Blastocyst

A preimplantation embryo that
contains a fluid-filled cavity
(the blastocoel), a focal cluster
of cells from which the embryo
will develop (the inner cell
mass) and peripheral
trophoblast cells, which

form the placenta.

Trophectoderm

The outer layer of the
blastocyst stage embryo

that will give rise to the
extraembryonic ectoderm after
implantation and will provide
the bulk of the embryonic part
of the placenta.

Inner cell mass

A small group of
undifferentiated cells in the
blastocyst, which gives rise to
the entire fetus and some of its
extraembryonic tissues.
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REVIEWS

Making a firm decision:
multifaceted regulation of cell fate
In the early mouse embryo

How do we get from a single cell, the fertilized egg, to a
blastocyst comprised of three distinct types of cell with
differing biological potential and function? The answer
lies in the emergence of transcriptional programmes
characteristic of these cell types. The programmes depend
on mutually reinforcing or antagonizing interactions
between key transcription factors. These transcription
factors in turn influence and respond to epigenetic
marks in chromatin that reflect cellular ancestry, cell
positional history, cell polarity and division orientation.
In this Review we discuss how these different factors
might act in concert to control cell fate decisions.

As in other organisms, mammalian embryos inherit
a pool of maternal transcripts that are progressively
degraded and replaced by the products of zygotic tran-
scription. In mammals, zygotic transcription is initiated
at a very early stage when cells still exhibit developmen-
tal flexibility and can switch their fate. Nevertheless,
when differential patterns of transcription first become
evident these can be predictive of the first two cell fate
decisions: the setting apart of trophectoderm from the
inner cell mass (ICM) and the subsequent formation of
primitive endoderm and epiblast as the blastocyst prepares
for implantation (FIC. 1a,b).

The factors influencing how transcriptional pro-
grammes are initiated and maintained have only become
evident with the advance of technology. It is only now
that we can film and trace each cell in the embryo using
fluorescently labelled reporters and so discover cells ori-
gins, behaviour and fate, all of which can be correlated
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Abstract | The preimplantation mammalian embryo offers a striking opportunity to address
the question of how and why apparently identical cells take on separate fates. Two cell fate
decisions are taken before the embryo implants; these decisions set apart a group of
pluripotent cells, progenitors for the future body, from the distinct extraembryonic lineages
of trophectoderm and primitive endoderm. New molecular, cellular and developmental
insights reveal the interplay of transcriptional regulation, epigenetic modifications, cell
position and cell polarity in these two fate decisions in the mouse. We discuss how
mechanisms proposed in previously distinct models might work in concert to progressively
reinforce cell fate decisions through feedback loops.

with profiles of gene expression and epigenetic modifica-
tions. By changing gene expression in individual cells at
specific times we can investigate gene function in a clone
of cells whose development can be traced in the normally
developing embryo. Similarly, specific events faced by
any cell or by the entire embryo during its history, such
as the development of cellular or embryonic polarity or
the emergence of the embryonic—abembryonic axis, can be
correlated with the origins and fates of individual cells.
The integration of the resulting information is giving
invaluable insight into the cellular and molecular under-
standing of when and how cells make fate decisions, and
is helping to resolve previously controversial issues.

These novel perspectives are beginning to blur the
hitherto sharp edges between previously proposed alter-
native models of cell fate determination in mammalian
development. We discuss how these models might be
compatible with each other, and suggest that multiple
mechanisms could work in concert. The core theme
of this Review is how cells first gain and then main-
tain their identity in the mouse embryo. We start by
looking at zygotic genome activation and then exam-
ine how the three distinct lineages in the blastocyst
progressively develop.

Onset of zygotic transcription

At the earliest stages of development cells are pluripo-
tent. Their transcriptional circuits have no apparent role
in differentiation but rather they ensure the switch from
reliance on maternally provided transcripts to active
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An early differentiated cell
type that lines the inner
surface of the blastocyst cavity.
It gives rise to the visceral and
parietal extraembryonic
endoderm after implantation.
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Figure 1| Transcriptional regulation and cell fate decisions in preimplantation development. a | The stages of
preimplantation development. Inner cell mass (ICM) progenitor cells are set aside from outer cells in two successive
waves of asymmetric cell division commencing at the 8-16-cell stage transition. The outer cells become
trophectoderm (TE) in the first cell fate decision. The second cell fate decision involves the formation of primitive
endoderm (PE) at the surface of the ICM and the formation of the epiblast (EPI) in the deeper layer. b | Representation
of major events during preimplantation development that line up with the stages shown in part a. Maternal mRNA
degradation, the minor and major phases of zygotic genome activation (ZGA), cell polarization and the waves of
asymmetric divisions and the temporal onset of gene expression patterns associated with the first and second cell
fate decisions. ¢ | Hierarchical clustering of global mRNA expression levels throughout preimplantation development
reveals two distinct mRNA populations: the ‘oocyte-to-embryo’ and ‘cellular differentiation’ populations.

These two populations mark the transition between maternal and zygotic transcriptional controlin the embryo.

d | Transcriptional circuitry of cell fate decisions. ICM-specific gene expression (yellow; such as Nanog, Oct4, Sox2 and
Sall4) represses TE-specific genes (green; such as Tead4, Cdx2 and Elf5) that in turn could repress ICM genes. The ICM
then differentiates into EPI (blue; for example, Nanog) and PE (red; such as Gata6), where there is similar reciprocal

antagonism of gene expression.

zygotic transcription. Even at these early stages, many
factors control transcription: specific transcriptional
regulators, regulatory RNAs and chromatin remodelling
machinery. Clues to the identity of some of these factors
can be found in microarray profiling of all transcripts
throughout murine preimplantation development'?.
This profiling reveals that the early transcriptome is
divided into two temporal clusters: the first represent-
ing the mature oocyte until the late 2-cell embryo, and
the second representing the subsequent stages up to the
blastocyst stage (FIC. 1¢). These populations of transcripts

straddle the period of zygotic genome activation (ZGA)
and the destruction of many of the maternally provided
mRNAs (FIG. 1b,¢). Although this article will not explore
ZGA in detail, as comprehensive reviews can be found
elsewhere**, we will highlight some recent insights
into ZGA.

The degradation of many maternal RNAs relies on
members of the RNA-induced silencing complex in both
mouse and zebrafish embryos®®. The first, so-called
minor phase of ZGA requires specific transcriptional
regulators, such as transcription intermediate factor la
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Epiblast

The epithelial tissue that
develops from the inner cell
mass of the blastocyst and that
gives rise to all three definitive
germ layers of the embryo
during gastrulation: the
ectoderm, mesoderm

and endoderm.

Embryonic—abembryonic
axis

The side of blastocyst on which
the inner cell mass (containing
progenitor cells for the

body proper) is localized is
defined as the embryonic
pole, with the opposing pole
(containing the cavity) defined
as abembryonic. Accordingly,
these poles define the
embryonic—abembryonic axis.

Chromatin remodelling
Changes in the structural
properties of chromatin (either
covalent post-translational
modifications or architectural
properties) that ultimately
affect its accessibility to
protein factors, such as
transcription factors or RNA
polymerase, that can result in
underlying gene expression
changes.

RNA-induced silencing
complex

A complex made up of an
Argonaute protein and

small RNA that inhibits
translation of target RNAs
through degradative and
non-degradative mechanisms.

Blastomere

An early embryonic cell that is
derived from the cleavage
divisions of a fertilized egg.

Polarization

Generation of morphological
and molecular differences
along the apical-basal axis
of cells such as blastomeres.

(TTF1a) and nucleosome remodelling complex subunit
SNF2H (also known as ISWI or SMARCAS5)’. BAF155
and BRG1 (also known as SMARCC1 and SMARCA4,
respectively), which are subunits of the Swi-Snf-type
nucleosome remodelling complex?, are enriched in the
transcriptionally more active male pronucleus’. The male
pronucleus is depleted, unlike the female pronucleus, of
the transcriptionally repressive epigenetic marks of his-
tone H3 lysine 9 dimethylation (H3K9me2) and trimeth-
ylation (H3K9me3)'*'". In addition, embryos derived
from Brgl~ oocytes exhibit a characteristic ZGA phe-
notype of 2-cell embryo arrest and reduced transcrip-
tion'. Thus, growing evidence for the involvement of
nucleosome remodelling complexes in the early stages
of development points to the importance of epigenetic
regulation of chromatin and a need for an understand-
ing of the role of such complexes in decisions to retain
pluripotency or differentiate.

The first cell fate decision

The first fate decision in the mouse embryo is taken as
two populations of cells are set apart. Cells positioned
inside (the ICM) retain pluripotency and cells on the
outside develop into extraembryonic trophectoderm.
This first set of extraembryonic cells will support the
development of the embryo in the uterus and provide
signalling sources to pattern the embryo before gastru-
lation"*"". The generation of inside cells requires outer
cells to divide in an orientation such that one daugh-
ter cell is directed inwards during the 8-16-cell and
16-32-cell stages'®~2 (FIC. 1a). These divisions, named
‘differentiative, are in contrast to ‘conservative’ divisions
in which both daughter cells remain on the outside?'.
Because inside and outside cells will follow different
fates, differentiative divisions could be considered asym-
metric — and indeed recently it has been revealed that
they are likely to distribute cell fate-determining factors
asymmetrically between the daughters™.

Once these populations of cells are set apart, inner
cells develop a stable regulatory circuit in which the
OCT4 (also known as POU5F1)%%, SOX2 (REF 25) and
NANOG? transcription factors promote pluripotency
and resist differentiation. By contrast, in outside, tro-
phectoderm-destined cells, transcription factors such as
CDX2 and EOMES become upregulated®-. Reciprocal
repression of trophectoderm targets by OCT4, SOX2
and NANOG in the pluripotent lineage*"*, together
with the autoregulatory properties of OCT4 and CDX2
(REFS 33,34), ensure that lineage segregation is main-
tained (FIG. 1d). SALL4, which establishes and maintains
ICM integrity by promoting Oct4 and Nanog expres-
sion*>*, and TEAD4, which acts upstream of CDX2 in
trophectoderm development®*, are new and important
additions to the circuits of the first cell fate decision.

In order to understand the initiation of lineage seg-
regation, we need to understand how inside and outside
cells become different, and how their formation is regu-
lated. Specifically, what makes some cells in an embryo
divide symmetrically and others asymmetrically: is
this simply by stochastic (random) events, or are there
differences between cells that tip the balance?

REVIEWS

The first hypothesis that was proposed to explain
how inside and outside cells become different stressed
the importance of cell position. By changing the position
of cells, it was found that inside cells tended to develop
into the ICM and outside ones into trophectoderm™®. The
resulting ‘inside—outside” hypothesis proposed that cell-
specific environment somehow induces cell fate. But what
governs cell position, and does cell fate depend on posi-
tion alone? It was subsequently realized that blastomeres
become polarized along their apical-basal axis before the
inner cell-generating divisions begin*"*’. Thus, asymmet-
ric divisions would generate inside and outside daughters
that differ in their polarization properties. The resulting
‘polarization” hypothesis therefore implied a crucial role
for cell polarity in establishing the developmental prop-
erties of cells. As we will discuss later, recent experiments
using new technologies to follow development by time-
lapse microscopy combined with methods to monitor
and perturb gene expression in individual cells indi-
cate that these two hypotheses, originally thought of as
alternatives, might work in concert to specify cell fate.

Interplay between cell polarity, position and regula-
tion of cell fate genes. More recently, it emerged that the
conserved portioning defective (Par) gene family pro-
vides the molecular basis for cell polarity in the mouse
embryo*~*. Members of the Par complex, including
JAMI (REF 42), aPKC and PAR3 (REF. 41), become local-
ized apically at the 8-cell stage, whereas PAR1 is localized
in basolateral regions®. When cells divide asymmetrically
the outer daughters retain this polarity, but inside ones
inherit mainly the basal pole of the cell*. Tight junctions
that progressively develop between the cells will separate
the apical from basal regions by the blastocyst stage, and
this will result in formation of the polarized epithelium
of the trophectoderm and the apolar ICM*. As asym-
metric divisions position cells differentially and result
in differential inheritance of their polarization proper-
ties, it becomes difficult to distinguish the effect of cell
position from polarity. Moreover, not only will changing
cell position affect cell polarity and fate, but the converse
is also true. Thus, when inside cells are transplanted to
outside positions they become polarized and develop
as trophectoderm**%. Reciprocally, when polarity mol-
ecules such as PAR3 or aPKC are downregulated, prog-
eny cells adopt an inside position by either preferentially
dividing asymmetrically or by being ‘out-competed’ for
outside position by more polarized neighbouring cells —
consequently, they develop as part of the ICM*.. Finally,
directly affecting the levels of pluripotency genes also
affects cell position, presumably through an effect on cell
polarity*. When the expression of pluripotency genes is
enhanced in a cell, its progeny are sorted to the inside to
join other cells that express pluripotency genes at high
levels. Thus, these recent studies indicate that cell polar-
ity and cell position have a powerful interrelationship
with transcriptional networks.

The origins of inside-outside asymmetry. By the
mature blastocyst stage the ICM and trophectoderm
have established mutually exclusive transcriptional
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Cdx2 mRNA

8-cell

circuits?®?%** and yet, before blastocyst formation, the
pluripotency factors OCT4, SOX2 and NANOG are
present in both inside and outside cells. Expression of
pluripotency genes is downregulated by CDX2 (REF. 50)
and, in its absence, the expression of these genes con-
tinues in outside cells®’. CDX2 therefore seems to have
a crucial role in breaking inside-outside symmetry,
which raised the important question of how expression
of CDX2 is first regulated. Does its expression become
asymmetric between inside and outside cells as a result
of cell position, cell polarity or both? Two recent papers
reveal the possible mechanisms behind inside-outside
asymmetry in CDX2, and provide insights into these
questions®*,

Several explanations for establishment of the
inside-outside asymmetry in CDX2 are possible: Cdx2
transcription might be upregulated in outside cells
after asymmetric cell division; Cdx2 mRNA could be
translated more efficiently in the outside cells; or Cdx2
might be already expressed before cell division, but its
mRNA or protein might be asymmetrically distributed
in asymmetric divisions. Two of these possibilities have
recently found experimental support. Cdx2 mRNA has
been shown to become enriched at the apical poles of
polarized late 8-cell blastomeres®, raising the possibility
of differential inheritance of CDX2 transcripts between
daughters of asymmetric divisions (FIG. 2a). This would
point to a true asymmetry of this division. Not only does
cell polarity affect the spatial distribution of Cdx2 tran-
scripts but, reciprocally, Cdx2 expression strengthens
cell polarity: upregulation of CDX2 in a cell increases
the amount of apically localized aPKC*. Taken together,
these results suggest a model of a positive feedback loop
between cell polarity and CDX2 to reinforce the first
cell fate decision and to ensure that a functional troph-
ectoderm is established by the blastocyst stage (FIC. 2b).

Both outside cells
inherit Cdx2 mRNA

Symmetric

Asymmetric division

Thus, interaction between CDX2 and cell polarity
could provide a molecular platform for the polarization
hypothesis.

In addition to polarization of Cdx2 transcripts, it
has been recently shown that, following asymmetric
divisions, cells in the embryo can ‘sense’ whether they
reside in the inside or outside compartments through
the Hippo signalling cascade®. This mechanism ena-
bles Cdx2 expression to be enhanced when a func-
tional transcriptional complex containing TEAD4 is
present in outside cells but not in inside cells. Although
the exact mechanism underlying this phenomenon
remains unknown, one possibility involves sensing the
degree of cell-cell contacts. Thus, the Hippo signalling
pathway could provide a molecular platform for the
inside-outside hypothesis. It will be of future interest
to dissect the functional significance or synergy of dif-
ferential Cdx2 transcript localization and enhancement
of Cdx2 transcription. One might speculate, however,
that earlier events might also influence Cdx2 expres-
sion as its transcripts are already localized at the 8-cell
stage?, before any inner population of cells is gen-
erated and thus before Hippo signalling is likely to
operate.

Are cell fate decisions random or are they biased?
Zygotic expression of Cdx2 begins at the 8-cell stage but,
interestingly, several groups have found that initiation of
CDX2 expression is not uniform?>**** Typically, both
Cdx2 mRNA and protein first appear in only a few, often
just two, 8-cell stage blastomeres. Progressively, the
number of cells expressing CDX2 increases. How can
such asymmetry be explained if all blastomeres at this
stage have the same relative position in the embryo? Are
all cells equal or are some cells more equal than others?
(After G. Orwell’s Animal Farm.)

Outside cell inherits
more Cdx2 mRNA
than inside cell

& g

@ .
>

8-16-cell

Figure 2 | Transcriptional circuits in the first cell fate decision. a | Cell polarization
helps create a symmetry-breaking event. mRNA for the Cdx2 transcription factor (small
grey dots) becomes asymmetrically localized at the cortex of polarized blastomeres?.
Thus, when these cells divide symmetrically this mRNA is equally partitioned between
the daughter cells, but when they divide asymmetrically outer daughters inherit more
Cdx2 mRNA than inner daughters. When, after asymmetric divisions, cells reach their
inside (yellow) or outside (green) position, molecular mechanisms that sense cell
position can further influence transcription from the Cdx2 locus. b | Cell polarity and
trophectoderm fate are mutually reinforcing in symmetrically dividing cells. Increased
Cdx2 expression increases cell polarity and cell polarity leads to asymmetric
localization of Cdx2 mRNA. Decreased Cdx2 transcripts in inner cells, as a result of the
mechanisms outlined in a, relieves CDX2-mediated repression of the mutually
reinforcing Nanog and Oct4 genes that establish or retain pluripotency.
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Animal pole

The position on the oocyte,
and later on the embryo, in
which the two asymmetric
meiotic divisions take place.
The first of these meiotic
divisions takes place during
oocyte maturation and the
second after fertilization, both
lead to extrusion of small
cells called polar bodies. The
second polar body remains
attached and marks the
animal-vegetal axis.

Vegetal pole

The position on the oocyte,
and later on the embryo,
opposite where the two
asymmetric meiotic divisions
take place.

Cavitation

The process by which the
fluid-filled vesicular cavity
(the blastocoel) is generated
in approximately 32-cell
stage embryos, forming a
morphologically recognizable
blastocyst.

The debate of recent years (BOX 1), as to whether cells
are truly identical before the inside and outside popula-
tions are set apart, has to some extent been resolved with
an increasing number of groups finding that there is
differential gene expression in blastomeres before they
come to occupy different positions***"**. This moves the
debate away from the question of whether there are dif-
ferences between early blastomeres and towards what
the origins and significance of these differences might
be. Thus, to consider just CDX2 as an example, is the
development of differences in CDX2 expression sto-
chastic (random) or probabilistic (biased)? In the latter
case, do particular blastomeres have a greater chance of
initiating Cdx2 expression owing to their past history
— that s, their specific division orientation, division
order and relative position?

Precise tracking of the origins, division patterns, cell
cycle lengths, movements and relative positions of all
cells from the time they are born to the time their fate
is fixed, combined with quantitative gene expression
profiling in individual cells, has revealed some of the
origins of the differences between the cells*>*. These
studies showed that blastomeres with significantly
higher levels of CDX2 are daughters of cells that show
the lowest levels of specific chromatin modifications —
asymmetric dimethylation of arginine residues 17 and
26 of histone H3 (H3R26me2a and H3R17me2a)**,

Box 1| All blastomeres are born equal but are some more equal than others?

Whether blastomeres are truly equivalent has been controversial partly because it is
not an easy problem to address. This is because the mouse embryo is regulative and
can recover from removal or addition of cells. Regulative development does not
preclude the possibility of early bias, but does makes it extraordinarily difficult to
detect. The paucity of endogenous markers with which to orient the mouse embryo
has also confounded attempts to study the origins of heterogeneity. Although some
groups have been able to identify the animal-vegetal axis (that is, the axis defined by
the animal pole and vegetal pole) because its marker, the second polar body, remains
firmly attached throughout preimplantation development®#°, others reported they
were unable to do so as the second polar body became detached in their cultures®.
It has also been reported that when embryos become extensively elongated
(experimentally or naturally) embryo shape influences the site of cavitation and thus
the orientation of the embryonic—abembryonic axis®**#”%. In such elongated embryos,
blastomeres were reported to ‘dance’ to adjust their position to the shape of the
zona®®. However, the role of extrinsic factors, such as the zona, in blastocyst axis
specification remains a matter of controversy®*#. Counter evidence suggests that
the blastocyst cavity will form in the vicinity of symmetrically dividing cells, thus
determining the orientation of the embryonic-abembryonic axis****.To help resolve
this longstanding impasse, it would be interesting to examine whether cells in
elongated embryos are more similar to each other or whether they also develop
differences that bias their fates.

The separation of animal and vegetal cytoplasm provides a natural bias in a large
proportion of embryos and in some way affects the methylation of arginine residues
in histone H3 to influence potency (BOX 2). However, it is likely that, when the
position of cells is changed or when the animal and vegetal parts are not separated,
development will follow a more stochastic path. It is now a widely debated issue that
cell-to-cell variation in transcription, so-called transcriptional noise, can generate
variability that can be of selective advantage to individual members of a cell
population®. It is thus possible that such variable (that is, stochastic) expression
would need very little to send it in a direction in which it could be reinforced by
natural feedback loops. Therefore, this biological decision could, like many others,
be a continuum from stochastic to biased, thus accounting for the great difficulty in
pinning down the exact mechanism.

REVIEWS

Moreover, the differences in these epigenetic modifi-
cations at the 4-cell stage are a result of cell history.
Namely, the blastomeres that inherit both animal and
vegetal components of the zygote have higher levels of
H3R17me2a and H3R26me2a, whereas the blastomeres
that inherit solely vegetal material have lower levels of
these modifications* (BOX 2). These vegetal blastomeres
are also significantly less pluripotent than other cells™.
Together, the conclusions that higher levels of CDX2
predispose cells to differentiation and restrain pluripo-
tency in embryos mirror the findings of the effect of
Cdx2 expression in embryonic stem cells®. The dif-
ference is that the spatial organization of the embryo
provides a cell with a unique history that influences
CDX2 levels differentially between blastomeres. It is
important to note that such differences do not have
to be initially particularly strong to have a profound
effect on cell properties, and thus on cell fate and cell
potential, because they can be amplified by positive
feedback loops.

Consequences of differences in CDX2 expression levels.
Cells inheriting the vegetal part of the zygote at the
second cleavage have maximal levels of CDX2 at
the 8-cell stage and preferentially divide symmetrically,
contributing more to trophectoderm than other cells
do****. To understand the reason behind this we need to
understand whether the CDX2 level can affect division
orientation and, if so, by what mechanism. Two com-
plementary approaches have been used to address this
question. In the first, CDX2 expression was enhanced
in half of the embryo, through the injection of Cdx2
mRNA, and the development of this clone of cells was
compared with neighbouring cells. This revealed that
higher levels of CDX2 lead cells to divide symmetri-
cally significantly more often, thereby retaining cells
with higher CDX2 levels in an outside position®’. This
would reinforce transcriptional programming along
the differentiation pathway to trophectoderm. In the
second approach, Cdx2 was downregulated in half of
the embryo. This led to the opposite effect: lowering the
levels of CDX2 resulted in more asymmetric divisions
that directed cells to the ICM. This effect of CDX2 on
division orientation might work through cell polarity,
because increasing CDX2 levels enhances the apical
localization of cell polarity markers such as aPKC*.
Thus, the extent of cell polarization might be affected
by the expression level of factors, such as CDX2, that
promote differentiation into epithelium (trophecto-
derm). Interestingly, Cdx2 downregulation at the 2-cell
stage leads to a stronger effect on cell polarity and
cell allocation (inside versus outside) than zygotic
knockout of Cdx2 (REFS 22,51). One possibility to
explain this is that there is a pool of maternal Cdx2
mRNA that would be affected by RNAI at these early
stages but would not be affected by zygotic knockout. It
would be interesting to examine in future if such a pool
of maternal Cdx2 exists in the mouse egg.

In summary, correlating the division orientation of
every blastomere in normal development with its gene
expression profile reveals that division orientation can
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Box 2 | Histone methylation and developmental potential
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The differential methylation of arginine 26 and arginine 17 of histone H3 (H3R26me
and H3R17me) (see the figure, part a) was only discovered through a subtle difference
in the developmental history of blastomeres, namely a dependence on whether the
vegetal (V) and animal (A) parts of the zygote have become separated by an equatorial
division by the 4-cell stage. Methylation of H3R26 and H3R17 is elevated in 4-cell
blastomeres containing animal and vegetal components as a result of meridional (that
is, parallel to the animal-vegetal axis) divisions of the zygote®*. The level of H3R26me
and H3R17me is significantly decreased in blastomeres that divide last to enter the
4-cell stage and that inherit vegetal components after the equatorial division.
Blastomeres with animal and vegetal components (AV) contribute more cells to the
ICM as a result of dividing asymmetrically significantly more often than blastomeres
that inherit vegetal components.

Chimeras of AV blastomeres (see the figure, part b) that have elevated histone
H3R26me show greater developmental potential than chimeras of just animal
or just vegetal blastomeres, which have lower levels of histone H3R26me**.
Chimeras consisting of three AV blastomeres develop to birth with high efficiency,
chimeras consisting of three animal blastomeres develop less efficiently, and chimeras
consisting of three vegetal blastomeres are significantly smaller and arrest their
development shortly after implantation®. Direct evidence that this specific
epigenetic modification affects pluripotency came from the finding that
overexpression of CARM1, the methyltransferase responsible for methylating H3R17
and H3R26 (REF. 91), leads to elevated Nanog and Sox2 expression and causes cells to
make a greater contribution to the ICM (revealed in red by the DsRed lineage
marker) in the image of reconstructed blastocysts (see the figure, part €)*. It now
seems that CARM1 also modulates the pluripotency of embryonic cells®.

be affected by cell origin and expression levels of fac-
tors such as CDX2. This provides an insight into the
long-standing question of why some blastomeres divide
symmetrically at the 8-cell stage and others divide asym-
metrically. Furthermore, as the CDX2 expression level
can strengthen cell polarization, and cell polarity can
affect CDX2 distribution, CDX2 and cell polarity might
form a positive feedback loop. After differentiative cell
divisions have accomplished their task and inside and
outside cell populations emerge, molecular mecha-
nisms sensing cell position can influence transcription
from the Cdx2 locus. From all that we know so far, it
seems that both cell polarity and position affect cell
fate, but the exact underlying mechanisms remain to
be determined.

Epigenetic events and transcriptional programmes.
When the two blastocyst lineages become separated
they exhibit epigenetic asymmetries. For example,
histone marks such as H3K27me3 are enriched in
the ICM compared with the trophectoderm®. New
methods that allow chromatin immunoprecipitation
to be performed on small numbers of cells have now
enabled the examination of loci-specific histone modi-
fications in these two lineages®”. The results imply that
epigenetic regulation of chromatin is important for
lineage segregation (BOX 3). The Cdx2 gene is associ-
ated with repressive H3K9me2 marks in the ICM but
not in the trophectoderm, where it is enriched for the
transcriptionally activating marks of trimethylation
of H3 lysine 4 (H3K4me3) and H4K16 acetylation.
Conversely, the pluripotency-related genes Nanog and
Oct4 show the reciprocal relationship®”. H3K9me2 has
also been implicated in earlier developmental func-
tions; the zygotic pronuclei show an asymmetry
in the level of H3K9me2 with the maternal pronu-
cleus having a higher level, which is coincident with
the erasure of DNA methylation from the paternal
genome'®'*%. The more extensive re-establishment
of DNA methylation in the ICM compared with the
trophectoderm suggests the potential importance of
DNA methylation for regulating gene expression at
these later stages®. Differential DNA methylation of
the Elf5 transcription factor gene might function to
maintain trophectodermal fate decisions in the troph-
ectoderm through a feedback loop to Cdx2 and Eomes,
but restrict expression of these genes in the pluripotent
ICM?™.

Thus, epigenetic asymmetries may serve to reinforce
the molecular identity of blastocyst lineages. However,
recent demonstrations of epigenetic asymmetry in
H3R17me2a and H3R26me2a at the 4-cell stage and
its association with blastomere pluripotency® open the
attractive possibility that at least some epigenetic modi-
fication could also precede transcriptional circuits in
the first fate decision and thus steer lineage separation.
It seems unlikely that the H3R17me2a or H3R26me2a
modifications act alone in early development, rather
that they are just a single cog in the epigenetic machin-
ery controlling the balance between differentiation and
pluripotency.
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Box 3 | Epigenetic events and transcriptional programmes
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During the transition from morula to blastocyst, de novo DNA methylation is
preferentially established in the inner cell mass (ICM) rather than the
trophectoderm (TE) lineage®. In these two lineages, the Elf5 gene promoter
becomes differentially methylated — in the ICM it is substantially methylated

(see the figure, green symbols), and in the TE it remains free of DNA methylation.
This lack of DNA methylation in the TE allows the Elf5 gene to be transcriptionally
activated (in part by the TE-specific factor CDX2). This in turn allows the
establishment of a mutually reinforcing positive feedback transcriptional circuit,
in which ELF5 transcriptionally activates the Cdx2 gene, which then activates the
Elf5 gene. This transcriptional relationship ultimately maintains a TE-specific
transcriptional programme. In the ICM the establishment of this TE-specific circuit
is inhibited by the presence of EIf5 gene promoter DNA methylation, precluding
transcriptional activation®. Furthermore, the gene locus for the TE-specific factor
Cdx2 is also enriched for the transcriptionally repressive post-translational histone
modification H3K9me2, and is depleted for the transcriptionally activating
post-translational histone modifications H3K4me3 and H4K16 acetylation
(H4K16ac)®". This contributes to the transcriptional silencing of the Cdx2 gene and
a failure to establish the same feedback loop observed in the TE. This, coupled with
the fact that the pluripotency-related gene loci Nanog, Sox2 and Oct4 are enriched
for the activating marks and depleted for the repressive ones®’, ensures that
transcriptional programmes that promote pluripotency are favoured in the ICM.
Consistent with this, the pluripotency-related gene loci are marked by
transcriptionally repressive chromatin marks®’ in the TE, further contributing to

TE identity.

REVIEWS

Integrating the earlier models of development. How can
we assimilate recent discoveries into the larger picture?
Historically there have been three black and white view-
points on the first cell fate decision. The ‘early asym-
metry’ hypothesis proposed that asymmetry in the egg
would generate differences between the cells that influ-
ence their fate® (modified in REF. 61). The early extreme
and unrealistic interpretation of this hypothesis, that such
differences would be deterministic, proved unfounded
following the finding that repositioning a cell changes its
fate. The next proposal, the inside-outside hypothesis®,
was also often over-interpreted to mean that cells are
identical before they reach and respond to differential
positions in the embryo. This interpretation also became
vulnerable when cells were shown to be polarized before
the inside and outside populations were delineated?'.
In this way, the polarization hypothesis (discussed
previously) was born.

New technology, when applied to studying living
mouse embryos and their individual cells, suggests that
in reality the situation is not so black and white. Each
of these hypotheses holds some truth, thereby offering
opportunity for their integration (FIG. 3). It now seems
that the mouse egg is not perfectly symmetric, most
probably reflecting the highly asymmetric divisions
during meiosis. However, the developmental stage at
which this asymmetry is revealed depends on subse-
quent division orientations in the embryo, leading to
differences between cells in specific epigenetic modifi-
cations at the 4-cell stage and in the expression levels
of transcription factors such as CDX2. Such differences
could in turn lead to differing levels of cell polarity that
affect whether cells divide symmetrically or asymmetri-
cally. This would affect cell position in the embryo, and
cell position reinforces cell fate. Overall, this argues for
a model in which the development of polarity and the
segregation of lineages in the mouse embryo occurs pro-
gressively rather than in quantum leaps at one particular
stage. Importantly, the existence of feedback loops rein-
forcing cell fate decisions means that even a small initial
bias is sufficient to break the symmetry. This model sits
well with, and in fact contributes to, an explanation of
‘regulative’ development of the mouse embryo, because
the progressive acquisition of differences between cells
through multiple mechanisms exemplifies the plasticity
of cells and of the embryo as a whole.

Is bias helpful in guiding cell fate? Bias in successive
developmental steps provides an ideal way of directing
cells along particular pathways in a window of restricted
developmental time. Such bias can arise either through
the vagaries of stochastic events or it can be influenced
by the organization of the early embryo. In either case,
a developmental inclination induced by bias can be
amplified through positive feedback loops. Cultured
embryonic stem cells or other stem cells differ from the
developing organism as they do not face the same spatial
and temporal constraints, and thus they are more likely
to follow stochastically biased patterns of gene expres-
sion. The asymmetry of the egg, which is a memory of
meiosis, and the subsequent geometric constraints on
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the developing embryo, bias its organization and are thus
likely to have some impact on development. However,
exposing such bias has not been trivial because the
regulative properties of the embryo can mask its exist-
ence. Thus, for example, when clearly polarized outside
cells are repositioned alongside non-polarized inside
neighbours, they adopt a different fate®>. The transcrip-
tional and epigenetic changes that occur during such
cell repositioning, and the mechanisms that ensure its
plasticity, will be interesting topics of future study. Could
they involve similar mechanisms to those suggested for
embryonic stem cells, whereby pluripotent transcrip-
tional programmes are propagated between generations
of cells and yet the cells retain the ability to efficiently
respond to differentiative cues? In such cells, function-
ally opposed methylation of specific histone H3 lysine
residues (so-called bivalent chromatin domains®*-¢°) have
been proposed to maintain key differentiation genes in
transcriptionally poised states. It is possible that similar
mechanisms could contribute to the observed plasticity
of blastomeres in the embryo.

The second cell fate decision

In the second fate decision, cells of the ICM that are in
contact with the blastocyst cavity are set aside to form the
second extraembryonic tissue, the primitive endoderm
(PE). Deeper ICM cells escape differentiation, express
pluripotency genes and become progenitors for all cells
of the future body (FIC. 1a). PE differentiation necessitates
the activation of the Gata4 and Gata6 transcription factor
genes®®, and perhaps of genes encoding other
factors yet to be discovered. These transcription factors
are proposed to antagonize the expression of pluripotency

16-cell

8-cell

T-cell — — =  Blastocyst

Early asymmetry Polarization Inside—outside

Figure 3 | Integration of three hypotheses for the emergence of inside and
outside cell differences. The combined model we propose here suggests that the
core elements of each of the three models — early asymmetry, polarization and
inside—outside — that have been proposed for the first cell fate decision identify
concepts that are not exclusive. The mouse egg has some asymmetry, possibly
reflecting previous asymmetric meiotic divisions at the animal part of the egg, which
leads to heterogeneity between the cells. The extent of this heterogeneity would
depend on when cleavage divisions separate animal and vegetal parts of the embryo.
Heterogeneity is revealed through asymmetry in epigenetic modifications at the
4-cell stage and through the expression levels of transcription factors such as CDX2
at the 8-cell stage. Such heterogeneity could generate differences in the timing or
extent of blastomere polarization along the apical-basal axis that, in turn, would
affect whether a cell divides symmetrically or asymmetrically. Asymmetric divisions
generate inherently different inside and outside cells that will occupy different
positions in the embryo. Cell position further reinforces cell fate, possibly owing to
the different environment of inside (yellow) and outside (green) cells. This combined
model proposes that the development of polarity to affect cell fate occurs
progressively. Feedback loops reinforcing cell fate decisions ensure that even a small
initial bias is sufficient to break the symmetry.

transcription factors, such as Nanog® (FIC. 1d). Following
Gata4 and Gata6 expression, proteins required for PE
integrity become upregulated®-"".

Old and new outlooks. Views of how the second lineage
segregation occurs are also now shifting (FIC. 4a). The
‘positional induction’ model provided an early view that
was conceptually similar to the inside-outside hypoth-
esis for the first lineage segregation. According to this
model, cells on the surface ICM adjacent to the cavity
(outside) respond to and are triggered to differentiate
by a hypothetical inductive signal that cannot be trans-
mitted to the deeper (inside) cells. This model supposes
ICM cells to be both homogeneous and bipotent, that is,
able to form either epiblast or PE. Support for this model
came from the finding that the outside cells of isolated
ICM would differentiate into PE”> — although whether
this is the case has been controversial”. The more recent
‘cell sorting’ model arose from the finding of differences
among the cells of the early ICM in expression levels
of the genes encoding the PE-specific transcription fac-
tor Gata6, and the epiblast-specific transcription factor
Nanog®”. Thus, a key feature of the cell sorting model
is that the early ICM is not composed of cells that can
give rise to both lineages but of a mixed population of
epiblast and PE progenitors that later segregate into their
composite layers®”>. However, how this heterogeneity
is established and whether progenitors for both epiblast
and PE do indeed sort have remained unknown.

To understand PE and epiblast specification requires
a complete knowledge of a number of factors: where the
cell type of both tissues comes from; how the cells move
between deep and surface ICM; whether they change
their expression patterns; and whether the two cell lay-
ers can be refined by the apoptosis of cells that have an
expression pattern inappropriate to their position. Studies
of embryos expressing a PE reporter, Pdgfra, showed not
only that some cells transit from the deep layer to the
surface layer but also that deep cells can stop expressing
Pdgfra™. The former finding is consistent with the cell
sorting model and the latter could be explained through
an effect of cell position on cell fate. However, as this
study could only track the subpopulation of ICM cells
that become PE, the origins of the epiblast and its ability
to sort remained unknown. A more recent time-lapse
study following the dynamics of all ICM cells from the
early to late blastocyst stage revealed that some progeni-
tors for both lineages move between the surface and deep
layers””. Moreover, some ICM cells are bipotent, contrib-
uting to both lineages, indicating a degree of flexibility of
early ICM fate. Although both of these time-lapse studies
detect cell death within the ICM, computer modelling
suggests that apoptosis is not the major mechanism that
refines the final pattern”. This recent study also shows
that, although GATAG is required for cells to remain on
the surface, GATAG alone is insufficient to direct cell
sorting to the surface, suggesting that additional signals
are involved in this process. Taken together, this indi-
cates that the cell sorting model on its own might not be
enough to account for specification of PE. Rather, ele-
ments of both the cell sorting and positional induction

474[JULY 2009 [ VOLUME 10

www.nature.com/reviews/genetics

© 2009 Macmillan Publishers Limited. All rights reserved



QOTE @FE
A44 Induction
~ Cell movement

Q¢Pl

---------- Polarization

O@TE @FPFE @FP
“= Cell movement

X Apoptosis

@ Gene expression change

Induction

a Early blastocyst

8-16-cell 16-32-cell

Wave 1: EPI

Wave 2: PE

Sorting

REVIEWS

Induction and sorting Late blastocyst

Mid blastocyst Late blastocyst

Refinement

Early blastocyst

Mosiac

Figure 4 | Second cell fate decision — primitive endoderm formation. Following the first cell fate decision
between the trophectoderm (TE) and the inner cell mass (ICM), the second cell fate decision designates cells that
form the primitive endoderm (PE) and those that form epiblast (EPI). a | Three different models for PE formation are
illustrated. The induction model proposes that cell position establishes whether cells differentiate into PE owing to
an inductive signal — for example, from the cavity. The sorting model proposes that cells are pre-specified for

the EPl or PE lineage in random positions and are then sorted according to their gene expression patterns. The
combination model suggests that cells are affected by cell position from the beginning of cavity formation, but that
cells do change their position and switch their fate. b | The social mobility model of EPl and PE formation. This model
proposes that waves of asymmetric cell divisions have a large effect on whether a cell will develop as epiblast or
primitive endoderm. The first wave of asymmetric divisions generates most of the EPI lineage, and the second wave
of asymmetric divisions generates most of the PE lineage. Most of the cells are appropriately positioned from the
beginning, but most of the cells that are not appropriately positioned move in an actin-dependent way between
the surface and deeper layers and others contribute progeny to both compartments. Cells that do not change their
position and remain inappropriately located either change their expression profile or die. Thus, patterning of the
ICM into distinct PE and EPI layers is refined through a combination of cell movement, apoptosis and changes in

gene expression.

models might act together in lineage segregation in the
blastocyst. Interestingly, this would be analogous to
the first fate decision that also involves more than one
mechanism for lineage segregation.

Impact of early waves of divisions on the second cell fate.
One of the important questions not answered by the stud-
ies just described is how the heterogeneous ‘salt and pep-
per’ distribution of epiblast and PE progenitors becomes
established. The predominant view in recent years has
been that the heterogeneity of the blastocyst ICM arises
stochastically. Another view is that properties of the two
different cell types might reflect different properties of
their ancestors. Differential distribution of cytokera-
tin filaments could suggest inner cells generated at the
8-16-cell and 16-32-cell stages might differ’>’®. However,
the experimental evidence that the waves of asymmetric
divisions could contribute cells of different properties
in respect to second fate choice has been lacking.

The attraction of a model in which epiblast progeni-
tors are generated in one set of asymmetric divisions and
PE in the other set is that the inside cells would have
identity as they arise. Thus, it would only be inappro-
priately positioned cells, when the cavity forms, that
sort. These could be either epiblast or PE progenitors,
which could account for the finding that both surface
and deep cells can sort into the other layer”. The pre-
liminary results of our recent studies to trace the origins,

dynamics and final fate of every inside cell from the
8-cell stage (M.Z.-G. and S.A.M., unpublished obser-
vations) support this model. We therefore propose that
the final position, and thus the fate, of the inside cells is
determined both by the order in which they were gener-
ated, in successive waves of asymmetric divisions, and
their subsequent mobility. We also propose that this
decision-making process is multifactorial and involves
position-dependent induction. This was first apparent
from our earlier lineage studies following the pedigrees
of individually labelled surface ICM cells”**° that showed
that, although the majority of surface early ICM cells are
destined to the PE lineage, some can give rise to epiblast
and some are bipotent. Fibroblast growth factor (FGF)
signalling could be implicated in the induction proc-
ess as elimination of FGF4 affects PE development®'-*.
However, the role of FGF4 or other signalling cascades in
lineage segregation remains to be determined.

The ‘social mobility’ model we propose here posits
that the two successive waves of divisions position most
of the inner cells according to which of the two classes
they belong. Those cells that are not positioned appropri-
ately move to join their fellows of similar class, or switch
classes, or die. It would mean that, whereas the fate of
most cells would be ‘assigned’ following internalization,
cells retain the flexibility of being able to respond to some
form of positional induction. Thus, in this proposed
model, a combination of the positional history of cells,
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specific cell division orientation, cell movement, cell
death and induction contribute to the segregation of PE
from epiblast lineages (FIG. 4b).

Conclusions
Careful consideration of old and new discoveries leads us

are the influences of cell polarity on the decision to make
PE rather than epiblast? In other words, how might the
outside cells in the fourth cleavage cycle become dif-
ferent from those in the fifth cycle to endow the two
waves of asymmetric division with different properties?

to suggest that the first and second fate decisions may be
inextricably linked. The onset of cell polarization is the
first step on the road to becoming extraembryonic tro-
phectoderm, and cells can only escape this fate by going
inside. Those inside cells arising from the first wave of
asymmetric divisions will give rise predominantly to
epiblast, possibly because at this stage they still have a
higher state of pluripotency. Those arising from the sec-
ond wave will contribute mainly to extraembryonic PE.
These decisions are influenced by biased expression of
key transcription factors that guides rather than deter-
mines cell fate. Thus, a higher level of Cdx2 predisposes
a cell to form trophectoderm, a higher level of NANOG
guides a cell to form epiblast, and a higher level of GATA6
tips it towards forming PE. But we still have more ques-
tions than answers. How might higher levels of CDX2
affect cell polarity, and thus division orientation, so that
cells tend to divide more symmetrically than asymmet-
rically to contribute to trophectoderm? How exactly is
this reinforced by positional signalling? In the first fate
decision, cell polarity influences cell position and both
influence gene expression, and vice versa. What, if any,

We now have a stronger conceptual framework on
which to assemble a molecular and cellular picture of
segregation of three distinct lineages by the blastocyst
stage. We have learnt that cellular history can differen-
tially influence epigenetic modifications and, in turn,
the expression of key transcription factors to favour
specific differentiation pathways. At first these shifts
in gene expression are slight, but the interrelationships
between transcription factors ensure their amplifica-
tion. Thus, the emerging theme is that, once gener-
ated, differences are self-reinforcing. But until a certain
point development is flexible and can be redirected to
reflect changing circumstances. Another challenge for
the future will be to uncover how all of the contribut-
ing factors to the cell fate decision process become re-
established when an embryo regulates its own recovery
from perturbation. Will the first changes include epi-
genetic reprogramming? Will repositioning a cell affect
cell polarity to guide new patterns of gene expression, or
can cell position guide gene expression independently
of cell polarity? Understanding further the mechanisms
behind natural bias in developmental cell fate decisions
may guide us in the search for answers.
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