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Mammalian preimplantation development, which is the period extending from fertilization to implantation, results
in the formation of a blastocyst with three distinct cell lineages. Only one of these lineages, the epiblast, contributes
to the embryo itself, while the other two lineages, the trophectoderm and the primitive endoderm, become extra-
embryonic tissues. Significant gains have been made in our understanding of the major events of mouse preimplan-
tation development, and recent discoveries have shed new light on the establishment of the three blastocyst lineages.
What is less clear, however, is how closely human preimplantation development mimics that in the mouse. A greater
understanding of the similarities and differences between mouse and human preimplantation development has
implications for improving assisted reproductive technologies and for deriving human embryonic stem cells.

Introduction
The period of preimplantation development in mammals, extend-
ing from egg fertilization to implantation of the blastocyst in the
uterus, is a key stage during which the first three major cell lineag-
es of the embryo and its extraembryonic membranes are set aside.
These three lineages contribute to distinct tissues in later develop-
ment: the epiblast (EPI) gives rise to the fetus itself; the trophec-
toderm (TE) goes on to form the majority of the fetal contribu-
tion to the placenta; and the primitive endoderm (PE) becomes the
parietal and visceral endoderm, which later contributes to the yolk
sac. Knowledge about how these lineages develop during the preim-
plantation period has major clinical implications for increasing the
success of assisted reproductive strategies (ARTs) such as in vitro
fertilization (IVF) and preimplantation genetic diagnosis (PGD),
preventing the high rate of early pregnancy loss in humans, and
improving the derivation of stem cell lines from human embryos.
Much of what we know about preimplantation development has
come from studies in the mouse, which has been used as a model
for the early human embryo for over 40 years. Here, we review what
has been learned from the mouse about the major events of mam-
malian preimplantation development and discuss recent work
that has shed new insight on how the three blastocyst lineages
come to be established. Despite the significant progress that has
been made, we still know little about how closely the events of pre-
implantation development in the mouse reflect the human situa-
tion. We compare between mouse and human development where
possible and point out where more investigation of early human
development could be especially worthwhile.

Preimplantation development: an overview

Early cleavage and zygotic genome activation. The fertilized egg first
undergoes a series of early cleavage divisions, producing increasing
numbers of progressively smaller cells, known as blastomeres, with-
out changing the overall size of the embryo (Figure 1). As in other
types of organisms, protein synthesis in the mammalian zygote
initially relies on a deposit of maternally loaded mRNA (1). Tran-
scription of mRNA coded by the zygotic genome begins during the
first few cleavage divisions, and this transition from maternal to
zygotic transcripts is known as zygotic genome activation (ZGA).
ZGA takes place quite early in the mouse: there is an initial burst of
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zygotic transcription at the end of the one-cell stage, followed by a
second, larger burst at the two-cell stage (2, 3). This second burst
is accompanied by degradation of maternal transcripts (4, 5). In
humans, ZGA occurs later than in the mouse, at the four- to eight-
cell stage (6). This is the first of several indications that the timing
of events in human and mouse preimplantation development may
differ. Although maternal mRNAs may be degraded, proteins that
have been synthesized from these transcripts during oogenesis
can persist into later development. The presence of such “mater-
nal” proteins can confound the analysis of gene function during
preimplantation development in mouse studies, often requiring
the generation of maternal and zygotic loss-of-function mutants
(7, 8). Given the difference in timing of ZGA between mice and
humans, the relative roles of maternal and zygotic transcripts may
be somewhat different in mouse and human embryos.

Compaction and polarization. The early cleavage divisions produce
an eight-cell embryo that subsequently undergoes an increase in
intercellular adhesion known as compaction, causing all cells to
adopt a more flattened morphology (Figure 1). This process of
compaction is essential for later morphogenetic events and for the
proper segregation of the three embryonic lineages. In the mouse,
compaction is associated with the formation of adherens and, later,
tight junctions between cells. E-cadherin, a major component of
adherens junctions, becomes localized to regions of cell-cell contact
at the eight-cell stage (9), and disruption of E-cadherin-mediated
cell adhesion, by removal of Ca?* ions or addition of E-cadherin-
specific antibodies to embryo culture media, inhibits compaction
(10-12). E-cadherin-knockout embryos do compact normally at
the eight-cell stage because of the presence of E-cadherin protein
inherited from the egg, but they fail to maintain proper cell adhe-
sion into the blastocyst stage (7, 8). Conversely, embryos deficient
in the maternal supply of E-cadherin fail to compact at the eight-
cell stage, but they are rescued by zygotic expression of the paternal
allele and compact by the 16-cell stage (13).

It remains unclear how the process of compaction is initiated.
A simple increase in the level of expression of E-cadherin or its
intracellular binding partners a- and p-catenin cannot account
for the change, as all are present in the mouse embryo from fer-
tilization onward (9, 14). In fact, compaction can occur even
when mRNA synthesis is blocked from the early four-cell stage
onward (15), and is actually induced prematurely by culturing
four-cell-stage embryos in the presence of inhibitors of protein
synthesis (16). This indicates that all the components required for
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Stages of mouse and human preimplantation development. (A) In the mouse, the fertilized egg undergoes three rounds of cleavage, producing
an eight-cell embryo that then undergoes compaction. From the eight-cell stage onward, cell divisions produce two populations of cells, those
that occupy the inside of the embryo and those that are located on the outside. The blastocoel cavity begins to form inside the embryo beginning
at the 32-cell stage and continues to expand as the embryo grows and matures into the late blastocyst stage. Cdx2 becomes upregulated in
outside, future TE cells, starting at the 32-cell stage, while Oct4 expression becomes limited to the ICM in the early blastocyst stage. By the late
blastocyst stage, while continuing to express Oct4 ubiquitously, the ICM contains a population of Nanog-positive EPI cells and a population of
Gata6-positive PE cells. (B) Development is similar in the early human embryo, although compaction occurs at the 16-cell stage and the mutually
exclusive expression patterns of CDX2 and OCT4 are not established until the late blastocyst stage. The expression patterns of NANOG and
GATAG in the human preimplantation embryo have not yet been characterized.

compaction have been synthesized by the time the embryo reaches
the early four-cell stage. Notably, culture of embryos with small
molecules that activate PKC also causes premature compaction
(17, 18). This suggests that posttranslational mechanisms play an
important role in the induction of compaction, possibly by main-
taining the E-cadherin complex in an inactive state, although how
this might occur remains to be elucidated. In support of this theo-
ry, both E-cadherin and B-catenin become phosphorylated at the
time of compaction (19, 20). The Rho family GTPases also play a
role in this process (21, 22). In cultured cells, IQ motif-contain-
ing GTPase-activating protein 1 (IQGAP1) can disrupt cadherin/
catenin complexes by preventing the binding of a-catenin to
B-catenin and E-cadherin until it is bound and inactivated by the
Rho family GTPases Racl and Cdc42 (23). Changes in the subcel-
lular distribution of IQGAP1 and Rac1 protein before and during
compaction suggest that a similar relationship exists in the pre-
implantation mouse embryo (22). This has led to the hypothesis
that IQGAP1 prevents premature compaction until the eight-cell
stage, when Racl and Cdc42 are activated, although this has not
yet been tested experimentally (24).

Blastomeres do not show any signs of intracellular polarity until
compaction but, concomitant with the increase in cell adhesion at
this stage, all cells rapidly polarize along the axis perpendicular to
cell contact such that outward facing (apical) regions become dis-
tinct from inward facing (basolateral) regions (Figure 2). The cyto-
plasm becomes reorganized: cell nuclei move basolaterally (25),
while the endosomes, previously distributed randomly, become
996
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localized apically (26). Actin accumulates apically, as do most
microtubules, although a smaller population of more stable acety-
lated microtubules becomes localized basolaterally (27, 28). Micro-
villi that were equally distributed on the cell surface prior to com-
paction accumulate at the apical pole and are almost completely
eliminated basolaterally (29). As is the case in other polarized cell
types, the membrane protein ezrin (30), the polarity proteins Par3
and Par6 (31, 32), and atypical PKC (aPKC) (33) all become local-
ized to the apical domain, while the polarity proteins Parl and
lethal giant larva homolog (Lgl) accumulate basolaterally (32).

It is unclear how polarization is initiated de novo at the eight-
cell stage. Based on the close temporal link between compaction
and polarization, one hypothesis is that cell contact is somehow
important for the establishment of the apical and basolateral
domains. Multiple studies have shown that cellular interactions
are involved in setting up the orientation of polarity, as apical
poles tend to form in positions that are as far away as possible
from locations of cell contact (34, 35). However, polarization
can occur in blastomeres that have been isolated from cell con-
tact or prevented from compacting, albeit at a lower frequency
than usual (36, 37). Thus it appears that cell contact is partially
responsible for the establishment of polarity but that there are
other mechanisms involved, one of which is dependent on nucle-
us-microtubule-cortex interactions (32, 36). Regardless of how
polarity is established, it is likely maintained, as in other systems,
by the mutual antagonism of apical and basal protein complexes
containing the various PAR proteins, aPKC, and Lgl (38).
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Symmetric versus asymmetric cell divisions up to the 32-cell stage.
Once the eight-cell embryo has compacted and polarized, it
undergoes two further rounds of cleavage, growing from eight
cells to 16, and from 16 cells to 32. During these divisions,
inheritance of the polarized state is influenced by the orienta-
tion of the cleavage plane of the blastomere (Figure 2). If a cell
undergoes mitosis at an angle perpendicular to its axis of polar-
ity (that is, parallel to its inside-outside axis), its two daughter
cells will both be polar and will remain on the outside of the
embryo. However, cells can also divide parallel to their axis of
polarity, producing one polarized outside daughter cell and one
apolar cell that is located on the inside of the embryo (39, 40).
In this way the preimplantation embryo, which was previously
composed of a uniform population of cells, has now generated
two separate groups of cells: apolar inside cells and polar outside
cells. Cell polarity and cell position are both important in defin-
ing these two populations, as experimentally manipulating the
position of a cell in the embryo can alter its polarity (41-43) and
changing the polarity of a cell can in turn affect its position (31).
From the 32-cell stage onward, these two cell populations have
distinct developmental fates: cells on the outside of the embryo
contribute to the TE lineage, while inside cells contribute to the
inner cell mass (ICM), the group of cells that further diverges
into the EPI and PE lineages (see below).

The processes of compaction, polarization, and asymmetric divi-
sion have not been well studied in mammalian species other than
the mouse. Studies of human preimplantation embryos develop-
ing in vitro indicate that their development closely resembles that
of mouse embryos at the gross morphological level. One notable
exception is the observation that compaction often occurs later in
the human embryo than in the mouse, at the 16-cell stage (44-46),
although it has also been reported to begin earlier, at the four- to
eight-cell stage in some embryos (47). It is unclear how the differ-
ent timing of compaction might affect polarization and asymmet-
ric cell divisions in the human embryo.
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Figure 2

Polarity in the mouse preimplantation embryo. (A) At the eight-cell
stage, all blastomeres polarize along the axis of cell contact, forming
outward, apical domains and inward-facing basolateral domains. (B)
As the embryo grows from eight to 16 cells, blastomeres that divide
parallel to the inside-outside axis produce two outside, polar cells.
Blastomeres that divide perpendicular to the inside-outside axis pro-
duce one outside, polar daughter cell and one non-polar, inside daugh-
ter cell. This creates two populations of cells: outside, polar cells and
inside, nonpolar cells. These two types of cell division also occur as the
embryo grows from 16 to 32 cells.

Blastocoel formation. Starting at the 32-cell stage, as the outside
cells of the embryo are becoming fully committed to the TE lin-
eage (48, 49), a fluid-filled cavity known as the blastocoel begins to
form (Figure 1). The presence of a blastocoel is essential for proper
development of the ICM (49). During blastocoel formation water
may enter the embryo via an osmotic gradient, as a result of Na*/K*
ATPases that produce an accumulation of Na* on the basolateral
side of the TE (50). Water movement may also be facilitated by
aquaporins, which are present in the TE and functional by the
32-cell stage (51). Once it begins to form, maintenance of the blas-
tocoel depends on the epithelial character of the TE. As early as
one hour after compaction, and continuing for another full day,
tight junction components such as occludin (52), zona occludens 1
(Z2O-1) and ZO-2 (53, 54), and cingulin (55, 56) begin to assemble
in outside cells, until functional tight junctions are fully formed
by the 32-cell stage (52, 54). These tight junctions form a seal,
preventing water leakage. With the formation of the blastocoel at
E3.5, the mouse embryo is now considered a blastocyst. It contin-
ues to mature for an additional 24 hours and is ready to implant
into the uterine wall by E4.5. Although it has not been studied
extensively, blastocoel formation in the human embryo appears to
take place at approximately E4.5 (44).

The early embryo: totipotent and

developmentally flexible

A unique characteristic of preimplantation mammalian develop-
ment is that it is highly regulative. Early mammalian embryos
are highly adaptable during the first three rounds of cleavage
and can withstand changes such as the removal, addition, and
rearrangement of blastomeres (57-59). Additionally, preimplan-
tation embryos are able to develop in synthetic culture media
for several days without showing obvious problems after being
transferred back to the uterus. This remarkable flexibility has
been used in the development of ARTs. Embryo culture is essen-
tial to the process of IVF, as zygotes are usually cultured for three
days after fertilization in order to select embryos with the most
normal-looking morphology to use for uterine transfer (60). In
some cases, embryos are kept in culture for up to five days in
order to improve their chances of successful implantation (61).
The examination of embryos that have been cultured for longer
periods provides even more opportunity to score for morpholog-
ically normal characteristics (62). However, recent studies have
indicated that embryo culture may lead to aberrant expression of
certain genes as a result of disruption to their epigenetic control
mechanisms. This may be related to a possible increase in the
frequency of syndromes associated with epigenetic defects, such
as the overgrowth disorder Beckwith-Wiedemann syndrome, in
children born as a result of ART (63, 64), although the incidence
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of this condition remains extremely low in such individuals (65,
66). Clearly there is still a need to improve embryo culture condi-
tions and develop better ways of identifying high-quality embryos
without extended culture.

The technique of PGD, whereby embryos are screened for genetic
conditions prior to uterine transfer, also relies on developmental
flexibility, as it requires the removal of a blastomere from a cleav-
age-stage embryo or from a blastocyst for use in genetic analysis
(67). The remaining biopsied embryo is transferred to the uterus
and develops normally in most cases. While the blastomeres of
some four-cell-stage embryos may differ in their developmental
properties, all cells at this stage are still able to contribute to all tis-
sues of the later embryo (68), and therefore loss of one blastomere
during PGD can be compensated for by the remaining cells of the
embryo without causing permanent harm.

Although individual blastomeres may show small develop-
mental biases, it remains clear that the cells of the cleavage-
stage embryo are developmentally plastic and highly influenced
by cell-cell interactions. However, this early flexibility greatly
diminishes as the three lineages of the blastocyst, first the TE
and then the EPI and PE, become established. Proper formation
of these three lineages is essential for the survival and normal
development of the embryo. The presence of a functional TE, for
example, is essential for the complex molecular interactions that
occur between the embryo and uterus during implantation (69).
Although the causes of recurrent spontaneous abortion, which
affects approximately 1% of all couples trying to conceive, remain
largely unidentified, the loss of pregnancies at very early (peri-
implantation) stages can often be attributed to problems with
the embryo itself, and not to problems with the uterine wall (70).
This suggests that a better appreciation of how the TE forms will
help us to understand some of the underlying causes of implan-
tation failure and early pregnancy loss.
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Figure 3

Models of TE specification in the mouse embryo. (A) According to the
inside-outside model, cells on the inside and outside of the embryo
receive different amounts of cell contact, and this is translated into
differences in transcription factor expression. (B) According to the cell
polarity model, the presence or absence of an apical domain is trans-
lated into differences in transcription factor expression. (C) After the
eight-cell stage, active Lats1/2 kinases phosphorylate Yap in inside
cells, preventing its movement into the nucleus. Without Yap, Tead4
cannot induce the expression of Cdx2. In outside cells, Lat1 and Lat2
are inactive and Yap is free to move into the nucleus, activating Cdx2.
Increased cell-cell contact on the inside of the embryo may activate
Lat1 and Lat2 via the Hippo signaling pathway, while some component
of the apical domain may inhibit Hippo signaling and Lat1 and Lat2
activity in outside cells.

The first lineage decision: segregation of the TE and ICM

The first cell lineage to be specified in the preimplantation embryo
is the TE. In the mouse, cells become fully committed to either
the TE or ICM lineage during the 32-cell stage, at around E3.5. A
major question in the field of preimplantation development is how
this lineage decision is made. Based on the positions of TE and
ICM cells in the mouse embryo and the discovery that changing
the position of a cell can change its fate, early investigators devel-
oped the inside-outside model (59). According to this model, cells
on the inside and outside of the embryo are exposed to different
amounts of cell contact and to different microenvironments, and
these differences become translated into cell fate (Figure 3). Later,
the discovery of blastomere polarization, and of the ability of blas-
tomeres to divide asymmetrically to produce both polar and non-
polar daughter cells, led to the establishment of the cell polarity
model (39). According to this model, it is the inheritance of polar-
ity that is translated into TE fate (Figure 3), although the exact
molecular link between polarity and cell fate has remained unclear.
One possibility is that some cell fate determinant(s) may be seg-
regated specifically into, or out of, polarized cells during mitosis.
One such determinant may be the TE-specifying transcription fac-
tor caudal type homeobox 2 (Cdx2) (see below), as Cdx2 mRNA
appears to be localized to the apical domain of blastomeres at the
eight-cell stage (71). It will be important to determine whether this
apical localization does in fact result in preferential inheritance of
Cdx2 mRNA to outside cells after the eight-cell stage, and whether
this inheritance is reflected at the protein level, before conclusions
can be drawn about the relationship between Cdx2 mRNA local-
ization and TE specification. Regardless of whether TE specifica-
tion is a result of cell position, cell polarity, or both, downstream
transcription factors are most certainly required to translate these
differences at the cellular level into differences in cell fate. Study-
ing these transcription factors can help us gain insight into the
cellular mechanisms that act upstream of them.

Transcription factor control of TE/ICM segregation. TE and ICM lin-
eage segregation is controlled by a small group of transcription
factors. Specifically, Cdx2 is required for TE development, while
the pluripotency markers octamer 3/4 (Oct4), Nanog, and SRY-
box containing gene 2 (Sox2) are involved in establishing the ICM
fate. In the mouse, Cdx2 is expressed at varying levels in all blasto-
meres starting at the eight-cell stage, but it becomes restricted to
outside, future TE cells, prior to blastocyst formation (Figure 1)
(72, 73). This variation in Cdx2 levels between individual blasto-
meres at the eight-cell stage may be a result of differences in the
order and orientation of the cleavage divisions leading up to this
Volume 120

Number4  April 2010



stage (71). Embryos missing Cdx2 do form blastocysts initially, but
the TE in these embryos loses its epithelial integrity and cannot
differentiate further, resulting in death around the time of implan-
tation (74). Oct4, Nanog, and Sox2 have expression patterns that
are complementary to that of Cdx2 — they are also initially ubig-
uitous but become restricted to inside, future ICM cells, after the
blastocyst has formed (75-78). Cdx2 becomes spatially restricted
before Oct4, Nanog, and Sox2, indicating that it may be required to
downregulate these three transcription factors in outside cells. In
support of this notion, Oct4 and Nanog fail to be properly restricted
in Cdx27/~ embryos and are ectopically expressed in outside cells at
the blastocyst stage (74). After they have been established, these
expression patterns are reinforced by the later reciprocal repres-
sion of Cdx2 by Oct4, Nanog, and Sox2 (79, 80), along with the
autoregulation of Oct4 and Cdx2 (81, 82).

Thus, the establishment of the TE and ICM lineages begins with
the upregulation of Cdx2 in outside cells, followed by its down-
regulation of Oct4, Nanog, and Sox2 in these same cells. What leads
to this initial upregulation of Cdx2? The answer appears to lie in
two additional, recently identified transcription factors involved
in TE specification, TEA domain family member 4 (Tead4) (83,
84) and Yes-associated protein 1 (Yapl; herein referred to as Yap)
(85). Tead4”/~ embryos show a more severe phenotype than Cdx2”
embryos, failing to form any blastocoel, and they do not express
Cdx2. This indicates that Tead4 acts upstream of Cdx2 in TE spec-
ification. Tead4 cannot act alone, however; it requires the addi-
tional presence of Yap, which acts as a transcriptional activator, to
induce Cdx2 expression (85). Although Tead4 protein is similarly
distributed in all cells of the embryo (83), Yap is only localized to
the nuclei of outside cells; it is phosphorylated and excluded from
the nuclei of inside cells beginning after the eight-cell stage (85).
Thus, in outside cells, Yap and Tead4 can cooperatively activate
Cdx2 expression, but in inside cells, without the presence of Yap in
the nucleus, Tead4 is inactive and Cdx2 expression is silenced.

Hippo signaling and a new model for TE specification. The ques-
tion now becomes what leads to the differential localization of
Yap along the inside-outside axis of the embryo? Yap is a known
downstream target of the Hippo signaling cascade in mammals,
where its phosphorylation state and subcellular localization is
regulated by the Hippo pathway members large tumor suppres-
sor homolog 1 (Lats1) and Lats2, two closely related serine-threo-
nine kinases that act redundantly (86, 87). A recent study showed
that activated Lats1/2 can phosphorylate Yap in NIH-3T3 cells,
preventing its movement into the nucleus (87). This relationship
between Lats1/2 and Yap appears to be conserved in the preim-
plantation mouse embryo, as mouse embryos mutant for both
Lats] and Lats2 fail to restrict Yap to the cytoplasm of inside cells
(85). As expected, the inside cells of Lats17/~Lats27/~ embryos show
ectopic expression of Cdx2 (85).

This evidence that Hippo signaling can control Cdx2 expres-
sion has exciting implications for our understanding of TE
specification. Notably, cell contact can lead to Hippo pathway
activation in cultured cells (85, 87, 88). The same may occur in
the preimplantation embryo, where increased intercellular con-
tacts between inside cells could activate Hippo signaling, result-
ing in Yap phosphorylation and nuclear exclusion specifically on
the inside of the embryo. Indeed, when an E-cadherin-specific
antibody is used to disrupt cell adhesion in cultured embryos,
Yap is not excluded from nuclei of inside cells (85), suggesting
that cell-cell contact is required to regulate its localization. This
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hypothesis is consistent with the original inside-outside model
of TE specification, where cell position and cell-cell contact are
the driving force behind cell fate.

It is also important to note that the relationship between cell
position and Yap localization does not rule out a role for polariza-
tion in TE specification. It is possible that the polarized state is in
some way inhibitory to the Hippo signaling cascade. In support
of this, individual blastomeres that have been dissociated from
eight-cell embryos and have become depolarized do not display
nuclear-localized Yap, as would be the case if cell contact were
the only factor regulating Hippo signaling (85). This could be
explained if polarization was also involved, acting via a parallel
pathway to silence Hippo signaling in outside cells. The recent
studies of Hippo signaling and Yap localization have therefore led
to a new model for TE specification, in which both cell position
and cell polarization are required to direct cell fate (Figure 3). This
type of model would allow embryos to capitalize on two distinct
differences between inside and outside cells, polarity and posi-
tion, resulting in a clear and unambiguous segregation between
the TE and ICM lineages.

The second lineage decision:

segregation of the PE and EPI

After specification of the TE, the ICM segregates into two lineages,
the PE and the EPIL Considerably less is known about this second
lineage decision than about the first. The PE forms as a monolayer
of cells along the surface of the EPI that faces the blastocoel, while
the EPI remains as a mass of cells between the PE and the TE (Fig-
ure 1). By E4.5 in the mouse, these two groups of cells are mor-
phologically distinguishable, and the cells in each group are com-
mitted to their fates (89-91). Early models of PE/EPI specification
were similar in concept to the inside-outside model of TE specifica-
tion and held that this lineage decision was based on cell position.
Due to differences in cell contact or microenvironment, cells on
the outside of the ICM would take on a PE fate, while cells inside
the ICM would become EPI. This model is based on the observa-
tion that in isolated mouse ICMs, as well as in mouse embryoid
bodies (aggregates of cells derived from ES cells that resemble EPI
cells), PE cells develop as an outer layer (92-94). An important
postulate of this theory is that, prior to EPI/PE segregation, the
ICM is a homogeneous population of bipotential cells. That is,
any cell should be equally able to contribute to the PE or the EPI,
and its eventual fate should be determined by where it happens to
be located in the ICM. However, recent data have shown that this
postulate is not entirely true. Lineage tracing using the E3.5 mouse
ICM has shown that the majority of cells at this stage contribute
to either the PE or the EPI (95), although some cells still retain the
ability to contribute to both lineages (95, 96). Additionally, the
position of a cell in the ICM does not always correlate with its later
developmental fate (95). If cell position does not regulate PE/EPI
lineage segregation, what does? In order to think about possible
alternative models, it is necessary for us again to look at the tran-
scription factors involved in this process.

Transcription factor control of PE/EPI specification. Two transcrip-
tion factors, the closely related Gata family members Gata4 and
Gata6, have been shown to be important for the specification of
the mouse PE lineage. In mouse embryos mutant for either Gata4
or Gatab6, the PE does form, but a later PE derivative, the visceral
endoderm, does not (97, 98). The ability of these embryos to form
PE may be due to some functional redundancy between Gata4 and
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Gatab or to perdurance of maternal Gata proteins. In embryoid
bodies made from either Gata4~/~ or Gata67/~ ES cells, PE-like cells
fail to form on the outside surface (98, 99). Finally, when cells of
the ICM are injected with a dominant-negative form of Gata6,
they contribute significantly less to the PE than in wild-type situ-
ations (96). In contrast, overexpression of either gene is sufficient
to transform ES cells into PE cells (100), and overexpression of
Gata6 causes ICM cells to make a greater contribution to the PE
when Wnt9A is also overexpressed in the same cells (96). In the
EPI lineage, one important transcription factor is the pluripo-
tency-promoting protein Nanog. It was originally thought that
Nanog/~ mouse embryos lacked EPI but were able to form PE (77).
More recent work has shown that these mutants in fact lack both
EPI and PE, but the observation that they contain small numbers
of Gata4-positive cells has led to the hypothesis that the PE does
form initially but cannot survive without support from the neigh-
boring EPI, which does not form at all (101). Thus it appears that
Gata4 and Gata6 are required to promote the PE fate and suppress
the EPI fate, while the opposite is true for Nanog.

In the mouse ICM at E3.5, which corresponds to approximately
the 32-cell stage, the patterns of Gata6 and Nanog expression are
mutually exclusive such that most cells express either Gata6 or Nanog
but rarely express both (Figure 4) (95, 102). This is consistent with
the idea that most cells are committed to one or the other lineage by
this stage. Notably, the two transcription factors are expressed in a
random “salt and pepper” pattern that seems to be unrelated to cell
position, suggesting that cells may be predisposed to either EPI or
PE fate and then sort out into their appropriate positions.

Recent work has provided more detail to our understanding of
PE/EPI segregation. First, it seems that prior to E3.5 in the mouse,
many cells of the ICM coexpress both Nanog and Gata6 and gradu-
ally limit their expression to one transcription factor or the other
as the ICM matures (102). This change in transcription factor
expression may reflect the commitment of ICM cells to either the
PE or EPI fate. Time-lapse imaging of cells expressing a second PE
marker, Pdgfro, demonstrates that PE cells that begin inside the
ICM at the early blastocyst stage undergo a considerable amount
1000
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Figure 4

Models of EPI/PE segregation in the mouse embryo. (A) In the posi-
tion-dependent model, the mouse ICM at E3.5 is composed of a uni-
form population of bipotential cells, and those cells located on the out-
side surface of the ICM become PE due to some form of positional
information. (B) In the Fgf/MAPK-dependent model, cells of the ICM
are initially bipotential, but differences in Fgf signaling cause them to
become either Nanog- or Gata6-positive by E3.5. These cells are dis-
tributed randomly in the ICM, and cell sorting combined with apoptosis
results in the formation of organized PE and EPI layers by E4.5.

of movement to end up in the outside monolayer of PE cells by the
late blastocyst stage (102). In addition, the Pdgfro-expressing cells
that do not sort properly into the PE monolayer by the late blasto-
cyst stage undergo apoptosis (102). Another group has shown that,
in addition to the movement of inside cells to outside positions,
cells can also move from the outside surface of the ICM to take up
inside positions (96). This cell sorting likely relies on differences in
the adhesive properties of PE and EPI cells, although the molecules
responsible have yet to be identified. Finally, although the sorting
of pre-committed cells likely plays a major role in the segregation
of the PE and EPI, computer modeling of ICM development sug-
gests that, as originally hypothesized, positional induction may
also play a role in this process (96).

Fgf signaling and a new model for PE and EPI segregation. Embryos
that lack Fgf signaling capacity due to mutation of the Fgf fam-
ily member Fgf4, the receptor tyrosine kinase (RTK) Fgfr2, or the
RTK adaptor protein Grb2 do not form PE (103-106). Addition-
ally, Grb2~/- blastocysts do not express Gata6 (95). Together, these
data suggest a model in which Fgf signaling is required to activate
PE cell fate. But given that all ICM cells initially express EPI and
PE markers, how is it that some cells respond to Fgf signaling and
become PE, while others do not? One possibility is that ICM cells
generated either by the eight-cell to 16-cell or the 16-cell to 32-cell
round of cleavage differ in their Fgf responsiveness, as has been
suggested previously (107). These two cell populations do differ
in at least one known property, the possession of cytokeratin fila-
ments (108), and could therefore differ in others. Careful lineage
tracing to determine whether cells produced by either round of
cleavage are more likely to contribute to the PE or EPI will help to
address this hypothesis. Another possibility is that a more stochas-
tic series of events, in which cells of the ICM fluctuate in their level
of responsiveness to Fgf, may explain the heterogeneity of the ICM
(102). Small initial differences in Fgf signaling and transcription
factor expression may be reinforced by the mutual antagonism of
Gata6 and Nanog (109, 110), leading to the eventual salt and pepper
distribution of PE and EPI precursors.

Human blastocyst lineage development

and stem cell derivation

Very little is known about the mechanistic aspects of lineage devel-
opment in the early human embryo because of restrictions in the
availability of and ethical issues surrounding experimentation in
early human embryos. However, it is assumed that the processes
of cleavage, compaction, and epithelial formation leading up to
lineage segregation are similar between the mouse and the human,
although the timing of these events may differ. Detailed expression
studies of key lineage-specific genes in human embryos are still lim-
ited, although it is clear from mRNA expression studies that most
of the primary lineage regulators, including OCT4, SOX2, NANOG,
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and CDX2 are present in the human blastocyst (111, 112). However,
only detailed temporal and spatial analysis of protein localization
can really provide clues as to the conservation of the molecular
events of lineage restriction. It has been shown that OCT4 protein is
expressed throughout the human embryo, even beyond the initiation
of blastocyst formation (113), and is not restricted to the ICM until
six days after fertilization (114). In addition, CDX2 does not begin to
be expressed until E5.0, when the outer epithelium of the blastocyst
is already formed (114). This is consistent with CDX2 playing a con-
served role in suppressing OCT4 expression in TE, but it also suggests
that the time of lineage restriction in relation to the initiation of blas-
tocyst formation may be later in humans than mice. Is this related
to the later onset of zygotic gene transcription in humans? What are
the implications for the roles of putative upstream regulators such
as apical polarity and Hippo signaling? All these questions remain
unanswered. Of note are the observations that CDX2 expression also
appears to be limited to outside cells of porcine and bovine embryos
at the blastocyst stage, and that OCT4 expression is not limited to the
ICM in what appear to be fully expanded porcine blastocysts (115).
This suggests that TE/ICM segregation may also occur somewhat
later in other mammalian species than it does in mice.

Even less is known about the events of EPI versus PE segregation
in the human embryo. A few reports on the localization of NANOG
to the ICM in the human blastocyst mention in passing that not all
cells express this marker (113, 116). Is this expression complemen-
tary to expression of PE markers? What is the exact timing of restric-
tion of EPI and PE markers? Is FGF signaling important in establish-
ing the lineages? These questions are important to answer because
understanding the timing and pathways of this lineage restriction
has relevance to the derivation of ES cells from human blastocysts.
Studies in the mouse have indicated that EPI progenitors within
the ICM give rise to ES cells and that blocking Fgf signaling can
enhance EPI formation and promote ES derivation (117). Eggan
and colleagues have shown that the efficiency of deriving human
ES cells is highest six days after fertilization (114), which coincides
with the time when OCTH4 is restricted to the ICM and presumably
when lineage restriction begins. Is this also the stage at which there
is the greatest proportion of NANOG-expressing EPI cells?

review series

Curiously, human ES cells do not resemble mouse ES cells in
all their properties, although they share with EPI cells the expres-
sion of OCT4 and NANOG and the property of pluripotency.
Interestingly, human ES cells require FGF signaling for main-
tenance of self-renewal in culture, whereas Fgf signaling in the
mouse embryo promotes PE differentiation and, in mouse ES
cells, promotes germ layer differentiation (118). This funda-
mental difference has led to suggestions that human ES cells
are more similar to EPI cells of the early post-implantation stage
mouse embryo (119-121). However, it remains unclear why iso-
lated human ICMs would progress down this pathway in culture.
More detailed investigation of the interactions between signal-
ing pathways and transcription factor networks during human
preimplantation development will help to address this question.
One study has examined the induction of several key transcrip-
tion factors after treatment of human preimplantation embryos
with the growth factors IGF-1, leukemia inhibitory factor (LIF),
and heparin-binding EGF-like growth factor (116), but more
study is needed in this area to better inform our understanding
of the lineage state of human ES cells, to improve the efficiency
of their derivation, and to provide a rational comparison to newly
derived induced pluripotent stem cells. It will also provide better
methods for culturing human embryos for ART. Ethical restric-
tions in different jurisdictions may limit some of the approaches
that can be used, but a strong case for the importance of under-
standing the similarities and differences between mouse and
human embryos can now be made.
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