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Abstract

The first cell fate decisions during mammalian development establish tissues essential for healthy 

pregnancy. The mouse has served as a valuable model for discovering pathways regulating the 

first cell fate decisions, because of the ease with which early embryos can be recovered and an 

arsenal of classical and emerging methods for manipulating gene expression. Here we summarize 

the major pathways that govern the first cell fate decisions in mouse development. This knowledge 

serves as a paradigm for exploring how emergent properties of a self-organizing system can 

dynamically regulate gene expression and cell fate plasticity. Moreover, it brings to light the 

processes that establish healthy pregnancy and embryonic stem (ES) cells. We also describe 

unsolved mysteries and new technologies that could help overcome experimental challenges in the 

field.
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Spotlight on the mouse blastocyst

The past ten years have met with an explosion of literature characterizing the molecular and 

cellular events leading to formation of the mouse blastocyst. This tiny structure has been 

pushed into the spotlight for several reasons. First, formation of the blastocyst, which occurs 

during the first few days after fertilization, proceeds through a sequence of events that are 

morphologically highly similar between mice and humans. Defects in the preimplantation 

period can cause pregnancy loss, and recurrent pregnancy loss impacts 5% of couples trying 

to conceive [1]. Therefore, the mouse provides an excellent model for reproductive biology. 

Second, the blastocyst is the source of embryonic stem (ES) cells, a cell type famous for its 

abilities to produce unlimited quantities of itself while maintaining capacity for forming 

tissues and organs, and thus the blastocyst is an important tool in stem cell research. Third, 

newly improved methods for single-cell gene expression, live imaging, and confocal 
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microscopy have enabled exquisite access to all cells of the embryo throughout the 

preimplantation period. Together with a variety of tools for genetic manipulation and in 

vitro culture of preimplantation stages, these approaches allow for precise resolution of the 

temporospatial roles of genes and signaling pathways in blastocyst formation. Here we 

highlight some of the studies that have contributed to our current understanding of how 

patterned gene expression is initiated and maintained during the first cell fate decisions in 

mammalian development.

The importance of timing

To understand current models of the molecular mechanisms of blastocyst formation, it is 

important to first clarify the conventions used for properly staging preimplantation embryos. 

In mice, embryos of desired developmental stages are produced by timed matings. Mice are 

assumed to have mated around midnight (E0.0) if a solid, seminiferous plug is detected 

within the vagina the following morning. Thus, litters of embryos at discrete developmental 

stages, such as zygote, morula, and blastocyst (Glossary), can be recovered at predictable 

time points (Fig. 1). Notably these developmental stages are based on gross morphological 

features and are, therefore, relatively broad and can include embryos undergoing diverse 

developmental events. In addition, cleavage divisions are asynchronous, both within and 

among embryos in a litter, and mutations, as well as genetic background [2], can alter 

developmental timing. Therefore, it is now standard to report embryo staging both in terms 

of days since fertilization and cell number (e.g., E3.5 and ~32 cells). By the same argument, 

it is important to compare experimental and control embryos that are stage-matched, in 

terms of cell number, and not just time since fertilization. This increased level of accuracy 

has allowed for more precise resolution of the dynamic gene regulatory events occurring 

during the first cell fate decisions in mammalian development.

The first two cell fate decisions in development

During the first three days after fertilization, the goal of the embryo is to establish three 

lineages: one fetal [epiblast (EPI)] and two extraembryonic [trophectoderm (TE) and 

primitive endoderm (PE)] (Fig. 2A). These three lineages, EPI, TE, and PE, will go on to 

contribute to fetus, placenta, and yolk sac, respectively (Fig. 2B), and are established by two 

cell fate decisions. The first cell fate decision segregates the TE from the inner cell mass 

(ICM), beginning around the 16-cell stage (E3.0) (Fig. 1). The second cell fate decision 

segregates the ICM into EPI and the PE cell types, beginning around the 64-cell stage (E3.5-

E3.75). The EPI cells are the progenitors of ES cells, and, therefore, uncovering the 

molecular mechanisms by which EPI cells are established and maintained can teach us about 

the origins of pluripotency. However, it is important to recognize that ES cells are not 

present in the embryo at any stage, but are grown from EPI cells over the course of days in 

culture. Moreover, ES cell progenitors not fully established until E4.5 [3], which is a 

relatively late stage of blastocyst development. Therefore, the mechanisms maintaining 

expression of pluripotency genes in ES cells not necessarily identical to the mechanisms by 

which pluripotency gene expression is first established in the embryo. These observations 

highlight the importance of understanding the mechanisms of gene regulation in the embryo 

in addition to important lessons from stem cell lines derived from the blastocyst [4, 5].
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Although diverse pathways and mechanisms regulate the first two cell fate decisions, a 

common theme unites both decisions. For both decisions, there is first a round of cell 

signaling, which selects cell fates (TE versus ICM or EPI versus PE), and then these cell 

fates are reinforced by lineage-specific transcription factors. Next, we discuss details of the 

roles and regulation of the signaling pathways and transcription factors that regulate the first 

two cell fate decisions.

The first cell fate decision: establishment of TE and ICM cell types prior to 

blastocyst formation

The first cell fate decision, segregation of TE and ICM cell fates occurs around the 16-cell 

stage, prior to blastocyst formation, when inside and outside cell populations are first 

established. Prior to the 16-cell stage, blastomeres are equivalent in terms of polarity, 

position, and degree of cell-cell contact. However, at the 16-cell stage, 1 or 2 cells come to 

occupy the inside of the embryo, and thus two populations emerge, each with distinct 

properties. Inside cells are apolar and make contact with cells on all sides, while outside 

cells are polarized along the radial axis of the embryo and lack cell contacts on their outer 

surface. Because cell polarization is one of the earliest recognized differences in these two 

populations, mechanisms regulating polarization of blastomeres are an intense area of 

research [6–10]. In addition, cell polarity has been shown to regulate the activity of the 

HIPPO signaling pathway [11–15], and the HIPPO pathway establishes the patterned 

expression of transcription factors that will later reinforce TE and ICM fates after blastocyst 

formation (Fig. 3A).

The HIPPO signaling pathway is well known for regulating cell-cell interactions in diverse 

developmental and homeostatic contexts [16, 17]. In the preimplantation mouse embryo, 

HIPPO pathway signaling negatively regulates activity of a transcriptional complex that 

includes YAP, WWTR1, and TEAD4 [9, 11, 12, 14, 18–20]. Since HIPPO signaling is 

repressed in outside cells [11–13, 18], the YAP/WWTR1/TEAD4 complex is thought to be 

active in outside cells, where it promotes expression of TE genes, including Cdx2 and Gata3 

[18, 21, 22], and represses expression of the ICM gene Sox2 prior to blastocyst formation 

[23] (Fig. 3A). Importantly, CDX2 and SOX2 do not regulate each other’s expression [21, 

23], and Gata3 null embryos survive beyond the blastocyst stage [24]. Therefore TE and 

ICM genes are independently regulated by the HIPPO pathway prior to blastocyst formation. 

Notably, other pluripotency genes, such as OCT4 and NANOG are expressed ubiquitously 

until after blastocyst formation, and are not influenced by HIPPO signaling prior to 

blastocyst formation [19, 20, 25–27]. Therefore, CDX2 and SOX2 are the earliest fate 

markers that provide readouts of HIPPO signaling prior to blastocyst formation.

The mechanisms that produce the spatially restricted HIPPO pathway signaling have been 

examined. Surprisingly, the mouse HIPPO orthologues Mst1/2 do not regulate YAP/

WWTR1/TEAD4 activity or TE/ICM cell fate during preimplantation stages [19]. Rather, 

the most upstream components of the HIPPO pathway identified to function in TE/ICM 

specification are proteins encoded by the Angiomotin (Amot) family and Nf2 genes [11, 12, 

19]. These proteins have been proposed to act as a switch in the HIPPO pathway, turning the 

pathway on in nonpolar inside cells and off in polarized outside cells, through differential 
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recruitment and activation of LATS kinases [11–13, 19], which directly regulate activation 

of the YAP/WWTR1/TEAD4 complex [18]. Interestingly, HIPPO pathway members also 

promote ICM fates after blastocyst formation, and this role is described later.

Recently, an alternative role for TEAD4 was proposed [28], based on the observation that 

Tead4 was dispensable for blastocyst formation and CDX2 expression in embryos cultured 

in hypoxic conditions. This led to the proposal that TEAD4 regulates Cdx2 expression 

indirectly, by maintaining cell survival in conditions of oxidative stress, such as normoxia. 

However, TEAD4 can regulate Cdx2 expression directly [22, 29]. Thus it is also possible 

that in hypoxic conditions, Tead4 paralogues rescue Tead4 loss of function, but this 

hypothesis has not yet been tested. In addition, loss of Tead4 could be rescued by NOTCH 

signaling, which was recently reported to act synergistically with HIPPO signaling [29]. 

This was surprising because embryos completely lacking the NOTCH signaling effector 

RBPJ lack an obvious preimplantation phenotype [30]. However, defects in TE development 

were observed when NOTCH pathway components were examined in a genetic background 

sensitized by mutations in the HIPPO pathway [29]. Thus NOTCH signaling appears to 

potentiate the differentiative signals generated by the HIPPO pathway. These observations 

are consistent with programs of genetic redundancy to ensure a robust developmental 

program, and highlight the need to evaluate the roles of not just individual genes, but 

interacting genes and pathways.

In addition to HIPPO-mediated regulation of TE and ICM gene expression, other 

mechanisms for assigning TE/ICM cell fates may also be in play. For example, it has been 

proposed that Cdx2 is differentially partitioned into cells by oriented cell divisions, and that 

CDX2 then drives cells to an outside position [31, 32]. However, oriented cell divisions 

have been shown not to correlate with TE/ICM cell fate in the early embryo [33]. Moreover, 

while overexpressed Cdx2 is sufficient to alter cell position [32], endogenous Cdx2 

expression is a consequence, rather than a cause, of cell position in the blastocyst [34–36]. 

These observations therefore support the idea that regulators of cell fate normally act 

downstream of cell position, and differential inheritance of Cdx2 could help reinforce 

outside cell fate, which is already established by polarity-dependent HIPPO signaling.

The first cell fate decision: maintenance of TE and ICM cell types after 

blastocyst formation

After blastocyst formation, TE and ICM fates are then maintained by lineage-specific 

transcription factors. In the TE, CDX2 plays two essential roles, both occurring after 

blastocyst formation (after E3.5) (Fig. 3B). One role of CDX2 is to promote expression of 

TE genes in the TE, such as Eomes [27, 35]. The other role of CDX2 is to repress expression 

of ICM genes in the TE, such as Oct4 and Nanog [27]. Therefore, in the TE, CDX2 

transcriptionally promotes expression of TE genes and represses expression of ICM genes 

after blastocyst formation.

Whether ICM genes reciprocally repress expression of TE genes in the ICM has also been 

investigated. Curiously, although Sox2 expression localizes to the ICM well before Oct4 and 

Nanog (E3.0 versus E3.5-E4.0) [23, 37], Sox2 is not required for restricting expression of 
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TE genes to the TE [23]. One report suggested that NANOG represses Cdx2 in the ICM, as 

weakly elevated levels of CDX2 were detected in the ICM of Nanog null blastocysts [38]. 

However, this phenotype was not observed in other studies [39, 40]. By contrast, there is 

consensus that OCT4 represses expression of multiple TE genes in the ICM [21, 41]. 

Curiously, however, the requirement for Oct4 is not absolute because TE genes are absent in 

some cells of Oct4 null blastocysts [21, 41, 42 1998]. Although the ICM is a mixture of EPI 

and PE cell types at this stage, OCT4 functions in both cell types at this stage [42, 43]. 

Because TE genes are only partially derepressed in ICM cells of Oct4 null embryos, this 

suggests that OCT4 must regulate expression of TE genes indirectly in the ICM. This 

hypothesis is consistent with the observation that OCT4 regulates expression of TE genes 

indirectly in ES cell lines [44].

The second cell fate decision: establishment of EPI and PE cell types at the 

mid-blastocyst stage

Similar to the first cell fate decision, the second cell fate decision is also initiated by cell 

signaling. During the second cell fate decision, FGF4/MAPK signaling selects PE and EPI 

cell fate by promoting expression of PE genes and repressing expression of EPI genes within 

an initially homogenous ICM [45–48]. At the time of blastocyst formation (E3.5), ICM cells 

co-express Oct4, Nanog, Sox2, and Gata6 [23, 37, 42, 45]. Soon thereafter, FGF4/MAPK 

signaling in some ICM cells leads to repression of Nanog and Sox2 and elevation of Gata6 

expression in PE cells [23, 45–48]. By contrast, OCT4 expression is maintained in both EPI 

and PE cells at equivalent levels [37, 49], and its expression is not influenced by FGF4/

MAPK signaling [48]. Around the time that PE and EPI cells acquire distinct gene 

expression profiles, additional PE genes are expressed de novo in PE cells, including Sox17, 

Gata4, and Pdgfra [50–53]. Therefore, around the 64-cell stage (E3.75), the ICM contains a 

mixture of EPI and PE cells, arranged in a salt and pepper fashion.

Given the importance of FGF4/MAPK signaling in the second cell fate decision, the timing 

and localization of the expression of FGF pathway components has been examined. These 

studies have shown that, initially, transcripts encoding the FGF4 ligand and its receptor 

FGFR2 are present in a mutually exclusive pattern in ICM cells as early as the 32-cell stage 

(Fig. 4A) [37, 54]. Prior to blastocyst formation, GATA6 and NANOG are still expressed 

ubiquitously, and in an FGF4-independent manner [46, 47]. Thus, the regulated expression 

of FGF pathway components is the earliest, and most upstream, molecular difference among 

ICM cells that has yet been identified. These observations raise several questions about the 

mechanisms by which FGF4/MAPK signaling regulates the second cell fate decision.

The first question raised is, how could an FGF ligand, which should be capable of signaling 

over many cell diameters, establish heterogeneous gene expression among cells in close 

proximity? One model is that the restricted expression of the receptor, encoded by Fgfr2 

[37], limits which cells receive the signal and adopt a PE fate. However, high doses of 

exogenously supplied FGF4 are sufficient to convert all ICM cells to PE cells [47], and, 

therefore, all cells are capable of responding to FGF4. This observation suggests that the 

amount of Fgf4 expressed in the ICM must also be limiting. This proposal is supported by 
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the observation that an intermediate dose of exogenous Fgf4 can re-create a salt and pepper 

pattern of EPI and PE cells in Fgf4 null blastocysts [55].

The second question raised is, what establishes the initially heterogeneous expression of 

Fgf4 and Fgfr2 in the early ICM? There is currently no evidence for a role for NOTCH 

signaling in a lateral inhibition type of mechanism at this stage [29]. Rather, other models 

have been proposed. One model is that the stage at which new ICM cells are formed can 

influence cell fate and/or expression of FGFR2 [51, 56, 57]. However, there is evidence that 

ICM cell origins do not influence ICM fates [45, 47]. An alternative model is that the salt-

and-peppering of ligand/receptor expression is initially stochastic [54, 58]. Differences in 

the expression levels of FGF4 ligand and its receptor might then be maintained by a feed-

forward mechanism. For example, expression of NANOG, and SOX2 are both restricted to 

EPI cells by FGF4 signaling, where they help maintain expression of Fgf4 in EPI cells after 

E3.75 (Fig. 4B) [23, 39, 42, 45, 47, 48]. This model is consistent with reports of ICM cell 

plasticity [59, 60].

The second cell fate decision: transcription factor maintenance of EPI and 

PE cell types

During the second cell fate decision, transcription factors reinforce EPI and PE cell fates. 

However, until recently, it was unclear whether transcription factors acted upstream or 

downstream of FGF/MAPK signaling to promote PE cell fate. Several models were 

consistent with the observations that FGF4/MAPK signaling is necessary and sufficient to 

induce PE cell fate at the expense of EPI cell fate. For example, FGF4/MAPK signaling 

could upregulate expression of Gata6, and GATA6 could repress expression of Nanog in PE 

cells. Alternatively, FGF4/MAPK signaling could repress expression of Nanog and, if 

NANOG normally represses expression of Gata6, then Gata6 would become upregulated in 

PE cells. These models have been resolved by examining the epistatic relationship between 

FGF4/MAPK signaling and Gata6 and Nanog mutants.

Analyses using null alleles has revealed that FGF/MAPK acts at the top of the PE gene 

hierarchy (Fig. 4Bi), where it first increases expression of Gata6 in PE cells, and GATA6, in 

turn, represses expression of Nanog in PE cells [61, 62]. Notably, GATA6, like NANOG, is 

expressed ubiquitously before it becomes upregulated in PE cells, and it is unclear what 

drives the initial expression of Gata6 in the morula [27, 39, 46]. Surprisingly, GATA6 also 

appears to repress Nanog in TE cells [61], indicating that GATA6 is active in multiple cell 

types of the blastocyst. Conversely, NANOG represses expression of Gata6 in EPI cells 

[39]. Importantly, however, Gata6 is the only PE gene known to be ectopically expressed in 

EPI cells of Nanog null embryos. Other PE genes, such as Gata4, Sox17, and others, show 

markedly reduced expression in Nanog null embryos, owing to reduced expression of the 

PE-promoting signal Fgf4 [39, 40]. These observations and others suggest that GATA6 

promotes PE gene expression and represses EPI genes in parallel, downstream of FGF4/

MAPK (Fig. 4Bi).

The role of EPI genes, including Oct4, Nanog, and Sox2, in maintaining the second cell fate 

decision has also been evaluated. None of these genes appears to be required for initial 
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expression of each other [23, 39, 42, 63, 64]. However, because all three genes help promote 

expression of EPI-expressed Fgf4 [23, 39, 41, 42, 65], all three transcription factors also 

promote expression of PE genes non cell-autonomously [23, 39, 40, 42, 43]. In addition, 

OCT4 promotes expression of PE genes cell-autonomously [42, 43]. Therefore OCT4 has 

two activities in the ICM: promoting both EPI and PE gene expression. This observation 

raises the question of how OCT4 transcriptional activity is regulated so that OCT4 can 

regulate expression of PE and EPI-specific gene targets in a cell type-appropriate manner. 

An attractive model is that OCT4 transcriptional activity is regulated by cell type-specific 

SOX factors (Fig. 4Bii). This model is supported by the observation that SOX2 and SOX17 

direct OCT4 to bind the regulatory regions of pluripotency and PE genes, respectively [66].

The second cell fate decision: the latest stages

By the late-blastocyst stage (E4.0-E4.5), EPI and PE cells sort into distinct layers, with PE 

cells underlying the EPI and migrating down along the mural TE. Once PE cells arrive at 

their ultimate hypoblast position, expression of Sox7 is induced [67]. Two mechanisms are 

known to regulate the process of cell sorting. First, PE cells express molecules that facilitate 

their sorting, including Laminin and DAB2 [68–70]. Expression of these molecules is 

dependent on Oct4 and Sox2, and cell-sorting defects are observed in the absence of either 

transcription factor [23, 42]. Second, PE cells that do not sort correctly undergo apoptosis 

[52], revealing that a mechanism is in place to assure that EPI and PE cells are properly 

localized just prior to implantation.

Several signaling pathways are thought to maintain the ICM lineages in the late blastocyst, 

including LIF/IL6/JAK/STAT and BMP pathways [71–73]. Interestingly, several early-

expressed PE genes, such as Sox17, Pdgfra, and Sox7 are not essential until after 

implantation [46, 67, 74]. Therefore, even though these genes exhibit early-localized 

expression in PE cells, they may act redundantly with each other in the blastocyst. After 

blastocyst formation, the HIPPO pathway continues to function. Loss of the HIPPO pathway 

member Nf2 leads to gain of TE genes within the ICM at the late blastocyst stage [19]. In 

addition, loss of Lats leads to loss of ICM gene expression and even loss of ICM cells by 

late blastocyst stage [12, 25]. These observations suggest that HIPPO signaling maintains 

survival or position of ICM cells as blastocyst maturation proceeds. However, the 

mechanism of cell loss is not yet known.

It has been more difficult to determine whether genes that are required early in cell fate 

specification are also required later, because perdurance of the protein product of the deleted 

gene could mask loss-of-function phenotypes. In one case, deletion of Oct4 in the late 

blastocyst was achieved using the Cre/lox system [43]. Interestingly, later deletion of Oct4 

did not disrupt PE cell fate in the late blastocyst. These observations suggest that Oct4 is not 

required for late PE cell fate, and that the reported PE defects in late Oct4 null blastocysts 

[41, 42] are due to an earlier requirement for Oct4. Therefore, temporal inactivation of genes 

can be used to pinpoint when genes are active in development. However, successful 

temporal gene inactivation is only feasible when appropriate Cre lines are available, and it is 

only informative when elimination of the target protein is confirmed to follow the dynamics 

of the gene deletion.
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Maternal determinants do not regulate mouse development

One longstanding question is the degree to which mammalian development is regulated by 

cytoplasmic determinants, which are known to dictate embryo patterning in a number of 

model organisms. For example, fly and frog embryos inherit information about where their 

head and tail should be from the mother, who produces an egg with intrinsic asymmetry. 

Although many maternal-effect genes are important in mammals [75], no maternally 

produced protein that impacts cell fates of the mouse embryo has been identified. Notably, 

the majority of maternal transcripts as well as many maternal proteins are degraded very 

early in development, many days before cell fate acquisition. Moreover, the patterns of cell 

division that precede establishment of the EPI lineage can be highly variable among 

embryos [76]. For these reasons, it is difficult to imagine that the spatial distribution of a 

maternally deposited factor could direct cell fate decisions as a cytoplasmic determinant.

The role of maternal OCT4, and SOX2 in early cell fate decisions has been scrutinized using 

null alleles. Independent studies have confirmed that even though levels of maternal OCT4 

and SOX2 are quite high in oocytes, maternal OCT4 and maternal SOX2 are dispensable for 

development [23, 42, 63, 77]. By contrast, CDX2 is not detectable in oocytes [78, 79], and 

the level of maternal Cdx2 detected in oocytes is ten times lower than the level detected in 

ES cells, where Cdx2 has no role [80, 81]. Not surprisingly, deletion of maternal Cdx2 alone 

does not disturb development, and deletion of maternal and zygotic Cdx2 phenocopies 

deletion of zygotic Cdx2 [23, 81]. In contrast to these results, another study recently reported 

a role for maternal Cdx2 [82]. It is not clear what is the basis for the discrepancy since both 

groups examined similar numbers of embryos, and used the same Cre driver to delete 

oocyte-expressed Cdx2. Differences between the groups included culture conditions, the 

Cdx2 allele used, and possibly genetic background. Therefore, the Cdx2 null phenotype may 

be influenced by interactions with as-yet unidentified environmental or genetic factors. This 

hypothesis is consistent with our recent observations that Cdx2 activity is influenced by 

genetic background in ES cells [83]. Regardless, both groups reported that in embryos 

lacking both maternal and zygotic Cdx2, cell fate allocation was similar to that in embryos 

lacking zygotic Cdx2, arguing that maternal Cdx2 is unimportant for cell fate decisions in 

the early embryo.

Forging ahead

Although technological advances in gene expression analysis and imaging have provided 

new insight into the genetic regulation of cell fate specification in the mouse early embryo, 

many mysteries are still unsolved (Outstanding Questions Box). Several of the challenges 

intrinsic to working with preimplantation embryos might be mitigated by emerging 

technology. For example, the small cell number of the blastocyst makes it difficult to 

identify transcription factor binding sites in the three cell types of the blastocyst. One 

solution involves using recently developed methods for sorting and pooling the three cell 

types from the blastocyst [84]. Another challenge is that genetic redundancy may mask the 

essential roles of genes, and breeding double and triple mutants is not considered time or 

cost-effective. However, emerging genome editing technology may simplify the process of 

introducing multiple mutant alleles in the zygote [85]. Another challenge is that gene 
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discovery is sometimes slower in mice than in other model organisms that are better suited 

to forward genetic techniques. However, advances in genome sequencing technology make 

forward genetic approaches more feasible in the mouse. Finally, it is becoming apparent that 

both development and disease are governed by the interaction of multiple genes and 

pathways of individually small effect, and thus the real mechanisms that regulate 

development might be distorted by the reductionist approach of null alleles and two or three 

gene outputs. However, single-cell gene expression analyses have facilitated systems views 

of how pathways, and not just individual genes, modulate developmental processes [3, 42, 

54]. Moreover, unique features of preimplantation embryos have allowed advances in 

techniques for live imaging gene expression changes during development [86]. With these 

advances in place, chances are good that the spotlight will remain on the blastocyst for many 

repeat performances to come!
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Glossary

Blastocoel the fluid-filled cavity of the blastocyst

Blastocyst the embryo after formation and expansion of the blastocoel (32-

cell stage to implantation)

Cavitation formation of a cavity

Cleavage a special type of cell division that decreases cell size by halving 

the cell

Cleavage stages preimplantation development

Compaction the process by which totipotent blastomeres of the mouse 

embryo increase cell-cell contact and polarize along the radial 

axis of the embryo. Compaction creates apical (outside) and 

basolateral (inside) polarity and occurs at the late 8-cell stage

Epiblast (EPI) the fetal lineage of the embryo, present in the late blastocyst

Implantation the process of embryo embedding within the stroma of the 

uterus

Inner Cell Mass 
(ICM)

the inside cells of the blastocyst, which contain progenitors of 

ES cells or fetus and primitive endoderm

Morula the embryo from the 8-cell stage until blastocyst formation, 

when the embryo morphologically resembles a mulberry

Preimplantation the period of embryonic development after fertilization and prior 

to uterine implantation
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Primitive Endoderm 
(PE)

an extraembryonic lineage present in the blastocyst that will 

contribute to the yolk sac endoderm

Trophectoderm (TE) the extraembryonic lineage present in the blastocyst that will 

differentiate to become the trophoblast of the placenta

Zona pellucida the thick glycoprotein shell that surrounds the preimplantation 

embryo until hatching

Zygote the 1-cell embryo
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Highlights

• The first two cell fate decisions in mammalian development create embryonic 

stem (ES) cell progenitors and two extraembryonic cell types essential for fetal 

development

• During blastocyst formation, cell fates are initially specified by cell signaling, 

and are then reinforced by lineage-specific transcription factors

• Technological advances in imaging and gene expression analysis enables new 

insights into mechanisms of cell fate specification in the mouse early embryo
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Outstanding Questions Box

1. What regulates the timing of developmental milestones events? Halved two-

cell embryos form a blastocyst structure after the same number of days as intact 

two-cell embryos, even though halved embryos contain half the number of cells 

as their intact counterparts. Therefore, a mechanism exists for measuring time, 

which is independent of the number of cell divisions. This mechanism has not 

been identified.

2. What regulates the self-organizing properties of the embryo? Cells of the 

early embryo spontaneously acquire differences in cell polarity, which plays an 

essential role in directing cell fate. Disassembled embryos can reassemble and 

reestablish this polarity, even though cells may have changed their original 

position within the embryo. The pathways that dynamically regulate cell 

polarity are unknown.

3. How is cellular heterogeneity established in the embryo? The inner cell mass 

spontaneously subdivides into two cell types: one pluripotent and one 

extraembryonic, present in a 1:1 ratio. How these two cell types arise in 

balanced numbers is still unclear.

4. Why are some genes essential but others are not? Some genes with specific 

expression patterns are essential for early mouse development, whereas other 

genes, with identical expression patterns, are not. Therefore early embryonic 

processes seem protected against loss-of-function mutations in some genes, but 

not others. It is unclear how these observed patterns modulate the robustness of 

regulatory signaling networks involved in early embryogenesis, or how this 

complex developmental program evolved in placental mammals.
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Figure 1. Developmental milestones prior to implantation
Cell fates are color-coded according to the legend at the bottom of the figure, and E refers to 

the number of days after fertilization, which occurs at E0.0. Zygotic genome activation 

occurs at the two-cell stage, concurrent with degradation of the maternally provided 

transcriptome. Cell polarization and compaction occur at the late eight-cell stage. TE and 

ICM cell fates emerge during the eight to sixteen cell transition, and then the blastocoel 

forms by cavitation, starting between E3.0 and E3.25. During blastocyst expansion, the TE 

exists as a polarized epithelium, while ICM cells are nonpolar. As the ICM matures, EPI and 

PE cell fates emerge in the absence of an apparent spatial pattern. Eventually, EPI and PE 

cells occupy discrete layers within the ICM. Implantation occurs around E4.5, after the 

embryo hatches from the zona pellucida (grey ring encircling the cleavage stage embryos).
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Figure 2. Destinies of the blastocyst lineages
A) At E4.5, the blastocyst contains three cell types, corresponding to three major lineages: 

one fetal, and two extraembryonic. B) The three major lineages are color-coded in the later 

mouse embryo, according to their cell type of origin in the blastocyst.
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Figure 3. Initiation and maintenance of TE and ICM cell fates
A) Beginning around the 16-cell stage, the HIPPO pathway is active in the ICM, where it 

represses expression of TE genes, such as Cdx2 and Sox2. The HIPPO pathway is inactive in 

the TE, enabling the transcriptional regulation of both ICM and TE genes in parallel 

(WWTR1 omitted for simplicity, please see text for details). B) At later stages, CDX2 

reinforces the first cell fate decision by regulating expression of later-acting TE and ICM 

genes, such as Eomes and Oct4/Nanog, and GATA6 also helps repress Nanog in the TE. 

Simultaneously, OCT4 helps repress TE genes in some ICM cells. Please see text for 

relevant citations.
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Figure 4. Origins of cellular heterogeneity in the ICM
A) At the onset of blastocyst formation, Fgf4 and Fgfr2 transcripts exhibit heterogeneous 

distribution within the ICM. Bi) Around the 64-cell stage (E3.75), EPI factors promote 

expression of FGF4, which is received and transduced by FGFR2/MAPK. FGF4/MAPK 

signaling increases expression of GATA6, which represses NANOG and promotes 

expression of PE genes in PE cells. In EPI cells, NANOG represses expression of GATA6. 
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Bii) In both EPI and PE cells, OCT4 is transcriptionally active, but the choice of targets 

depends on the presence of either SOX2 or SOX17. Please see text for relevant citations.

Frum and Ralston Page 20

Trends Genet. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


