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Abstract

Two lineages of endoderm develop during mammalian embryogenesis, the primitive endoderm in the pre-implantation
blastocyst and the definitive endoderm at gastrulation. This complexity of endoderm cell populations is mirrored during
pluripotent cell differentiation in vitro and has hindered the identification and purification of the definitive endoderm for
use as a substrate for further differentiation. The aggregation and differentiation of early primitive ectoderm-like (EPL) cells,
resulting in the formation of EPL-cell derived embryoid bodies (EPLEBs), is a model of gastrulation that progresses through
the sequential formation of primitive streak-like intermediates to nascent mesoderm and more differentiated mesoderm
populations. EPL cell-derived EBs have been further analysed for the formation of definitive endoderm by detailed
morphological studies, gene expression and a protein uptake assay. In comparison to embryoid bodies derived from ES
cells, which form primitive and definitive endoderm, the endoderm compartment of embryoid bodies formed from EPL cells
was comprised almost exclusively of definitive endoderm. Definitive endoderm was defined as a population of squamous
cells that expressed Sox17, CXCR4 and Trh, which formed without the prior formation of primitive endoderm and was
unable to endocytose horseradish peroxidase from the medium. Definitive endoderm formed in EPLEBs provides a substrate
for further differentiation into specific endoderm lineages; these lineages can be used as research tools for understanding
the mechanisms controlling lineage establishment and the nature of the transient intermediates formed. The similarity
between mouse EPL cells and human ES cells suggests EPLEBs can be used as a model system for the development of
technologies to enrich for the formation of human ES cell-derived definitive endoderm in the future.
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Introduction epiblast, differentiate and migrate between the ectoderm and
visceral endoderm, giving rise to the mesoderm. These cells
undergo an epithelial to mesenchymal transition and down
regulate E-cadherin. Alternatively, cells traverse the primitive
streak and intercalate with the adjacent visceral endoderm [7],
after which they expand anteriorly and proximally, dispersing and
displacing proximally the existing visceral endoderm such that the

Endoderm is first observed in the mammalian embryo as a layer
of primitive endoderm that forms across the exposed surface of the
inner cell mass (ICM) from the Gata6-expressing cells within the
ICM [1]. This population differentiates to give extraembryonic
endoderm populations: visceral endoderm, which forms from cells
that remain in contact with the pluripotent cells, and parietal
endoderm, which forms from cells that migrate over the nner
surface of the trophectoderm [2,3]. A second endoderm lineage,
the definitive or embryonic endoderm, arises at gastrulation [4].
Gastrulation initiates with the formation of the primitive streak, a
region characterised by the localised breakdown of extracellular
matrix and heralded by the expression of Wat3 and nuclear
translocation of B-catenin in a small population of cells at the
prospective posterior embryonic-extraembryonic boundary [5,6].
As embryogenesis proceeds the streak extends anteriorly towards
the distal tip of the embryo. At the streak cells delaminate from the

tissue layer that is traditionally referred to as definitive endoderm
appears to comprise a mixed population of definitive endoderm
and residual visceral endoderm [4,8]. Cells fated to form definitive
endoderm maintain expression of FE-cadherin [9]. Definitive
endoderm formed at gastrulation is the progenitor population of
the gut tube and associated visceral organ derivatives.
Embryonic stem (ES) cells [10,11], maintain many of the
properties of the pluripotent cells of the ICM/pre-implantation
epiblast, including the ability to differentiate into the three primary
germ layers, the primitive endoderm and the primordial germ cell
lineage (reviewed in [12,13]). These cells form the basis of the
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pluripotent lineage which undergoes proliferation, differentiation
and rearrangement to form a pseudostratified epithelium of
pluripotent cells which lines the egg cylinder of the pre-
gastrulation mouse embryo; this tissue has been referred to as
primitive ectoderm or early post-implantation epiblast [13,14]. In
this report we will use pre-implantation epiblast to refer to the
epiblast cells of the blastocyst and progenitors of ES cells, early
primitive ectoderm to refer to the epiblast of the immediate post-
implantation embryo at 5-5.5 d.p.c.[15] and late primitive
ectoderm to refer to the pluripotent cells of the pre-gastrula and
gastrula (5.5-7.5 d.p.c.) (also known as the late post-implantation
epiblast [13]), reflecting three distinct stages of development in the
pluripotent lineage [13,15,16].

The initial differentiation event in the development of the
pluripotent lineage, the formation of early primitive ectoderm
from the pre-implantation epiblast, can be recapitulated in culture
with formation of early primitive ectoderm-like (EPL) cells from
ES cells in response to factors within medium conditioned by
HepG2 cells (MEDII) [17]. EPL cells share many properties with
the early primitive ectoderm, including gene expression, cytokine
responsiveness and differentiation potential [15,17,18,19]. EPL
cells also share properties with EpiSCs, cells derived from the late
primitive ectoderm (from embryos between 5.5-6.5 d.p.c.),
including morphology, increased expression of early and late
primitive ectoderm markers Fgf5 and Otx2 when compared to
mouse ES cells, and a differentiation potential that encompasses
the three primary germ layers [20,21,22]. There are, however,
significant differences between these populations. EpiSCs express
Nanog at levels equivalent to mouse ES cells [20,21] whereas Nanog
expression is down regulated with EPL cell formation [22]. Nanog
expression is lost with primitive ectoderm formation and is re-
expressed in the late primitive ectoderm prior to gastrulation
[23,24,25] suggesting that EPL cells represent Nanog'®", early
primitive ectoderm and EpiSC the Nanog-expressing late primitive
ectoderm. A similar conclusion has been drawn from the
comparison of the chromatin configuration of EPL cells and
EpiScs, which suggests these cells represent populations that occur
on cither side of a global genome reorganisation, or autosomal
lyonisation, with EPL cells representing early primitive ectoderm
and EpiSC having their origin in the late primitive ectoderm [16].
In a recent review of pluripotent stem cells that discussed the
transitional states that occurred within the pluripotent lineage EPL
cells were defined as an distinct intermediary between ES cells and
EpiSCs and representative of the early post-implantation epiblast
[13].

Formation and differentiation of EPL cells in aggregates
cultured in the presence of MEDII (EBM) results in cell
populations restricted to the ectoderm, without the formation of
visceral endoderm or mesoderm [26], demonstrating the ability of
EPL cell differentiation to be directed to specific cell fates. The
definitive endoderm is a key target of in vitro differentiation as it
acts as the progenitor for a number of cell populations with
projected clinical applications, most notably insulin-producing
cells and hepatocytes. The unequivocal identification of definitive
endoderm during in vitro differentiation, and discrimination of this
population from the contemporaneous visceral endoderm, has
proven difficult due to a paucity of specific definitive endoderm
markers. Differentiation of EPL cells as embryoid bodies (EPLEBs)
results in formation of aggregates enriched in mesoderm and
largely devoid of ectoderm and visceral endoderm ([18] and data
presented here). Characterising the progression of differentiation
in EPLEBs shows the formation of primitive streak intermediates
followed by the emergence of cells characteristic of mesoderm and
endoderm, suggesting that differentiation within these bodies
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models differentiation that occurs in the posterior midline of the
gastrulating mouse embryo. Using morphological comparison with
the endoderm populations of pregastrula and gastrulating mouse
embryo, gene expression and a functional protein uptake assay we
have shown that the outer layer of cells in EPLEBs comprises a
layer of definitive endoderm encapsulating an inner population of
mesoderm. We propose that EPLEBs, which provide a novel
source of nascent definitive endoderm in the near absence of
contaminating visceral endoderm, will have applications in the
development of protocols for cell differentiation and formation of
later endoderm populations. Moreover, the recapitulation of the
primitive streak in the absence of ectoderm lineages and
contaminating visceral endoderm provides a model that can be
used to characterise the regulatory mechanisms controlling cell
differentiation and lineage choice within the primitive streak.

Results

Differentiation within EPLEBs recapitulates the processes

occurring in the primitive streak

Differentiation in EPLEBs, when compared to EBs, is
characterised by the earlier expression of Brachyury, a marker of
the primitive streak intermediate and early mesoderm, on days 2—
3 compared to days 4-5 [18]. Earlier differentiation within
EPLEB:s is consistent with the prior formation of EPL cells from
ES cells. EPLEBs were analysed for the expression of additional
primitive streak intermediate markers, Eomesodermin [27] and Mixl]
[28] (Figure 1A). Both genes showed a pattern of expression in
EPLEBs equivalent to Brachyury. In wvive, Nanog expression is
detected in the ICM [23,24], down regulated in late blastocysts
and up regulated in posterior primitive ectoderm prior to
gastrulation [25]; expression is lost as cells ingress through the
streak [23,25]. During the formation and differentiation of EPL
cells, Nanog expression was initially decreased with the generation
of EPL cells (Figure IA), transiently increased on day 2 of
differentiation in EPLEBs, coincident with the onset of primitive
streak marker expression (Figure 1A), before being lost. The
temporally restricted expression of Brachyury, Mixl] and Fomeso-
dermin on days 2 and 3 suggests differentiation of EPL cells in
EPLEBs to the primitive streak intermediate is relatively synchro-
nous and occurs within a 48 hour window.

The primitive streak gives rise to both mesoderm and definitive
endoderm progenitors; the cell populations formed within EPLEBs
have been shown previously to comprise terminally differentiated
mesoderm derivatives [18]. The expression of markers of
endoderm-derived populations in EPLEBs was determined by
RT-PCR on day 12 of differentiation and compared to expression
in EBM'?, a population of cells comprised exclusively of neural
ectoderm and neural ectoderm derivatives, and devoid of
definitive endoderm [26]. EPLEBs, but not EBMs, expressed
Pdx1, a gene expressed in the progenitors of the pancreas, stomach
and duodenum [29,30], Intestinal Fatty Acid Binding Protein (IFABP),
an early posterior gut marker [31] and Transthyretin (Tir), a gene
expressed in the early and mature hepatocyte lineages [32],
suggesting the formation of differentiated endoderm populations
within these bodies (Figure 1B).

The morphology of the outer cell layer of EPLEBs is
consistent with formation of definitive endoderm

Morphology has been used as a criterion for distinguishing
populations of visceral and parietal endoderm in the embryo [33]
and in embryoid bodies [34,35,36,37]. Here, a detailed morpho-
logical examination was undertaken to identify and classify the
endoderm of EPLEBs, EBs and EBMs.
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Figure 1. Posterior primitive ectoderm and primitive streak
markers are expressed in differentiating EPL cells. A. g PCR
analysis of RNA isolated from ES cells, EPL cells cultured for 2 days in
MEDII (EPL) and EPLEBs formed from EPL cells and cultured for 4 days
for the expression of Brachyury, Mixl1, Eomesodermin, and Nanog. Gene
expression has been normalised to actin and is expressed relative to
EPLEB? (Brachyury, MixI1, Eomesodermin) or ES cells (Nanog). n = 3. Error
bars represent standard error of the mean. B. RNA was extracted from
EPLEBs and EBMs on day 12 and analysed by RT-PCR for the expression
of a number of genes characteristic of definitive endoderm cell lineages.
Reactions in which reverse transcriptase has been omitted (no RT) were
included as controls.

doi:10.1371/journal.pone.0038645.g001

Scanning electron microscopy (SEM) was used to characterise
the surface morphology of EBs, EBMs and EPLEBs. On day 2.5
the surface of EBs was characterised by the presence of patches of
rounded cells (Figure 2A, patch delineated by arrowheads). By
day 5 the EBs had a surface morphology which appeared to be
comprised of several distinct cell types, most notably a population
of small, loosely adherent rounded cells and a population of larger,
squamous cell (Figure 2D; the right and left side of the aggregate
shown, respectively). The surface morphology of EBMs was very
different. On day 2.5 no obvious patches of rounded cells could be
seen and the surface of the body was uniformly granular
(Figure 2B). On day 5 the surface of EBMs was compacted, with
no distinct cell morphology or cell junctions able to be discerned
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(Figure 2E). This, coupled with the lack of endoderm-specific gene
expression (Figure 1B and [26]) seen in these bodies suggests that
no outer layer of endoderm is formed in EBMs. EPLEBs presented
a third, distinct surface morphology. On day 2.5 patches of cells
with a flattened morphology were present on the surface of
EPLEBs (Figure 2C, population is bracketed with arrowheads). By
day 5 cells of this morphology comprised the entire outer layer of
EPLEBs (Figure 2F). The characteristic surface morphology of
EPLEBs was present in 90% of the EPLEBs within the population.

To identify the cell population on the surface of EPLEBs and
EBs, bodies on day 5 were compared to the endoderm of mouse
embryos by TEM. Transverse sections of a pre-gastrula (6.5 d.p.c.)
and gastrulating (7.5 d.p.c.) embryo show the distinctive
morphology of visceral endoderm (Figure 3Ai, i, iii), a population
of cuboidal cells with large, apical vacuoles and densely decorated
with microvilli on the apical surface. The morphology we see at
6.5 d.p.c. is distinct from the morphology of the endoderm shown
by others [7,38] at this time of development; this may reflect
differences in the timing of embryos which is complicating
comparison. In contrast, parietal endoderm consisted of squamous
cells devoid of microvilli, enriched in rough endoplasmic reticulum
and located distantly from the pluripotent cells (Figure 3Bi, v, vi)
[33]. Longitudinal sections of a 7.5 d.p.c. embryo show a typical
trilaminar structure (Figure 3Bi, ii) in the embryonic region with
an outer layer of definitive endoderm that morphologically is
distinct from visceral and parietal endoderm and spatially and
temporally consistent with definitive endoderm. Cells within this
layer were squamous, sparsely decorated on the apical surface by
microvilli and devoid of large vacuoles (Figure 3Biii, iv). This layer
appears morphologically uniform, suggesting that any residual
visceral endoderm cells acquire a morphology typical of the
definitive endoderm [8].

Sections through EBs cultured to day 5 showed a heterogeneous
population of cells on the surface; cells reminiscent of visceral
(Figure 3Ci) and parietal (Figure 3Cii) endoderm were observed.
Sections through an EPLEB cultured to day 5 demonstrated an
outer cell layer morphologically distinct from visceral and parietal
endoderm populations and consistent with definitive endoderm of
the 7.5 d.p.c. embryo (Figure 3Di-1v).

Gene expression and functional assays define an outer
population of definitive endoderm and an inner
population of nascent mesoderm in EPLEBs

Definitive endoderm in the embryo can be characterised by
ontogeny, through its origin from the primitive ectoderm during
gastrulation, by expression of markers of endoderm, including the
Srp-related HMG box gene, Sox/7 [39] and Thyrotropin-releasing
Hormone, Trh [40], and by a horseradish peroxidase (HRP) uptake
assay which identifies the neighbouring visceral endoderm through
its ability to endocytose proteins from the surrounding medium
[39]. Gene expression analysis of EBs and EPLEBs for Fgf5, which
tracks the formation and differentiation of EPL cells, Brachyury,
which marks differentiation to primitive streak intermediates,
Sox17, which is expressed within the visceral and definitive
endoderm [39] and 77k, which identifies the prospective definitive
endoderm and which distinguishes visceral and definitive endo-
derm in the embryo [40], was performed by RT-PCR (Figure 4A).
As expected, Fgf5 was expressed in EPL cells and early EPLEBs,
with the level of expression reducing on day 3, after the onset of
differentiation on day 2 as determined by Brachyury. In EBs, in
contrast, Fgf5 expression was not initiated until 48 hours after ES
cell aggregation and persisted beyond day 4, marking the
formation of primitive ectoderm in these aggregates. Sox/7
expression was also detected earlier in EPLEBs when compared
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Figure 2. Formation of endoderm on EBs, EPLEBs, EBMs. A-F. Scanning electron micrographs of EBs (A, D), EBMs (B, E) and EPLEBs (C, F) on
days 2.5 (A-C) and 5 (D-F). Arrowheads mark the boundary of the prospective patch of primitive endoderm on EBs on day 2.5 (A) and the
prospective endoderm population forming on the surface of EPLEBs at 2.5 days of differentiation (C). The dotted line on D demarcates the boundary

of two distinct surface morphologies. Size bars represent 50 um.
doi:10.1371/journal.pone.0038645.9g002

to EBs; up regulation of Sox/7 was coincident with differentiation,
as determined by Brachyury expression, and with the observed
formation of the outer layer of endoderm in EPLEBs (Figure 2). In
EPLEBs Sox!7 expression was sustained to day 5, the limit of this
assay. Trh expression was detected in ES cells and EPL cells and
throughout early EPLEB differentiation, consistent with the
expression of this gene in the primitive ectoderm and definitive
endoderm [40]. Expression of both Fgf5 and 774 in EPLEBs on
days 1-3 marks the presence of primitive ectoderm; the subse-
quent decline in Fgf5 expression and persistence of 77 expression,
coupled with the up regulation of Sox/7 expression, is consistent
with the differentiation of the primitive ectoderm and formation of
definitive endoderm in these aggregates.

Wholemount @ situ hybridisation detected Sox/7 and Tk
transcripts within cells of the outer layer of EPLEBs on day 5
(Figure 4B). Higher magnification images show these cells to be
morphologically consistent with a squamous cell type, consistent
with the identification of definitive endoderm. 77 expression was
also detected in inner cells of the aggregates (Figure 4Biii, iv; open
arrowheads).

Expression of the chemokine receptor CXCR4 has been
correlated with definitive, but not visceral, endoderm [41,42].
The number of cells within EBs, EBMs and EPLEBs on day 4
expressing CXCR4 was determined by flow cytometry (Figure 4C).
As expected, very few CXCR4 expressing cells were detected in
EBMs or in EBs at this time point; this suggests that the endoderm
populations seen on the surface of EBs early in differentiation were
primitive and not definitive. In contrast, approximately 12% of
cells expressed CXCR4 in EPLEBs on day 4. The formation of
definitive endoderm during differentiation can be enhanced by
with the addition of Activin A [43]; addition of 30 ng/mL Activin
A to EPLEBs increased the proportion of cells expressing CXCR4.

Neither Sox/7 nor Trh were expressed in all the cells of the outer
endoderm layer in EPLEBs suggesting a degree of cell heteroge-
neity. To ensure that non-expressing cells within the layer were not
visceral endoderm, an HRP uptake assay was undertaken. Cells of
the visceral endoderm will take up HRP from the surrounding
medium and stain dark brown when developed with DAB. The
majority of EPLEBs lacked areas of staining on their surface
(Figure 4Di, iii; filled arrowheads), consistent with the endoderm
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layer comprising definitive, and not visceral, endoderm. Rare
EPLEBs had small areas of stained cells (Figure 4Di and iv, open
arrowheads); closer examination of these cells showed that they
were large, bubbly, cuboidal cells, morphologically distinct from
the majority of the cells on the surface of the aggregates and
consistent in appearance and properties with visceral endodermal
cells. DAB-staining cells were more prevalent in EBs (Figure 4Dii).

The outer cells of EPLEBs are comparable to definitive
endoderm by morphology, gene expression and function. By
analogy with the primitive streak, which gives rise to definitive
endoderm and mesoderm, we would propose that the cells located
internally to the endoderm in EPLEBs would express markers of
mesoderm. To define mesoderm in EPLEBs we selected and
validated two genes from a microarray of EPL cells compared to
EPLEBs on day 2 and 4; (dx2 and Handl were expressed in
EPLEBs on day 4 in the microarray, after markers of the primitive
streak intermediate and in later mesoderm tissues of the mouse
embryo, (KXL and JR unpublished). Cdx2 is expressed in the
primitive streak of 7.5 d.p.c. embryos [44] whereas Handl is
expressed in neural crest derivatives and lateral mesoderm [45,46].
Recently, CDX2 has been shown to be co-expressed with BRA in
mesoderm formed from human ES cells in response to BMP4 [47].
As expected, Cdv2 and Handl were expressed in EPLEBs, and
expression initiated earlier when compared to EBs (Figure 4A).
The up regulation of both genes lags the expression of Brachyury
and is consistent with expression in mesoderm derivatives in the
aggregates. Wholemount @ situ hybridisation detected Cdx2
(Figure 4Ei) and Handl ((Figure 4Eii, iii) transcripts in cells within
the EPLEBs and not in cells within the outer endoderm cell layer.

Discussion

Definitive endoderm is formed in EPLEBs

Differentiation of pluripotent cells during gastrulation i vive and
pluripotent cell differentiation i wvitro results in similar cellular
outcomes but the ability to demonstrate these outcomes is often
hampered by a non-specificity of markers and a lack of spatial and
temporal information in culture. Many genes that have been
identified as definitive endoderm markers in the embryo, such as
Ihh, Gata4, Gata6, Sox17, Cxcr4 and Foxa2, are expressed in multiple
tissues [35,48,49,50,51,52]. Sox17, for example, is expressed within
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i W,

Figure 3. Characterisation of the endoderm populations seen in EBs and EPLEBs by comparison with the endoderm populations of
the 6.5 and 7.5 d.p.c. embryo. A. (i) A 1 um transverse section across the distal tip of a 6.5 d.p.c mouse embryo showing the distinctive
morphology of the visceral endoderm (ve) surrounding the inner pluripotent cell core (ep). Size bar represents 40 pum. (ii) 1 um transverse section
across the extraembryonic region of a 7.5 d.p.c embryo showing the visceral endoderm (ve) surrounding the extraembryonic mesoderm (eem) and
extraembryonic ectoderm (eee). Parietal endoderm (pa) is indicated by an arrow. (iii) Transmission electron micrographs (TEM) of visceral endoderm
from the extraembryonic region of a 7.5 d.p.c. embryo, showing the typical cuboidal cell morphology with large apical vacuoles and dense microvilli
on the apical surface, which can be seen at the top of the figure. Size bar represents 10 um. B. (i) Longitudinal section of a 7.5 d.p.c. late-streak stage
embryo. Size bar represents 200 um, posterior to the right, parietal endoderm (pa) indicated by an arrow. (ii) Detail of (i), showing the trilaminar
structure of the egg cylinder, with an outer layer of definitive endoderm (de), middle layer of mesoderm (m) and inner layer of ectoderm (ec) Size bar
represents 40 pum. (iii, iv) TEM of definitive endoderm, showing an outer, squamous, cell layer of endoderm with a sparse decoration of microvilli on
the apical surface. Inset shows the surface of the cells at a higher magnification. Size bars represent 10 um (inset 2 pm). (v, vi) TEM of parietal
endoderm, showing a dispersed, squamous, cell population in close contact with Reichart’s membrane (rm), indicated by an arrow. The surface of the
parietal endoderm is devoid of microvilli. Inset shows the surface of the cells at a higher magnification. Size bars represent 10 pm (inset 2 pm). C. (i,
ii) TEM of the surface populations of cells observed on a day 5 EB. Cells appear reminiscent of the visceral (i) and parietal (ii) endoderm populations
of the embryo. Size bars represent 10 pm. D. (i) Toluidine blue-stained 1 um section of an EPLEB at day 5 of differentiation. Size bar represents
200 pm. (ii) Detail of (i) showing the squamous outer cell layer. (iii, iv) TEM of the outer layer of cells of EPLEB on day 5 of differentiation, showing an
outer, squamous, cell layer with sparse microvilli on the apical surface, reminiscent of the morphology of the embryonic definitive endoderm. Size
bars represent 10 pum (iii) and 5 pm (iv).

doi:10.1371/journal.pone.0038645.g003

both the visceral endoderm, adjacent to the extraembryonic which lacks the spatial organisation of the embryo, has hampered
ectoderm, and in the definitive endoderm [39]. The formation of unequivocal identification of endoderm populations by marker
visceral and definitive endoderm in EBs [37,43,53], a system analysis. Coupling detailed morphological analysis, using SEM
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Figure 4. Localisation of definitive endoderm and mesoderm marker expression in EPLEBs. A. RNA isolated from EBs and EPLEBs on
days 1-5 of differentiation was analysed by RT-PCR for the expression of Fgf5, Brachyury, Trh, Sox17, Cdx2 and Hand1. Gapdh expression was used a
loading control. Expression in undifferentiated ES cells (ES) and EPL cells (EPL) is shown for comparison. -RT (control, no reverse transcriptase) and a
no template control (NTC) were included. n=3, a representative result is shown. B. Wholemount in situ hybridisation of EPLEBs on day 5 of
differentiation with a DIG-labelled probe complimentary to Sox17 (i) or Trh (ii, iii, iv). Representative aggregates are shown sectioned into 10 um
slices. Size bars represent 50 um (i, iii, iv) or 500 um (ii). C. EBs, EBMs, EPLEBs and EPLEBs cultured in the presence of 30 ng/mL Activin A were
analysed by flow cytometry for the presence of CXCR4 positive cells. n=3. D. Low magnification image of EPLEBs (i) and EBs (ii) on day 5 and day 7
respectively, stained for the uptake of horse radish peroxidase (HRP). Open arrowheads indicate areas of staining. Representative EPLEBs with (iii) or
without (iv) a foci of HRP activity are shown sectioned and counterstained with haematoxylin to illustrate cell morphology. Open arrowheads indicate
areas of staining, closed arrowheads indicate the non-staining endoderm layer on the outside of the EPLEBs. Size bars represent 500 um (i, ii,) or
50 pm (iii, iv). E. Wholemount in situ hybridisation of EPLEBs on day 5 of differentiation using a DIG-labelled probe complimentary to Cdx2 (i) or

doi:10.1371/journal.pone.0038645.g004

and TEM, with the expression of Sox7 and 77k and the functional
HRP uptake assay has allowed unambiguous identification of
definitive endoderm in EPLEBs; by morphology the endoderm
compartment on over 90% of the EPLEBs comprised definitive
endoderm with little or no visceral endoderm observed in the
populations. Moreover, visceral endoderm represented a small
component of the overall endoderm population in EPLEBs
containing foci of HRP uptake. This is in contrast to EBs which
formed visceral and definitive endoderm as shown by morphology
and HRP uptake. The prevalence of definitive endoderm in
EPLEBs, 12% of total cells on day 4, compares favourably with
other systems use for the derivation of this cell type [54,53].
Furthermore, the ability to further enrich for the population with
Activin A, to approximately 20% of total cell number, makes
EPLEBs an attractive system for deriving definitive endoderm in
culture and one that could be integrated into existing methodol-
ogies for enrichment of definitive endoderm from ES cells [42,56].

Unlike the pluripotent cells of the ICM, the primitive ectoderm
in the embryo is thought to be limited in its ability to give rise to
the primitive endoderm lineage [14,57]; this could be a
consequence of a loss of developmental potential when compared
to the pre-implantation epiblast such that the primitive ectoderm is
no longer capable of giving rise to the primitive endoderm lineage,
or it could be a constraint imposed on the primitive ectoderm by
the local environment. When compared to EBs, EPLEBs showed a
reduction in primitive endoderm formation when differentiated
within embryoid bodies. HRP uptake assays revealed only small
areas of visceral endoderm on the surface of occasional EPLEBEs;
these areas have a frequency and morphology equivalent to the
occasional areas of AFP" cells that have been detected previously
[18]. This contrasts with the more extensive formation of visceral
endoderm on EBs revealed by HRP uptake. We have reported
previously the formation of parietal endoderm on the surface of
EPLEBs [18]. In this study we were unable to detect parietal
endoderm by morphology or by SPARC expression (JR, unpub-
lished), and suggest that this endoderm population, like visceral
endoderm, occurs at very low levels and sporadically within
populations of EPLEBs.

The morphological characterisation of EPLEBs showed the
definitive endoderm arranged as a continuous or near continuous
layer of cells on the outer surface of EPLEBs. In the embryo, cells
forming definitive endoderm traverse the anterior primitive streak
and intercalate into the adjacent visceral endoderm [4], with
visceral endoderm potentially guiding the organisation of the
definitive endoderm. In EBs, where endoderm is similarly
organised as an outer layer on the aggregates the initial formation
of a layer of primitive/visceral endoderm could act as a guide for
the organisation of the emerging definitive endoderm. In EPLEBs
the organisation of the definitive endoderm occurs, however, in
the absence of an existing primitive endoderm layer and suggests
that cell organisation is cell autonomous and similar to the ability

@ PLoS ONE | www.plosone.org

of the primitive endoderm to organise as a cell layer during
differentiation within EBs [58]. In situ localisation of 77k revealed
foci of internally located T7k" cells; these foci may contain residual
pluripotent cells [40] or early progenitors of the endoderm. The
majority of these foci were located subjacent to the outer
endoderm layer consistent with a differentiation process that adds
cells to the outer surface of the cell aggregate.

The difficulty in unambiguously identifying endoderm popula-
tions has meant that few ES cell differentiation studies have
evaluated the relative frequency of primitive endoderm deriva-
tives, particularly visceral endoderm, and definitive endoderm in
the differentiated cell population. Yasanuga et al. [42] and
D’Amour et al. [56] preferentially enriched for definitive endo-
derm by addition of Activin A to differentiating cells in culture; in
both cases it was demonstrated that this effectively reduced the
contribution to the population by the visceral endoderm. Morrison
et al. [54] also used Activin A to enrich for definitive endoderm
from ES cell. They described a role for FGF signalling, in
combination with Activin A, in the specification of an endoderm
subpopulation, the anterior definitive endoderm. We have been
unable to detect Hex" cells in EPLEBs by in situ hybridisation (data
not shown) suggesting that anterior definitive endoderm is not
formed in this system. This is perhaps not surprising given the
requirement for FGF signalling in the specification of this
population [54]. In comparison to these growth factor-based
methodologies, the enrichment of definitive endoderm, but not
primitive endoderm, in EPLEBs is achieved by manipulating the
pluripotent state of the starting cell population and using
differentiation conditions that enforce the formation of the
primitive streak intermediate. Directing the differentiation of
EPL cells to primitive streak intermediates is achieved by removing
visceral endoderm-like signalling from the medium, present in this
system in the conditioned medium, MEDII, and by disrupting
cell:cell associations [59]. The ability to form definitive endoderm,
in the effective absence of visceral endoderm, and without the use
of growth factors, provides a viable alternate methodology for
achieving a population of definitive endoderm that can be used for
further differentiation and formation of later endoderm popula-
tions, and a differentiation system which can be easily manipulated
through the addition of exogenous growth factors.

Differentiation of EPL cell: a model for differentiation on

the posterior side of the gastrulating mouse embryo

In the embryo, formation of the mesoderm and definitive
endoderm s restricted to the posterior of the embryo whereas
ectoderm forms from cells at the anterior [7]. The lack of axes and
temporal restrictions on differentiation during EB differentiation,
however, generally results in an unstructured cell mass in which
inappropriate signalling and cell:cell interaction can occur. This
dysregulation can confound the study of differentiation i vitro [60]
and does result in heterogeneous cellular outcomes.
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Using EPL cells as starting material for @ wvitro differentiation
appears to overcome a number of these inherent difficulties. As
reported previously, and further demonstrated here, EPL cell
differentiation results in germ layer formation without the initial
formation of the primitive and visceral endoderm [18,26]. Any
initial requirement for visceral endoderm signalling in the loss of
pluripotence and formation of mesoderm and definitive endoderm
1s replaced in this system by the disruption of cell interactions and
removal of MEDII [59]. In the embryo, later populations are
specified through interaction of the germ lineages; this occurs after
the primitive endoderm lineages have been dispersed and
displaced proximally. Close interactions between the germ lineages
and the visceral endoderm do not appear to be required although
the role of the dispersed, T#" cells in the endoderm layer has not
been understood [8]. This is largely recapitulated in EPLEBS,
where further differentiation occurs without visceral endoderm
signalling. The embryonic environment is more poorly recapitu-
lated in EBs where later lineage specification occurs in an
environment comprising the germ lineages and the primitive
endoderm. The consequences of the complicated signalling
environment in EBs are not known.

EPLEBs model the gastrulation events that occur in the
primitive streak and differentiation results in a simple cell
aggregate spatially organised into an outer layer of definitive
endoderm and an inner parenchyma comprised largely of
mesoderm. The relative simplicity of this differentiation system
allows analysis of the molecular and cellular events of the primitive
streak [22,59,61], including characterisation of the role of
exogenously added signalling molecules in the processes of
pluripotent cell differentiation, without the confounding influence
of endogenous signalling from the primitive endoderm or the
inappropriate juxtaposition of cell populations. Furthermore, this
system is ideal for future work into understanding the role of cell
interactions in later differentiation.

The formation of multiple endoderm populations during ES cell
differentiation in culture as shown here and by others, and the
difficulties in separating the endoderm populations using marker
gene expression, has hindered the purification of the definitive
endoderm for use as a substrate for further differentiation and led
to suggestions that the origin of definitive endoderm-derived
populations formed from ES cells may, in fact, be an extraem-
bryonic lineage [42]. The use of EPL cells as a starting point for
differentiation overcomes these limitations and provides a route to
enrichment of definitive endoderm without the concomitant
formation and elaboration of visceral endoderm or the need to
use modified cell lines to facilitate cell-sorting.

Materials and Methods

Cell culture

D3 embryonic stem cells [62] (obtained from Lindsay Williams,
Ludwig Research Institute, Melbourne) were maintained in the
absence of feeders as previously described [17,63]. EPL cells were
formed as adherent cultures in medium supplemented with
MEDII (50% MEDII) as previously described [18,63]. Embryoid
bodies (EB) were formed from ES cells and maintained as
described in [18] and [63]. Alternatively, ES cells were differen-
tiated by culturing for 2 or 3 days in 50% MEDII to form EPL
cells before EB formation, giving rise to EPL cell-derived EBs
(EPLEBs) [18,63]. EBs cultured in MEDII-containing medium
(EBMs) were formed from ES cells and maintained as described in

[26] and [63].
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Scanning Electron Microscopy (SEM)

EBs, EBMs, and EPLEBs were fixed for 30 minutes in 4.0%
paraformaldehyde/1.25% glutaraldehyde/PBS with 4% sucrose,
pH 7.2, washed in PBS/4% sucrose and post-fixed in 2% osmium
tetroxide (60 minutes). Samples were dehydrated (70%, 90%, 95%
and 100% ethanol, 2x10 minutes each, 100% ethanol,
3x30 minutes) and dried in a Balzers CPD 030 critical point
dryer (Principality of Liechtenstein), with CO,. Samples were
mounted on stubs, coated with carbon and gold and examined at
an accelerating voltage of 10 kV using a Philips X1.20 scanning
electron microscope (Phillips, The Netherlands).

Transmission Electron Microscopy (TEM)

6.5 and 7.5 d.p.c. embryos, EBs and EPLEBs were fixed and
dehydrated as for SEM before transfer to propylene oxide for
20 mins. Samples were infiltrated overnight with 1:1 mixture of
propylene oxide and epoxy resin before being infiltrated byl100%
resin, embedded and polymerised at 70°C for 24 hours. Embed-
ded material was sectioned on an UltraCut E Ultramicrotome
(Reichert-Jung, Austria) using a diamond knife (Diatome, Swit-
zerland); 70 nm sections were cut. Sections were picked up on 200
mesh grids and stained for 10 minutes each with 4% saturated
uranyl acetate and Reynold’s lead citrate. Sections were viewed
using the Philips CMI100 transmission electron microscope
(Phillips, The Netherlands).

Gene expression analysis

PCR: Total RNA was isolated using RNAwiz (Ambion) or
TRIz0l® reagent (Invitrogen) and reverse-transcribed with oligod T
(Invitrogen) using Omniscript RT kit (Qiagen) or M-MLV
Reverse Transcriptase (Promega). PCR was performed as follows:
94°C for 3 minutes, the specified number of cycles of 94°C for
1 minute, 60°C for 30 seconds (annealing; 50°C Actin) and 72°C
for 1 minute, followed by 7 minutes at 72°C. PCR products were
separated on 2% agarose gels, stained with ethidium bromide or
SYBR® Gold (Invitrogen) and detected using a BioRad FX imager
(BioRad). Alternatively, real-time PCR was performed on a PCR
thermal cycler (M] Research) with a Chromo 4 Continuous
Fluorescence Detector (MJ Research) using Platinum SYBR
Green qPCR SuperMix UDG (Invitrogen) according to manu-
facturer’s instructions. Expression levels were normalised using f3-
actin. Primer sequences, product sizes and cycle times are listed in
Table 1.

In situ hybridisation: EPLEBs were fixed in 4% paraformalde-
hyde for 30 minutes at RT, and dehydrated in 50%, 75% and
100% methanol. In situ hybridisation was performed as described
in [18]. Anti-sense DIG labelled probe for Sox/7 was transcribed
from plasmid J8.1. Anti-sense and sense 77k riboprobes were
synthesize as run-off transcripts from a pGEMT-easy vector
(Promega) containing a 408 bp cDNA fragment linearised with
Ncol and Sall using SP6 RNA polymerase and T7 RNA
polymerase, respectively. Anti-sense and sense DIG labelled
probes for Cdx2 were transcribed from a pGEM-vector containing
a 2.2 kbp Cdx2 cDNA fragment that had been linearized with
EcoRI or BamH1 and synthesized with SP6 RNA polymerase and
T7 RNA polymerase respectively. Antisense and sense DIG
labelled probes for Handl probes were synthesized from a pBSK-
vector (Thermo scientific) containing a 0.35 kbp Handl cDNA
fragment (from Prof. Richard Harvey, Victor Chang Research
Institute, Sydney) that had been linearised with EcoRI and
HindlII and synthesized with T7 or T3 RNA polymerase
respectively.
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Table 1. Primers used for RT-PCR and qRT-PCR analysis of

gene expression.

Gene Size Primers (5'-3’) Cycle

Actin 501 ATGGATGACGATATCGCTG 26
ATGAGGTAGTCTGTCAGGT

Cdx2 197 CCCTAGGAAGCCAAGTGAAAACC 36
CTCCTTGGCTCTGCGGTTCTG

Fgf5 169 CTGCAGATCTACCCGGATG 25
TAAATTTGGCACTTGCATGG

Hand1 101 GAAAGCAAGCGGAAAAGGGAG 32
GGTGCGCCCTTTAATCCTCTT

Gapdh 236 CTTCACCACCATGGAGAAGGC 18
GGCATGGACTGTGGTCATGAG

IFABP 225 GGAAAGGAGCTGATTGCTGTCC 39
CTTTGACAAGGCTGGAGACCAG

Pdx1 325 CCACCCCAGTTTACAAGCTC 39
TGTAGGCAGTACGGGTCCTC

Sox17 186 CTTTATGGTGTGGGCCAAAG 32
TTGTAGTTGGGGTGGTCCTG

Trh 163 CTGGAAGCAGCCCAGGAG
CCGGATGCTGGCGTTTTG

Ttr 440 AGTCCTGGATGCTGTCCGAG 39
TTCCTGAGCTGCTAACACGG

doi:10.1371/journal.pone.0038645.t001

Horseradish peroxidase (HRP)-uptake assay

HRP-uptake assay was performed as previously described [39].
Briefly, cell aggregates were incubated in Dulbecco’s modified
Eagle medium containing 10% BSA and horseradish peroxidase

References

1. Chazaud C, Yamanaka Y, Pawson T, Rossant J (2006) Early lineage segregation
between epiblast and primitive endoderm in mouse blastocysts through the
Grb2-MAPK pathway. Dev Cell 10: 615-624.

2. Hogan BL, Taylor A, Adamson E (1981) Cell interactions modulate embryonal
carcinoma cell differentiation into parietal or visceral endoderm. Nature 291:
235-237.

3. Hogan BL, Tilly R (1981) Cell interactions and endoderm differentiation in
cultured mouse embryos. J] Embryol Exp Morphol 62: 379-394.

4. Tam PP, Beddington RS (1992) Establishment and organization of germ layers
in the gastrulating mouse embryo. Ciba Found Symp 165: 27-41; discussion 42—
29.

5. Liu P, Wakamiya M, Shea M]J, Albrecht U, Behringer RR, et al. (1999)
Requirement for Wnt3 in vertebrate axis formation. Nat Genet 22: 361-365.

6. Mohamed OA, Clarke HJ, Dufort D (2004) Beta-catenin signaling marks the
prospective site of primitive streak formation in the mouse embryo. Dev Dyn
231: 416-424.

7. Tam PP, Williams EA, Chan WY (1993) Gastrulation in the mouse embryo:
ultrastructural and molecular aspects of germ layer morphogenesis. Microsc Res
Tech 26: 301-328.

8. Kwon GS, Viotti M, Hadjantonakis AK (2008) The endoderm of the mouse
embryo arises by dynamic widespread intercalation of embryonic and
extraembryonic lineages. Dev Cell 15: 509-520.

9. Ciruna B, Rossant J (2001) FGF signaling regulates mesoderm cell fate
specification and morphogenetic movement at the primitive streak. Dev Cell 1:
37-49.

10. Evans MJ, Kaufman MH (1981) Establishment in culture of pluripotential cells
from mouse embryos. Nature 292: 154-156.

11. Martin GR (1981) Isolation of a pluripotent cell line from early mouse embryos
cultured in medium conditioned by teratocarcinoma stem cells. Proc Natl Acad
Sci U S A 78: 7634-7638.

12. Kehler J, Hubner K, Garrett S, Scholer HR (2005) Generating oocytes and
sperm from embryonic stem cells. Semin Reprod Med 23: 222-233.

@ PLoS ONE | www.plosone.org

Definitive Endoderm from EPL Cells

(HRP; Sigma type VI, 2 mg/mL) for 30 minutes, after which
aggregates were fixed in 4% PFA and developed with a 3,3'-
diaminobenzidine (DAB; Sigma) in the presence of hydrogen
peroxidase.

Flow cytometry

Cell aggregates were trypsinised to a single cell suspension.
1x10° cells were incubated with anti-CXCR4 antibody (Rat anti-
mouse CD184 (CXCR4), 0.25 ng/mL, BD Biosciences) or an
1sotype control antibody for 45 minutes on ice. Cells were washed
3 x5 minutes with PBS and incubated with a FITC-conjugated
anti-rat secondary antibody (Jackson Laboratories). Cells were
stained with 5 plL of a 5 pg/mL solution of propidium iodide for
5 minutes on ice before 3x5 minutes washes with PBS. Cell
suspensions were analysed using a Becton Dickinson FACScan
and data collected using CellQuest Pro software (BD) and
manipulated using either CellQuest Pro or FCS Express (Micro-
soft). Dead cells were excluded using a size gate and PI staining.
Background staining was determined using the isotype control and
CXCR4 positive cells were plotted as a percentage of live cells.

Acknowledgments

We thank Lyn Waterhouse, Adelaide Microscopy, University of Adelaide,
for assistance with the preparation of samples for electron microscopy, Dr.
Tetyana Shandala for assistance with photomicroscopy and members of
the Rathjen laboratory for the critical reading of this manuscript. We
would like to acknowledge Prof. Patrick Tam (Embryology Unit,
Children’s Medical Research Institute, NSW, Australia) for the Sox/7-
containing plasmid.

Author Contributions

Conceived and designed the experiments: SV HNG KXL JH MF PDR JR.
Performed the experiments: SV HNG KXL JH JR. Analyzed the data: SV
HNG KXL JH MF JR. Wrote the paper: JR. Read and revised the
manuscript: SV HNG KXL JH MF PDR.

13. Pera MF, Tam PP (2010) Extrinsic regulation of pluripotent stem cells. Nature
465: 713-720.

14. Gardner RL (1985) Regeneration of endoderm from primitive ectoderm in the
mouse embryo: fact or artifact? J] Embryol Exp Morphol 88: 303-326.

15. Pelton TA, Sharma S, Schulz TC, Rathjen J, Rathjen PD (2002) Transient
pluripotent cell populations during primitive ectoderm formation: correlation of
in vivo and in vitro pluripotent cell development. J Cell Sci 115: 329-339.

16. Hiratani I, Ryba T, Itoh M, Rathjen J, Kulik M, et al. (2009) Genome-wide
dynamics of replication timing revealed by in vitro models of mouse
embryogenesis. Genome Res.

17. Rathjen J, Lake JA, Bettess MD, Washington JM, Chapman G, et al. (1999)
Formation of a primitive ectoderm like cell population, EPL cells, from ES cells
in response to biologically derived factors. J Cell Sci 112 (Pt 5): 601-612.

18. Lake J, Rathjen J, Remiszewski J, Rathjen PD (2000) Reversible programming
of pluripotent cell differentiation. J Cell Sci 113 (Pt 3): 555-566.

19. Harvey NT, Hughes JN, Lonic A, Yap C, Long C, et al. (2010) Response to
BMP4 signalling during ES cell differentiation defines intermediates of the
ectoderm lineage. J Cell Sci 123: 1796-1804.

20. Brons IG, Smithers LE, Trotter MW, Rugg-Gunn P, Sun B, et al. (2007)
Derivation of pluripotent epiblast stem cells from mammalian embryos. Nature
448: 191-195.

21. Tesar P], Chenoweth JG, Brook FA, Davies TJ, Evans EP, et al. (2007) New cell
lines from mouse epiblast share defining features with human embryonic stem
cells. Nature 448: 196-199.

22. Hughes JN, Dodge N, Rathjen PD, Rathjen J (2009) A novel role for gamma-
secretase in the formation of primitive streak-like intermediates from ES cells in
culture. Stem Cells 27: 2941-2951.

23. Chambers I, Colby D, Robertson M, Nichols J, Lee S, et al. (2003) Functional
expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem
cells. Cell 113: 643-655.

24. Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, et al. (2003) The
homeoprotein Nanog is required for maintenance of pluripotency in mouse
epiblast and ES cells. Cell 113: 631-642.

June 2012 | Volume 7 | Issue 6 | 38645



27.

28.

29.

30.

31.

32.

36.

37.

38.

40.

41.

42.

43.

44.

. Fujikura J, Yamato E, Yonemura S, Hosoda K, Masui S,

. Hart AH, Hartley L, Ibrahim M, Robb L (2004) Identification, cloning and

expression analysis of the pluripotency promoting Nanog genes in mouse and
human. Dev Dyn 230: 187-198.

5. Rathjen J, Haines BP, Hudson KM, Nesci A, Dunn S, et al. (2002) Directed

differentiation of pluripotent cells to neural lineages: homogeneous formation
and differentiation of a neurectoderm population. Development 129: 2649-2661.
Hancock SN, Agulnik SI, Silver LM, Papaioannou VE (1999) Mapping and
expression analysis of the mouse ortholog of Xenopus Eomesodermin. Mech
Dev 81: 205-208.

Pearce JJ, Evans MJ (1999) Mml, a mouse Mix-like gene expressed in the
primitive streak. Mech Dev 87: 189-192.

Wells JM, Melton DA (1999) Vertebrate endoderm development. Annu Rev
Cell Dev Biol 15: 393-410.

Wells JM, Melton DA (2000) Early mouse endoderm is patterned by soluble
factors from adjacent germ layers. Development 127: 1563-1572.

Green RP, Cohn SM, Sacchettini JC, Jackson KE, Gordon JI (1992) The mouse
intestinal fatty acid binding protein gene: nucleotide sequence, pattern of
developmental and regional expression, and proposed structure of its protein
product. DNA Cell Biol 11: 31-41.

Levinson-Dushnik M, Benvenisty N (1997) Involvement of hepatocyte nuclear
factor 3 in endoderm differentiation of embryonic stem cells. Mol Cell Biol 17:
3817-3822.

Enders AC, Given RL, Schlafke S (1978) Differentiation and migration of
endoderm in the rat and mouse at implantation. Anat Rec 190: 65-77.

. Murray P, Edgar D (2001) The regulation of embryonic stem cell differentiation

by leukaemia inhibitory factor (LIF). Differentiation 68: 227-234.

et al. (2002)
Differentiation of embryonic stem cells is induced by GATA factors. Genes Dev
16: 784-789.

Li L, Arman E, Ekblom P, Edgar D, Murray P, et al. (2004) Distinct GATAG6-
and laminin-dependent mechanisms regulate endodermal and ectodermal
embryonic stem cell fates. Development 131: 5277-5286.

Soudais C, Bielinska M, Heikinheimo M, MacArthur CA, Narita N, et al. (1995)
Targeted mutagenesis of the transcription factor GATA-4 gene in mouse
embryonic stem cells disrupts visceral endoderm differentiation in vitro.
Development 121: 3877-3888.

Batten BE, Haar JL (1979) Fine structural differentiation of germ layers in the
mouse at the time of mesoderm formation. Anat Rec 194: 125-141.

. Kanai-Azuma M, Kanai Y, Gad JM, Tajima Y, Taya C, et al. (2002) Depletion

of definitive gut endoderm in Sox17-null mutant mice. Development 129: 2367-
2379.

McKnight KD, Hou J, Hoodless PA (2007) Dynamic expression of thyrotropin-
releasing hormone in the mouse definitive endoderm. Dev Dyn 236: 2909-2917.
McGrath KE, Koniski AD, Maltby KM, McGann JK, Palis J (1999) Embryonic
expression and function of the chemokine SDF-1 and its receptor, CXCR4. Dev
Biol 213: 442-456.

Yasunaga M, Tada S, Torikai-Nishikawa S, Nakano Y, Okada M, et al. (2005)
Induction and monitoring of definitive and visceral endoderm differentiation of
mouse ES cells. Nat Biotechnol 23: 1542-1550.

Kubo A, Shinozaki K, Shannon JM, Kouskoff V, Kennedy M, et al. (2004)
Development of definitive endoderm from embryonic stem cells in culture.
Development 131: 1651-1662.

Gaunt §J, Drage D, Trubshaw RC (2005) cdx4/lacZ and cdx2/lacZ protein
gradients formed by decay during gastrulation in the mouse. Int J Dev Biol 49:
901-908.

. Gserjesi P, Brown D, Lyons GE, Olson EN (1995) Expression of the novel basic

helix-loop-helix gene eHAND in neural crest derivatives and extraembryonic
membranes during mouse development. Dev Biol 170: 664-678.

@ PLoS ONE | www.plosone.org

10

46.

47.

48.

49.

50.

51.

52.

57.

58.

60.

61.

62.

63.

Definitive Endoderm from EPL Cells

Thomas T, Yamagishi H, Overbeek PA, Olson EN, Srivastava D (1998) The
bHLH factors, dHAND and eHAND, specify pulmonary and systemic cardiac
ventricles independent of left-right sidedness. Dev Biol 196: 228-236.

Bernardo AS, Faial T, Gardner L, Niakan KK, Ortmann D, et al. (2011)
BRACHYURY and CDX2 mediate BMP-induced differentiation of human and
mouse pluripotent stem cells into embryonic and extraembryonic lineages. Cell
Stem Cell 9: 144-155.

Ang SL, Wierda A, Wong D, Stevens KA, Cascio S, et al. (1993) The formation
and maintenance of the definitive endoderm lineage in the mouse: involvement
of HNF3/forkhead proteins. Development 119: 1301-1315.

Monaghan AP, Kaestner KH, Grau E, Schutz G (1993) Postimplantation
expression patterns indicate a role for the mouse forkhead/HNF-3 alpha, beta
and gamma genes in determination of the definitive endoderm, chordameso-
derm and neuroectoderm. Development 119: 567-578.

Sasaki H, Hogan BL (1993) Differential expression of multiple fork head related
genes during gastrulation and axial pattern formation in the mouse embryo.
Development 118: 47-59.

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

Morrisey EE, Tang Z, Sigrist K, Lu MM, Jiang F, et al. (1998) GATAG regulates
HNF4 and is required for differentiation of visceral endoderm in the mouse
embryo. Genes Dev 12: 3579-3590.

. Coucouvanis E, Martin GR (1995) Signals for death and survival: a two-step

mechanism for cavitation in the vertebrate embryo. Cell 83: 279-287.

. Morrison GM, Oikonomopoulou I, Migueles RP, Soneji S, Livigni A, et al.

(2008) Anterior definitive endoderm from ESCs reveals a role for FGF signaling.
Cell Stem Cell 3: 402-415.

Schroeder IS, Sulzbacher S, Nolden T, Fuchs J, Czarnota J, et al. (2011)
Induction and Selection of Sox17-Expressing Endoderm Cells Generated from
Murine Embryonic Stem Cells. Cells Tissues Organs.

. D’Amour KA, Agulnick AD, Eliazer S, Kelly OG, Kroon E, et al. (2005)

Efficient differentiation of human embryonic stem cells to definitive endoderm.
Nat Biotechnol 23: 1534-1541.

Gardner RL (1985) Clonal analysis of early mammalian development. Philos
Trans R Soc Lond B Biol Sci 312: 163-178.

Lim SM, Percira L, Wong MS, Hirst CE, Van Vranken BE, et al. (2009)
Enforced expression of Mixll during mouse ES cell differentiation suppresses
hematopoietic mesoderm and promotes endoderm formation. Stem Cells 27:

363-374.

. Hughes JN, Washington JM, Zheng Z, Lau XK, Yap C, et al. (2009)

Manipulation of cell:cell contacts and mesoderm suppressing activity direct
lineage choice from pluripotent primitive ectoderm-like cells in culture. PLoS
One 4: 5579.

Rathjen J, Rathjen PD (2001) Mouse ES cells: experimental exploitation of
pluripotent differentiation potential. Curr Opin Genet Dev 11: 587-594.
Zheng Z, de Iongh RU, Rathjen PD, Rathjen J (2010) A requirement for FGF
signalling in the formation of primitive streak-like intermediates from primitive
ectoderm in culture. PLoS One 5: €12555.

Doetschman TC, Eistetter H, Katz M, Schmidt W, Kemler R (1985) The in
vitro development of blastocyst-derived embryonic stem cell lines: formation of
visceral yolk sac, blood islands and myocardium. ] Embryol Exp Morphol 87:
27-45.

Rathjen J, Rathjen PD (2003) Lineage specific differentiation of mouse ES cells:
formation and differentiation of early primitive ectoderm-like (EPL) cells.
Methods Enzymol 365: 3-25.

June 2012 | Volume 7 | Issue 6 | 38645



