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In mouse, four endodermal lineages are generated during the period from the late
blastocyst to the end of gastrulation. The characteristics of each lineage and the
proposed genetic cascades involved in their formation are reviewed. In addition, a list of
the current markers used to identify these lineages in vivo and in vitro is presented.
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INTRODUCTION

The ability to derive cell populations from cultured mouse and primate embryonic stem cells (ESCs) has
stimulated the research community worldwide. Current research has two main goals. First, these cells
offer unlimited opportunities for understanding lineage allocation and differentiation in the early
conceptus; these processes have, in most cases, been difficult to study in vivo. Second, ESCs offer the
opportunity to derive specific cell types for cell-replacement therapies. Much effort is being directed
towards the first goal in order to realize the second. Both goals require a thorough understanding of the
molecular processes underpinning lineage commitment and differentiation of embryonic cells in vivo.

Mouse ESCs[1,2] have full developmental potential, give rise to derivatives of all three primary germ
layers in vitro, and generate germline chimeras when injected into host blastocysts[3]. Under specific
conditions, ESCs differentiate into structures known as embryoid bodies (EBs) that resemble the normal
egg cylinder stage[4,5]. The lineages are formed in sequential order resembling the initial developmental
stages of the postimplantation conceptus, while prolonged culture leads to spontaneous differentiation in
which multiple cell types are generated providing the opportunity to study the underlying molecular
processes[6,7].

Although much progress has been made in understanding how the primary germ layers, ectoderm,
and mesoderm are formed, the specification and differentiation of the definitive endoderm lineage has
only been the focus of more recent attention. The specification and differentiation of the extraembryonic
endodermal lineages is also poorly understood. In amniotes, the endoderm presents a unique problem
because development of the conceptus involves several “endodermal” lineages, some of which are
transient. Embryoid Body (EB) formation in vitro allows access to these endodermal lineages[8,9] that are
generated in the early conceptus[10,11,12,13,14,15]. It is timely, therefore, to examine the markers that
identify the various endodermal lineages in the mouse conceptus in vivo and to examine their applicability
to identifying these lineages in vitro. The focus in this review is mouse development from blastocyst
formation to gastrulation, the developmental window during which all four endodermal lineages form.
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LINEAGE ALLOCATION IN EARLY MOUSE DEVELOPMENT

Following fertilization, the mouse conceptus undergoes several rounds of cleavage leading to formation
of the morula containing eight cells. Up to this stage, the blastomeres are considered totipotent, although a
cell removed at this stage cannot generate a mouse by itself[16,17]. Compaction occurs when the eight
blastomeres flatten towards each other increasing their surface contact. The next round of cleavage
generates distinct polarized (outer) and nonpolarized (inner) cells that lead to the generation of the first
two lineages[17]. These are the outer polarized trophoblast (TB) layer and the inner nonpolarized
pluriblast (PB, or Inner Cell Mass), the cluster of cells attached to one region of the TB, depicted
schematically in Fig. 1A. The nomenclature of early development in mammals suggested by Johnson and
Selwood[18] will be given preference in this review, but alternate terms will be listed as they arise.
According to Kunath and colleagues[19], it is not until blastocyst formation that the TB and PB lineages
are irreversibly determined, driven by reversible epigenetic changes that differentially occur when
polarized and nonpolarized cells are formed during compaction. Just prior to implantation, the PB
contains approximately 40 cells, half of which become the hypoblast (HB, primitive endoderm), the third
cell lineage to emerge, separating the PB from the blastocoel cavity[20,21]. The HB, a single layer of
spindle-like cells, is also the first of four endodermal lineages to appear in the early conceptus (see Fig.
1B).
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FIGURE 1. A schematic representation of early mouse development between the stages of preimplantation and just before gastrulation depicting
the location of the extraembryonic endodermal lineages. (A) Preimplantation blastocyst (around 3.5 dpc) showing the first two lineages: TB that
will give rise to the extraembryonic ectoderm and PB that will give rise to the epiblast and HB. (B) Just after implantation (around 4.5 dpc), HB,
the first endodermal lineage, has formed. (C) Egg-cylinder stage just prior to gastrulation (around 6.25 dpc) showing the location of the visceral
endoderm, parietal endoderm, and visceral extraembryonic endoderm - derivatives of the HB. Abbreviations: dpc: days postcoitum, ExE:
extraembryonic ectoderm, PE: parietal endoderm, TE: trophectoderm, VE: visceral endoderm, VXE: visceral extraembryonic endoderm.

The TB and HB give rise to different extraembryonic tissues in later development[10,11,12,15,20].
The TB gives rise to several tissues including the extraembryonic ectoderm (ExE), which appears to play
an important role in axial patterning[21]. In addition, the derivatives of the TB function as a selective
barrier between the fetus and mother leading to the formation of the parietal yolk sac and placenta[12].
The HB has bipotential fate giving rise to both parietal endoderm (PE) and visceral endoderm (VE) that
later, in conjunction with contributions from other lineages, give rise to the parietal and visceral yolk sacs,
respectively. However, both the precise timing of and processes involved in these events are poorly
understood.

Around the time of implantation, PE cells derived from the HB migrate along the mural
trophectoderm (TE) generating a discontinuous lining of the blastocoel cavity[13.14] (see Fig. 1C). These
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isolated PE cells have a nutritive role and secrete a thick extracellular membrane (known as Reichert’s
membrane) between themselves and the TE, which may function as a filter between fetus and mother[12].
Shortly after implantation, as the polar TE proliferates, it pushes the epiblast into the blastocoelic cavity.
Further proliferation leads to the formation of a cylinder of pseudostratified epithelial cells consisting of
proximal EXE and distal epiblast (primitive ectoderm). As this cylinder is created, the HB transforms into
the VE, lining the entire proximal and distal regions of this structure. The VE varies morphologically in
the two regions; the outer layer of the EXE is called the visceral extraembryonic endoderm (VxXE) and the
outer layer of the epiblast is called the VE (see Fig. 1C). The epiblast gives rise to the three primary germ
layers (ectoderm, definitive endoderm, and mesoderm) that contain the progenitors of all the tissues of the
fetus and to the extraembryonic mesoderm of the visceral yolk sac, the allantois, and the
amnion[10,11,12,13,14,15]. The relationship between the different endodermal lineages is shown in
Figure 2.
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FIGURE 2. Diagram showing the lineage relationship between the different
endodermal lineages. The factors involved in formation of these lineages are shown
in blue. Marker genes for each lineage are shown beneath each tissue

Although PE, VE, and VXE layers are all extraembryonic endodermal tissues derived from the HB,
these four layers are morphologically distinct. The HB is not a true epithelium, but forms a reticulum (an
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irregular layer of cells separating the epiblast from the blastocoel cavity)[13,14]. The cells are considered
cuboidal or, more accurately, spindle-like, forming tight junctions laterally and containing extensive
endoplasmic reticulum[13,14,15]. In contrast, both the VE and VXE form distinct epithelia, resembling
intestinal epithelia morphologically and functionally, containing apical tight junctions and microvilli, as
well as vacuoles and organelles distributed asymmetrically. In addition, these cells contain endoplasmic
reticulum with enlarged cisternae[13,14,15]. The ability of VE and VXE to adsorb and phagocytose
nutrients and proteins has been demonstrated in several studies[14,22,23]. VE also synthesize and secrete
transferrin, apolipoproteins, and o—fetoprotein (AFP)[reviewed in 23]. The VE, however, has flat
squamous cells containing microvilli while the VXE comprises large columnar cells with more numerous
microvilli and very large vacuoles. Dziadek and Adamson[22] demonstrated that these regional
differences in morphology were accompanied by differences in AFP expression; the VXE does not
express this gene. More importantly, in a further study by Dziadek[24], AFP expression in the VE was
inhibited by coculture with ExE, providing some of the first data that extraembryonic tissues affect gene
expression.

The VE has an important function in secretion and nutrition during gestation, but it also has an
essential role in patterning the early embryo. Mutant phenotypes generating VE dysfunction that implicate
this tissue in pattern formation have been reviewed extensively elsewhere[23,25,26,27]. Specifically,
reciprocal interactions between the epiblast, VE, and ExXE are essential for establishing two signaling
centers; one is the anterior visceral endoderm (AVE) and the other is the posterior epiblast[25]. In
particular, around 5.5 dpc, a small region of VE at the distal tip of the prestreak conceptus acquires a tall
cuboidal epithelial morphology, while the remaining VE remains squamous. These thickened VE cells at
the distal tip migrate towards the presumptive anterior position before forming the AVE, which plays an
important role in anteroposterior patterning[20,25,26,27]. The organizer in the posterior epiblast directs
the formation of the primitive streak, the origin of the primary germ layers including the definitive
endoderm[25].

Of interest are several factors expressed in the AVE that are also markers for the definitive endoderm.
Prior to gastrulation Hex1 is expressed in the AVE at the distal tip; as this region of cells migrates
anteriorly, they continue to express this factor that plays an important role in the proper expansion of the
forebrain region and is later expressed in the definitive endoderm[28]. Hesx1 is expressed in the AVE at
the onset of gastrulation, is expressed in the anterior definitive endoderm by late-streak stage, and by
head-fold stage is expressed in both the anterior axial mesendoderm and overlying neural ectoderm where
it is also involved in forebrain formation[28]. Cerl, expression appears prior to gastrulation in the AVE,
extending to the distal tip by the early-streak stage, induces anterior neuroectoderm, and by mid-streak
stage, it is restricted to a small patch of endodermal cells overlying the neural plate proximal to the node
which includes anterior definitive endoderm[29]. The VE marker, Foxa2, that is essential for streak
morphogenesis, is expressed throughout the VE around 6 dpc; later expressed in the node, notochord,
prechordal plate mesoderm, and anterior definitive endoderm[30].

The formation of the PE generated from the HB just after implantation is viewed as one of the earliest
examples of an epithelial-mesenchyme transition in murine development[31]. PE cells are considered to
be terminally differentiated. In contrast, VE is able to transdifferentiate into PE[14] and has been
demonstrated to contribute cells to the PE up to 8 dpc[32]. In this latter study, an inhibitory effect on
transdifferentiation by extraembryonic mesoderm was also reported[32]. The PE is composed of single,
nonpolarized migratory cells containing bulky endoplasmic reticulum with enlarged cisternae that
synthesize an enormous amount of protein including type IV collagen, laminins, entactin, heparan sulfate
proteoglycans, and secreted protein acidic-rich in cysteine (SPARC). These proteins become incorporated
into Reichert’s membrane, the thick layer of extracellular matrix that forms between PE cells and the
TE[14,15,31,33]. The PE is characterized by high levels of tissue plasminogen activator (tPA)[34,35] and
the anticoagulant thrombomodulin[36]. A role for this latter factor has not been established.
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FORMATION OF THE ENDODERMAL LINEAGES

Hypoblast

Several recent publications provide excellent reviews of important transcription factors with demonstrated
roles in specification of the first three lineages in the early blastocyst[19,20,37]. Based on null mutation
studies and several key observations — in particular that conditional inhibition of Oct-4 in ESCs leads to
TB differentiation|38], nanog -/- ESCs differentiate into extraembryonic endoderm[39], and normal ESCs
can be derived from Cdx-2-/- embryos that lack TB[40] — it has been concluded that lineage allocation in
the late blastocyst involves not only the activation of some factors, but also that these factors regulate
each other[19,37,40]. TB formation depends on down-regulation of Oct-4 and gain of Cdx-2 expression;
nanog and Oct-4 are both required for self-renewal and pluripotency of the epiblast, but equally
importantly, nanog suppresses a HB fate in these cells. Nanog and Cdx-2 have region-specific expression
in the late morula, being confined to inner or outer cells, respectively, but what remains unknown is how
the expression of any of these three factors becomes restricted[37,40].

Rossant and colleagues[40] have proposed an elegant model for the formation of the HB, which
integrates the inside/outside hypothesis, cell division order, and gene expression data without relying on
segregation of maternal determinants or segregation of determinants by asymmetric cell divisions. The
proposed genetic cascade is as follows. At the 16 cell stage, Gata-6 is expressed in the outside (polar)
cells, presumably as a result of inducing signals from the inner nonpolarized cells. The next round of
cleavage forms the blastocyst. The asymmetric cleavage of the outside cells generates both polarized and
nonpolarized cells that all express Gata-6. The nonpolarized Gata-6 positive cells become scattered
among the Gata-6 negative nonpolarized PB cells. A further cell division leads to complete down-
regulation of Gata-6 expressing cells in the polarized TB cells. By 4.0 dpc, Gata-6 positive cells within
the PB are sorted to the presumptive HB layer. Finally by the late blastocyst stage, the outer layer of the
PB differentiates into HB, which is the only lineage at this stage expressing Gata-6. Based on the
observation that Grb2 null mutants lack both HB and expression of Gata-6, these authors have suggested
the genetic cascade is initiated by FGF, and that Gata-6 is activated via components of tyrosine kinase
signaling including the signal adaptor protein Grb2[40].

It is intriguing that the entire genetic cascade and morphological changes can be accounted for
without recourse to segregated determinants. It is proposed that position alone within the morula
determines fate, giving rise to polarized and nonpolarized cells. This is strengthened by the propensity to
change fate should a blastomere be taken from one of either starting location (inner or outer) and placed
in the opposite position during experimental manipulation. It is possible that the generation of polarity in
the outer blastomere in itself sets up asymmetric localization of activators and/or repressors of the
transcription factors at the head of the genetic cascade. This seems entirely feasible given that there is a
large body of evidence attesting to the notion that changes in cell shape can lead to changes in cell
function[41], supporting the concept that when a blastomere changes shape from a nonpolarized to a
polarized cell, a change in structure can activate a program leading to cell fate. This begs the question,
however: What activates the genetic program for cell fate in the nonpolarized inner cell? Nanog appears
to be activated in the inner nonpolarized cells around the same time that Cdx-2 expression appears in the
outer polarized cells. Therefore, a change in blastomere structure cannot account for the activation of
nanog in a cell that does not undergo polarization. What is also not clear is whether the change to a
polarized cell is the cause or the effect and how this happens. In addition, how are the factor(s) located in
the inner nonpolarized cells of the 16-32 cell conceptus activated in order to induce Gata-6 expression in
the outer nonpolarized cells? Perhaps a detailed analysis of the function and duration of the 550 unknown
proteins identified in the mouse oocyte may shed light on how Cdx-2 and nanog are activated[42]. At
least one maternal determinant, mater, is known to be expressed from the one-cell to the late-blastocyst
stage in mouse[43].
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Parietal and Visceral Endoderm

Little is known about the precise timing and factors involved in the formation of the PE and VE. In part,
this is due to the relatively small size and inaccessibility of these tissues in the mouse conceptus. In vitro
models to study the differentiation of these tissues, developed several decades ago, are still in
use[4,31,44]. In particular, F9 teratocarcinoma cell lines (F9 cells) can be induced to differentiate into VE
or PE cells bearing remarkable resemblance to these tissues morphologically, as well as by the expression
of tissue-specific genes. Cultured F9 monolayers treated with retinoic acid (RA) and dibutryl cAMP
differentiate into PE[45]. Alternatively, when cultured in suspension in medium treated with RA, the cells
aggregate forming EBs containing an outer layer of VE. On further treatment with dibutryl cAMP or
plating on fibronectin, these VE cells can differentiate into PE[44]. In addition, ESCs treated in a similar
manner to F9 monolayers with RA and dibutyrl cAMP can be induced to differentiate into PE.

Expression of tPA, a specific marker for PE, was correlated with PE outgrowth suggesting that
degradation of the extracellular matrix (ECM) by this factor facilitated the migratory nature of this cell
type[46]. The observation that plating of F9 cells on laminin or fibronectin promoted migration of PE-like
cells[47] led to an investigation into whether the ECM triggers PE differentiation or just migration. This
important question was addressed by deleting Bl-integrin in F9 cells. Adhesion and migration were
inhibited in F9 cells, but f1-integrin deficiency did not prevent dibutyrl cAMP—induced differentiation.
The authors concluded that matrix adhesion was not essential for PE differentiation[47]. One of the first
genes activated on PE differentiation is parathyroid-related Type I peptide (PTHrP) transmembrane
receptor, the subject of a recent review[31]. On activation of the PTHrP receptor, the differentiation of PE
appeared to be regulated by the interaction of downstream signals with cell-cell/cell-matrix interactions.
This is not surprising given that PE formation involves a transition from an epithelial to a migratory
mesenchyme-type cell. mRNA and protein for the ligand PTHrP have been demonstrated in both HB and
TB giant cells. When added to RA-treated F9 cells, PTHrP was an efficient replacement for dibutryl
cAMP in inducing full PE differentiation. Interestingly, PE differentiation was accompanied by an
increase in thrombomodulin[31]. However, neither PTHrP nor Type I PTHrP receptor null mutants lack
PE, suggesting these factors are not essential for the formation of this tissue in vivo[48]. This conclusion
has been confirmed by two further observations. First, Type I PTHrP (-/-) ESCs in the presence of RA can
form PE. Second, TB-conditioned medium is more effective than pure PTHrP protein alone in inducing
the formation of this tissue[31]. The factor(s)/genetic cascade essential for specification of PE remain
largely unknown. Obviously, other as-yet-unidentified factors are also required and a concerted effort in
this research area will lead to a better understanding of PE specification and differentiation.

A number of targeted mutagenesis studies have identified factors that play an important role in VE
formation. VHNF1-deficient mouse embryos have abnormal or absent VE, suggesting that this factor is
essential for VE specification[49]. In contrast, homozygous mutants involving any of the following genes
— Gata 6, HNF4, Foxa2, and lhh — lead to defects in VE differentiation[23]. Although it remains
unclear what the temporal and spatial relationships are between these factors, given their critical role in
HB formation, Gata factors are likely to play an important role at the head of the genetic cascade that
results in VE formation.

Both F9 cells and ESCs have been used to develop models of VE differentiation[50,51,52,53].
Although ectopic expression of Gata 4 and 6 are both capable of driving pluripotent ESCs towards either
PE or VE differentiation depending on culture conditions[52], neither HNF4 nor Foxa2 alone are capable
of doing so. Overexpression of either VHNF1[53] or 1hh[50] in cultured cells, however, did lead to the
induction of some markers of VE differentiation including AFP, but morphologically they did not
resemble VE differentiated cells.

In a recent study, several strategies were undertaken to tackle the genetic cascade involving the HNF
family members in VE formation[53]. First, expression of VE-specific markers was identified in
chronological order during induction of the VE. Second, upstream and downstream targets of VHNF1
were identified in stably transfected cell lines. A genetic cascade leading to VE differentiation was
proposed based on the factors identified in this extensive study[53]. At the head of the cascade are the
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Gata factors and VHNF1 isoforms involved in a synergistic interaction. Gata factors activate HNF4, while
VHNF1 activates HNF1, HNF6, and Ihh.

This model[53], allowing for a reciprocal regulative relationship involving Gata 4 and 6, sits
comfortably with the model of HB formation involving Gata 6 outlined by Rossant and colleagues[40]
and the following observations. Gata 4-/- mutants display increased Gata 6 expression, Gata 4 expression
is absent in Gata 6-/- animals, thus Gata 6 is considered to be an upstream regulator of Gata 4[52].
Ectopic expression of either Gata factor in ESCs, however, leads to the activation of the other Gata gene,
suggesting a reciprocal relationship that also allows for redundancy.

In addition, using in vitro models, a role for Bone Morphogenetic Proteins (BMPS) acting via
HNF4[54] and Ihh[51] in VE differentiation has also been demonstrated. An important role of BMPS in
VE differentiation is strengthened by the observations that null mutants for these genes (BMP-2, BMP-4,
and BMP receptor I) have abnormal VE[28]. Where BMP-2 and 4 should be placed in the genetic cascade
proposed by Haumaitre and colleagues[53] is not entirely clear, but since BMP-4 is expressed only in the
epiblast before HB formation and also induces HNF4 expression, it may need to be placed upstream of
the Gata factors or in a synergistic/reciprocal interaction. An analysis of the expression of Gata 4 and 6 in
BMP mutants (BMP-2-/-, BMP-4-/-, and BMP receptor I-/-) and the expression of the BMP factors in
Gata mutants in the late blastocyst at the time of HB formation may help to resolve this issue. The
relationship of the BMPs to VHNF1 also remains to be determined.

A complete genetic cascade cannot be derived as not all the factors involved in VE formation are
known, although the recent derivation of an extraendodermal stem cell line (XEN cell line) that displays
characteristics of both PE and VE has brought this goal a large step closer[55]. The XEN cell lines
characterized by microarray gene expression analysis have confirmed many known factors involved in
formation of the VE and PE lineages as well as revealing new, previously unknown genes. Curiously, the
XEN cell lines display gene expression profiles characteristic for both PE and VE, are highly motile, and
the cells undergo reversible distinct morphologies, either round or epithelioid, suggesting a more parietal
cell phenotype. Although the authors suggest that different culture conditions may lead to differentiated
cells of the VE[55], this has yet to be reported. XEN stem cell lines appear to have the same
developmental potential as F9 cells described above, presumably without the obvious disadvantage of
genetic lesions.

Definitive Endoderm

Gastrulation begins around 6.5 dpc as cells in the posterior epiblast delaminate to become the loose
migratory mesenchyme of the primitive streak. Fate-mapping studies have demonstrated that endoderm
precursors are located in the posterior half of the epiblast at pre- and early-streak stages; they are
restricted to the anterior primitive streak and node by mid- to late-streak stage, but as the streak reaches
its maximal extension, no more endodermal progenitors lie in the epiblast, primitive streak, or
node[11,56,57,58,59].

Both the endoderm and mesoderm progenitors ingress through the anterior region of the primitive
streak[11,56,57,58,59,60,61]. Fate mapping shows that the endoderm expands anteriorly and laterally
from the area immediately subadjacent to the anterior primitive streak about 10—12 h after the onset of
gastrulation, coincident with the exit of cranial and lateral mesoderm progenitors[56,59]. From a
correlation of fate maps, it is presumed that endoderm and mesoderm comigrate during gastrulation,
although how these lineages are sorted is not known[20,62]. Several studies have demonstrated that
definitive endoderm progenitors recruited early in gastrulation are allocated to the anterior region of the
embryo subsequently populating the foregut, whereas those cells recruited later populate the posterior
region of the gut[11,56,57,59]. It has recently been demonstrated that endoderm progenitors of cells
allocated to specific regions of the embryonic gut are already spatially organized in anticipation of the
prospective mediolateral and anterior-posterior destinations by late gastrulation[59]. The definitive
endoderm progenitors completely displace the VE, which migrates to form the endodermal layer of the
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visceral yolk sac, although some descendents of the VE are still present in the foregut endoderm of the
late-streak embryo[11,57].

By the end of gastrulation, all three primary germ layers (ectoderm, mesoderm, and definitive
endoderm) have formed[15,21]. Although the transition from epiblast to ectoderm initially does not
involve a change in morphology, the definitive endoderm changes from a columnar epithelium with dense
microvilli on the apical surface to a squamous epithelium with sparse microvilli[63]. Several studies have
shown that lineage potency is not irreversibly restricted following germ-layer formation. Analysis of
heterotopically transplanted cells to other regions in the gastrula have revealed a remarkable plasticity in
the lineage potency of epiblast, mesoderm, and primitive streak cells, although the lineage potency of
endodermal progenitors has not been tested[56,61].

The molecular and signaling pathways that specify and pattern the endoderm are the subject of
several excellent reviews[62,64,65,66,67,68]. How these genetic cascades translate into definitive
endoderm is not completely understood, but a great deal of progress has been made in understanding this
process in mouse based on studies of animals carrying homozygous deletions in various genes followed
by analysis of mutant ESC contribution to wildtype/mutant hybrid embryos. In mouse, the gene-
regulatory pathway involved in endoderm formation is activated by a gradient in Nodal activity that
specifies mesendodermal precursors[66]. Given that the hypomorphic allele of Nodal is associated with a
complete lack of definitive endoderm, Nodal is an essential factor in this pathway[69]. Null mutations in
the downstream factors Foxa2[30] or Sox17[70] lead to loss of foregut or hindgut endoderm, respectively.
In mouse, Sox17 is first expressed in the entire VXE nearest to ectoplacental cone around 6.5 dpc and is
also expressed in definitive endoderm until 8.5 dpc. Curiously, in Sox17-/- animals, the putative
endoderm region is populated by cells having the morphological and functional characteristics of the VE.
In chimeras, Sox17 mutant ES cells can contribute to some extent to foregut but not mid- or hindgut. In
contrast, Foxa2 null ES cells can form hindgut, but not fore- or midgut, suggesting endoderm is specified,
but gut morphogenesis is defective in Foxa2 or Sox17 null mutants. As mentioned earlier, many genes
that are expressed in the AVE are also expressed in the definitive endoderm. Of interest are those genes
that have been used to identify definitive endoderm in studies attempting to derive this lineage from
embryoid bodies in vitro, including Hex, Hesx1, and Cerl.

MARKERS FOR THE ENDODERMAL LINEAGES

Table 1 lists the markers in most common use to detect the endodermal lineages in both in vivo and in
vitro studies. This is the first instance that a list of expression markers for the different endodermal
lineages has been presented with their reported expression pattern in the early conceptus. Three
conclusions can be drawn from this table. First, the HB is poorly characterized. Second, the full
expression profile of many markers is unknown. Third, for those that are known, and even for those that
are partially known, expression patterns overlap in different tissues even at the same stage of
development. Overlapping expression patterns may make it difficult to identify particular lineages during
EB formation, but also may have implications when attempting to ascertain what lineages are formed in
mutant embryos following a particular gene deletion. It is presumed in EBs derived from wild-type ESC
that the lineages are formed in sequential order resembling those that form during the egg-cylinder stage.
However, it becomes crucially important to distinguish and unambiguously identify different lineages
when testing the lineage potency of cultured ESC carrying homozygous null mutations, particularly if
relying only on gene expression analysis determined by Reverse Transcription-Polymerase Chain
Reaction (RT-PCR). Given that many markers in use to establish definitive endoderm are also expressed
in the VE (e.g., Foxa2, Cerl, Hex, Sox17), it is clear that being able to distinguish between these two
tissue types is very important for developing models of differentiation for derivatives of these endodermal
lineages. A full-expression profile for marker genes may not become available in the short term, but using
a cohort of markers for a particular lineage coupled with morphological data may benefit future studies
aimed at developing in vitro models of ESC-derived differentiated cell types.
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Table 1

Markers of Endoderm: Embryonic and Extraembryonic

HB, PE, VE, VXE, DE Comment Ref.
4-5dpc ~4.5dpc ~5-7dpc ~5.0dpc

PE Marker
Follistatin ND + - - - E, Me 71
PTHrP receptor* ND + + - ND 31
PDGF A ND + ND + ND E 72
PDGF a and {3 receptor ND + ND + ND E 72
tPA* ND + - - ND 34,35
Snail - + - - + Me 73
SPARC ND + - - - 32,74
Thrombomodulin ND + - - - TB, Me 36

VE Marker
AFP ND - + + - 22
Amn + - + + - 75
BMP-2 ND - + ND + Me 50
COUP-TF | + ND ND ND ND 76
vHNF1 + + + + 49
HNF4 + - + + + 77
Ihh ND - + + - 51
Maspin* - - + + ND 78
Msg1 ND ND + + - Me 79
uPA* ND - + - ND 34,35
Sfrp5 ND - + - + 80
Transferrin ND + + + ND B 81
Ttr ND - + + + 82
Villin ND - + + - 32

Endoderm Marker
Cer1 ND - + - + 29
Foxa2 (HNF-38) ND - + + + Me 30
Hex ND - + - + 83
Hesx1 ND - + - + E 83
Sox17 ND + - + + 70

This table is based on common markers used both in vivo and in vitro to detect distinct endodermal lineages as
determined by in situ hybridization studies unless otherwise stated. Note: Precise timing of formation of HB, PE, VE,
and VxE is poorly understood. dpc for the formation of these tissues was derived from these sources[13,14,20,21].
Symbols: +, Detected; —, Not detected; ND, not determined; *, based on protein expression studies; **, reported in
rat.

In ‘comment’ column, expression in other tissues is listed in abbreviated form as follows: E, epiblast or ectoderm; Me,
primitive streak or mesoderm; TB, trophoblast and/or trophectoderm.

Abbreviations: Lineages — definitive endoderm (DE), hypoblast (HB), parietal endoderm (PE), visceral endoderm
(VE), visceral extraembryonic endoderm (VxE). Factors — a-fetoprotein (AFP), amnionless (Amn), chicken ovalbumin
upstream promoter-transcription factor | (COUP-TF I) , Indian hedgehog (lhh), hepatocyte nuclear factor 4 (HNF4),
variant hepatocyte nuclear factor 1 (vHNF1), melanocyte-specific gene 1 (Msg 1), melanocyte-specific related gene 1
(MRG-1), parathyroid hormone-related peptide receptor (PTHrP receptor), platelet-derived growth factor (PDGF),
secreted protein acidic and rich in cysteine (SPARC), tissue-type plasminogen activator 79 kDa (tPA), urokinase
plasminogen activator 48 kDa (uPA), secreted frizzled-related protein 5 (Sfrp5), transthyretin (Ttr).
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CONCLUSION

This is the first attempt to characterize all the endodermal lineages (embryonic and extraembryonic)
focusing specifically on the early conceptus. Although the ultrastructure of the HB was reported nearly 30
years ago[13,14], it has had little attention. This appears to be changing as studies aimed at identifying the
factors involved in the first three lineage allocations in the mouse are now being reported. Currently there
are no specific markers for the HB, which is hindering progress to understand its formation, derivatives,
and role. A subtractive hybridization or microarray study comparing PB and HB would be most
advantageous.

Over 30 years ago, the formation of the first PE cells with extensive filopodia were observed by
Enders and colleagues[14] in close association with the lateral mural TE before a continuous layer of HB
was generated. This would suggest that PE cells may arise from HB under the inductive influences of the
TE, this remains an intriguing, but currently unexplored, notion.

As a result of its emerging key role in anteroposterior patterning, our knowledge of the VE has
benefited enormously from gene-targeting studies that result in disruption of this lineage. Dissecting
specification from differentiation of this lineage, however, would be aided greatly by VE-specific markers
that are not expressed in the endoderm or other lineages. Complete developmental expression profiles for
the markers in current use for the endodermal lineages have not been undertaken in most cases, and many
markers display overlapping expression domains in the early conceptus. While COUP-TF | and amn are
potential candidates as HB-specific markers, the expression of the former factor in other endodermal
lineages of the early conceptus has not been reported and the latter factor is strongly expressed in the VE.
All the current markers in use to identify VE including Foxa2, VHNF1 and HNF4 are expressed in other
tissues including the endoderm. The putative endoderm—specific marker, Sox17, is also expressed at the
same developmental stage in PE and VXE. It is clear that lineage-specific markers are required to resolve
some fundamental questions about cell lineage.

ACKNOWLEDGMENTS

The author wishes to thank Prof. Lynne Selwood, Dr. Lorraine Robb, and Dr. Don Newgreen for critical
reading of the manuscript.

REFERENCES

1. Evans, M.J. and Kaufman, M.H. (1981) The establishment in culture of pluripotent cells from mouse embryos. Nature
292, 154-156.

2. Martin, G.R. (1981) Isolation of pluripotent cell lines from early mouse embryos cultured in medium conditioned by
teratocarcinoma stem cells. Proc. Natl. Acad. Sci. U. S. A. 78, 7634-7638.

3, Bradley, A., Evans, M.J., Kaufman, M.H., and Robertson, E. (1984). Formation of germ-line chimeras from embryo-
derived teratocarcinoma cell lines. Nature 309, 255-256.

4. Doetschman, T.C., Eistetter, H., Katz, M., Schmidt, W., and Kemler, R. (1985) The in vitro development of

blastocyst-derived embryonic stem cell lines: formation of visceral yolk sac, blood islands and myocardium. J.
Embryol. Exp. Morphol. 87, 27-45.

5. Robertson, E.J. (1987) In Teratocarcinomas and Embryonic Stem Cells. Robertson, E.J., Ed. IRL Press, Oxford. pp.
71-151.

6. Keller, G.M. (1995) In vitro differentiation of embryonic stem cells. Curr. Biol. 7, 862—-869.

7. Leahy, A., Xiong, J.W., Kuhnert, F., and Stuhlmann, H. (1999) Use of developmental marker genes to define
temporal and spatial patterns of differentiation during embryoid body formation. J. Exp. Zool. 284, 67-81.

8. Abe, K., Niwa, H., Iwase, K., Takiguchi, M., Mori, M., Abe, S.I., Abe, K., and Yamamura, K.I. (1996) Endoderm
specific gene expression in embryonic stem cells differentiated to embryoid bodies. Exp. Cell Res. 229, 27-34.

9. Kubo, A., Shinozaki, K., Shannon, J.M., Kouskoff, V., Kennedy, M., Woo, S., Fehling, H.J., and Keller, G. (2004)
Development of definitive endoderm from embryonic stem cells in culture. Development 131, 1651-1662.

10. Gardner, R.L. (1982) Investigation of cell lineage and differentiation in the extraembryonic endoderm of the mouse
embryo. J. Embryol. Exp. Morphol. 68, 175-198.

11. Lawson, K.A. and Pedersen, R.A. (1987) Cell fate, morphogenetic movement and population kinetics of embryonic

1824



Familari: Characteristics of the endoderm TheScientificWorldJOURNAL (2006) 6, 1815-1827

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

endoderm at the time of germ layer formation in the mouse. Development 101, 627-652.

Downs, K.N. (2004) Extraembryonic tissue. In Gastrulation. Stern, C.D., Ed. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY. pp. 449—459.

Nadijcka, M. and Hillman, N. (1974) Ultrastructure studies of the mouse blastocyst substages. J. Embryol. Exp.
Morphol. 32, 675-695.

Enders, A.C., Given, R.L., and Sclafke, S. (1978) Differentiation and migration of endoderm in the rat and mouse at
implantation. Anat. Rec. 190, 65-78.

Gardner, R.L. (1983) Origin and differentiation of extraembryonic tissues in the mouse. Int. Rev. Exp. Pathol. 24, 63—
133.

Edwards, R.G. and Beard, H.K. (1997) Oocyte polarity and cell determination in early mammalian embryos. Mol.
Human Reprod. 3, 863-890.

Johnson, M.H. and McConnell, J.M.L. (2004) Lineage allocation and cell polarity during mouse embryogenesis.
Semin. Cell Dev. Biol. 15, 583-597

Johnson, M.H. and Selwood, L. (1996) Nomenclature of early development in mammals. Reprod. Fertil. Dev. 8, 759—
764.

Kunath, T., Strumpf, D., and Rossant, J. (2004) Early trophoblast determination and stem cell maintenance in the
mouse — a review. Placenta 25(Suppl. A), S32-S38.

Tam, P.P.L. and Gad, J.M. (2004) Gastrulation in the mouse embryo. In Gastrulation. Stern, C.D., Ed. Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY. pp. 233-262.

Rossant, J. (2004) Lineage development and polar asymmetries in the peri-implantation mouse blastocyst. Semin. Cell
Dev. Biol. 15, 573-581.

Dziadek, M. and Adamson, E. (1978) Localization and synthesis of alphafetoprotein in post-implantation mouse
embryos. J. Embryol. Exp. Morphol. 43, 289-313.

Bielinska, M., Narita, N., and Wilson, D.B. (1999) Distinct roles for visceral endoderm during embryonic mouse
development. Int. J. Dev. Biol. 43, 183-205.

Dziadek, M. (1978) Modulation of alphafetoprotein in the early post-implantation mouse embryo. J. Embryol. Exp.
Morphol. 46, 135-146.

Ang, S.L. and Constam, D.B. (2004) A gene network establishing polarity in the early mouse embryo. Semin. Cell
Dev. Biol. 15, 555-561.

Srinivas, S., Rodriguez, T., Clements, M., Smith, J.C., and Beddington, R.S.P. (2004) Active cell migration drives the
unilateral movements of the anterior visceral endoderm. Development 131, 1157-1164.

Rodriguez, T., Srinivas, S., Clements, M.P., Smith, J.C., and Beddington, R.S.P. (2005) Induction and migration of
anterior visceral endoderm is regulated by the extra-embryonic ectoderm. Development 132, 2513-2520.

Zhang, H. and Bradley, A. (1996) Mice deficient for BMP2 are nonviable and have defects in amnion/chorion and
cardiac development. Development 122, 2977-2986; Winnier, G., Blessing, M., Labosky, P.A., and Hogan, B.L.M.
(1995) Bone morphogenetic protein 4 is required for mesoderm formation and patterning in the mouse. Genes Dev. 9,
2105-2116; Mishina, Y., Suzuki, A., Ueno, N., and Behringer, R.R. (1995) Bmpr encodes a type I bone
morphogenetic protein receptor that is essential for gastrulation during mouse embryogenesis. Genes Dev. 9, 3027—
3037.

Shawlot, W., Min Deng, J., Wakamiya, M., and Behringer, R.R. (2000) The cerberus-related gene, Cerrl, is not
essential for mouse head formation. Genesis 26, 253-258; Belo, J.A., Bachiller, D., Agius, E., Kemp, C., Borges,
A.C., Marques, S., Piccolo, S., De Robertis, E.M. (2000) Cerberus-like is a secreted BMP and nodal antagonist not
essential for mouse development. Genesis 26, 265-270.

Dufort, D., Schwartz, L., Harpal, K., and Rossant, J. (1998) The transcription factor HNF3p is required in visceral
endoderm for normal primitive streak morphogenesis. Development 125, 3015-3025; Ang, S.-L. and Rossant, J.
(1994) HNf-3B is essential for node and notochord formation in mouse development. Cell 76, 561-574.

Verheijen, M.H.G. and Defize, L.H.K. (1999) Signals governing extraembryonic endoderm formation in the mouse:
involvement of the type 1 parathyroid hormone-related peptide (PTHrP) receptor, p21Ras and cell adhesion
molecules. Int. J. Dev. Biol. 43, 711-721.

Ninomiya, Y., Davies, T.J., and Gardner, R.L. (2005) Experimental analysis of the transdifferentiation of visceral to
parietal endoderm in the mouse. Dev. Dyn. 233, 837-846.

Hogan, B., Constantini, F., and Lacy, E (1986) Manipulating the Mouse Embryo. A Laboratory Manual. Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY.

Strickland, S., Reich, E., and Sherman, M.I. (1976) Plasminogen activator in early embryogenesis: enzyme
production by trophoblast and parietal endoderm. Cell 9, 231-240.

Marotti, K.R., Belin, D., and Strickland, S. (1982) The production of distinct forms of plasminogen activator by
mouse embryonic stem cells. Dev. Biol. 90, 154—159.

Weiler-Guettler, H., Aird, W.C., Rayburn, H., Husain, M., and Rosenberg, R.D. (1996) Developmentally regulated
gene expression of thrombomodulin in postimplantation mouse embryos. Development 122, 2271-2281.

Ralston, A. and Rossant, J. (2005) Genetic regulation of stem cell origins in the mouse embryo. Clin. Genet. 68, 106—
122.

Niwa, H., Miyazaki, J., and Smith, A.G. (2000) Quantitative expression of Oct-3/4 defines differentiation,
dedifferentiation or self-renewal of ES cells. Nat. Genet. 24, 372-376.

1825



Familari: Characteristics of the endoderm TheScientificWorldJOURNAL (2006) 6, 1815-1827

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Mitsui, K., Tokuzawa, Y., Itoh, H., Segawa, K., Murakami, M., Takahashi, K., Maruyama, M., Maeda, M., and
Yamanaka, S. (2003) The homeoprotein Nanog is required for maintenance of pluripotency in mouse epiblast and ES
cells. Cell 113, 631-642.

Rossant, J., Chazaud, C., and Yamanaka, Y. (2003) Lineage allocation and asymmetries in the early mouse embryo.
Philos. Trans. R. Soc. Lond. B 358, 1341-1349.

Schmeichel, K.L. and Bissell, M.J. (2003) Modeling tissue-specific signaling and organ function in three dimensions.
J. Cell Sci. 116(Pt 12), 2377-2388.

Vallée, M., Gravel, C., Palin, M.-F., Reghenas, H., Stothard, P., Wishart, D.S., and Sirard, M.-A. (2005) Identification
of novel and known oocyte-specific genes using complimentary DNA subtraction and microarray analysis in three
different species. Biol. Reprod. 73, 63-71.

Tong, Z.-B., Gold, L., Pfeifer, K.E., Dorward, H., Lee, E., Bondy, C.A., Dean, J., and Nelson, L.M. (2000) Mater, a
maternal effect gene required for early embryonic development in mice. Nat. Genet. 26, 267-268.

Hogan, B.L.M., Taylor, A., and Adamson, E. (1981) Cell interactions modulate embryonal carcinoma cell
differentiation into parietal or visceral endoderm. Nature 291, 235-237.

Strickland, S., Smith, K.K., and Marotti, K.R. (1980) Hormonal induction of differentiation in teratomacarcinoma
stem cells: generation of parietal endoderm by RA and dibutyryl cAMP. Cell 21, 347-355.

Cheng, L. and Grabel, L.B. (1997) The involvement of tissue-type plasminogen activator in parietal endoderm
outgrowth. Dev. Cell. Res. 230, 187-196.

Stephens, L.E., Sonne, J.E., Fitzgerald, M.L., and Damsky, C.H. (1993) Targeted deletion of beta 1 integrin in F9
embryonal carcinoma cells affects morphological differentiation but not tissue-specific gene expression. J. Cell Biol.
123, 1607-1620.

Verheijen, M.H.G., Karperien, M., Chung, U.-I., van Wijuen, M., Heystek, H., Hendriks, J.A.A., Veltmaat, J.M.,
Lanske, B., Li, E., Lowik, C.W.G.M., de Laat, S.W., Kronenberg, H.M., and Defize, L.H.K. (1999) Parathyroid
hormone-related peptide (PTHrP) induces parietal endoderm formation exclusively via type I PTH/PTHrP receptor.
Mech. Dev. 81, 151-161.

Barbacci, E., Reber, M., Ott, M.-O., Breillat, C., Huetz, F., and Cereghini, S. (1999) Variant hepatocyte nuclear factor
1 is required for visceral endoderm specification. Development 126, 4795-4805.

Becker, S., Wang, Z.J., Massey, H., Arauz, A., Labosky, P., Hammerschmidt, M., St-Jacques, B., Bumcrot, D.,
McMahon, A., and Grabel, L. (1997) A role for Indian hedgehog in extraembryonic endoderm differentiation in F9
cells and the early mouse embryo. Dev. Biol. 187, 298-310.

Maye, P., Becker, S., Kasameyer, E., Byrd, N., and Grabel, L. (2000) Indian hedgehog signalling in the
extraembryonic endoderm and ectoderm differentiation in ES embryoid bodies. Mech. Dev. 94, 117-132.

Fujikura, J., Yamato, E., Yonemura, S., Hosoda, K., Masui, S., Nakao, K., Miyazaki, J.-I., and Niwa, H. (2002)
Differentiation of embryonic stem cells is induced by GATA factors. Genes Dev. 16, 784—789.

Haumaitre, C., Reber, M., and Cereghini, S. (2003) Functions of HNF1 Family members in differentiation of the
visceral endoderm cell lineage. J. Biol. Chem. 42, 40933-40942.

Coucouvanis, E. and Martin, G.R. (1999) BMP signalling plays a role in visceral endoderm differentiation and
cavitation in the early mouse embryo. Development 126, 535-546.

Kunath, T., Arnaud, D., Uy, G.D., Okamoto, I., Chureau, C., Yamanaka, Y., Heard, E., Gardner, R.L., Avner, P., and
Rossant, J. (2005) Imprinted X-inactivation in extra-embryonic endoderm cell lines from mouse blastocysts.
Development 132, 1649-1661.

Lawson, K.A., Meneses, J.J., and Pedersen, R.A. (1991) Clonal analysis of epiblast fate during germ layer formation
in the mouse embryo. Development 113, 891-911; Lawson, K.A., Meneses, J.J., and Pedersen, R.A. (1986) Cell fate
and cell lineage in the endoderm of the presomite mouse embryo, studied with an intracellular tracer. Dev. Biol. 115,
325-339.

Tam, P.P.L. and Beddington, R.S. (1992). Establishment and organization of germ layers in the gastrulating mouse
embryo. Ciba Found. Symp. 165, 27—41.

Tam, P.P., Steiner, K.A., Zhou, S.X., and Quinlan, G.A. (1997) Lineage and functional analyses of the mouse
organizer. Cold Spring Harb. Symp. Quant. Biol. 62, 135-144.

Tam, P.P., Khoo, P.L., Wong, N., Tsang, T.E., and Behringer, R.R. (2004) Regionalization of cell fates and cell
movement in the endoderm of the mouse gastrula and the impact of loss of Lhx1(Lim1) function. Dev. Biol. 274,
171-187.

Tam, P.P.L. and Beddington, R.S. (1987).The formation of mesodermal tissues in the mouse embryo during
gastrulation and early organogenesis. Development 99, 109-126.

Tam, P.P.L. and Zhou, S.X. (1996). The allocation of epiblast cells to ectodermal and germ-line lineages is influenced
by the position of the cells in the gastrulating embryo. Dev. Biol. 178, 124-132.

Grapin-Bottom, A. and Constam, D. (2004) Endoderm development. In Gastrulation. Stern, C.D., Ed. Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY. pp. 433-448.

Hogan, B. and Tilly, R. (1981) Cell interactions and endoderm differentiation in cultured mouse embryos. J. EXp.
Morphol. 62, 379-394.

Rehorn, K.P., Thelen, H., Michelson, A.M., and Reuter, R. (1996) A molecular aspect of hematopoiesis and
endoderm development common to vertebrates and Drosophila. Development 122, 4023—4031.

Stainier, D.Y. (2002) A glimpse into the molecular entrails of endoderm formation. Genes Dev. 16, 893-907.

1826



Familari: Characteristics of the endoderm TheScientificWorldJOURNAL (2006) 6, 1815-1827

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Tam, P.P.L., Kanai-Azuma, M., and Kanai, Y. (2003) Early endoderm development in vertebrates: lineage
differentiation and morphogenetic function. Curr. Opin. Genet. Dev. 13, 393-400.

Fukuda, K. and Kikuchi, Y. (2005) Endoderm development in vertebrates: fate mapping, induction and regional
specification. Dev. Growth Differ. 47, 343-355.

Gu, G., Wells, J.M., Dombkowski, D., Preffer, F., Aronow, B., and Melton, D.A. (2003) Global expression of gene
regulatory pathways during endocrine pancreatic development. Development 131, 165-179.

Lowe, L.A., Yamada, S., and Kuehn, M.R. (2001) Genetic dissection of nodal function in patterning the mouse
embryo. Development 128, 1831-1843.

Kanai-Azuma, M., Kanai, Y., Gad, J.M., Tajima, Y., Taya, C., Kurohmaru, M., Sanai, Y., Yonekawa, H., Yazaki, K.,
Tam, P.P.L., and Hayashi, Y. (2002) Depletion of definitive gut endoderm in Sox 17-null mutant mice. Development
129, 2367-2379.

Feijen, A., Goumans, M.J., and van den Eijnden-van Raaij, A.J.M. (1994) Expression of activin subunits, activin
receptors and follistatin in postimplantation mouse embryos suggests specific developmental functions for different
activins. Development 120, 3621-3637.

Mercola, M., Wang, C., Kelly, J., Brownlee, C., Jackson-Grusby, L., Stiles, C., and Bowen-Pope, D. (1990) Selective
expression of PDGF A and its receptor during early mouse embryogenesis. Dev. Biol. 128, 114-122.

Velmaat, J.M., Orelio, C.C., Ward-Van Oostwaard, D., Van Rooijen, M.A., Mummery, C.L., and Defize, L.H.K.
(2000) Snail is an immediate early target gene of parathyroid hormone related peptide signalling in parietal endoderm
formation. Int. J. Dev. Biol. 44, 297-307.

Mason, 1.J., Murphy, D., Munke, M., Francke, U., Elliott, R.W., and Hogan, B.L. (1986) Developmental and
transformation-sensitive expression of the Sparc gene on mouse chromosome 11. EMBO J. 5, 1831-1837.

Kalantry, S., Manning, S., Haub, O., Tomihara-Newberger, C., Lee, H.-G., Fangman, J., Disteche, C.M., Manova, K.,
and Lacy, E. (2001) The amnionless gene, essential for mouse gastrulation, encodes a visceral-endoderm-specific
protein with an extracellular cysteine-rich domain. Nat. Genet. 27, 412-416.

Murray, P. and Edgar, D. (2001) Regulation of laminin and COUP-TF expression in extraembryonic endodermal
cells. Mech. Dev. 101, 213-215.

Duncan, S.A., Manova, K., Chen, W.S., Hoodless, P., Wienstein, D.C., Bachvarova, R.F., and Darnell, J.E. (1994)
Expression of transcription factor HNF-4 in the extraembryonic endoderm, gut and nephrogenic tissue of the
developing mouse embryo: HNF-4 is a marker for primary endoderm in the implanting blastocyst. Proc. Natl. Acad.
Sci. U. S. A. 91, 7598-7602.

Gao, F., Shi, H.Y., Daughty, C., Cella, N., and Zhang, M. (2003) Maspin plays an essential role in early embryonic
development. Development 131, 1479-1489.

Dunwoodie, S.L., Rodriguez, T.A., and Beddington, R.S.P. (1998) Msg 1 and Mrg 1, founding members of a gene
family, show distinct patterns of gene expression during mouse embryogenesis. Mech. Dev. 72, 27—40.

Finley, K.R., Tennessen, J., and Shawlot, W. (2003) The mouse secreted frizzled-related protein 5 is expressed in the
anterior visceral endoderm and foregut endoderm during early post-implantation development. Gene Expr. Patterns 3,
681-684.

Adamson, E.D. (1982) The location and synthesis of transferrin in mouse embryos and teratocarcinoma cells. Dev.
Biol. 91, 227-234.

Makover, A., Soprano, D.R., Wyatt, M.L., and Goodman, D.S. (1989) An in situ-hybridization study of the
localization of retinol-binding protein and transthyretin messenger RNAs during fetal development in the rat.
Differentiation 140, 17-25.

Martinez-Barbera, J.P. and Beddington, R.S.P. (2001) Getting your head around Hex and Hesx1: forebrain formation
in mouse. Int. J. Dev. Biol. 45, 327-336.

This article should be cited as follows:

Familari, M. (2006) Characteristics of the endoderm: embryonic and extraembryonic in mouse. TSW Development & Embryology
1, 1-13. DOI 10.1100/tswde.2006.18.

1827



