embryos showing a GFP staining at the end of the culture as shown in (G.).  I. Histogramm displaying 
the number of GFP+ cells in each embryo cultured as shown in (G.) J. Table summarizing the percentage 
of embryos with a PrE layer depending on the number of wild-types ESCs aggregated. K. MIP rendered 
surface views (3D) of whole-mount immunostained Hex::GFP chimeras aggregated with either 4-6 
wild-types or 12-16 Nodal-/- ESCs and cultured 48h. The Hex::GFP expression pattern is shown using an 
anti-GFP antibody. L. Histogramm displaying the number of GFP+ cells in each embryo cultured as 
shown in K. Box plot showing the fluorescence of the GFP in Hex+ cells in embryos cultured as described 
in K. Scale bars = 20µm. Statistical significance is calculated using T.tests with Pvalues represented as 
following: *<0.05 ; **<0.01 ; ***<0.001.  
 

 

NODAL signals in Epi cells to promote the whole ICM maturation  

The suggestion that ACTIVIN/NODAL signalling inhibition affected PrE development in correlation with 

its impact on Epi, raised the question of how the embryo responded to either of these two ligands. 

Since, both are present in the embryo at these stages, we wanted to address the respective impacts of 

these molecules on the phenotypes we characterized352. 

To find out whether this was the case we cultured wild-type morulas in the presence of recombinant 

NODAL for 24, 36 and 48h, until they reached a specific stage (Fig. 5a), and analysed how it affected 

cell lineage allocation in the resulting blastocysts (Fig. S4.1a, b, c, d, e, f). All NODAL-treated embryos 

showed gains in the percentage of ICM cells (Fig. 5b, c). In ~60 and ~120 cell-stage embryos the higher 

percentage of ICM cells resulted from an increase in the number of Epi cells while the number of PrE 

cells was no different than in controls (Fig. 5b, c). However, the percentage of PrE cells was strongly 

increased in >150 cell-stage NODAL-treated embryos, displaying a belated acceleration of the pace of 

proliferation in this lineage. The dynamics of the ratios of Epi and PrE cells in NODAL-treated embryos  
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Figure 7: Zygotic NODAL is essential for late PrE and Epi patterning    
A. Schematic representation of the formation of the Nodal-LacZ ; Hex::GFP mouse line. Nodal-LacZ 
KiHet males were crossed with Hex:GFP Hom females. F1 males Nodal-LacZ KiHet;Hex::GFP Het were 
crossed with Nodal-LacZ KiHet females to obtain the Nodal-LacZ KiHom;Hex::GFP Het embryos. B. Ratio 
of GFP+ wild-types and mutant embryos from one litter. C. MIP rendered surface views (3D) of whole-
mount immunostained Nodal-LacZ;Hex::GFP embryos. Hex::GFP expression is detected using an 
antibody against GFP. Merge displays Epi (SOX2) and PrE (GATA4) markers. Numbers in the GFP column 
corresponds to the number of GFP+ embryos over the total number of embryos stained. Orange arrow 
indicate GFP+ cell. D. Scatter plots showing the shape factor of nuclei from both wild-types (N=5) and 
mutant (N=3) embryos. Nuclei adopting a spherical shape will present a number closed to 1 while more 
rectangular nuclei will be associated with numbers closed to 0. The embryos used for this analysis are 
shown in (Fig. S7A.). n represents the number of nuclei used in this quantification. E. MIP rendered 
inner views (2D) of whole-mount immunostained Nodal-LacZ embryos showing the adherent junctions 
(ECADHERIN) and Epi membranes (PECAM). White rectangle dashes indicate the numerical zoom made 
of this zone and displayed to the right side of the panel. F. MIP rendered inner views (2D) of whole-
mount immunostained Nodal-LacZ embryos showing the late PrE (SOX7) and Epi (OCT4). Numbers in 
the SOX7 column corresponds to the number of SOX7+ embryos over the total number of embryos 
stained. G. Histogramm displaying the number of Epi and PrE cells as well as the total cell number of 
the wild-types (N=3) and mutants (N=2) embryos seen in (Fig. S7A.). H. Scatter plots showing the 
corrected SOX2 fluorescence intensity of each nuclei in the wild-type (N=3) or mutant (N=2) embryos 
shown in (Fig. S7A.). n represents the number of nuclei used in this quantification. I. Scatter plots 
showing the corrected OCT4 fluorescence intensity of each nuclei in the wild-type (N=3) or mutant 
(N=2) embryos shown in (Fig. 7F) n represents the number of nuclei used in this quantification. J. 
WMISH for Cripto and Otx2 on wild-type and mutant embryos. Scale bars = 50µm. Statistical 
significance is calculated using T.tests with Pvalues represented as following: *<0.05 ; **<0.01 ; 
***<0.001. Scale bars = 20µm. 
 
 
thus indicated that the Epi was the first to respond to the ligand while that of the PrE, which came 

later.  

Accordingly, quantification of the early ICM/late Epi factors OCT4 and SOX2 and of the PrE marker 

SOX17 in individual cells showed important changes in the expression levels of OCT4 and SOX2 already 

at the ~60 and ~120 cell stage whereas the most important variation in SOX17 expression took place 

from the ~150 cell stage (Fig. 5d). While OCT4 is expressed in both the Epi and the PrE, it was primarily 

in the Epi that its expression was increased in >150 cell NODAL-treated embryos (Fig. 5e). Also, 

exposure to NODAL elicited an increase in OCT4 expression in just 4h in 70 cell embryos, a speed 

consistent with a direct response to the ligand (Fig. 5f). Moreover, exposure to NODAL until the ~60 

cell stage for 24h hours lead to the overexpression of both NANOG and GATA6, in correlation with the 

positive impact on OCT4 (Fig S5g). Finally, staining of E2.5 embryos cultured with or without 

recombinant NODAL until they reached a total cell number of 70 confirmed that the only significant 

increase in the number of mitotic cells detected at this stage was in the Epi (Fig. 5g, h). This increased 

mitotic activity was associated with an overexpression of OTX2, which is known to promote the Epi 

lineage at the mid blastocyst stage132 (Fig. 5i). Taken together these data shown that NODAL specifically  
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Figure 8: NODAL presence conditions early steps of ICM development 
A. Schematic representation of the different culture conditions applied for the following experiments. 
Embryos from Nodal-LacZ KiHet x Nodal-LacZ KiHet were cultured for the same time with either 
control, with recombinant ACTIVIN or NODAL. At the end of the culture the embryos were fixed, 
analyzed and then genotyped. B. Pie representation of the different phenotypes observed in the Nodal 
mutants’ embryos at the end of a 48h culture in vehicle (F.). øPrE: embryos without SOX7; øICM: 
embryos without SOX2 and SOX7; WT: embryos resembling wild-type embryos. C. Pie representation 
of the different phenotypes observed in the Nodal mutants’ embryos at the end of a 48h culture in 
ACTIVIN (G.). D. Pie representation of the different phenotypes observed in the Nodal mutants’ 
embryos at the end of a 48h culture in NODAL (H.). Smaller: embryos presenting both SOX2 and SOX7 
expression but being smaller to their counterparts; WT: embryos resembling wild-type embryos. E. 
Histogram displaying the percentages of embryos expressing SOX7 at the end of all cultured conditions 
shown in (F. G. H.) F. MIP rendered inner views (2D) of whole-mount immunostained Nodal-LacZ KiHet 
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x Nodal-LacZ KiHet embryos cultured from E2.5 for 48h in vehicle showing both Epi (SOX2) and PrE 
(SOX7) expression patterns. Mutants embryos are categorized according to their phenotype as 
described in (B.). G. MIP rendered inner views (2D) of whole-mount immunostained Nodal-LacZ KiHet 
x Nodal-LacZ KiHet embryos cultured from E2.5 for 48h in ACTIVIN showing both Epi (SOX2) and PrE 
(SOX7) expression patterns. Mutants embryos are categorized according to their phenotype as 
described in (C.). H. MIP rendered inner views (2D) of whole-mount immunostained Nodal-LacZ KiHet 
x Nodal-LacZ KiHet embryos cultured from E2.5 for 48h in NODAL showing both Epi (SOX2) and PrE 
(SOX7) expression patterns. Mutants embryos are categorized according to their phenotype as 
described in (D.). Scale bar = 20µm. Statistical significance is calculated using T.tests with Pvalues 
represented as following: *<0.05 ; **<0.01 ; ***<0.001. 
 

signal in Epi cells to promote the expansion of the Epi lineages resulting in the maturation of the whole 

ICM tissues. 

 

ACTIVIN promotes to the development of the PrE layer  

In contrast to what we saw with NODAL, the culture of E2.5 embryos for 48h in the presence of ACTIVIN 

did not alter cell counts in any of their lineages (Fig. S5a). However, the ratio of embryos having 

completed the segregation of their ICM was significantly increased in the ACTIVIN-treated lot (Fig. S5b), 

suggesting that ACTIVIN promoted PrE development. To obtain more evidence about this the same 

experiment was performed on E2.5 Hex::GFP embryos. ACTIVIN treatment was found to increase the 

percentage of GFP-positive embryos, and the number of GFP-positive cells they contained at the end 

of the culture (Fig. S5c, d). The same effect was detected in E3.5 Hex::GFP embryos cultured in ACTIVIN 

for just 24h, narrowing down the time during which this exposure is effective (Fig. S5e). A slight 

increase in the expression of the PrE-determining factor GATA6 was also measured in E2.5 embryos 

cultured with ACTIVIN for 48h (Fig. S5f), another indication that the ligand was affecting this layer. 

However, we could not detect any effect of a 36h exposure on the mitotic activity measured in the 

various cell layers (Fig. S5g), a result consistent with our observation that cell counts were not affected. 

Therefore, while NODAL is signalling to Epi cells specifically, the impact of ACTIVIN is restricted to the 

PrE layer. 

 

NODAL conditions the specification of the blastocyst polarization  

Given the differences in the effect NODAL and ACTIVIN had on blastocyst development we compared 

their impact on the expression of the Hex::GFP reporter. E2.5 embryos harbouring the transgene were 

cultured for 36h with or without NODAL or ACTIVIN, pass the point at which the ~120-cell embryos 

start to express it (Fig. 5j). In these conditions, we found that although the percentage of GFP-positive 

embryos was higher in the ACTIVIN-treated lot, the difference with controls was not significant (Fig. 
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5k). In contrast, the percentage of GFP-positive embryo was significantly higher in the NODAL-treated 

lot. Although the number of fluorescent cells in GFP-positive embryos was about the same, regardless 

of the treatment they underwent (Fig. 5l), we found that the number of GFP-positive cells was 

correlated to the total cell number of the embryo (Fig. 5m). No such correlation was found with the 

number of Epi or PrE cells. This nevertheless suggested that the gain in Epi cell number seen in these 

embryos affected the pace of development of their PrE and its patterning. 

These results indicate that NODAL and ACTIVIN play quite distinct roles in the development of the ICM. 

They suggest that NODAL directly promotes the formation and maturation of the Epi, which in turn 

promotes PrE development, while ACTIVIN appears to promote PrE development directly.  

 

The initial Nodal expression in the PrE is sufficient to drive ICM maturation   

Nodal-expressing ICM cells appear to downregulate this expression when they adopt an Epi identity 

while it gains in strength in emerging PrE cells70. As both lineages mature Nodal expression increases 

in the Epi but declines in the PrE (Fig. S6a). To assess the respective contributions of these distinct 

phases of Nodal expression to blastocyst development we investigated what happened in chimeric 

embryos where the Epi is mutant for Nodal. Chimeric embryos can be obtained when aggregating E2.5 

morulas with a clump of ESCs, and culturing them up to blastocyst stage (Fig. 6a). To address the impact 

of Epi maturation, ESCs were cultured in either 2i or serum affected their contribution to the Epi of 

such aggregation chimeras, and found that 100% contribution was routinely obtained with ESCs 

cultured in 2i (Fig. S6a, b, c). These conditions were thus used to generate late blastocysts where the 

TE and PrE derived from host H2B::GFP embryos while the entire Epi derived from Nodal-/- ESCs (Fig. 

6b). Although all cell layers seemed to develop normally, with properly segregated ICMs and 

unchanged expression of SOX7 and OCT4 in ICM derivatives (Fig. 6b, c, f), these embryos were smaller 

than controls and had a lower total cell number, associated with lower cell counts in all cell layers (Fig. 

6d, e; Fig. S6d). This suggested that the lack of Nodal expression in the Epi only affected the growth of 

these layers. We generated chimeras using E2.5 Hex::GFP morulas, to find out whether the absence of 

Nodal in the Epi affected the patterning of the PrE, but the percentage of GFP-positive embryos and 

the number of GFP-positive cells in these embryos was no different than in controls (Fig. 6g, h, i). 

Moreover, the addition of ACTIVIN was not able to promote a different patterning in those NodalEpi 

depleted embryos (Fig. 6g, h, i). These results suggested that Nodal expression in the ICM and the PrE 

was enough to ensure the emergence and maturation of all ICM derivatives, including Hex-positive PrE 

cells. 
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Given our previous finding that the number of Hex-positive cells correlated with the total cell number 

of the embryo we investigated whether this remained true with a Nodal-defective Epi. Aggregation 

chimeras were generated using E2.5 Hex::GFP morulas and increasing numbers of ESCs to identify 

conditions that were still allowing the establishment of a PrE layer (Fig. 6j). Chimeric embryos 

generated using 12-16 Nodal-/- ESCs were then found to harbour more GFP-positive cells at the end of 

the culture than chimeric embryos generated with 4-6 wildtype cells, and these cells were also more 

fluorescent. This confirmed that the total cell number of the embryo is a determinant of the number 

of Hex-positive cells, and that Nodal from the Epi is not essential for their specification.  

 

Zygotic  NODAL is essential for late PrE and Epi patterning    

To further our understanding of the contribution and origin of the various ligands signalling via ACTIVIN 

receptors during blastocyst development we characterized the phenotype of NodalLacZ/LacZ embryos. 

The failure to express Hex::GFP being one of the latest defects we characterized in SB-treated 

blastocysts we first assessed how the absence of zygotic NODAL affected the transgene’s expression 

(Fig. 7a). No GFP was detected in E4.5 NodalLacZ/LacZ embryos carrying the transgene (Fig. 7b, c), but the 

scattering of PrE cells observed in these embryos revealed that the entire cell layer was disorganized. 

Measurements of the aspect ratio of PrE mutant nuclei, itself a reflection of cell shape, showed they 

were more rounded, less stretched, than their wildtype counterparts (Fig. 7d, S7a), presumably 

affecting the structures or mechanisms that ensure its cohesion. Immunodetection of E-CADHERIN 

revealed the absence of staining foci in the PrE of mutant embryos, confirming that mutants PrE cells 

fail to form or to maintain a cohesive epithelium (Fig. 7e). Finally, NodalLacZ/LacZ embryos did not present 

any expression of DAB2 and LRP2, which are hallmarks of the apical-basal polarity of PrE cells (Fig. S7b, 

c). These results showed that NODAL is required to ensure the epithelialization of the PrE layer. 

Immunodetection of earlier markers of fully specified PrE cells revealed in E4.5 NodalLacZ/LacZ embryos 

a complete absence of SOX7, while GATA4 levels were strongly downregulated (Fig. 7f, S7d, e). This 

confirmed that although the absence of zygotic NODAL does not prevent the specification of PrE fate, 

nor its segregation from Epi cells, it clearly affects the subsequent developmental progression of the 

layer. Our previous analyses of SB and NODAL-treated embryos strongly suggested that this defect 

stemmed directly from a defect in the Epi.  

Although the comparison between E4.5 NodalLacZ/LacZ and wildtype embryos after staining found no 

difference in their total cell number and PrE cell number, mutant embryos showed a specific deficit in 

their Epi cell number (Fig. 7g), an indication that the development of this tissue was indeed affected. 

Immunodetection of the Epi factors NANOG, SOX2 and OCT4 showed that the expression of both was 



86 
 

significantly reduced in the Epi of NodalLacZ/LacZ embryos (Fig. 7h, i, S7f). In addition, in situ hybridization 

experiments failed to detect the expression of Cripto and Otx2, which both promote the maturation of 

the Epi at this stage (Fig. 7j).  The defects we found in the Epi of E4.5 NodalLacZ/LacZ embryos were thus 

quite similar to what we saw in E3.5 embryos cultured in the presence of SB. 

These results thus identify key requirements for zygotic NODAL in the developmental progression of 

both the Epi and the PrE after E3.5. However, the fact that in no affected phenotype could be detected 

prior to E4.25 and in some of implantation stages mutants for Nodal suggested that other signals could 

rescue the defects. 

 

NODAL presence conditions early steps of ICM development  

The discrepancy between the capacity of ICM cells to respond to NODAL from an early stage and the 

relatively late defects we characterized in NodalLacZ/LacZ blastocysts raised the possibility that the 

absence of zygotic NODAL was partially compensated by ligands of maternal origin in these embryos. 

Nodal and ACTIVIN-coding genes are known to be expressed by the endometrium as the morula enters 

and progresses through the uterus (Park and Dufort, 2011; Jones et al., 2006). To assess whether such 

ligands of uterine origin compensated for the absence of zygotic NODAL we cultured E2.5 morulas 

obtained from crosses between NodalLacZ/+ mice in the presence or absence of recombinant ACTIVIN 

or NODAL for 48h (Fig. 8a). We were surprised to find at the end of the culture embryos that presented 

phenotypes we had never seen before, more severe than that of SB-treated embryos and characterized 

by a complete absence of ICM, or a complete absence of PrE associated with a residual ICM or Epi (Fig. 

8f/b).  Genotyping confirmed that these embryos were homozygous for the mutation, but showed also 

that some homozygotes (3/12) appeared to develop normally (Fig. 6b, f). These results were not 

altered when using a different culture medium (Fig. S8a, b, c, d). While treatment with ACTIVIN did not 

seem to affect the range of phenotypes or their frequency in mutant embryos, treatment with NODAL 

totally (4/7) or partially (3/7) rescued these phenotypes (Fig. 6c, d, e, g, h).  All rescued embryos 

expressed SOX7, which we found previously dependent on NODAL signalling. However, some of them 

were much smaller than normal, even smaller than the blastocyst chimeras harbouring Nodal-

defective Epi we characterized previously, implying that recombinant NODAL was not always sufficient 

to compensate for the absence of zygotic NODAL.  

These results demonstrate that the development of the ICM is dependent on NODAL from an early 

stage, and that uterine products compensate for its absence up to blastocyst stage. The range of 

phenotypes seen in mutant and rescued embryos suggests some heterogeneity among the E2.5 

embryos used in these experiments, possibly reflecting the extent to which they were exposed to 
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NODAL from neighbouring wildtype embryos while they were cultured. The fact that cultured 

NodalLacZ/LacZ morulas develop a phenotype far more severe than SB-treated morulas could suggest that 

part of NODAL action at this early stage is independent of its canonical signalling pathway. 
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Supplementary figure 1: ACTIVIN/NODAL signaling is required to ensure the proper 
development of the blastocyst 
A. Maximum intensity projection (MIP) of confocal images rendering the inner views (2D) of whole-
mount immunostained wild-type embryos cultured from E3.25 for 30h in either control (VEHICLE) or 
inhibitor (SB) conditions showing inner cell mass (ICM) segregation with the labelling of its derivatives: 
NANOG (Epi), OCT4 (ICM), GATA6 (PrE). Magenta arrow shows non segregated PrE cell. Orange arrow 
shows a NANOG+;GATA6+ double positive cell. Scale bar = 20µm. B. Histogram displaying the 
percentages of embryos with proper segregated ICMs at the end of both cultured conditions shown in 
(A.). C. Histogram displaying the percentages of NANOG+ embryos cultured for both conditions from 
either E2.5 (Vehicle: N=17 ; SB: N=22) or E3.25 (Vehicle: N=16 ; SB: N=13) indicating the stage of 
developmental progression. D. Histogramm displaying the cell numbers of each tissue present at the 
blastocyst stage and their total of embryos cultured in the same conditions as in (A.). Vehicle (N=7) ; 
SB (N=8). E. 3D reconstruction rendered by confocal MIP of different time points from E3.25 showing 
the specification and arrangement of the PrE layer of PdgfraH2B-GFP knock-in embryos cultured in 
VEHICLE (N=4) or SB (N=3) conditions. Orange arrow shows apoptotic cells. Scale bar = 50µm. F. 
Histogramm displaying the total number of apoptotic and mitotic cells of the embryos during the 
entirety of the movies time-line for both conditions presented in (E.). G. Maximum intensity projection 
(MIP) of confocal images rendering the surface (3D) of whole-mount PdgfraH2B-GFP knock-in embryos 
immunostained against activated-CASPASE3 at the end stage of the 48h culture in control or SB 
conditions. PrE cells are labeled using an anti-GFP antibody. Orange arrow shows apoptotic cells in 
both TE and ICM populations. Scale bar = 20µm. H. Histogramm displaying the number of apoptotic 
cells in either ICM (OCT4+) or TE (OCT4-) populations of embryos cultured as in (G.). I. Scatter plots 
showing the corrected GFP fluorescence intensity of each nuclei in the embryos cultured as in (G.). 
conditions. n represents the number of nuclei used in this quantification. J. Maximum intensity 
projection (MIP) of confocal images rendering the surface (3D) of whole-mount immunostained wild-
type embryos cultured from E2.5 for 48h in control or SB conditions labelling several TE markers. Scale 
bar = 20µm. K. Scatter plots showing the corrected fluorescence intensity of each nuclei for CDX2, 
GATA3 and EOMES in the embryos cultured as in (E.). conditions. n represents the number of nuclei 
used in this quantification. Statistical significance is calculated using T.tests with Pvalues represented 
as following: *<0.05 ; **<0.01 ; ***<0.001. 
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Supplementary figure 2: ACTIVIN/NODAL signaling is required for the maturation of the PrE 
A. Schematic representation of the time-gated maturation of the PrE through the sequential 

expression of several marker from E2.5 to E4.0. The cells are color coded according to its identity from 

an ICM fate (cyan) to a definitive PrE cell (red) B. Schematic representation of the different culture 

conditions applied for the following experiments. All cultured embryos shared the same ending point 

with only the start of the culture being changed in order to precisely investigate the impact on the 

factor expression pattern. C. MIP rendered inner views (2D) of whole-mount immunostained wild-type 

embryos cultured from E2.5 for 48h in either control (VEHICLE) or inhibitor (SB) conditions showing 

the expression pattern of both SOX2 (Epi) and SOX17 (PrE). D. Scatter plots showing the corrected 

SOX17 fluorescence intensity of each nuclei in the embryos cultured as in control (N=5) or SB (N=3) 

condition as described in (C.). n represents the number of nuclei used in this quantification. E. Scatter 

plots showing the corrected GATA4 fluorescence intensity of each nuclei in the embryos cultured as in 

control (N=6) or SB (N=7) condition as described in (F.). n represents the number of nuclei used in this 

quantification.  F. MIP rendered inner views (2D) of whole-mount immunostained wild-type embryos 

cultured from E3.5 for 24h in either control or SB conditions showing the expression pattern of both 

Epi (SOX2) and PrE (GATA4). Orange arrow indicates a missorted PrE cell. G. MIP rendered inner views 

(2D) of whole-mount immunostained wild-type embryos cultured from E4.0 for 16h in either control 

or SB conditions showing the expression pattern of ICM derivatives: Epi (SOX2), ICM (OCT4), PrE 

(SOX7). Orange arrows indicate SOX7 labeled nuclei. N in the SOX7 column indicates the number of 

SOX7+ embryos/total embryos. Scale bars = 20µm. Statistical significance is calculated using T.tests 

with Pvalues represented as following: *<0.05 ; **<0.01 ; ***<0.001. 
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Supplementary figure 3: ACTIVIN/NODAL signalling counters BMP signals to pattern the PrE. 
A. Maximum intensity projection (MIP) of confocal images rendering the inner views (2D) of whole-

mount immunostained embryos cultured from E3.5 for 24h in either control (VEHICLE) or inhibitor (SB) 

conditions and carrying the Hex::GFP transgene showing the expression pattern of Hex. N in the GFP 

column indicates the number of Hex-GFP+ embryos/total embryos. Scale bar = 20µm. B. Histogramm 

displaying the percentage of embryos showing a GFP staining at the end of the culture as shown in 

(A.).  C. MIP rendered inner views (2D) of whole-mount immunostained Hex::GFP embryos cultured 

from E4.0 for 12h in either control or SB conditions. N in the GFP column indicates the number of Hex-

GFP+ embryos/total embryos. Scale bar = 20µm. D. Histogramm displaying the percentage of embryos 

showing a GFP staining at the end of the culture as shown in (C.). E. Histogramm displaying the number 

of GFP+ cells in each embryo cultured as shown in (Fig. 3E.). F. MIP rendered inner views (2D) of whole-

mount immunostained Hex::GFP embryos cultured from E2.5 for 48h in either control or in presence 

of recombinant BMP4. N in the GFP column indicates the number of Hex-GFP+ embryos/total embryos. 

G. Histogramm displaying the percentage of embryos showing a GFP staining at the end of the culture 

as shown in (F.). Statistical significance is calculated using T.tests with Pvalues represented as 

following: *<0.05 ; **<0.01 ; ***<0.001. 
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Supplementary figure 4: NODAL signals in Epi cells to promote the whole ICM maturation  
A. MIP of confocal images rendering the surface (3D) of whole-mount immunostained wild-type 
embryos cultured from E2.5 for 48h reaching a total cell number >150 cells in either control condition 
or in presence of recombinant NODAL. B. Histogramm displaying the cell numbers of each tissue 
present at the blastocyst stage and their total cell number from the embryos cultured as described in 
(A.). C. MIP rendered inner views (2D) of whole-mount immunostained wild-type embryos cultured 
from E2.5 for 36h reaching a total cell number ~120 cells in either control condition or in presence of 
recombinant NODAL. D. Histogramm displaying the cell numbers of each tissue present at the 
blastocyst stage and their total cell number from the embryos cultured as described in (C.). E. MIP of 
confocal images rendering the surface (3D) of whole-mount immunostained wild-type embryos 
cultured from E2.5 for 24h reaching a total cell number ~60 cells in either control condition or in 
presence of recombinant NODAL. F. Histogramm displaying the cell numbers of each tissue present at 
the early blastocyst stage where the Epi and PrE are not fully specified and thus not analyzed and their 
total cell number from the embryos cultured as described in (E.). G. Scatter plots showing the corrected 
NANOG and GATA6 fluorescence intensity of each nuclei in the embryos cultured as described in (E.). 
n represents the number of nuclei used in this quantification. Scale bars = 20µm. Statistical significance 
is calculated using T.tests with Pvalues represented as following: *<0.05 ; **<0.01 ; ***<0.001. 
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Supplementary figure 5: ACTIVIN promotes to the development of the PrE layer 
A. Histogramm displaying the cell numbers of each tissue present at the blastocyst stage and their total 

cell number from E2.5 embryos cultured in recombinant ACTIVIN for 48h without showing any 

significant difference. B. Histogram displaying the percentages of embryos with proper segregated 

ICMs at the end of the culture described in (A.). C. Histogramm displaying the percentage of Hex::GFP 

embryos showing a GFP staining at the end of a 48h culture in either control or ACTIVIN. D. Box plot 

displaying the number of GFP+ cells in each Hex::GFP embryo cultured as shown in (C.). Each dot 

represents one embryo. E. Box plot displaying the number of GFP+ cells in each E3.5 Hex::GFP embryo 

cultured for 24h. Each dot represents one embryo. F. Scatter plots showing the corrected GATA6 

fluorescence intensity of each nuclei in the embryos cultured from E2.5 for 48h as described in (A.). n 

represents the number of nuclei used in this quantification. G. Histogramm displaying the number of 

mitotic events per cell population in each E2.5 embryo cultured for 36h until they reach a total number 

of ~120 cells. No significance difference in mitotic events was observed in these conditions. H. MIP of 

confocal images rendering the surface (3D) of whole-mount immunostained wild-type embryos 

cultured from E3.5 for 4h in either control condition or in presence of recombinant ACTIVIN or NODAL. 

Scale bars = 20µm. I. Scatter plots showing the corrected OCT4, SOX2 and GATA6 fluorescence intensity 

of each nuclei in the embryos cultured as described in (H.). Statistical significance is calculated using T. 

tests with Pvalues represented as following: *<0.05; **<0.01 ; ***<0.001. 

  



98 
 

 

  



99 
 

Supplementary figure 6: The initial Nodal expression in the PrE is sufficient to drive ICM 
maturation 
A. MIP rendered inner views (2D) of whole-mount immunostained wild-type chimeras aggregated with 

Nodal::YFP ESCs that used to be cultured in either 2i media or in serum. Embryos were staged ~E4.25 

or ~E4.5 depending on the expression pattern of NANOG. The Nodal::YFP expression pattern is shown 

using an anti-GFP antibody. ESCs are tracked following mCherry expression. Scale bars = 20µm. B. 

Histogram displaying the contribution of Nodal::YFP in the Epi in the embryos cultured as described in 

(A.). C. Histogram displaying the percentage YFP/mCherry double positive cells in the embryos cultured 

as described in (A.). D. Box plot showing the number of Epi cells derived from the ESCs in the embryos 

at the end of the culture as described in (Fig. 6B.). E. Box plot displaying the number of Epi cells from 

the embryos cultured in (Fig. 6K.). F. Box plot displaying the total cell number without the number of 

Epi cells from the embryos cultured in (Fig. 6K.). G. Box plot displaying the ratio of Hex+ cells over the 

number of Epi cells from the embryos cultured in (Fig. 6K.). H. Box plot displaying the ratio of Hex+ 

cells over the total number of cells from the embryos cultured in (Fig. 6K.). Statistical significance is 

calculated using T. tests with Pvalues represented as following: *<0.05; **<0.01 ; ***<0.001. 
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Supplementary figure 7: Zygotic NODAL is essential for late PrE and Epi patterning    
A. MIP rendered inner views (2D) of whole-mount immunostained E4.25 Nodal-LacZ embryos showing 

the Epi (SOX2) and PrE (SOX17) lineages. Orange arrow indicates a misplaced PrE cell. B. MIP rendered 

inner views (2D) of whole-mount immunostained E4.5 Nodal-LacZ embryos showing apical-basal 

polarity of the PrE (DAB2). White rectangle dashes indicate the numerical zoom made of this zone and 

displayed to the right side of the panel. Numbers in the DAB2 column corresponds to the number of 

DAB2+ embryos over the total number of embryos stained C. MIP rendered inner views (2D) of whole-

mount immunostained E4.5 Nodal-LacZ embryos showing apical-basal polarity of the PrE (LRP2). White 

rectangle dashes indicate the numerical zoom made of this zone and displayed to the right side of the 

panel D. MIP rendered inner views (2D) of whole-mount immunostained E4.25 Nodal-LacZ embryos 

showing the Epi (NANOG), PrE (GATA4) and ICM (OCT4) populations. Orange arrow indicates a 

misplaced PrE cell. E. Scatter plots showing the corrected GATA4 fluorescence intensity of each nuclei 

in the wild-type (N=2) or mutant (N=2) embryos shown in (D.). n represents the number of nuclei used 

in this quantification. F. Scatter plots showing the corrected NANOG fluorescence intensity of each 

nuclei in the wild-type (N=2) or mutant (N=2) embryos shown in (D.). n represents the number of nuclei 

used in this quantification. Scale bars = 20µm. Statistical significance is calculated using T.tests with 

Pvalues represented as following: *<0.05 ; **<0.01 ; ***<0.001. Scale bars = 20µm.  
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Supplementary figure 8: NODAL presence conditions early steps of ICM development 
A. Schematic representation of the different culture conditions applied for the following experiments. 
Embryos from Nodal-LacZ KiHet x Nodal-LacZ KiHet were cultured in either another media (KSOM) for 
48h or from E3.75+16h. At the end of the culture the embryos were fixed, analyzed and then 
genotyped. B. Pie representation of the different phenotypes observed in the Nodal mutants’ embryos 
at the end of a 48h culture in KSOM (D.). øPrE: embryos without SOX7; øICM: embryos without SOX2 
and SOX7; WT: embryos resembling wild-type embryos.  C. Histogram displaying the percentages of 
embryos expressing SOX7 at the end of all cultured conditions shown in (D.). D. MIP rendered surface 
views (3D) of whole-mount immunostained Nodal-LacZ KiHet x Nodal-LacZ KiHet embryos cultured 
from E2.5 for 48h in KSOM (A.) showing ICM derivatives expression patterns: Epi (SOX2), ICM (OCT4) 
and PrE (SOX7). Mutants embryos are categorized according to their phenotype as described in (B.). E. 
MIP rendered surface views (3D) of whole-mount immunostained Nodal-LacZ KiHet x Nodal-LacZ KiHet 
embryos cultured from E3.75 for 16h in vehicle (A.) showing both Epi (SOX2) and PrE (SOX7) expression 
patterns. F. Histogram displaying the percentages of embryos expressing SOX7 at the end of all 
cultured conditions shown in (E.). Scale bar = 20µm. Statistical significance is calculated using T.tests 
with Pvalues represented as following: *<0.05 ; **<0.01 ; ***<0.001. 
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βCATENIN Regulates Cell Differentiation of the Blastocyst Lineages 

 

 

βCATENIN activity restrains HIPPO signalling and the specification of TE fate  

Two conditional alleles of Ctnnb1 were used to study the role of the transcriptional activity of 

βCATENIN (also known as CTNNB1) in the developing blastocyst (Fig. 1A). The loss-of-function (LOF) 

allele Ctnnb1 tm2Kem442, where exons 2 to 6 are floxed, so that their deletion generates a truncated 

protein that can still perform its function in cellular adhesion, but not in signalling471. The gain-of-

function (GOF) allele Ctnnb1 tm1Mmt462, where exon 3 is floxed, so that its deletion generates a 

protein that can no longer be targeted for degradation, and is therefore stabilised.  

Homozygote LOF embryos were generated by crossing heterozygotes carrying one copy of the deleted 

version of the allele. GOF embryos were obtained by crossing heterozygotes carrying the floxed version 

allele with PGK-Cre transgenic mice.  

Immunostaining for markers that allowed ICM and TE cells to be counted showed that E3.5 embryos 

homozygote for the LOF allele had a higher percentage of TE cells than wildtype embryos (Fig. 1B, C). 

This was associated with a higher level of expression of CDX2 and GATA3 in these cells (Fig. 1D). In 

contrast, E3.5 embryos homozygote for the GOF allele had a lower percentage of TE cells than wildtype 

embryos (Fig. 1E, F), associated with lower and more heterogeneous expression of GATA3 (Fig. 1G). To 

understand the role of βCATENIN in how the balance between ICM and TE is established, we looked at 

YAP, which is known to promote the specification of a TE identity in cells where it is translocated to 

the nucleus. We found that E3.25 embryos homozygote for the LOF allele maintained higher levels of 

nuclear YAP in their cells than wildtype embryos (Fig. 1H, I).  

These results therefore identify a role for βCATENIN in the allocation of TE and ICM fates and suggest 

it normally acts to restrain the expression and nuclear localization of YAP. The fact that the two alleles 

had opposite effects on the development of the blastocyst confirms that the function affected in the 

LOF allele is the one of interest to us. 

 

βCATENIN activity delays the emergence of the PrE during the second cell -fate 

specification 

Cell counting revealed that most of the difference in TE allocation in homozygote LOF embryo resulted 

from a decrease in ICM cell number (Fig. 2A). The ICM at this stage contains NANOG-positive  
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Figure 1: βCATENIN activity restrains HIPPO signalling and the specification of TE fate 
A. Schematic representation of the crosses made to recover βLOF and βGOF mutant embryos. The 

ubiquitously expressed Pgk gene drives the expression of the Cre that removes the loxP sites and 

excludes the exon 2 to 6 for βLOF and the exon 3 for βGOF. B. Maximum intensity projection (MIP) of 

confocal images rendering the inner views (2D) of whole-mount immunostained E3.5 βLOF embryos 

showing the Epi (NANOG), PrE (GATA6) and TE (CDX2) lineages. C. Histogram displaying the 

percentages of tissue composition of the embryos shown in (B.): ICM (cyan) counted from both 

NANOG+ and GATA6+ cells; TE (pink) counted from CDX2+ cells. The numbers are reported to the 

total cell number of the embryos to obtain the percentage. WT: N=6; βLOF: N=3. D. Scatter plots 

showing the corrected fluorescence intensity of each nuclei for CDX2 and GATA3 in WT (N=6) or βLOF 

(N=3) embryos shown in (B.) and in (H.). n represents the number of nuclei used in this quantification. 

E. MIP rendering the inner views (2D) of whole-mount immunostained E3.5 βGOF embryos showing the 

ICM (OCT4) and TE (GATA3) lineages. F. Histogram displaying the percentages of tissue composition 

of the embryos shown in (E.): ICM (cyan) counted from OCT4+ cells; TE (pink) counted from CDX2+ 

cells. The numbers are reported to the total cell number of the embryos to obtain the percentage. WT: 

N=13; βLOF: N=6 G. Scatter plots showing the corrected fluorescence intensity of each nuclei for 

GATA3 in WT (N=6) or βGOF (N=3) embryos shown in (B.) and in (H.). n represents the number of 

nuclei used in this quantification. H. MIP rendering the surface views (3D) of whole-mount 

immunostained E3.25 βLOF embryos showing the ICM (NANOG) and TE (GATA3) lineages and the 

nuclear localization for YAP. I. Histogram displaying the ratio of embryos with TE cells positive for 

nuclear YAP as shown in (H.). Scale bar = 20µm. Statistical significance is calculated using T.tests with 

Pvalues represented as following: *<0.05 ; **<0.01 ; ***<0.001. 

 

presumptive Epi cells, GATA6-positive presumptive PrE cells and GATA6-NANOG double positive cells, 

which are still awaiting specification27. Within the ICM of homozygote embryos, the main change was 

a 40%  reduction in the percentage of these GATA6-NANOG double positive cells (Fig. 2B), an indication 

that their specification towards an Epi or PrE fate took place at a faster pace than in wildtype embryos. 

We measured an increase in the expression of GATA6 in these embryos (Fig. 2C), while the expression 

of NANOG was unchanged, suggesting βCATENIN was involved in the regulation of Gata6. 

In contrast, E3.5 embryos carrying the activated form of the GOF allele had a lower total cell number 

than wildtype embryos. It resulted from a drastic 35% reduction in the number of TE cells. These 

embryos also saw a concomitant 35% rise in their number of Epi cells (Fig. 2E), while their number of 

PrE cells was unchanged, which translated into a gain of 8% in the percentage of Epi cells in their ICM 

(Fig. 2F). The expression levels of the Epi-specific SOX2 and PrE-specific SOX17 were however 

unchanged (Fig. 2G). 

These results therefore suggest that βCATENIN signalling also interferes with the second cell-fate 

specification, where it appears to delay the emergence of the PrE and to promote that of the Epi. 
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Figure 2: βcatenin activity delays the emergence of the PrE during the second cell-fate 
specification 
A. Histogram displaying the number of cells associated with each lineage and the total cell number of 

E3.5 WT (N=6) and βLOF (N=3) embryos shown in (Fig. 1B.). DP cells correspond to NANOG+; GATA6+ 

cells that are not allocated to either Epi or PrE yet. B. Representation of the ICM composition in the 

embryos shown in (Fig. 1B.). Epi (green) counted from NANOG+ and PrE (red) counted from GATA6+ 

cells. The numbers are reported to the total cell number of the embryos to obtain the percentage. WT: 

N=6; βLOF: N=3. C. Scatter plots showing the corrected fluorescence intensity of each nuclei for 

NANOG and GATA6 in WT (N=6) or βLOF (N=3) embryos shown in (Fig. 1B.). n represents the number 

of nuclei used in this quantification. D. MIP rendering the inner views (2D) of whole-mount 

immunostained E3.5 βGOF embryos showing the ICM (SOX2) and PrE (SOX17) lineages. E. Histogram 

displaying the number of cells associated with each lineage and the total cell number of E3.5 WT (N=7) 

and βGOF (N=4) embryos shown in (D.) F. Representation of the ICM composition in the embryos 

shown in (D.). Epi (red) counted from SOX2+; SOX17- and PrE (green) counted from SOX17+ cells. The 

numbers are reported to the total cell number of the embryos to obtain the percentage. WT: N=7; 

βGOF: N=4. G. Scatter plots showing the corrected fluorescence intensity of each nuclei for SOX2 and 

SOX17 in WT (N=7) or βGOF (N=4) embryos shown in (D.). n represents the number of nuclei used in 

this quantification. Scale bar = 20µm. Statistical significance is calculated using T.tests with Pvalues 

represented as following: *<0.05 ; **<0.01 ; ***<0.001. 

 

CHIR-treated embryos fail to develop properly and prevent the maturation of the 

PrE 

To characterize in greater detail the role of βCATENIN during blastocyst development we cultured E2.5 

embryos in the presence or absence of the glycogen synthase kinase 3 (GSK3) inhibitor CHIR99021, 

which prevents βCATENIN degradation and therefore acts as a βCATENIN activator. We found that only 

20% of embryos cultured for 48h in the presence of 3M CHIR completed the segregation of their ICM 

into separate Epi and PrE layers, against 80% for controls (Fig. 3A, B). However, the treatment had no 

impact on the expression levels of Fgf4, which encodes the Epi-produced ligand promoting PrE 

development, and Gata4, the expression of which is specific of committed PrE cells (Fig. 3C). A 

comparison of the impact of 3M and 10M CHIR treatments on the expression of the WNT/ 

βCATENIN signalling pathway target Axin2 in 48h cultured E2.5 embryos found that the higher 

concentration of the inhibitor was far more effective at activating the pathway. Embryos treated with 

10M CHIR were as likely to complete the segregation of their ICM than embryos treated with 3M 

CHIR (Fig. 3E, F), but they expressed Gata4 at a significantly lower level than controls while Gata6 levels 

appeared unaffected (Fig. 3H). This fit with our previous results suggesting that βCATENIN delays PrE 

specification and promotes Epi development. The findings that these CHIR-treated embryos saw a 

drastic increase in the expression of Nanog (Fig. 3G), but were less likely to express the mature PrE 

marker Sox7 (Fig. 3I, J) were also consistent with this interpretation. We thus decided to use CHIR at a  
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Figure 3: CHIR-treated embryos fail to develop properly and prevent the maturation of the 
PrE 
A. MIP rendering the inner views (2D) of whole-mount immunostained E2.5 WT embryos cultured for 

48h in control (VEHICLE) or in 3µM CHIRION (CHIR 3µM) showing the ICM (OCT4), Epi (NANOG) and 

PrE (GATA6) lineages. B. Histogram displaying the ratio of correctly segregated ICM in control (N=15) 

or treated embryos (N=20) shown in (A.) C. Histogramm displaying RT-qPCR data from whole-mount 

lysed E2.5 embryos cultured for 48h in control or CHIR 3µM conditions. Fgf4 (Epi) and Gata4 (PrE) 

relative expression were obtained after being normalized by Gapdh. D. Histogram displaying the 

expression level of Axin2 by RT-qPCR obtained from lysed E2.5+48h cultured embryos in increasing 

dose of CHIR (CHIR 3µM; CHIR 10µM). E. MIP rendering the inner views (2D) of whole-mount 

immunostained E2.5 WT embryos cultured for 48h in control or in CHIR 10µM showing the Epi 

(NANOG) and PrE (GATA6) lineages. F. Histogram displaying the ratio of correctly segregated ICM in 

control (N=15) or treated embryos (N=13) shown in (E.). G. Histogram displaying the ratio of NANOG+ 

E3.5+24h cultured embryos in control or CHIR 10µM conditions. H. Histogramm displaying RT-qPCR 

data for the early (Gata6) and definitive (Gata4) PrE markers from whole-mount lysed E2.5 embryos 

cultured for 48h in control or CHIR 10µM conditions. I. MIP rendering the inner views (2D) of whole-

mount immunostained E2.5 WT embryos cultured for 48h in control or in CHIR 10µM showing the ICM 

(OCT4), late Epi (SOX2) and late PrE (SOX7) lineages. J. Histogram displaying the ratio of SOX7+ embryos 

cultured as described in (I.). K. MIP rendering the surface views (3D) of whole-mount immunostained 

E2.5 Hex::GFP embryos cultured for 48h in control or in CHIR 10µM showing the expression pattern of 

the blastocyst polarization marker Hex. Hex expression is renderer using an anti-GFP antibody. N in the 

GFP columns represents the number of embryos GFP+ over the total number of Hex::GFP cultured in 

their condition. Orange arrowhead indicates a GFP+ cell in the PrE lineage. Scale bar = 20µm. Statistical 

significance is calculated using T.tests with Pvalues represented as following: *<0.05 ; **<0.01 ; 

***<0.001. 

 

10M concentration for the rest of our study. To investigate further the impact of this treatment on 

PrE development we looked at the expression of Hex, which normally appears at E3.75 in a subset of 

asymmetrically positioned PrE cells343, using embryos carrying the Hex::GFP reporter transgene154. We 

found that exposure of these embryos to CHIR prevented the expression of the transgene, further 

evidence that early βCATENIN activity hampers the maturation of the PrE. 

 

Stage-dependent ΒCATENIN activity leads to early retention of ICM markers and 

subsequent ectopic mesoderm differentiation  

The development and the maturation of the PrE are known to depend on events taking place in the 

Epi. We thus investigated the impact of CHIR treatment on the Epi. Although the expression of the 

genes encoding the pluripotency factors OCT4, NANOG and KLF4 was not affected in CHIR-treated 

embryos (Fig. 4A) all ICM cells were found to retain both SOX2 and OCT4 a delay in Epi maturation  



112 
 

 

Figure 4: Stage-dependent βCATENIN activity leads to early retention of ICM markers and 
subsequent ectopic mesoderm differentiation 
A. Histogramm displaying the expression levels of the so-called pluripotency factors by RT-qPCR on 

whole-mount lysed E2.5 embryos cultured for 48h in control or CHIR 10µM conditions. B. Histogramm 

displaying the expression levels of Epi specific genes by RT-qPCR on whole-mount lysed E2.5 embryos 

cultured for 48h in control or CHIR 10µM conditions. C. Schematic representation of the different 

culture conditions applied for the following experiments shown in (F., G. and H.) All cultured embryos 

shared the same ending point with only the start of the culture being changed. F. Heatmap displaying 
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the normalized relative expression of PrE genes obtained from a unique RT-qPCR experiment on the 

embryos (N≥6) cultured in the conditions presented in (C.). The double color scale on the right 

represents the normalized base-1 expression values with the orange indicating higher and light blue 

lower enrichment of cDNAs. Each couple experiment (control/inhibitor) was conducted using embryos 

from the same litter for a total of 2 separated experiments for all conditions. All gene expression in 

control condition are normalized to a base-1. D. Heatmap displaying the normalized relative expression 

of pluripotency factors obtained from a unique RT-qPCR experiment on the embryos (N≥6) cultured in 

the conditions presented in (C.). E. Heatmap displaying the normalized relative expression of Epi genes 

obtained from a unique RT-qPCR experiment on the embryos (N≥6) cultured in the conditions 

presented in (C.). F. Histogramm displaying the expression levels Axin2 by RT-qPCR on whole-mount 

lysed E3.5 embryos cultured for 24h in control or WNT3A 0.2µg/ml conditions. G. Histogramm 

displaying the expression levels of Fgf4 (Epi) and Gata4 (PrE) by RT-qPCR on whole-mount lysed E3.5 

embryos cultured for 24h in control or WNT3A 0.2µg/ml conditions. H. Histogramm displaying the 

expression levels of the so-called pluripotency factors by RT-qPCR on whole-mount lysed E4.0 embryos 

cultured for 12h in WNT3A 0.2µg/ml or CHIR 10µM conditions. I. Histogramm displaying the expression 

levels of the late Epi markers by RT-qPCR on whole-mount lysed E4.0 embryos cultured for 12h in 

WNT3A 0.2µg/ml or CHIR 10µM conditions. J. Histogramm displaying the expression levels of the 

mesoderm-associated genes by RT-qPCR on whole-mount lysed E3.5 embryos cultured for 24h in 

control or CHIR 10µM conditions. Statistical significance is calculated using T.tests with Pvalues 

represented as following: *<0.05 ; **<0.01 ; ***<0.001. 

 

(Fig. 3I), a result consistent with such embryos maintaining Nanog expression longer than controls (Fig. 

3G). In contrast, the expression of Sox2 was halved compared to control embryos. This CHIR treatment 

also resulted in lower expression levels for Fgf4, something we had not detected at lower CHIR 

concentration, and Otx2, which at this stage can be considered as promoting the maturation of the Epi 

(Fig. 4C). These results thus confirmed that factors that are critical to epiblast developmental 

progression are responsive to βCATENIN, and this in turn has the potential to affect PrE development.  

To assess how the response to CHIR changed with time we started the started the treatment at 

different time points and compared how it impacted the expression of Epi and PrE markers at the 

equivalent of E4.5 (Fig. 4C). While none of the treatments appeared to affect the expression of Gata6 

much, Gata4 was found to be expressed at lower levels in all treated embryos (Fig. 4D). Although the 

expression of Pou5f1, Nanog and Klf4 was barely affected when the treatment started at E2.5 (Fig. 4E), 

as we had seen before (Fig. 4A), starting the treatment at E3.0 or E3.5 led to these embryos retaining 

higher expression levels for these genes, suggesting βCATENIN at these stages is promoting 

pluripotency and preventing the maturation of the Epi. Consistent with this interpretation is the lower 

expression in these embryos of the genes encoding the TGF family member NODAL and its co-

receptor CRIPTO (Fig. 4F). In contrast, starting the CHIR treatment at E4.0 resulted in a drastic 

downregulation of Pou5f1, Nanog and Klf4, and a concomitant upregulation of Nodal and Sox2  
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Figure 5: Lack of βCATENIN activity results in PrE disorganization and premature PaE 
differentiation 
A. MIP of confocal images rendering the inner views (2D) of whole-mount immunostained E4.5 βLOF 

embryos showing the Epi (SOX2), PrE (SOX17) and ICM (OCT4) populations. Orange arrow shows 

unorganized PrE cells. Magenta arrow shows unsegregated PrE cells. B. MIP of confocal images 

rendering the inner views (2D) of whole-mount immunostained E4.5 βLOF embryos showing PrE 

maturation markers (GATA4, SOX7) and the βCATENIN accumulation at the cell membranes. Orange 

arrow shows unorganized PrE cells. Magenta arrow shows unsegregated PrE cells. C. MIP of confocal 

images rendering the inner views (2D) of whole-mount immunostained E4.5 βLOF embryos showing 

the PrE (GATA6) and ICM (OCT4) populations. SPARC staining is accumulated in the cytoplasm of PaE 

differentiating cells. Orange arrows show overexpressing GATA6 cells co-expressing SPARC. D. Scatter 

plots showing the corrected fluorescence intensity of each nuclei for GATA6 in WT (N=8) or βLOF (N=4) 

embryos shown in (C.). Green rectangle indicates the SPARC+ cells among the GATA6+ nuclei. n 

represents the number of nuclei used in this quantification. E. MIP of confocal images rendering the 

surface views (3D) of whole-mount immunostained E6.5 βLOF embryos showing the Epi (NANOG), PrE-

derivatives (GATA6) and the DVE/AVE subpopulations (CERBERUS). Orange arrows indicate the 

anterior positioning in WT embryos while pointing towards the distal tip of βLOF embryos. Scale bars 

= 20µm. Statistical significance is calculated using T.tests with Pvalues represented as following: *<0.05 

; **<0.01 ; ***<0.001. 

 

(Fig. 4E, F), suggesting that βCATENIN is now repressing the pluripotency network and promoting 

differentiation.  

Although the treatment E3.5 embryos with recombinant WNT3A ligands could elicit an increase in the 

expression of the WNT/ βCATENIN signalling target Axin2 (Fig. 4G), this treatment had no detectable 

impact on the expression of Gata4 and Fgf4 (Fig. 4H), unlike CHIR. E4.0 embryos were also found to be 

far more responsive to CHIR than to WNT3A (Fig. 4I, J). The fact that the downregulation of Pou5f1, 

Nanog and Klf4 was not associated with an increase in the expression of Otx2 and Pou3f1, which 

promote the maturation of the Epi, suggested the possibility that the Epi might prematurely 

differentiate. This was further supported by our finding that E3.5 embryos treated with CHIR for 24h 

prematurely expressed the mesodermal markers T/Bra and Gsc (Fig. 4K).    

 

Lack of βCATENIN activity results in PrE disorgani zation and premature PaE 

differentiation  

While we found evidence that E3.5 LOF mutant embryos saw their PrE specified earlier than wildtype 

embryos, we repeatedly obtained evidence that the gain of βCATENIN activity delayed the maturation 

of this layer. We thus went back to LOF embryos to find out how the development of their PrE was 

affected at later stages. 
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E4.5 embryos homozygote for the LOF allele were found to have a disorganized PrE, SOX17-expressing 

cells being found scattered in the blastocoel cavity or still trapped in the Epi (Fig. 5A). These PrE cells 

nevertheless expressed GATA4 and SOX7, indicating that they had matured (Fig. 5B). Immunostaining 

against βCATENIN indicated that although matured PrE cells, among Epi cells, failed to maintain a 

proper cell structure as shown by disorganized membranes within the ICM (Fig. 5B). Their distribution 

suggested they might have prematurely formed parietal endoderm (PaE) cells, which normally migrate 

along the mural TE lining the blastocoel cavity. To find out we stained embryos with GATA6, which is 

normally upregulated in migrating PaE cells, and SPARC, which is also expressed in these cells205,211 (Fig. 

5C). We found that GATA6 cells indeed co-localized with SPARC in some of the endodermal cells that 

colonized the blastocoel of E4.5 mutant embryos and those cells have higher levels of GATA6 (Fig. 5C, 

D) By E6.5 the smaller egg-cylinder of mutant embryos appeared completely enmeshed in parietal 

endoderm-like cells as shown by the strong GATA6 staining the tissue morphology forming a PaE tail 

at the distal tip of the conceptus (Fig. 5E). The other PrE derivative, the VE is also affected by the lack 

of transcriptional βCATENIN as shown by the failure of the DVE to migrate anteriorly (Fig. 5E), 

consistent with previous reports465.  
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DISCUSSION  
 

 

How, with the biological material contained in one fertilized egg, a fully formed individual composed 

of several cell identities can be formed? Providing answers to this question has been one of the main 

goals of developmental biologists. Studying the specification of different cell fates can be challenging 

and require a system that presents the least possible complexity and the ability of researchers control 

of the developing environment. For those reasons, the blastocyst model has recently been at the 

center of many studies investigating the events of fate specification resulting in the formation of the 

three lineages that is composed of. These studies have highlighted the progression of lineages 

specification regulated by both the developmental stage and the activity of signaling pathways. 

Although, much has been found regarding the signaling molecules required for the specification of the 

lineages, the signals responsible for their maturation remain to be known. 

Here I have uncovered new roles for two signaling pathways in the maturation and the balance of 

regulation of the lineages specified during blastocyst development. Although, ACTIVIN/NODAL and 

βCATENIN signaling pathways were already well identified for their impacts on early post-implantation 

embryos for tissue patterning and axis orientation establishment, not much was investigated regarding 

their earlier requirements. Both signaling pathways, are active at pre-implantation stages and involved 

in the different events regulating the formation of the developing blastocyst. Most of the defects I 

characterized during those early stages, consequently to the inactivity of both pathways, reflect the 

phenotypes described at the egg cylinder stage, suggesting that these phenotypes were of the 

resultant of earlier requirements.  

 

NODAL Signals in the Epiblast to Ensure the Proper Development of 

the Blastocyst and its Derivatives 

 

Although, previous reports have demonstrated the activity of ACTIVIN/NODAL signaling at pre-

implantation stages, not much is known regarding its impact on the formation of the blastocyst70,142,163. 

A recent study has suggested that NODAL signals were involved in the developing PrE as supported by 

the requirements of the signaling pathway in the mESC differentiation towards an endoderm-like 

fate202. Moreover, although well characterized, part of the defects induced by the lack of Nodal at post-
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implantations stages find its origin during the pre-implantation development140. Therefore, to better 

understand the roles of ACTIVIN/NODAL signaling during the early embryogenesis, I characterized the 

impacts of modulating the activity of the pathway to the lineages forming the blastocyst.  

First, I investigated the impact of inhibiting the signaling pathway from the morula to the late 

blastocyst stage using a small inhibiting molecule preventing the phosphorylation of the ALK4/5 

receptors. From these experiments I was able to determine that all the blastocyst lineages were 

affected by the lack of ACTIVIN/NODAL signaling. This resulted in a failure of the ICM to segregate 

properly in addition with a decrease in the blastocoel size and in cell numbers. Cells without 

ACTIVIN/NODAL signals failed to mature and undergo processes of apoptosis. Time gated experiments 

revealed that from the morula stage the ACTIVIN/NODAL signaling pathway was continuously required 

to support the blastocyst development (Fig. 1, S1).  

 

BMP crosstalk and the blastocyst polarization  

ACTIVIN/NODAL signals are received and translocated via the ACTRI/II located at the cell membrane. 

The expression patterns of these receptors during the development of the blastocyst remains to be 

fully elucidated. However, in vivo and in vitro experiments suggest that ACTRI/II are found in both TE 

and ICM lineages during the first event of fate specification. Supporting this, my data showed that both 

ICM and TE lineages were affected by apoptosis and the expression of markers specific to these 

populations was downregulated (Fig. 1, S1). It is interesting to note that similar requirements in both 

of these lineages were found in the context of inactive BMP signaling105. Indeed, consistent with our 

data on ACTIVIN/NODAL, BMP signaling was required to sustain cell-survival of PrE cells and to support 

the TE layers involving both SMAD-dependent and independent pathways105. Most of biochemicals 

studies show that ACTRI/II and BMPRI/II are very similar and that the ligands from both pathways can 

signal to these receptors mixing the activity of both signaling cascades together265,266,268. It would thus 

be worthy to investigate by which receptors both BMP and ACTIVIN/NODAL signal and what directly 

results from the activity of those receptors. It is possible than rescue mechanisms are also induced by 

the cells to compensate for the lack of either of the ligands. 

Although, able to signal via each other receptors complexes, BMP and NODAL are shown to compete 

for different factors of their respective signaling cascades and thus characterized as antagonists161,512. 

The competition between these signaling pathways is responsible for the proper patterning of both 

the Epi and ExE after the implantation of the embryo162,343. The analysis of target genes expression for 

BMP signaling in different conditions modulating ACTIVIN/NODAL signaling indicates that the 

competition also occurs at pre-implantation stages (Fig. 3). Lack of pSMAD2/3 activity resulted in the 
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upregulation of BMP signaling, that was not countered anylonger, leading to failures of the blastocyst 

to be properly polarized by restricting the emergence of the Hex positive subpopulation of the PrE (Fig. 

3, S3).  Although BMP treatments negatively affected the patterning of this subpopulation, the defects 

were never as drastic as embryos inhibited for ACTIVIN/NODAL displayed (Fig.3, S3). Indeed, the 

addition of the inhibitor shortly prior to the Hex initiation prevented the expression of the gene, 

demonstrating that ACTIVIN/NODAL is essential for the early polarization of the blastocyst (Fig 3.).  

ChIP-seq data indicated that pSMAD2 was found at the promoter of Hex suggesting a direct control of 

the Hex expression by the ACTIVIN/NODAL signaling164. However, treated embryos past the time of 

Hex initiation failed to downregulate its expression indicating that different mechanisms were 

responsible for its initiation and maintenance (Fig. S3). Moreover, upregulation of both NODAL and 

ACTIVIN did not significantly increased the number of specified Hex positive cells suggesting that either 

not all PrE cells are competent for ACTIVIN/NODAL signaling to express Hex or that negative feedbacks 

are established to counter the ectopic specification of this subpopulation (Fig. 5). ACTIVIN treatment 

resulted in the induction of more Hex positive cells after the implantation, showing that VE cells are 

competent for the signal144. Interestingly, a recent study has shown that the feedback loop between 

NODAL and LEFTY1 was responsible for the maintenance of Lefty1 positive subpopulation, suggested 

to co-express Hex142. It is therefore tempting to speculate that NODAL signals promote the 

specification of this lateral PrE population via the expression of both Hex and Lefty1 and that the 

subsequent negative feedback loop from LEFTY1 is preventing the ectopic activation of this gene 

repertoire to the rest of the PrE layer, thus leading the polarization to one side of the embryo, later 

involved in the AP axis establishment. 

Thus, BMP and ACTIVIN/NODAL signaling show similar roles in cell metabolism and tissue patterning. 

It would be interesting to investigate deeper the molecular mechanisms by which those ligands can 

transduce their message in order to better understand the impacts induced by the association of both 

signaling cascades.  

 

NODAL promotes and maintain the identity of the Epi lineage  

At post-implantation stages, Nodal is required for the patterning of the posterior proximal Epi and the 

maintenance of its pluripotency145,343. Although my first results regarding the inhibitor effects revealed 

stronger defects in the PrE layer, preventing its maturation and patterning, kinetics experiments 

revealed that those defects coincided with changes in the expression of Epi genes (Fig. 2, S2). Many 

studies have highlighted the Epi progression and the genes it expresses as essential for the maturation 

of the differentiating PrE27. My own data revealed that in SB-treated embryos, the expression of the 
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factors involved in the differentiation of the PrE was strongly affected, and this, depending on the 

developmental stage of which the embryos were incubated (Fig. 2). Starting from the morula stage the 

presence of the inhibitor resulted in the strong increase of Fgf4, Pou5f1 and Sox2, known to promote 

the progression of cells into the PrE program as shown by the overexpression of SOX17 (Fig. 2, S2). 

Moreover, the retention of the so-called pluripotency network was suggested to prevent subsequent 

maturation of the whole ICM (Fig. 2). However, starting from the mid-blastocyst stage these genes 

were found downregulated in correlation with the reduction of GATA4 levels and the absence of SOX7 

(Fig.2, S2). This indicated that ACTIVIN/NODAL signaling was required for the proper progression of the 

Epi lineage resulting in the exit of its cells from the naïve state that reflects the nascent Epi, preventing 

the subsequent progression of PrE cells. Consistent with in vitro experiments, the requirements for 

ACTIVIN/NODAL to maintain the Epi identity at the late blastocyst stage did not lead to its premature 

differentiation as shown by the lack of Pou3f1 and Fgf5 (Fig. 3)80,484. Post-implantation analyses 

demonstrate that Epi cells lacking NODAL were differentiating towards a neural fate351. It would thus 

be interesting to assess the identity of these cells by looking at specific markers indicating an ectopic 

neural induction and the signaling cascades involved in the activation of such genes. The association 

between FGF2 and βCATENIN has been shown to promote the differentiation of neural crest cells in 

hESC in absence of Nodal409. Considering the roles of FGF signaling in PrE specification and TE 

maturation, it would be interesting to assess the impact of pERK in a pSMAD2/3 depleted context. 

Although, NODAL addition to the blastocyst promoted the Epi fate and its expansion, it still remains to 

understand by which mechanism the Epi depends on NODAL signals (Fig. 5). Short treatment and tissue 

specific effects of recombinant NODAL indicated that the ligand was specifically targeting Epi cells and 

activating the expression of OCT4 (Fig. 5, S4). This was consistent with in vitro experiments showing 

that during the differentiation of EpiLC, pSMAD2 was specifically promoted genes responsible for the 

primed pluripotency core80,512. Among those genes are found Otx2, essential for enhancers activation 

during the EpiLC differentiation80,135. In vivo, Otx2 is also responsible to enhance mitosis activity and 

was found at the blastocyst stage to directly bind Nanog to promote the Epi expansion132,513. This was 

consistent with the impact of NODAL treatment to early stages of the blastocyst. Interestingly, at the 

mid blastocyst stage, where OTX2 promotes Nanog expression, the levels of OTX2 were significantly 

upregulated upon recombinant NODAL addition (Fig. 5, S4). Moreover, in other models OTX2 was 

found to depend on pSMAD2/3 to be expressed327. Therefore, considering the connections between 

NODAL and OTX2, it would thus be interesting to investigate whether the upregulation in Otx2 

expression was responsible for the early effects of NODAL in the Epi layer (Fig. 5, S4). Although, since 

pSMAD2/3 is involved in so many complexes with most of the Epi lineage factors, NODAL effects would 
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probably result in the activation of a network via protein-protein interactions and combined 

transcriptional regulations making the reading its direct targets more challenging. 

 

Distinct roles for NODAL and ACTIVIN in the early embryo  

The characterization of the impacts of recombinant protein for ACTIVIN and NODAL to the formation 

of the blastocyst revealed distinct roles for both ligands (Fig. 5, S5). Indeed, ACTIVIN treatment 

although shown useful for the progression of the PrE layer did not recapitulate any of NODAL impacts 

on the Epi layer, suggesting that both ligands have respective signaling capabilities. Although sharing 

the same receptors, NODAL requires the presence of the EGF-CFC co-receptor family to signal143. Both 

Cripto and Cryptic encode co-receptors of this family, but differentiate from their expression 

patterns333. If Cripto is restricted to the Epi lineage and express early from the mid blastocyst stage, 

Cryptic expression starts in the PrE of the implantation blastocyst333. Those patterns of expression 

support the conclusion that NODAL signals in early Epi cells (Fig. 5). However, the analysis of 

implantation blastocyst carrying the mutation for Nodal presents global defects within the PrE layer 

(Fig. 7, S7). Although, most of the maturation failures could be due to the lack of proper signals from 

the Epi, the PrE of E4.5 embryos is mostly regulating itself (Fig. 2, S2). Interestingly, my characterization 

revealed that most of Nodal mutant embryos lacked the expression of Dab2, which is required for the 

proper epithelialization of the tissue as shown by the rest of the immunostainings (Fig. 7, S7)107,109. 

Interestingly, Dab2 expression and translation has been found to be regulated by TGFβ110,112. It would 

thus be interesting to assess whether the epithelialization defects observed in Nodal mutant embryos 

could be rescued by the promotion of DAB2 using retinoic acid. Therefore, NODAL could supposedly 

promote late PrE proper patterning via its potential signaling capacities through CRYPTIC. 

How ACTIVIN signals remain however to be elucidated. Some studies have suggested that ACTIVIN 

signaling is inhibited by CRIPTO265. Albeit a possible explanation of why ACTIVIN does not recapitulate 

NODAL Epi promotion, EpiSC are cultured in ACTIVIN while expressing strong levels of Cripto. 

Moreover, my own analysis revealed that Lefty2, an Epi marker (data not shown), was overexpressed 

upon ACTIVIN treatment (Fig. 3). ACTIVIN restriction to the PrE could also be due to the inhibition 

induced by the presence of NODAL protein at the ACTRI/II of Epi cells. It is interesting to note that 

ACTIVIN signaling in PrE correlates with the activity of pSMAD2 as shown by antibody staining and 

reporter activity70,144. Indeed, most of the tools showing the dynamic of pSDMAD2 revealed an active 

signaling in PrE cells, suggesting that at these stages NODAL does not depend on pSMAD2/3 to 

transduce its signals. However, this needs to be taken carefully as a dynamic investigation of the 
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pSMAD2/3 activity as yet to be done, since the available tools do not recapitulate the kinetic of the 

effector capacities. 

 

Tissue communication pattern the whole ICM  

Nodal presents an interesting expression pattern as it is highly regulated depending on the 

developmental stage and the lineage70,142,163. Nodal is supposed to shortly be expressed in early Epi 

cells before getting restricted to the PrE layer between E3.75 and E4.070,142,163. To assess whether Epi 

Nodal or PrE Nodal was responsible for the developmental progression of the blastocyst, I performed 

chimera experiments with mESC mutants for Nodal (Fig. 6, S6). The analysis revealed that the effects 

of Epi Nodal was irrelevant compared to the PrE contribution (Fig. 6, S6). This was quite interesting 

since it displays a loop of activation shared by both lineages of the ICM (Figure 38). Indeed, NODAL 

expressed from PrE cells will signal to the early Epi leading the proliferation and maturation of the 

lineage (Figure 38). This results in the amplification of Epi markers responsible for the differentiation 

of the PrE, thus subsequently leading to the maturation and patterning of the PrE lineage (Figure 38). 

Interestingly, this therefore shows that contrary to the believe that the Epi triggers PrE specification 

and not vice-versa7, signals coming from PrE cells can promote the maturation and proper patterning 

of the Epi lineage. 

Since Nodal expression is regulated by so many combinations of factors it is quite challenging to 

elucidate what triggers the initiation of tissue communication process described above. In addition to 

many Epi and ICM factors acting on the HBE, the ASE directly responds to pSMAD2/370,163,514. However, 

in SB-treated embryos lacking any pSMAD2/3 activity, Nodal expression was not affected (data not 

shown). This raised questions regarding the role of the ASE, indeed, this expression pattern of this 

regulative sequence recapitulates most of Nodal dynamics, but its inactivation does not seem to affect 

its expression70,515. In my culture experiments, I found that Nodal expression at the blastocyst stages 

responded to both p38 and βCATENIN activities (data not shown, βCATENIN Fig. 4). This was quite 

surprising since, from what we know, p38 acts to amplify pSMAD2/3 signals but its inhibition did not 

recapitulate its effect on Nodal expression, although the inhibition of both proteins separately lead to 

similar effects among the pool of genes I tested (data not shown). It would therefore be interesting to 

precisely investigate what does control the early Nodal expression to better understand its 

contribution to the blastocyst development. 
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Maternal signals compensate for the lack of zygotic NODAL  

The characterization of embryos mutant for Nodal revealed strong defects at the implantation stages 

(Fig. 7, S7). However, those defects, albeit similar in some ways, did not recapitulate the phenotype of 

SB-treated embryos (Fig. 1, 2). This could suggest that other molecules than NODAL could activate 

pSMAD2/3 and therefore compensate for the lack of the ligands. Although possible at pre-implantation 

stages, this appears to be unlikely since Nodal mutants and Smad2/3 double KO shared similar 

phenotypes145,306. Moreover, these mutants were surprisingly not affected compared to embryos 

cultured for 48h in presence of SB, suggesting that during the implantation, the early phenotypes I 

characterized could be rescued (Fig.1, 2). Therefore, in order to test whether compensation mechanics 

are of a possibility, I transferred SB-treated embryos into wild-types pseudo-pregnant females (Fig. 4). 

The phenotypes I observed confirmed that post-implantation defects are of a consequence to previous 

requirements for the pathway during blastocyst formation (Fig. 4).  

However, similar to Nodal mutants those embryos implanted and could adopt an egg cylinder-like 

shape. This suggests that during the implantation signals are emitted to rescue the miss-patterned 

tissues of the blastocyst. Interestingly, Nodal is expressed in the uterus until the embryo implants but 

is rapidly removed from the implantation zones358. This was surprisingly concomitant with the time of 

the first defects from Nodal mutants were observed, suggesting that maternal NODAL could probably 

compensate for the absence of zygotic NODAL. To address this hypothesis, I cultured embryos carrying 

the mutation for Nodal to remove signals from the mother (Fig. 8, S8). To my surprise, these embryos 

displayed stronger defects than SB-treated embryos suggesting that NODAL’s actions are not limited 

to promote the activation of pSMAD2/3 (Fig. 8, S8). Moreover, since these embryos were rescued by 

the addition of NODA,L and not ACTIVIN, it was indicating that the latter was not able to compensate 

for the complete lack of Nodal, and that among the maternal signals rescuing the zygotic depletion 

was probably found NODAL itself (Fig. 8, S8). It would therefore be very interesting to investigate the 

mechanisms behind the maternal recue, and how the signals are emitted and received by the embryos. 

Although a simple protein transfer is possible, recent studies have pointed towards the transport of 

exosomes, carrying proteins and mRNA, from the uterus. A better understanding of the mechanism by 

which the mother communicate with pre-implantation embryos could be of a huge impact on our 

understanding in the different specification events controlling the formation of the blastocyst. 

To conclude, NODAL signals are required for the proper development of the blastocyst via its signals 

to the Epi and according to an elaborate tissue communication process. Most of the data suggest that 

NODAL does not solely signal via pSMAD2/3 and that ACTIVIN is therefore not able to compensate for 

its absence. As a TGFβ secreted protein NODAL can form dimers with several other factors that 

complexify our ability to understand it signaling mechanics. The fact that maternal NODAL could 
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theoretically compensate for the lack of zygotic NODAL opens news ways to elucidate the roles of 

secreted proteins in cell fate specification. Finally, with the considerable roles of NODAL in early human 

embryogenesis, it would be interesting to complete our knowledges of the mechanisms behind NODAL 

signaling to better understand how the human Epi is specified516. 
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Figure 39 : Working model explaining how NODAL can promote the patterning of the ICM via 
lineage communications 
At the mid blastocyst stage NODAL proteins expressed from PrE cells can signal in Epi cells via the 
presence of the co-receptor CRIPTO. This leads to the expansion and maturation of the lineage. During 
this process Epi signals amplified by NODAL can promote the progression of the PrE lineages resulting 
in its maturation and the specification of its lateral subpopulation expressing Hex. ACTIVIN on the other 
hand signals directly in PrE cells to support the maturation of the lineage. Combined action of NODAL 
and ACTIVIN sustain cell-survival and promote the proper development of the whole blastocyst. 
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βCATENIN Regulates Cell Differentiation of the Blastocyst Lineages 

 

βCATENIN is mostly described as the effector of the canonical WNT/βCATENIN signaling pathways, 

although its activity does not entirely depend on the WNT signals. Indeed, many factors have been 

found to induce the release of the protein from its destruction complex. Among those factors are found 

molecules essential for the events of fate specification occurring at the pre-implantation stages such 

as YAP and ERK – respectively effectors of the HIPPO and FGF signaling pathways408. During these 

stages most of the components of the WNT/βCATENIN signaling pathways are expressed and 

regulated466,467. However, previous reports indicate that the WNT/βCATENIN signaling pathway is 

inactive as shown by the different genetic depletions of the pathway members454. However, taken 

separately, βCATENIN mutants present stronger defects that any of the WNT mutations demonstrating 

that βCATENIN is activated by other cues in early embryogenesis. 

To investigate the impacts of modulating the transcriptional activity of βCATENIN at pre-implantation 

stages, I used two different mouse lines allowing to induce either a LOF or a GOF of the protein (Fig. 

1)442,462. Characterization of those mutant embryos revealed considerable impacts of βCATENIN in fate 

specification and cell differentiation at pre-implantation stages. 

 

βCATENIN and the modulation of HIPPO signaling in the first fate specification  

The first event of specification leads to the formation of both ICM and TE lineages. To assess whether 

βCATENIN was involved in this event I analyzed the ICM composition of mutant embryos for both 

mutations (Fig. 1). This analysis indicated that the transcriptional activity of βCATENIN is involved in 

the balance between those fate as shown by the higher percentage of ICM in GOF embryos and the 

higher percentage of TE in LOF embryos (Fig. 1). Cell counting for each lineage and the expression levels 

of tissue specific markers revealed that βCATENIN was actively inhibiting the TE fate (Fig. 1). Indeed, I 

found that Cdx2 and Gata3 expression levels were affecting by both mutations of βCATENIN and that 

was correlated with the nuclear retention of YAP (Fig. 1). Several combined regulations between YAP 

and βCATENIN have been identified in different models419,422. YAP can in fact restrict βCATENIN to the 

destruction complex and vice-versa leading to the degradation of both effectors419,422. It is therefore 

interesting to constate that in LOF mutants, where the exon 2 to 6 are deleted and among those are 

found the exon 3 responsible for βCATENIN attachment to the destruction complex, YAP is specifically 

retained in the nuclei (Fig. 1). This would suggest that βCATENIN is able to promote the degradation of 

YAP via confining it to the destruction complex. It will therefore be interesting to correlate the 

localization of both effectors during the event of the first specification to see if βCATENIN is able to act 
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in the decision-making process. Moreover, TCF3 binding sites are found close to TEAD binding sites at 

Cdx2 enhancers (data analyzed from 47). It is thus tempting to interpret the downregulation of Cdx2 in 

GOF mutants by the accumulation of βCATENIN at those binding sites preventing YAP fixation to the 

TEAD factors responsible for Cdx2 expression38. Therefore, βCATENIN function would be to act 

indirectly on the first fate specification via the modulation of HIPPO/YAP activity. Further experiments 

and mutant embryos collection will be necessary to properly test this hypothesis. 

 

βCATENIN regulates the ICM progression through the pluripotency factors  

Cell counting also revealed an increase of ICM cells in GOF embryos suggesting that βCATENIN was 

involved in the proliferation of the ICM (Fig. 1, 2). Lineage association experiments indicated that this 

increase in ICM cells came from a higher number of Epi cells (Fig. 2). However, in my first experiment 

I was not able to identify a specific marker susceptible to explain this increase in cell number (Fig. 2). 

Interestingly however, GATA6 levels were upregulated in the context of βCATENIN LOF suggesting that 

the PrE fate was promoted over the Epi in this genetic background (Fig. 2). The fact that no significant 

difference in cell number for each lineage was found suggested that this impact was quite limited (Fig. 

2). Additional litters for this mutation will be required to properly assess the impact of βCATENIN in 

the second fate specification. Considering that the two mutations presented opposite effects 

suggested however an implication of βCATENIN in this event (Fig. 2). Embryos in culture with CHIR 

resulting in a GOF of βCATENIN showed similar effects by promoting the ICM fate and conversely 

preventing the proper maturation of the PrE (Fig. 3). Indeed, CHIR-treated embryos stained for late PrE 

markers showed either a downregulation of their levels or a complete absence (Fig. 3).  

The effect I found using CHIR, albeit being consistent with the phenotypes observed in the mutant 

background, was challenged by a previous report suggesting that CHIR did not affect the pre-

implantation development476. The main difference between our two studies find its origin in the 

concentration of the inhibitor we used (Fig. 3). Indeed, if CHIR at 3µM used in mESC cultures did not 

affect the blastocyst formation too much, its concentration used at 10µM however, resulted in a 

stronger increase of the Axin2 levels – a target of βCATENIN – and prevented the proper patterning of 

the ICM (Fig. 3). The fact that the embryo required higher concentration than mESC can be however 

debated. Using these conditions, I was able to further characterize the impact of βCATENIN on the 

ICM. 

A striking evidence while analyzing the expression patterns of ICM markers such as SOX2 and OCT4 

was that their expression failed to be either restricted or amplified in the Epi lineage as it is normally 

the case (Fig. 3). The retention of SOX2 in PrE cells particularly is known to prevent the proper 
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maturation of the PrE as shown by the competition between SOX2 and SOX17 and the inhibition of 

SOX2 mediated by pERK in PrE cells117,118. In addition with its pan-ICM expression, the levels of Sox2 

were downregulated suggesting that the Epi also failed to mature as shown by the constant 

upregulation of Sox2 levels as the Epi progresses (Fig. 4)57. Therefore, the ICM of CHIR-treated embryos 

appeared to share similarities with its earlier state during the blastocyst formation. Indeed, time gated 

experiments revealed that starting from the morula stage, CHIR treatment prevented the maturation 

of both Epi and PrE and this was correlated with a strong upregulation of the pluripotency factors (Fig. 

4). Strong indications support that βCATENIN is able to bind OCT4 in order to promote naïve 

pluripotency in mESC434,435. It is therefore possible that βCATENIN upregulates the pluripotency 

network and that is sufficient to maintain the ICM as a naïve state with both Epi and PrE failing to 

mature. More interestingly, is the recent advance regarding the diapause state of the blastocyst. If 

historically diapause was induced experimentally by the addition of progesterone and tamoxifen, a 

study indicated that inhibition of mTOR could reflect similar properties236. βCATENIN has shown 

interaction with the mTOR/PI3K in the embryo, it would thus be interesting to investigate whether the 

upregulation of βCATENIN resulted in a diapause state subsequently assessing its correlation with 

mTOR.  

 

βCATENIN promotes cell differentiation in association with signaling pathways  

Starting the CHIR treatment from the late blastocyst stage, when the ICM could mature properly, 

showed that the Epi lineage failed to maintain its identity and, as suggested by the upregulation of 

Sox2 and Nodal, underwent a premature differentiation (Fig. 4). NODAL and SOX2 are known to 

promote the Epi maturation during the implantation before being restricted to each Epi populations 

according to the AP orientation217,343. However, none of the markers characteristics of the Epi 

maturation were expressed in late blastocyst embryos treated with CHIR suggesting that another fate 

was acquired (Fig. 4). As it has been well identified, βCATENIN and NODAL are known to promote the 

mesendoderm differentiation of the posterior proximal Epi during gastrulation145,193. Analysis of the 

two mesoderm markers T/Bra and Goosecoïd indicated that the CHIR treatment induced an ectopic 

differentiation of the Epi to a mesoderm fate more than 2 days before the initiation of the gastrulation 

(Fig. 4). This was consistent with a previous report showing that in embryos carrying a mutation for 

Apc – therefore resulting in a βCATENIN GOF – T/Bra was found expressed at the implantation stage461. 

To address whether pSMAD2/3 was required to allow the mesoderm induction in CHIR-treated 

embryos, I combined genetic ablations and pharmacological treatments for the two signaling pathways 

and assessed the combined impact on the Epi lineage (data not shown). These results indicated that 

both pathways communicated with each other to promote the proper maturation and differentiation 
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of the Epi. Considering the impact of βCATENIN LOF at early post-implantation stages, it will be 

interesting to assess the contribution of pSMAD2/3 modulation in the phenotypes displayed by 

βCATENIN mutants465. 

Further characterization of βCATENIN LOF embryos revealed that the PrE was strongly disorganized, 

as shown by the βCATENIN immunostaining and the distribution of PrE cells (Fig. 4). Since I 

hypothesized that the PrE progression was accelerated in LOF mutants, I investigated the 

differentiation of the PrE derivatives (Fig. 4). This analysis revealed that some of the PrE cells at the 

implantation stage prematurely acquired a PaE fate (Fig. 4). In vitro experiments showed that the 

inhibition of WNT/βCATENIN by IGF2 is sufficient to allow PaE differentiation206. It is thus interesting 

that the βCATENIN LOF recapitulates the changes identified in this study as shown by the upregulation 

of GATA6 and the SPARC staining (Fig. 4). Not much is known about IGF signaling at these stages, since 

most of the genetic mutations developed allowed the birth of the embryos232,233. However, modulation 

of the IGF signaling directly affects the activation levels of PI3K/AKT517,518. It would thus be interesting 

to investigate the impact of IGF signaling on the transcriptional activity of βCATENIN during the 

formation of the blastocyst. 

 

The activation of βCATENIN does not recapitulate WNT signaling  

In order to understand what does control the activity of βCATENIN, I tested the impact of recombinant 

WNT3A on cultured embryos (Fig. 4). Although, this treatment resulted in a small increase in Axin2 

levels, suggesting that all the components of the cascade were functional, WNT3A addition did not 

recapitulate any of the phenotypes described with the genetic mutations and the CHIR treatment (Fig. 

4). Even though WNT3A does not represent all WNT molecules, its protein structure allows this ligand 

to activate βCATENIN with the highest efficiency379. Therefore, other factors than WNT are responsible 

for the modulation of βCATENIN activity.  

βCATENIN finds itself as the crossroad of many signaling pathways. Indeed, IGF/PI3K/AKT, HIPPO/YAP, 

FGF/ERK and NODAL/SMAD2/3 were found to be able to either control the interaction between 

βCATENIN and its destruction complex or to make protein-protein interactions for transcriptional 

regulation purposes. Although quite challenging to address, the identification of the factors 

responsible for βCATENIN modulation could lead to new insights regarding the mechanism by which 

this factor controls an event of the blastocyst formation.  

To conclude, although the WNT/βCATENIN does not seem to be involved in the pre-implantation 

development, I was able to uncover new roles for βCATENIN in the specification and differentiation of 
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the blastocyst lineages. However, much remains to be addressed and confirmed, I identified βCATENIN 

as an effector playing in different signaling cascades in order to control different events of the forming 

blastocyst. 
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ABSTRACT 

 

During the early mouse embryogenesis, cell-fate specification events result in the formation of the pre-

implantation blastocyst. Those events are mainly regulated by the action of signaling cascades 

activated upon fixation of the signaling molecules at the cell membrane. The activity of these signaling 

pathways allow the transcriptional regulation of a specific pool of genes responsible for cell-fate 

decisions and the formation of tissues. Here, I am interested in the roles of both ACTIVIN/NODAL and 

βCATENIN signaling pathways in the specification of cell identities during the maturation of the mouse 

blastocyst. 

Key words: mouse, embryo, pre-implantation, blastocyst, cell-fate, specification, ACTIVIN/NODAL, 

βCATENIN, signaling, pathways. 

 

RESUMÉ 

 

Lors du développement précoce de l’embryon de souris, divers évènements de spécification des 

destins cellulaires induisent la formation du blastocyste pré-implantatoire. Ces évènements sont 

majoritairement contrôlés par l’action de voies de signalisation activées via la fixation de molécules 

signal à la membrane de la cellule. L’activité de ces voies de signalisation permet la régulation de la 

transcription de gènes cible responsable de l’acquisition d’une identité cellulaire et de son 

arrangement sous forme de tissu. Ici je m’intéresse aux rôles des voies ACTIVINE/NODAL et βCATENIN 

dans la spécification de ces identités cellulaires lors de la formation du blastocyste de souris. 

Mots clefs : souris, embryon, pré-implantatoire, blastocyste, destins, spécification, ACTIVIN/NODAL, 

βCATENIN, signalisation, voies. 

 

 


