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trophoblast

The molecular processes that govern the first cell lineage deci-
sions after fertilization also dictate the developmental potency
of stem cells derived from the early mouse embryo. Our under-
standing of these mechanisms is therefore instrumental for stem
cell biology and regenerative medicine. A number of transcrip-
tion factors are known that determine a cell’s fate towards either
the embryonic or extraembryonic trophoblast lineages. Recent
insights have shown that the definitive fixation of cell lineage fate
is achieved by an epigenetic restriction through DNA methyla-
tion of the transcription factor EJf5. Lineage crossover can be
induced, however, by manipulation of lineage determinants and
gatekeepers, or their epigenetic regulation. Here we summarize
the accumulating number of experimental conditions where such
‘transdifferentiation’ is observed that shed light onto the genetic
and epigenetic pathways involved in lineage separation and the
developmental potential of stem cells.

Introducing the First Differentiation Events in the Early
Mouse Embryo

By the expanded blastocyst stage of mouse development, three
distinct cell populations, or lineages, have been established that
will go on to form all of the embryonic and extraembryonic tissues
of the conceptus. The first definitive differentiation event produces
the trophectoderm (TE), which consists of a monolayer of epithe-
lial cells surrounding the inner cell mass (ICM) and the fluid-filled
blastocoel. Slightly later, the ICM differentiates into the epiblast
and an overlying layer of primitive endoderm (PE) cells. The
significance of the establishment of these three cell populations is
that, perhaps with the exception of the PE, they remain committed
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in their differentiation potential towards their lineage throughout
all subsequent cell divisions.!> Thus, while they retain a pluri- or
multipotent differentiation capacity into various cell types of a
given lineage, they do not normally cross these lineage boundaries
during later development.

First evidence for the separation of developmental fates in
the earliest two cell populations, the ICM and TE, was provided
by the observation that ICM fragments are unable to induce a
decidualization reaction in recipient uteri. In contrast, trophoblast
fragments implant as effectively as intact blastocysts.? This result
is explained by the fact that ICMs have lost the ability to form
trophoblast cells* and instead contribute solely to embryonic struc-
tures and extraembryonic membranes in aggregation chimeras.’
The trophoblast of implanted conceptuses is, by contrast, entirely
produced by the TE.

A series of experiments have addressed the question as to when
precisely cells become stably committed to one of the two earliest
cell lineages. Establishment of ‘inside’” and ‘outside’ cells and cell
polarization in the 8- to 16-cell transition introduces some bias
toward fate allocation.” However, while the outer cells of morula-
stage embryos tend to form most or all of the TE, they also give
rise to a significant proportion of the inner cell mass and hence
have not yet acquired fixed fates.® A small proportion of early
blastocyst stage embryos also showed some lineage crossing in a
similar experiment.9 In keeping with this observation, isolated
early blastocyst ICMs can give rise to trophoblast giant cells in
culture!® and are still able to contribute to the trophoblast in vivo
when aggregated with morula stage embryos. However, by the late
blastocyst, the contribution of isolated ICM:s to trophoblast in vivo
is extremely rare.!! Thus, a definitive and irreversible commitment
to the embryonic and trophoblast lineages seems to be established
only by the late blastocyst stage.

After implantation of the blastocyst into the uterus, the TE
gives rise to all trophoblast cell types of the conceptus: these
include parietal trophoblast giant cells that line the implantation
site, extraembryonic and chorionic ectoderm, the ectoplacental
cone and later the various trophoblast cell types of the mature
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chorioallantoic placenta. The PE goes on to form the parietal
and visceral endoderm layers of the yolk sac that, together with
the trophoblast derivatives, contributes to providing adequate
nutrition of the embryo. The embryo proper is derived from the
epiblast. Upon gastrulation, the epiblast also gives rise to the extra-
embryonic mesoderm that forms the allantois and the mesodermal
components of the yolk sac, as well as the fetal vasculature of the
placenta (Fig. 1).

Stem Cell Types of the Early Embryo

The existence of pluripotent stem cell populations was first
demonstrated by the derivation of embryonal carcinoma (EC)
cells from teratocarcinomas.!? These malignant germ cell tumors
harbour a small EC cell population and contain multiple differ-
entiated cell types. The pluripotent nature of EC cells was
demonstrated as single cell transplants are sufficient to generate
tumors consisting of multiple and varied differentiated somatic cell
types in recipient mice.!3 Additionally, EC cells can form embryoid
bodies'*!> and contribute to a range of developmentally-unrelated
tissues following blastocyst injection.!® EC cells were therefore
thought to reflect the pluripotency of ICM cells. However, EC cell
usage was limited to a few specific cell lines as the majority showed
more limited developmental potential and contributed poorly to
chimeric mice.

These studies on EC cells paved the path for the derivation
of embryonic stem (ES) cells from blastocysts.!”"1? When grown
under appropriate conditions, ES cells are able to self-renew indefi-
nitely. ES cells are able to contribute to all tissues in chimeric mice
following blastocyst injection and even to generate entirely ES cell-
derived mice in tetraploid complementation assays and therefore
reflect the pluripotent nature of the [CM.20:21

Stem cells of the trophoblast lineage can also be derived from
blastocysts, as well as from early post-implantation conceptuses,
using mouse embryonic fibroblast (MEF)-conditioned media
containing the growth factor FGF4.22 These trophoblast stem (TS)
cells are present as a minority in the polar TE of the blastocyst
and in the extraembryonic and chorionic ectoderm of wild-type
embryos until at least E8.5.23 Recapitulating the developmental
potency of their parental cell lineage, TS cells contribute exclu-
sively to trophoblast tissues following blastocyst injection and can
differentiate into all trophoblast cell types of the chorioallantoic
placenta.

The possibility of deriving a stem cell line representative of
the primitive/extraembyonic endoderm (ExE) was first suggested
by the finding that the EC cell line F9 could be differentiated
into cells with properties indistinguishable from definitive pari-
etal endoderm.?42> The derivation of extraembryonic endoderm
(XEN) stem cells from blastocysts and ICMs was achieved using
the same conditions as for TS cell derivation. XEN cells express
markers of extraembryonic endoderm but not of trophoblast or
embryonic derivatives and contribute exclusively to extraembry-
onic endoderm cell types following blastocyst injection.?®

Hence all three cell lineages of the mouse blastocyst give rise
to a distinct type of stem cell that can be cultured indefinitely in
vitro and retain the lineage restriction imposed on its parental cell
population.

1516 Cell Cycle

Cytokines Critical for Stem Cell Maintenance

Each stem cell type depends on a unique set of cytokines to
retain its full developmental potency. Leukemia inhibitory factor
(LIF) and its downstream signaling components, the LIF receptor
GP130 and the transcriptional regulator STAT3, are of key impor-
tance for the derivation of ES cells and for the maintenance of their
pluripotent state.”’-3? In the absence of LIE ES cells lose the ability
to self-renew and instead differentiate. However, the importance of
LIF in early development is less clear. As expected for this signaling
interaction, LIF transcripts are detected in the TE and gpl30
transcripts primarily in the ICM.33 Despite this, gp130 is dispens-
able for this stage of development, with mutant embryos instead
dying between E12.5 and term.3* Tt has since been found that LIF
signaling is essential for epiblast maintenance following delayed
implantation, suggesting that this may explain the necessity of LIF
for prolonged ES cell culture.?®

TS cell derivation and self-renewal is dependant on FGF4 and
MEF-conditioned medium. Withdrawal of both components
causes TS cells to differentiate into various trophoblast subtypes,
predominantly trophoblast giant cells.® The identification of
FGF4 as the critical cytokine was based on the observation that
FGF signaling is indispensable in the early embryo. Fgf¥ is
expressed in the ICM of late blastocysts?” and in ES cells,?® whilst
the FGF receptor Fgfr2 is expressed in a TE-specific manner from
the early blastocyst stage.>® Mutations in Fgf4 and Fgfi-2, as well as
the downstream signaling transmitters Frs2a and Erk2/Mapk1, all
lead to lethality soon after implantation, consistent with tropho-
blast proliferation defects.494> These data have supported the
hypothesis that FGF4 produced by the embryo provides a niche for
TS cells in the neighboring trophoblast. More recently, the active
components of the MEF-conditioned medium were identified as
TGEFP and the related protein activin, and TS cells can be derived
and maintained in a self-renewing state in media only supple-
mented with serum, FGF4 and TGFB.# Consequently, TGFB
inhibition in normal media interferes with TS cell self-renewal and
causes them to differentiate into trophoblast giant cells.

XEN cells were originally derived in the presence of the same
media as used in TS cell derivation and culture. However, XEN
cell derivation and maintenance does not require FGF4 or other
purified cytokines, and is equally effective in MEF-conditioned
medium alone without the need of a feeder cell layer. Hence, XEN
cells appear to be the most ‘robust’ stem cell type of the blastocyst,
and they are frequently co-derived in early stages of the ES and TS

cell derivation process.26

Key Transcription Factors in Early Development and
in Stem Cells

Recent years have seen major advances in our knowledge of
transcription factors that are required for blastocyst formation as
well as for the establishment and maintenance of the three stem
cell types. Establishment of the ICM and epiblast depends on
the mutually interacting transcription factors OCT4 (encoded by
the PouSfl gene), NANOG, SALL4 and SOX2,454% and these

four factors also fulfil a key requirement in maintaining ES cell
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Figure 1 (See previous page). Expression dynamics of key transcription factors during early embryonic development. (A) Labelled schematic diagrams
of the early blastocyst (E3.5), late blastocyst (E4.5), and postimplantation conceptuses at E5.5 (egg cylinder stage) and E7.5; with red, green and blue
representing the embryonic, primitive/extraembryonic endoderm and trophoblast lineages respectively. (B) Schematic diagrams shaded to show the
expression patterns of the transcription factors Oct4/Pou5f1,33:103107 Nanog,62:103,108-110 Gox2 48,111-113 5qfl4,47.111,114-116 Rif] 117 Foxd3,118-120
Tead4,55:56,121,122 Cdx2,53.81,82,106 Fomes,54.82,123-125 F|f5 69,126 Fgrrp111,127-130 gnd Hand1.8385.111 Black shading represents strong expression,
dark grey shading significantly lower expression, and white a lack of expression. Light grey colouration of embryos indicates expression with an
unknown distribution pattern at that stage. Esrrb is also expressed in ES cells. Onset of expression in cell types and tissues crossing the main embryonic-
extraembryonic boundaries (i.e., extraembryonic expression of Oct4/Pou5f1 and Nanog; embryonic expression of Cdx2, Esrrb and Hand1) immedi-

ately after E7.5 is also given. VE; visceral endoderm.

pluripotency. Notably, all four factors auto-regulate their own
transcription and activate each other and thereby form a self-
reinforcing transcriptional network of pluripotency. In addition,
they can either directly heterodimerize, as in the case of OCT4 and
SOX2, or are found in shared protein complexes.4?->!

A key transcription factor for the trophoblast lineage is the
caudal-type homeodomain protein CDX2. Cdx2’ embryos die
before implantation®? because the TE fails to maintain trophoblast
identity and its epithelial integrity, resulting in the collapse of
the blastocyst.>> Additionally, ES but not TS cells can be derived
from Cédx2-mutant blastocysts, showing that CDX2 is indispens-
able for TS cell self-renewal. Trophoblast failure is also observed
in the absence of the T-box gene Eomesodermin (Eomes).>* From
genetic data, EOMES is positioned just downstream of CDX2.53
However, while both CDX2 and EOMES are essential for TE
maintenance and trophoblast function, initial formation of the TE
layer can occur in their absence. A factor further upstream in the
trophoblast specification sequence has been identified recently as
TEADA4, which can activate CDX2 and may thus be the gene on
top of the trophoblast-defining transcription factor cascade.’>5¢

In the extraembryonic endoderm lineage, the transcription
factors GATA4 and GATAG6 have been shown to have a key
role. Gata4”'~ and GataG”~ embryoid bodies display a block in
visceral endoderm formation and fail to express normal markers
of endoderm differentiation.’” GATAG null embryos do not form
a morphologically recognizable primitive endoderm layer, and
subsequently fail to form visceral and parietal endoderm leading
to embryonic lethality between E6.5 and E7.5.5859 Also, whilst
GATA4 and GATAG are initially co-expressed, GATAG expression
is rapidly lost in visceral endoderm after implantation, thereby
discriminating parietal from visceral endoderm. Another transcrip-
tion factor, SOX7, appears to lie upstream of both GATA4 and
GATAG based on experiments in the F9 EC cell line. Knockdown
of Sox7 parallels the block in parietal endoderm formation seen
in Gata4/Gata6 double mutants. Additionally, Sox7 deletion
leads to a decrease in both GATA4 and GATAG6 expression, and
upregulation of both of these downstream proteins restores normal
endoderm differentiation potential.®®

Since lineage identity is retained by stem cells derived from the
early embryo, experimental situations in which this commitment is
lost serve as an extremely useful model to unravel the genetic and
epigenetic networks that establish lineage fate. In this context, we
focus in particular on the restriction of the embryonic (i.e., ICM,
epiblast, ES cell) lineage from the trophoblast (TE, TS cell) lineage.
We summarize here the accumulating number of situations in
which ES cells have been shown to lose their lineage commitment
and transdifferentiate into trophoblast cell types (Table 1).

1518 Cell Cycle

Aberrant Transcription Factor Expression Leads to Loss of
Lineage Identity and Transdifferentiation

In line with their importance for blastocyst formation, tran-
scription factors like OCT4, NANOG, SOX2, SALL4, CDX2
and EOMES have lineage-specifying functions in stem cells. Thus,
knockout or knockdown of OCT4 and SALL4 in ES cells leads
to their differentiation into trophoblast giant cells.*>°! Similarly,
knockdown of Nanog causes the upregulation of trophoblast genes,
although Nanog-deficiency is predominantly associated with a
differentiation into primitive endoderm.%0263 The functions of
SOX2 appear to be particularly sensitive to absolute protein levels
as both knockdown and overexpression cause differentiation of ES
cells into various cell types, including an upregulation of trophoblast
genes such as Cdx2, Handl, Cdh3 and Eexl 6365 Together with
their function in maintaining the pluripotency of ES cells, several
other transcription factors also contribute to the lineage-restricted
differentiation potential of ES cells, and their downregulation leads
to ectopic activation of trophoblast markers (Table 1). Hence a
common feature of these pluripotency factors is that they repress the
transcription of differentiation-promoting genes, including those
that induce trophoblast differentiation. While several factors display
a more general inhibitory function, it is noteworthy that OCT4 and
SALL4, and possibly also RIF1 and ZFP27, seem to specifically
prevent differentiation into the trophoblast lineage.®%¢”

Opposing the role of pluripotency genes, factors with tropho-
blast determining capacity can induce trophoblast differentiation
from cells of the embryonic lineage. Thus, constitutive overexpres-
sion of Cdx2 and Eomes in ES cells leads to their conversion into
fully functional TS cells that contribute exclusively to trophoblast
tissues of the placenta when used in chimera experiments.®®
Intriguingly, in these experiments transdifferentiation does not
depend on the downregulation of pluripotency factors such as
OCTH4, an observation that has also been made in other conditions
that induce transdifferentiation.®>”® These findings indicate that
it is not absolute presence or absence, but instead relative abun-
dance of lineage determining factors in proportion to each other
that determine lineage specification. This suggestion is further
supported by the fact that OCT4 and CDX2 can form a complex
for the reciprocal repression of their target genes in ES cells.
Mutual inhibition of transcription factors with opposing func-
tions thus appears to be one of the key elements of early lineage
differentiation events.®®

Signaling Pathways with Lineage-Specifying Capacity
The unsuspected lineage-determining specificity of signaling

cascades was revealed recently in experiments where activation

2009; Vol. 8 Issue 10
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Table T  Genes/conditions associated with activation of trophoblast markers and trophoblast differentiation from
ES cells and embryos

Gene Function Phenotype Assessment method Reference
Transcription Factors
Cdx2 Homeobox transcription  Cdx2 overexpression in ES cells causes transdifferentiation  Enlarged or multiple nuclei; epithelial 68
factor into the trophoblast lineage. TS-like cells produced are morphology; Cdh3 expression;
able to contribute to normal placental structures in vivo. upregulation of Hand1, Fgfr2, PI1,

Tpbpa, Ets2, Psx1 and DIx3; placental
contribution following blastocyst injection

EIf5 Ets family transcription Overexpression causes differentiation of ES cells into Adoption of trophoblast (giant cell) 69
factor trophoblast subtypes; EIf5 activation due to lack of DNA morphology; upregulation of
methylation leads to trophoblast differentiation Cdx2 and Eomes
from embryos and ES cells
Eomes T box transcription factor Eomes overexpression in ES cells causes cells to Very small colonies of large, flat cells 68
differentiate into the trophoblast lineage produced; Cdx2, Hand1, Ets2, Esx1,
Cdh3 and DIx3 upregulation
Esrrb Nuclear receptor Esrrb knockdown in ES cells causes enhanced Flattened, ‘fibroblast-like” cell morphology; 66, 63
differentiation info trophoblast, as well as into endoderm, Hand1 upregulation
mesoderm and ectoderm
Foxd3 Forkhead transcription Foxd37-ES cells display enhanced differentiation Upregulation of Cdx2, 99
factor along multiple lineages including trophoblast, Fgfr2 and PI1

endoderm and mesendoderm while Oct4, Sox2 and
Nanog expression are maintained
Foxd3 expression is positively controlled by NANOG

KIf5 Kruppel-like transcription  KIf5 knockdown in ES cells causes differentiation into Large, flattened cells produced; 100, 101
factor the trophoblast, mesoderm and ectoderm lineages Cdx2, Eomes and PIT upregulation
Nanog  Homeobox transcription Nanog Knockdown in ES cells causes differentiation into the ~ Morphological changes; upregulation 63
factor trophoblast, endoderm, mesoderm and ectoderm lineages  of Cdx2, Hand1, Mash2, PI1 and Ehox
Oct4 POU transcription factor A 50% or greater Oct4 knockdown in ES cells Flattened cell morphology; 45
causes enhanced differentiation into ‘trophoblastic’ cells. often nuclei enlarged;
Removal of FGF4 causes cells to adopt upregulation of Cdx2, Hand1,
trophoblast giant cell-like morphology Mash2, Tpbp, PIT and Esrrb
Rif1 Telomeric protein Rif1 knockdown in ES cells causes enhanced Flattened, ‘fibroblastlike’ cell morphology; 66
trophoblast differentiation Hand1 upregulation
Sall4 Spalt family Sall4 knockdown or heterozygous knockout in ES cells Flattened cellular morphology; 61
transcription factor causes Oct4 downregulation in a dose-dependent manner. Cdx2 and Hand1 expression;
Such a decrease in Sall4 mRNA is sufficient to cause  ability to form Cdh3-positive giant cell-like
ES cells to transdifferentiate in feederfree conditions cells; knockdown ES cells aggregated
in vitro and enables them contribute to the TE of with morula stage embryos contribute
blastocysts in chimeras to the TE of blastocysts
Sox2 Transcription factor Sox2 knockdown in ES cells promotes differentiation Flattened, epithelial cellular morphology; 64, 63
into trophoblast, endoderm, mesoderm and ectoderm upregulation of Cdx2 and Hand1
Sox2 overexpression in ES cells causes differentiation Flattened cellular morphology; reduced 65
info ectoderm, mesoderm and trophoblast lineages proliferation rates; increased cytoplasmic

to nuclear ratio; upregulation of Cdx2,
Cdh3 and Esx1

Ztp27 Zinc finger protein Zfp27 knockdown in ES cells causes differentiation  Subtle morphological changes; upregulation 67
into the trophoblast lineage of Cdx2, Hand1, Eomes, Esx1 and Psx1

Epigenetic Factors
Cxxcl CpG binding protein  Cxxc 17~ ES cells differentiate into the trophoblast lineage Upregulation of Cdx2, Fomes, Elf5 and PIT 69

Dnmt1 DNA methyltransferase Dnmt17- embryos show ectopic differentiation of Adoption of giant cell morphology; 69
trophoblast cells. Dnmt17-ES cells differentiate into upregulation of Ascl2, Tpbpa, PI1, PI2
trophoblast giant cells in vitro and show increased (in vivo) and Cdx2, Eomes, Ascl2,

contribution to the TE in vivo Tpbpa, PI1, PI2, Fgfr2c (in vitro);

contribute to the TE following aggregation
with 8-cell embryos

Dnmt3a  DNA methyltransferases Dnmt3a/b”- ES cells differentiate into the Upregulation of Cdx2, EIf5 and PI1 69
& Dnmt3b trophoblast lineage

www.landesbioscience.com Cell Cycle 1519
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Table T Genes/conditions associated with activation of trophoblast markers and trophoblast differentiation from
ES cells and embryos (continued)

Gene Function Phenotype Assessment method Reference

Eed Polycomb-group Eed”- ES cells express markers of multiple lineages Upregulation of Cdx2 and Hand1 78
family protein including trophoblast, mesoderm and endoderm

Ezh2 Polycomb-group Ezh2 knockdown in ES cells causes differentiation into the Subtle morphological changes; upregulation 67
family protein trophoblast, endoderm, mesoderm and ectoderm lineages  of Cdx2, Hand1, Eomes, Esx1 and Psx1

Jmjd2c  H3K9Pme3 demethylase Jmjd2c knockdown in ES cells causes differentiation Flattened, fibroblastlike cellular 80

along the trophoblast, endoderm, mesendoderm
and ectoderm lineages

Mbd3 CpG binding protein

Mbd37-ES cells are unable to proceed past an early

morphology; upregulation of
Cdx2 and Hand1

Upregulation of PI1 and Tpbpa 102

stage of differentiation into embryonic lineages in embryoid
bodies but instead differentiate along the trophoblast lineage

Np95 Ring-finger type E3 Np957-ES cells differentiate into the trophoblast lineage  Cells adopt trophoblastlike morphology; 69
ubiquitin ligase upregulation of Cdx2, Eomes and Elf5
Parp1 Poly(ADP-ribose) Parp 17~ ES cells produce trophoblast giant cells Production of cells with enlarged nuclei 79
polymerase in teratocarcinoma-like tumours in vivo, and giant cell-like morphology;

and in cultured cells in vitro

Signaling Factors
Hras1 GTP-binding protein

Conditional activation of Hras 1R (and Kras®12Y)
in ES cells causes differentiation into the trophoblast
and endoderm lineages. TS-ike cells derived can

upregulation of PI1, PI2, PIf, Plfr, Tobp

Hras1 activation produces flat colonies of 70
epitheliallike cells and cells of giant cell
morphology; upregulation of Cdx2 and

differentiate into trophoblast giant cells and also colonize Hand1; cells contribute to the polar TE and

placental tissues in vivo. Conversely, the inhibition of
downstream MAPK signaling, but not PI3K signaling,
abrogates trophoblast differentiation

ES cells exposed to WNT3A show increased
transdifferentiation when Lef] is overexpressed.
Conversely, Lef] knockdown reduces transdifferentation.

Lef1 Signal regulatory protein;
transcription factor

Whnt3a Signalling protein

Other Factors

Collv Structural protein ES cells cultured on Collagen type IV differentiate along the
trophoblast, cardiovascular and hematopoietic lineages.
Cdx2-positive clones can be cultured as TS cells and
give rise fo trophoblast derivatives in vitro
Slc25a36 Solute carrier Slc25a36 knockdown in ES cells causes differentiation

info the trophoblast but not ectoderm,
mesoderm or endoderm lineages

Exposure of ES cells to WNT3A increases differentiation
info the trophoblast and mesoderm lineages

later the placenta following aggregation
with 4-8 cell embryos. MAPK inhibition
reduces TE outgrowth from embryo explants

Lef1 overexpression increased Cdx2 76
induction, whereas Lef] knockdown
reduced Cdx2 expression

TS celllike morphology and subsequent 76
trophoblast giant cell-like cells observed;
Cdx2, Eomes, Hand1, Mash2, Gem]1,
PIT and Tpbp upregulation

Large, flat, cuboidal-shaped cells with 77
enlarged nuclei; upregulation of Cdx2,
Hand1, Eomes, Esrrb, Cdh3, Err2, Mash2,
Tpbp, PI2, Psx1, Psx2, Placl, Plac8,
Esx1, DIx3, Tpbg, Idb2 and Gem1

Giant trophoblast cell-like morphology; 67

upregulation of Cdx2, Hand1, Eomes,
Esx1 and Psx1

of the Ras proto-oncogene in ES cells induced the expression
of trophoblast markers and allowed the derivation of TS cell
lines.”® It was found that differentiation into the trophoblast
lineage specifically depends on the RAS-MAPK-ERK2 pathway.
Inhibition of MAPK signaling in cultured mouse embryos
compromises Cdx2 expression, delays blastocyst development
and reduces TE outgrowth from embryo explants. These find-
ings link the RAS-MAPK signaling pathway to the establishment
and/or maintenance of the trophoblast lineage. In line with this
observation, interference with FGF or ERK activity favours
the pluripotent state of ES cells and restricts their ability to
differentiate.”! Since trophoblast proliferation critically depends
upon the FGF4 signal transmitted through the FGFR2 receptor
leading to ERK (predominantly ERK2/MAPK1) activation,’?

1520 Cell Cycle

it is likely that FGF4 provides the extracellular signal to acti-
vate the RAS/MAPK/ERK2 signal transduction cascade in the
trophoblast lineage (Fig. 2). Consistent with these data is the
finding that knockouts of many of the pathway components
exhibit trophoblast- or placenta-specific defects.”>74 Interestingly,
mutation of the nonreceptor protein-tyrosine phosphatase SHP2,
which is required for ERK activation downstream of receptor
tyrosine kinases, has revealed that the RAS-MAPK pathway is
also important for trophoblast survival through the inhibition of
the pro-apoptotic protein BIM.”> Therefore the same pathway
couples lineage specification with pro-survival signals to specifi-
cally reinforce trophoblast cell fate (Fig. 2).

Other signaling pathways have also been implicated in stable
lineage fate maintenance, although their effects are comparatively

2009; Vol. 8 Issue 10
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Figure 2. Model of signalling pathways and transcription factors that contribute to cell lineage specification and/or maintenance as revealed mainly by
transdifferentiation phenotypes. RAS-MAPK-ERK2 activation is of major importance for trophoblast proliferation and survival, and RAS activation in ES
cells induces a strong and dominant transdifferentiation phenotype into TS cells. Because of the importance of FGF signalling for the trophoblast lineage,
FGF4/FGFR2 is the likely extracellular signal that activates this pathway. Specific trophoblast defects are also observed in intermediate transmitters of the
extracellular signal such as FRS2a, SHP2, GRB2, SOS1 and GAB1.427375 The RAS-MAPK pathway leads fo rapid induction of Cdx2, while low levels
of RAS activation induce primitive endoderm differentiation (and the PE marker Gatad) from embryonic cells by inhibiting Nanog.”® SHP2-RAS-ERK2
activation also provides pro-survival signals for the trophoblast lineage as ERK2/MAPK1 phosphorylation leads to degradation of the pro-apoptotic
protein BIM.”> Wnt signalling is important to maintain pluripotency of ES cells but also to direct their differentiation. In the context of lineage fate stabil-
ity, WNT3A has been shown to activate Cdx2 and induce some trophoblast differentiation from ES cells grown in the absence of leukemia inhibitory
factor LIF.7 ELF5 is required downstream of initial lineage specification in trophoblast cells to maintain Cdx2 and Eomes expression. Elf5 is also the key
target gene for the epigenetic restriction of embryonic versus trophoblast lineage fate that is imposed by DNA methylation.®® OCT4, SALL4, NANOG
and SOX2 are required for embryonic lineage identity and pluripotency of ES cells. Deficiency of either of these factors induces trophoblast mark-
ers,45.61,63,64 \whereas overexpression of OCT4 and SALL4 leads fo primitive endoderm formation.43:61 In contrast, NANOG inhibits endoderm differ-
entiation by repressing GATA6.131.132 |CM, inner cell mass; ES, ES cells; PE, primitive endoderm; TE, trophectoderm; TS cells, trophoblast stem cells.
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minor and seem subordinate to the robust transdifferentiation
induced by RAS-MAPK activation. Wnt signaling, for example,
is important for pluripotency and differentiation in ES cells, but
specific components of the pathway can also promote trophoblast
differentiation from ES cells. In this context, WNT3A functions
synergistically with LEF1 to induce expression of trophoblast
(and mesodermal) lineage genes.”® It has also been observed that
trophoblast differentiation is initiated when ES cells are plated on
Collagen IV in the presence of FGF4 and feeder cells, implying
that collagen IV-specific integrin receptor signaling (mainly
through the 0,;B; integrin receptor) can also alter lincage fate.””

Epigenetic Restriction of Cell Lineage Fate

After the embryonic and trophoblast cell lineages have been
specified, a stable maintenance of lineage identity is ensured by
an epigenetically imposed cellular memory. We have recently
found that DNA methylation establishes a major restriction of
lineage fate and is a critical epigenetic modification to enforce the
clear-cut and heritable embryonic-trophoblast lineage boundary.
Hence, ES cells deficient in DNA methylation due to a lack of
Dnmtl, Dnmit3a/b, Np95 or Cxxcl, readily transdifferentiate into
trophoblast derivatives when cultured in TS cell conditions.®” This
lineage restriction is mainly mediated through epigenetic regula-
tion of the transcription factor Elf5. Elf5 is robustly methylated
and repressed in ES cells, but is hypomethylated and expressed in
TS cells. In the trophoblast compartment, ELF5 is necessary to
maintain expression of the trophoblast stem cell genes Cdx2 and
Eomes, and thereby reinforces trophoblast cell fate. This pathway
is aborted in the embryonic lineage due to epigenetic silencing
of Elf5. Thus, ELF5 functions downstream of initial lineage
determination as a gatekeeper to ensure the stable and irreversible
canalization of embryonic and trophoblast lineage pathways. The
developmental restriction imposed by epigenetic regulation of
Elf5 is likely complemented by other, albeit less stringent, epige-
netic mechanisms. In this context it is interesting to note that an
upregulation of trophoblast markers is also observed in ES cells
that lack the NuRD repressive complex component MBD3, the
Polycomb repressive complex components EED and EZH2, the
histone demethylase JMJD2C, or the poly(ADP-ribose)polymerase
PARP1 (Table 1).6778-80 \Whether or not these modifications act
on Elf5 or on other factors that contribute to lineage restriction
remains to be elucidated.

The emerging picture from these data is that specific tran-
scription factors, some of which may be activated by extracellular
signal-regulated kinase cascades, are able to direct differentiation
into particular lineages. This lineage allocation is then fixed by
epigenetic modifications, most notably DNA methylation, to
ensure stable and heritable lineage commitment.

Expression Patterns of Lineage ‘Markers’

With the increasing number of conditions that have been reported
to cause ‘trophoblast differentiation’ from ES cells, it is important
to reassess the lineage specificity of genes that are commonly used
as marker genes (Fig. 1). In this regard, it is particularly noteworthy
that all known trophoblast determining factors also have a function
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in embryonic development. This situation has most likely arisen
from the redeployment of available genes for trophoblast differen-
tiation during eutherian evolution. As such, the TS cell ‘markers
Cdx2 and Eomes are expressed in embryonic structures soon after
embryonic-trophoblast lineage separation. Cdx2 is detected at E7.5
in the mesoderm of the developing allantoic bud and posterior
primitive streak. At E8.5, expression is seen in all three germ layers
at the posterior end of the embryo extending into the allantois, in
the endodermal epithelium of the hindgut rudiment, and in the
neural tube.’>8! Embryonic Eomes expression is observed even
earlier, at E5.5-E5.75, in the posterior primitive streak region and
overlying visceral endoderm.>*82 Another example is the frequently
used trophoblast giant cell-expressed gene Handl that is also
required soon after implantation for cardiac morphogenesis and is
expressed from E8.5 onwards in the developing heart, pericardium
and lateral mesoderm.83-8% Thus, the conclusion of trophoblast
differentiation from ES cells on the basis of ‘marker’ gene analyses
has to be treated with some caution, as expression of many of these
genes may in fact represent ES cells recapitulating their activation in
embryonic lineage derivatives slightly later in development.

As the placenta represents a relatively late acquisition in
evolution, many genes with important functions in tropho-
blast development are also expressed elsewhere, and a recurrent
pattern is the placenta-testis-brain axis.3¢87 There are relatively
few murine genes that are truly trophoblast-specific, for example
the placental lactogen/prolactin family, some pregnancy-specific
glycoproteins (Psg’s), the placenta-expressed cathepsin family and
the Syncytins.88-9% In general, these genes are expressed in differen-
tiated trophoblast cell types, and well-characterized marker genes
include 7pbpa, characteristic of ectoplacental cone trophoblast
and spongiotrophoblast;’® Syncytins A and B (Syna and Synb),
expressed in syncytiotrophoblast;’” and the placental lactogens
I and II (P/1/Pri3d1 and P[2/Pri3b1), demarcating primary and
secondary trophoblast giant cells, respectively.”>?® In conjunction
with the activation of these specific marker genes, appearance of
the morphologically distinct syncytiotrophoblast and trophoblast
giant cells is a unique feature that can serve as a reliable indicator
of trophoblast differentiation.

The most vigorous test for the functionality of trophoblast cells
transdifferentiating from ES cells is to analyze their developmental
potential in chimera experiments. Of all the situations for which
trophoblast differentiation and/or activation of trophoblast genes
has been described, such definitive proof has only been provided for
very few genes (Table 1). Namely, Sall4 knockdown and Dnmzri-
deficient ES cells contribute to the TE at the blastocyst stage,
and Cdx2-overexpressing and Ras-activated ES cells contribute to
trophoblast tissues of the mature placenta.01:68-70

Despite these limitations, the accumulating evidence of extra-
cellular signals, signaling cascades, transcription factors and
epigenetic modifiers that are involved in the specification and
stable maintenance of lineage fate have provided significant
insights into the mechanisms that underlie stem cell potency and
the canalization of developmental pathways (Fig. 2).
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Perspectives

Understanding how the early cell lineages are specified and then

maintained is of key importance for developmental biology and

regenerative medicine. Thus, the ability to remove developmental

restrictions may enable us to widen a stem cell’s potency towards
that of a different cell lineage. At the same time, knowledge of the
molecular basis for the progressive loss of developmental plasticity
is fundamental to achieve directed and terminal differentiation into
specific cell types. Insights into the roles of transcription factors,

signaling pathways and epigenetic modifiers have highlighted their
importance for the stability of cell fate determination and for the
differentiative potency of stem cells. These recent findings open up

new opportunities for the manipulation of lineage determinants

and gatekeeper genes, or their epigenetic regulation, in experi-
mental approaches aimed at generating appropriate cell types by
transdifferentiation or by reprogramming of somatic cells.

20.

21.

22.

www.landesbioscience.com

References
1.
2.

Rossant J. Stem cells and early lineage development. Cell 2008; 132:527-31.
Kwon GS, Viotti M, Hadjantonakis AK. The endoderm of the mouse embryo arises by

dynamic widespread intercalation of embryonic and extraembryonic lineages. Dev Cell

2008; 15:509-20.

. Gardner RL, Johnson MH. An investigation of inner cell mass and trophoblast tissues

following their isolation from the mouse blastocyst. ] Embryol Exp Morphol 1972;
28:279-312.

. Rossant J. Investigation of the determinative state of the mouse inner cell mass II. The

fate of isolated inner cell masses transferred to the oviduct. ] Embryol Exp Morphol
1975; 33:991-1001.

. Rossant J. Investigation of the determinative state of the mouse inner cell mass I.

Aggregation of isolated inner cell masses with morulae. ] Embryol Exp Morphol 1975;
33:979-90.

. Gardner RL, Papaioannou VE, Barton SC. Origin of the ectoplacental cone and second-

ary giant cells in mouse blastocysts reconstituted from isolated trophoblast and inner cell
mass. ] Embryol Exp Morphol 1973; 30:561-72.

. Johnson MH, Ziomek CA. Cell interactions influence the fate of mouse blastomeres

undergoing the transition from the 16- to the 32-cell stage. Dev Biol 1983; 95:211-8.

. Fleming TP. A quantitative analysis of cell allocation to trophectoderm and inner cell

mass in the mouse blastocyst. Dev Biol 1987; 119:520-31.

. Dyce ], George M, Goodall H, Fleming TP. Do trophectoderm and inner cell mass cells

in the mouse blastocyst maintain discrete lineages? Development 1987; 100:685-98.

. Nichols J, Gardner RL. Heterogeneous differentiation of external cells in individual iso-

lated early mouse inner cell masses in culture. ] Embryol Exp Morphol 1984; 80:225-40.

. Rossant ], Lis WT. Potential of isolated mouse inner cell masses to form trophectoderm

derivatives in vivo. Dev Biol 1979; 70:255-61.

. Kahan BW, Ephrussi B. Developmental potentialities of clonal in vitro cultures of mouse

testicular teratoma. ] Natl Cancer Inst 1970; 44:1015-36.

. Kleinsmith LJ, Pierce GB Jr. Multipotentiality of single embryonal carcinoma cells.

Cancer Res 1964; 24:1544-51.

. Martin GR, Evans MJ. Differentiation of clonal lines of teratocarcinoma cells: formation

of embryoid bodies in vitro. Proc Natl Acad Sci USA 1975; 72:1441-5.

. Martin GR, Wiley LM, Damjanov I. The development of cystic embryoid bodies in vitro

from clonal teratocarcinoma stem cells. Dev Biol 1977; 61:230-44.

. Mintz B, Illmensee K. Normal genetically mosaic mice produced from malignant terato-

carcinoma cells. Proc Natl Acad Sci USA 1975; 72:3585-9.

. Evans M]J, Kaufman MH. Establishment in culture of pluripotential cells from mouse

embryos. Nature 19815 292:154-6.

. Martin GR. Isolation of a pluripotent cell line from early mouse embryos cultured in

medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci USA 1981;

78:7634-8.

. Brook FA, Gardner RL. The origin and efficient derivation of embryonic stem cells in

the mouse. Proc Natl Acad Sci USA 1997; 94:5709-12.

Beddington RS, Robertson EJ. An assessment of the developmental potential of embry-
onic stem cells in the midgestation mouse embryo. Development 1989; 105:733-7.
Nagy A, Rossant ], Nagy R, Abramow-Newerly W, Roder JC. Derivation of completely
cell culture-derived mice from early-passage embryonic stem cells. Proc Natl Acad Sci
USA 1993; 90:8424-8.

Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, Rossant J. Promotion of trophoblast
stem cell proliferation by FGF4. Science 1998; 282:2072-5.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.
37.
38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.
50.

51.

Cell Cycle

Uy GD, Downs KM, Gardner RL. Inhibition of trophoblast stem cell potential in
chorionic ectoderm coincides with occlusion of the ectoplacental cavity in the mouse.
Development 2002; 129:3913-24.

Strickland S, Mahdavi V. The induction of differentiation in teratocarcinoma stem cells
by retinoic acid. Cell 1978; 15:393-403.

Strickland S, Smith KK, Marotti KR. Hormonal induction of differentiation in tera-
tocarcinoma stem cells: generation of parietal endoderm by retinoic acid and dibutyryl
cAMP. Cell 1980; 21:347-55.

Kunath T, Arnaud D, Uy GD, Okamoto I, Chureau C, Yamanaka Y, et al. Imprinted
X-inactivation in extra-embryonic endoderm cell lines from mouse blastocysts.
Development 2005; 132:1649-61.

Smith AG, Heath JK, Donaldson DD, Wong GG, Moreau J, Stahl M, et al. Inhibition
of pluripotential embryonic stem cell differentiation by purified polypeptides. Nature
1988; 336:688-90.

Williams RL, Hilton D]J, Pease S, Willson TA, Stewart CL, Gearing DD, et al. Myeloid
leukaemia inhibitory factor maintains the developmental potential of embryonic stem
cells. Nature 1988; 336:684-7.

Gearing DP, Thut CJ, VandeBos T, Gimpel SD, Delaney PB, King J, et al. Leukemia
inhibitory factor receptor is structurally related to the IL-6 signal transducer, gp130.
EMBO ] 1991; 10:2839-48.

Yoshida K, Chambers I, Nichols J, Smith A, Saito M, Yasukawa K, et al. Maintenance of
the pluripotential phenotype of embryonic stem cells through direct activation of gp130
signaling pathways. Mech Dev 1994; 45:163-71.

Niwa H, Burdon T, Chambers I, Smith A. Self-renewal of pluripotent embryonic stem
cells is mediated via activation of STAT3. Genes Dev 1998; 12:2048-60.

Matsuda T, Nakamura T, Nakao K, Arai T, Katsuki M, Heike T, et al. STAT3 activation
is sufficient to maintain an undifferentiated state of mouse embryonic stem cells. EMBO
J 1999; 18:4261-9.

Nichols J, Davidson D, Taga T, Yoshida K, Chambers I, Smith A. Complementary tissue-
specific expression of LIF and LIF-receptor mRNAs in early mouse embryogenesis. Mech
Dev 1996; 57:123-31.

Yoshida K, Taga T, Saito M, Suematsu S, Kumanogoh A, Tanaka T, et al. Targeted disrup-
tion of gp130, a common signal transducer for the interleukin 6 family of cytokines, leads
to myocardial and hematological disorders. Proc Natl Acad Sci USA 1996; 93:407-11.
Nichols J, Chambers I, Taga T, Smith A. Physiological rationale for responsiveness of
mouse embryonic stem cells to gp130 cytokines. Development 2001; 128:2333-9.
Hemberger M, Hughes M, Cross JC. Trophoblast stem cells differentiate in vitro into
invasive trophoblast giant cells. Dev Biol 2004; 271:362-71.

Niswander L, Martin GR. Fgf-4 expression during gastrulation, myogenesis, limb and
tooth development in the mouse. Development 1992; 114:755-68.

Rappolee DA, Basilico C, Patel Y, Werb Z. Expression and function of FGF-4 in peri-
implantation development in mouse embryos. Development 1994; 120:2259-69.
Haffner-Krausz R, Gorivodsky M, Chen Y, Lonai . Expression of Fgfr2 in the early
mouse embryo indicates its involvement in preimplantation development. Mech Dev
1999; 85:167-72.

Arman E, Haffner-Krausz R, Chen Y, Heath JK, Lonai P. Targeted disruption of fibro-
blast growth factor (FGF) receptor 2 suggests a role for FGF signaling in pregastrulation
mammalian development. Proc Natl Acad Sci USA 1998; 95:5082-7.

Feldman B, Poueymirou W, Papaioannou VE, DeChiara TM, Goldfarb M. Requirement
of FGF-4 for postimplantation mouse development. Science 1995; 267:246-9.

Gotoh N, Manova K, Tanaka S, Murohashi M, Hadari Y, Lee A, et al. The docking pro-
tein FRS2alpha is an essential component of multiple fibroblast growth factor responses
during early mouse development. Mol Cell Biol 2005; 25:4105-16.

Saba-El-Leil MK, Vella FD, Vernay B, Voisin L, Chen L, Labrecque N, et al. An essential
function of the mitogen-activated protein kinase Erk2 in mouse trophoblast develop-
ment. EMBO Rep 2003; 4:964-8.

Erlebacher A, Price KA, Glimcher LH. Maintenance of mouse trophoblast stem cell
proliferation by TGFbeta/activin. Dev Biol 2004; 275:158-69.

Niwa H, Miyazaki ], Smith AG. Quantitative expression of Oct-3/4 defines differentia-
tion, dedifferentiation or self-renewal of ES cells. Nat Genet 2000; 24:372-6.

Mitsui K, Tokuzawa Y, Troh H, Segawa K, Murakami M, Takahashi K, et al. The homeo-
protein Nanog is required for maintenance of pluripotency in mouse epiblast and ES
cells. Cell 2003; 113:631-42.

Elling U, Klasen C, Eisenberger T, Anlag K, Treier M. Murine inner cell mass-derived
lineages depend on Sall4 function. Proc Natl Acad Sci USA 2006; 103:16319-24.
Avilion AA, Nicolis SK, Pevny LH, Perez L, Vivian N, Lovell-Badge R. Multipotent
cell lineages in early mouse development depend on SOX2 function. Genes Dev 2003;
17:126-40.

Yuan H, Corbi N, Basilico C, Dailey L. Developmental-specific activity of the FGF-4
enhancer requires the synergistic action of Sox2 and Oct-3. Genes Dev 1995; 9:2635-45.
Rodda DJ, Chew JL, Lim LH, Loh YH, Wang B, Ng HH, et al. Transcriptional regula-
tion of nanog by OCT4 and SOX2. ] Biol Chem 2005; 280:24731-7.

Liang J, Wan M, Zhang Y, Gu P, Xin H, Jung SY, et al. Nanog and Oct4 associate with
unique transcriptional repression complexes in embryonic stem cells. Nat Cell Biol 2008;
10:731-9.

1523



Downloaded by [Babraham Institute] at 07:53 07 July 2015

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

1524

Lineage specification and transdifferentiation

Chawengsaksophak K, de Graaff W, Rossant J, Deschamps J, Beck F. Cdx2 is essential for
axial elongation in mouse development. Proc Natl Acad Sci USA 2004; 101:7641-5.
Strumpf D, Mao CA, Yamanaka Y, Ralston A, Chawengsaksophak K, Beck E, et al. Cdx2
is required for correct cell fate specification and differentiation of trophectoderm in the
mouse blastocyst. Development 2005; 132:2093-102.

Russ AP, Wattler S, Colledge WH, Aparicio SA, Carlton MB, Pearce JJ, et al.
Eomesodermin is required for mouse trophoblast development and mesoderm forma-
tion. Nature 2000; 404:95-9.

Yagi R, Kohn M]J, Karavanova I, Kancko KJ, Vullhorst D, DePamphilis ML, et al.
Transcription factor TEAD4 specifies the trophectoderm lineage at the beginning of
mammalian development. Development 2007; 134:3827-36.

Nishioka N, Yamamoto S, Kiyonari H, Sato H, Sawada A, Ota M, et al. Tead4 is
required for specification of trophectoderm in pre-implantation mouse embryos. Mech
Dev 2008; 125:270-83.

Soudais C, Bielinska M, Heikinheimo M, MacArthur CA, Narita N, Saffitz JE, et al.
Targeted mutagenesis of the transcription factor GATA-4 gene in mouse embryonic stem
cells disrupts visceral endoderm differentiation in vitro. Development 1995; 121:3877-88.
Cai KQ, Capo-Chichi CD, Rula ME, Yang DH, Xu XX. Dynamic GATAG expression in
primitive endoderm formation and maturation in early mouse embryogenesis. Dev Dyn
2008; 237:2820-9.

Morrisey EE, Tang Z, Sigrist K, Lu MM, Jiang E Ip HS, et al. GATAG regulates HNF4
and is required for differentiation of visceral endoderm in the mouse embryo. Genes Dev
1998; 12:3579-90.

Futaki S, Hayashi Y, Emoto T, Weber CN, Sckiguchi K. Sox7 plays crucial roles in
parietal endoderm differentiation in F9 embryonal carcinoma cells through regulating
Gata-4 and Gata-6 expression. Mol Cell Biol 2004; 24:10492-503.

Zhang J, Tam WL, Tong GQ, Wu Q, Chan HY, Soh BS, et al. Sall4 modulates embry-
onic stem cell pluripotency and early embryonic development by the transcriptional
regulation of Pou5f1. Nat Cell Biol 2006; 8:1114-23.

Chambers I, Colby D, Robertson M, Nichols J, Lee S, Tweedie S, et al. Functional
expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells.
Cell 2003; 113:643-55.

Ivanova N, Dobrin R, Lu R, Kotenko I, Levorse J, DeCoste C, et al. Dissecting self-
renewal in stem cells with RNA interference. Nature 2006; 442:533-8.

Chew JL, Loh YH, Zhang W, Chen X, Tam WL, Yeap LS, et al. Reciprocal transcrip-
tional regulation of Pou5fl and Sox2 via the Oct4/Sox2 complex in embryonic stem
cells. Mol Cell Biol 2005; 25:6031-46.

Kopp JL, Ormsbee BD, Desler M, Rizzino A. Small increases in the level of Sox2 trigger
the differentiation of mouse embryonic stem cells. Stem Cells 2008; 26:903-11.

Loh YH, Wu Q, Chew JL, Vega VB, Zhang W, Chen X, et al. The Oct4 and Nanog
transcription network regulates pluripotency in mouse embryonic stem cells. Nat Genet
20065 38:431-40.

Lim CY, Tam WL, Zhang J, Ang HS, Jia H, Lipovich L, et al. Sall4 regulates distinct
transcription circuitries in different blastocyst-derived stem cell lineages. Cell Stem Cell
2008; 3:543-54.

Niwa H, Toyooka Y, Shimosato D, Strumpf D, Takahashi K, Yagi R, et al. Interaction
between Oct3/4 and Cdx2 determines trophectoderm differentiation. Cell 2005;
123:917-29.

Ng RK, Dean W, Dawson C, Lucifero D, Madeja Z, Reik W, et al. Epigenetic restriction
of embryonic cell lineage fate by methylation of Elf5. Nat Cell Biol 2008.

Lu CW, Yabuuchi A, Chen L, Viswanathan S, Kim K, Daley GQ. Ras-MAPK signaling
promotes trophectoderm formation from embryonic stem cells and mouse embryos. Nat
Genet 2008; 40:921-6.

Kunath T, Saba-El-Leil MK, Almousailleakh M, Wray ], Meloche S, Smith A. FGF
stimulation of the Erk1/2 signalling cascade triggers transition of pluripotent embryonic
stem cells from self-renewal to lineage commitment. Development 2007; 134:2895-902.
Corson LB, Yamanaka Y, Lai KM, Rossant J. Spatial and temporal patterns of ERK
signaling during mouse embryogenesis. Development 2003; 130:4527-37.

Hemberger M, Cross JC. Genes governing placental development. Trends Endocrinol
Metab 2001; 12:162-8.

Watson ED, Cross JC. Development of structures and transport functions in the mouse
placenta. Physiology 2005; 20:180-93.

Yang W, Klaman LD, Chen B, Araki T, Harada H, Thomas SM, et al. An Shp2/SFK/
Ras/Erk signaling pathway controls trophoblast stem cell survival. Dev Cell 20065
10:317-27.

He S, Pant D, Schiffmacher A, Meece A, Keefer CL. Lymphoid enhancer factor 1-medi-
ated Wnt signaling promotes the initiation of trophoblast lineage differentiation in
mouse embryonic stem cells. Stem Cells 2008; 26:842-9.

Schenke-Layland K, Angelis E, Rhodes KE, Heydarkhan-Hagvall S, Mikkola HK,
Maclellan WR. Collagen IV induces trophoectoderm differentiation of mouse embry-
onic stem cells. Stem Cells 2007; 25:1529-38.

Jorgensen HE, Giadrossi S, Casanova M, Endoh M, Koseki H, Brockdorff N, et al. Stem
cells primed for action: polycomb repressive complexes restrain the expression of lineage-
specific regulators in embryonic stem cells. Cell Cycle 2006; 5:1411-4.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

104.

105.

106.

107.

Cell Cycle

Hemberger M, Nozaki T, Winterhager E, Yamamoto H, Nakagama H, Kamada N, et al.
Parpl-deficiency induces differentiation of ES cells into trophoblast derivatives. Dev
Biol 2003; 257:371-81.

Loh YH, Zhang W, Chen X, George J, Ng HH. Jmjd1a and Jmjd2c histone H3 Lys 9 dem-
ethylases regulate self-renewal in embryonic stem cells. Genes Dev 2007; 21:2545-57.
Beck E Erler T, Russell A, James R. Expression of Cdx-2 in the mouse embryo and
placenta: possible role in patterning of the extra-embryonic membranes. Dev Dyn 1995;
204:219-27.

Ralston A, Rossant J. Cdx2 acts downstream of cell polarization to cell-autonomously
promote trophectoderm fate in the early mouse embryo. Dev Biol 2008; 313:614-29.
Hollenberg SM, Sternglanz R, Cheng PE Weintraub H. Identification of a new family
of tissue-specific basic helix-loop-helix proteins with a two-hybrid system. Mol Cell Biol
1995; 15:3813-22.

Cserjesi B, Brown D, Lyons GE, Olson EN. Expression of the novel basic helix-loop-helix
gene eHAND in neural crest derivatives and extraembryonic membranes during mouse
development. Dev Biol 1995; 170:664-78.

Cross JC, Flannery ML, Blanar MA, Steingrimsson E, Jenkins NA, Copeland NG, et al.
Hxt encodes a basic helix-loop-helix transcription factor that regulates trophoblast cell
development. Development 1995; 121:2513-23.

Wilda M, Bachner D, Zechner U, Kehrer-Sawatzki H, Vogel W, Hameister H. Do the
constraints of human speciation cause expression of the same set of genes in brain, testis
and placenta? Cytogenet Cell Genet 2000; 91:300-2.

Hemberger M. The role of the X chromosome in mammalian extra embryonic develop-
ment. Cytogenet Genome Res 2002; 99:210-7.

Soares MJ, Konno T, Alam SM. The prolactin family: effectors of pregnancy-dependent
adaptations. Trends Endocrinol Metab 2007; 18:114-21.

Finkenzeller D, Kromer B, Thompson J, Zimmermann W. cea5, a structurally divergent
member of the murine carcinoembryonic antigen gene family, is exclusively expressed
during early placental development in trophoblast giant cells. J Biol Chem 1997;
272:31369-76.

Finkenzeller D, Fischer B, McLaughlin J, Schrewe H, Ledermann B, Zimmermann W.
Trophoblast cell-specific carcinoembryonic antigen cell adhesion molecule 9 is not
required for placental development or a positive outcome of allotypic pregnancies. Mol
Cell Biol 2000; 20:7140-5.

Wynne E Ball M, McLellan AS, Dockery P, Zimmermann W, Moore T. Mouse preg-
nancy-specific glycoproteins: tissue-specific expression and evidence of association with
maternal vasculature. Reproduction 2006; 131:721-32.

Rawn SM, Cross JC. The evolution, regulation and function of placenta-specific genes.
Annu Rev Cell Dev Biol 2008; 24:159-81.

Deussing J, Kouadio M, Rehman S, Werber I, Schwinde A, Peters C. Identification
and characterization of a dense cluster of placenta-specific cysteine peptidase genes and
related genes on mouse chromosome 13. Genomics 2002; 79:225-40.

Screen M, Dean W, Cross JC, Hemberger M. Cathepsin proteases have distinct roles in
trophoblast function and vascular remodelling. Development 2008; 135:3311-20.
Simmons DG, Rawn S, Davies A, Hughes M, Cross JC. Spatial and temporal expression
of the 23 murine Prolactin/Placental Lactogen-related genes is not associated with their
position in the locus. BMC Genomics 2008; 9:352.

Lescisin KR, Varmuza S, Rossant J. Isolation and characterization of a novel trophoblast-
specific cDNA in the mouse. Genes Dev 1988; 2:1639-46.

Simmons DG, Natale DR, Begay V, Hughes M, Leutz A, Cross JC. Early patterning of
the chorion leads to the trilaminar trophoblast cell structure in the placental labyrinth.
Development 2008; 135:2083-91.

Soares MJ. The prolactin and growth hormone families: pregnancy-specific hormones/
cytokines at the maternal-fetal interface. Reprod Biol Endocrinol 2004; 2:51.

Liu Y, Labosky PA. Regulation of embryonic stem cell self-renewal and pluripotency by
Foxd3. Stem Cells 2008; 26:2475-84.

. Parisi S, Passaro E, Aloia L, Manabe I, Nagai R, Pastore L, et al. KIf5 is involved in self-

renewal of mouse embryonic stem cells. J Cell Sci 2008; 121:2629-34.

Ema M, Mori D, Niwa H, Hasegawa Y, Yamanaka Y, Hitoshi S, et al. Kruppel-like fac-
tor 5 is essential for blastocyst development and the normal self-renewal of mouse ESCs.
Cell Stem Cell 2008; 3:555-67.

Kaji K, Caballero IM, MacLeod R, Nichols J, Wilson VA, Hendrich B. The NuRD
component Mbd3 is required for pluripotency of embryonic stem cells. Nat Cell Biol
2006; 8:285-92.

Kaji K, Nichols J, Hendrich B. Mbd3, a component of the NuRD co-repressor complex,
is required for development of pluripotent cells. Development 2007; 134:1123-32.
Thomas PQ, Brown A, Beddington RS. Hex: a homeobox gene revealing peri-implan-
tation asymmetry in the mouse embryo and an early transient marker of endothelial cell
precursors. Development 1998; 125:85-94.

Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, et al. Dicer is
essential for mouse development. Nat Genet 2003; 35:215-7.

Dietrich JE, Hiiragi T. Stochastic patterning in the mouse pre-implantation embryo.
Development 2007; 134:4219-31.

Downs KM. Systematic localization of Oct-3/4 to the gastrulating mouse conceptus
suggests manifold roles in mammalian development. Dev Dyn 2008; 237:464-75.

2009; Vol. 8 Issue 10



Downloaded by [Babraham Institute] at 07:53 07 July 2015

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

www.landesbioscience.com

Lineage specification and transdifferentiation

Hart AH, Hartley L, Ibrahim M, Robb L. Identification, cloning and expression analysis
of the pluripotency promoting Nanog genes in mouse and human. Dev Dyn 2004;
230:187-98.

Tam WL, Lim CY, Han J, Zhang J, Ang YS, Ng HH, et al. T-cell factor 3 regulates
embryonic stem cell pluripotency and self-renewal by the transcriptional control of
multiple lineage pathways. Stem Cells 2008; 26:2019-31.

Yamaguchi S, Kimura H, Tada M, Nakatsuji N, Tada T. Nanog expression in mouse
germ cell development. Gene Expr Patterns 2005; 5:639-46.

Guo G, Robson P. Transcription factor dynamics in the preimplantation embryo. MGI
Direct Data Submission 2008; (www.informatics.jax.org).

Lickert H, Cox B, Wehrle C, Taketo MM, Kemler R, Rossant J. Dissecting Wnt/
beta-catenin signaling during gastrulation using RNA interference in mouse embryos.
Development 2005; 132:2599-609.

Wood HB, Episkopou V. Comparative expression of the mouse Sox1, Sox2 and Sox3
genes from pre-gastrulation to early somite stages. Mech Dev 1999; 86:197-201.
Yoshikawa T, Piao Y, Zhong J, Matoba R, Carter MG, Wang Y, et al. High-throughput
screen for genes predominantly expressed in the ICM of mouse blastocysts by whole
mount in situ hybridization. Gene Expr Patterns 2006; 6:213-24.

Sakaki-Yumoto M, Kobayashi C, Sato A, Fujimura S, Matsumoto Y, Takasato M, et al.
The murine homolog of SALL4, a causative gene in Okihiro syndrome, is essential for
embryonic stem cell proliferation, and cooperates with Salll in anorectal, heart, brain
and kidney development. Development 2006; 133:3005-13.

Kohlhase J, Heinrich M, Liebers M, Frohlich Archangelo L, Reardon W, Kispert A.
Cloning and expression analysis of SALL4, the murine homologue of the gene mutated
in Okihiro syndrome. Cytogenet Genome Res 2002; 98:274-7.

Adams IR, McLaren A. Identification and characterisation of mRifl: a mouse telomere-
associated protein highly expressed in germ cells and embryo-derived pluripotent stem
cells. Dev Dyn 2004; 229:733-44.

Hanna LA, Foreman RK, Tarasenko IA, Kessler DS, Labosky PA. Requirement for
Foxd3 in maintaining pluripotent cells of the early mouse embryo. Genes Dev 2002;
16:2650-61.

Labosky PA, Kaestner KH. The winged helix transcription factor Hfh2 is expressed in
neural crest and spinal cord during mouse development. Mech Dev 1998; 76:185-90.
Tompers DM, Foreman RK, Wang Q, Kumanova M, Labosky PA. Foxd3 is required in the
trophoblast progenitor cell lineage of the mouse embryo. Dev Biol 2005; 285:126-37.
Jacquemin P, Hwang JJ, Martial JA, Dolle B, Davidson I. A novel family of develop-
mentally regulated mammalian transcription factors containing the TEA/ATTS DNA
binding domain. J Biol Chem 1996; 271:21775-85.

Sawada A, Nishizaki Y, Sato H, Yada Y, Nakayama R, Yamamoto S, et al. Tead pro-
teins activate the Foxa2 enhancer in the node in cooperation with a second factor.
Development 2005; 132:4719-29.

Hancock SN, Agulnik SI, Silver LM, Papaioannou VE. Mapping and expression analysis
of the mouse ortholog of Xenopus Eomesodermin. Mech Dev 1999; 81:205-8.

Ciruna BG, Rossant J. Expression of the T-box gene Eomesodermin during early mouse
development. Mech Dev 1999; 81:199-203.

Tremblay KD, Dunn NR, Robertson EJ. Mouse embryos lacking Smad1 signals dis-
play defects in extra-embryonic tissues and germ cell formation. Development 2001;
128:3609-21.

Donnison M, Beaton A, Davey HW, Broadhurst R, Huillier P, Pfeffer PL. Loss of the
extraembryonic ectoderm in EIf5 mutants leads to defects in embryonic patterning.
Development 2005; 132:2299-308.

Luo J, Sladek R, Bader JA, Matthyssen A, Rossant J, Giguere V. Placental abnor-
malities in mouse embryos lacking the orphan nuclear receptor ERR-beta. Nature 1997;
388:778-82.

Pettersson K, Svensson K, Mattsson R, Carlsson B, Ohlsson R, Berkenstam A.
Expression of a novel member of estrogen response element-binding nuclear receptors is
restricted to the early stages of chorion formation during mouse embryogenesis. Mech
Dev 1996; 54:211-23.

Guzman-Ayala M, Ben-Haim N, Beck S, Constam DB. Nodal protein processing and
fibroblast growth factor 4 synergize to maintain a trophoblast stem cell microenviron-
ment. Proc Natl Acad Sci USA 2004; 101:15656-60.

Mitsunaga K, Araki K, Mizusaki H, Morohashi K, Haruna K, Nakagata N, et al. Loss of
PGC-specific expression of the orphan nuclear receptor ERR-beta results in reduction of
germ cell number in mouse embryos. Mech Dev 2004; 121:237-46.

Hamazaki T, Kehoe SM, Nakano T, Terada N. The Grb2/Mek pathway represses Nanog
in murine embryonic stem cells. Mol Cell Biol 2006; 26:7539-49.

Chazaud C, Yamanaka Y, Pawson T, Rossant J. Early lineage segregation between epiblast
and primitive endoderm in mouse blastocysts through the Grb2-MAPK pathway. Dev
Cell 2006; 10:615-24.

Cell Cycle

1525



