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Abstract

Endoderm formation in the mammalian embryo occurs first in the blastocyst, when the primitive endoderm and
pluripotent cells resolve into separate lineages, and again during gastrulation, when the definitive endoderm pro-
genitor population emerges from the primitive streak. The formation of the definitive endoderm can be modeled
using pluripotent cell differentiation in culture. The differentiation of early primitive ectoderm-like (EPL) cells,
a pluripotent cell population formed from embryonic stem (ES) cells, was used to identify and characterize defin-
itive endoderm formation. Expression of serine peptidase inhibitor, Kazal type 3 (Spink3) was detected in EPL cell–
derived endoderm, and in a band of endoderm immediately distal to the embryonic–extra-embryonic boundary in
pregastrula and gastrulating embryos. Later expression marked a region of endoderm separating the yolk sac from
the developing gut. In the embryo, Spink3 expression marked a region of endoderm comprising the distal visceral
endoderm, as determined by an endocytosis assay, and the proximal region of the definitive endoderm. This region
was distinct from the more distal definitive endoderm population, marked by thyrotropin-releasing hormone (Trh).
Endoderm expressing either Spink3 or Trh could be formed during EPL cell differentiation, and the prevalence of
these populations could be influenced by culture medium and growth factor addition. Moreover, further differen-
tiation suggested that the potential of these populations differed. These approaches have revealed an unexpected
complexity in the definitive endoderm lineage, a complexity that will need to be accommodated in differentiation
protocols to ensure the formation of the appropriate definitive endoderm progenitor in the future.
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Introduction

As gastrulation in the mouse embryo proceeds,

cells fated to form definitive endoderm emerge from
the anterior primitive streak and intercalate with the overly-
ing embryonic visceral endoderm. These cells expand anteri-
orly and laterally forming a layer of definitive endoderm that
covers the embryonic region of the gastrula.1 The embryonic
visceral endoderm, defined as visceral endoderm adjacent to
the pluripotent primitive ectoderm, is dispersed and largely
displaced into the extra-embryonic region, although scat-
tered cells of visceral endodermal origin persist within the
definitive endoderm.2 Molecularly, the formation of defini-
tive endoderm during gastrulation is driven by high levels
of Nodal signaling.3–6 Fate mapping studies have demon-
strated that the definitive endoderm is regionalized, with dis-
tinct areas giving rise to specific segments of the gut tube and
their associated organs.7–9 Unlike later derivatives of the de-
finitive endoderm populations, such as the gut tube, which

have been extensively divided into domains recognized by re-
gionally specified genetic markers and with different develop-
mental potential,10–12 developmentally defined regions of the
definitive endoderm are poorly annotated, and there have been
few regionally specified genetic markers identified. Recent ad-
vances have characterized a number of potential markers with
restricted expression in the distal (Trh, Eya2, Dsp, Prss12,
ApoAIV, and 1600029D21Rik),13–15 and posterior (Klf5 and
Epha2)15 definitive endoderm. Identification of additional
gene markers that are regionally specified in the definitive endo-
derm will aid in the development of a comprehensive under-
standing of the definitive endoderm population. Furthermore,
these genes will have application as markers to determine the
molecular mechanisms that underpin the formation and devel-
opment of definitive endoderm subtypes in vivo and in vitro.

It has been shown recently that the outer cell layer of em-
bryoid bodies (EBs) derived from early primitive ectoderm-
like (EPL) cells comprises definitive endoderm similar to
that formed in the E7.5 embryo16 and includes few, if any
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cells of the visceral endoderm lineage.16,17 Potential defini-
tive endoderm markers were identified from a microarray
screen of EPL cell–derived EBs (EPLEBs) and characterized
on in vitro models of development and mouse embryos.
This approach identified the serine peptidase inhibitor,
Kazal type 3 (Spink3) as a potential marker of the definitive
endoderm. Expression of Spink3 was detected before gastru-
lation in a subset of embryonic visceral endoderm that
demarcates the most proximal limits of the embryo. Expres-
sion was maintained in a band of definitive endoderm distal
to the embryonic–extra-embryonic boundary. Later expres-
sion was detected in the border region separating the yolk
sac and in the developing gut of headfold stage embryos.
The expression of Spink3 is spatially distinct from the distal re-
gion of definitive endoderm marked by thyrotropin-releasing
hormone (Trh), and overlaps with the most distal population
of visceral endoderm as determined by an endocytosis assay.
Spink3, therefore, marks a region of high cell complexity that
forms the border between the embryonic and extra-embryonic
endoderm and comprises both definitive endoderm, termed
here proximal definitive endoderm, and visceral endoderm.
Proximal definitive endoderm populations and definitive en-
doderm-expressing markers of more distal definitive endo-
derm populations could be detected in EPLEBs by gene
expression and distinct differentiation potentials, and the prev-
alence of these populations could be influenced by culture me-
dium and growth factor addition.

Materials and Methods

Tissue culture

Maintenance of ES cells. D3 ES cells18 were cultured in
ES cell medium (Supplementary Table S1) as described previ-
ously.19 EPL cells were derived by culturing ES cells in medium
supplemented with MEDII (50% MEDII; Supplementary Table
S1) as described.19 EBs and EPLEBs were formed from a single
cell suspension of ES cells (1 · 105 cells/mL) or EPL cells
(1.2 · 105 cells/mL), respectively, cultured in serum-containing
medium (SCM, Supplementary Table S1) in bacterial grade
plates (Interpath). EBs were divided 1:2 on day 2 of culture
and medium replenished with SCM every 2 days. EBs formed
and maintained in MEDII (EBMs) were formed from a single
cell suspension of ES cells (1 · 105 cells/mL) cultured in 50%
MEDII in bacterial grade plates. Aggregates were divided 1:4
on day 2 of culture and further divided 1:2 on day 4. EBM cul-
ture medium was replenished on day 2 and daily from day 4; the
medium used was 50% MEDII on days 4–7 and with serum-
free medium (SFM, Supplementary Table S1) on day 8. The
day of seeding ES or EPL cells into bacterial dishes has been
denoted as day 0 of differentiation. For gene expression analy-
sis, EBs, EPLEBs, and EBMs were collected daily at a fixed
time point for a period of 9 days. To investigate the effects of
medium formulation and growth factors on definitive endoderm
formation in EPLEBs, EPL cells were cultured in serum-con-
taining medium (SCM) or medium supplemented with Knock-
OutTM Serum Replacement (KOSRM, Supplementary Table
S1) (Life Technologies) in bacterial grade plates to form
EPLEBs. Activin A (30 ng/mL; R&D Systems), Wnt3a
(100 ng/mL; R&D Systems), or BMP4 (10 ng/mL; R&D Sys-
tems) were added after 24 h and maintained on the cells during
daily medium replenishment until day 5. Control EPLEBs were
refed with either SCM or KOSRM. To investigate the potential

of EPL cell–derived definitive endoderm to form liver cell pop-
ulations, EPLEBs were formed and cultured in SCM or
KOSRM for 5 days; at this point, definitive endoderm was pres-
ent in the aggregates. On day 5, EPLEBs were transferred to
SCM, a medium shown to promote and support the formation
of liver progenitors (H.N.G., personal observation), and cul-
tured for a further 10 days with regular medium replenishment.
This allowed the assessment of definitive endoderm differenti-
ation in equivalent conditions.

Generation of the ALB-EGFP ES cell reporter line. An
pALB-GFP construct (Gary Quinn, National Cancer Centre
Research Institute, Japan),20 consisting of an enhanced green
fluorescent protein (eGFP) reporter regulated by a �9.3 kb to
�10.4 kb fragment of the albumin (Alb) enhancer fused to a
300-bp minimal promoter sequence, was transfected into D3
ES cells using Lipofectamine 2000 (Life Technologies) accord-
ing to the manufacturer’s protocol. Transfected ES cells were
selected using G418, DNA integration was confirmed with
polymerase chain reaction (PCR), and a stably transfected
clone was tested for the ability to up regulate eGFP during dif-
ferentiation.

Manipulation of mouse embryos

Animal use was approved by the Animal Ethics Committee,
Faculty of Science, University of Melbourne. Experimental
work on mice was conducted in accordance with the Preven-
tion of Cruelty to Animals Act 1986 and the Australian code of
practice for the care and use of animals for scientific pur-
poses, 7th edition (2004). Swiss mice were used throughout.
Embryos were collected from pregnant mice on days 6.5,
7.5, 8.5, and 9.5 of gestation. Embryos to be used for whole-
mount in situ hybridization (WISH) were fixed in 4% parafor-
maldehyde in phosphate-buffered saline (PFA/PBS) (Sigma
Aldrich) for 30 min, washed in PBS, dehydrated through a
graded methanol series, and stored in 100% methanol at
�20�C. Embryos that were to be used for horseradish perox-
idase (HRP) endocytosis assay were transferred into assay me-
dium immediately after dissection.

Gene expression analysis

PCR analysis. Total RNA was extracted from aggregates
using TRIzol� reagent (Life Technologies) according to the
manufacturer’s protocol. Traces of genomic DNA were re-
moved with DNase 1 (Ambion), according to the manufactur-
er’s protocol. cDNA was generated from RNA samples using
Promega reagents. cDNA was diluted 1:2 and stored at�20�C.
For reverse transcription (RT)-PCR, 1 lL of cDNA was added
to 10 lL of 2 · GoTaq Green Master mix (Promega), 8 lL of
nuclease-free water, and 1 lL each of forward and reverse
primers. Reactions were heated to 94�C for 1 min before re-
peated cycles of 94�C for 30 sec, 30 sec at an optimized anneal-
ing temperature (Supplementary Table S2), and 72�C for
30 sec in a thermocycler (MJ Research). The number of cycles
used for each primer set can be found in Supplementary Table
S2. Ten microliters of each PCR amplification was analyzed by
agarose gel electrophoresis and visualized with a Molecular
Imager� ChemiDoc� XRS Imaging System (BioRad). For
quantitative (q)PCR, 1 lL of cDNA and 200 nM each of for-
ward and reverse primers were added to 7.5 lL 2 · Absolute
blue QPCR SYBR Green Mix (Thermo Scientific), and the
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reactions made to 15 lL with nuclease-free water. Reactions
were heated to 95�C for 15 min before cycling 40 times at
95�C for 15 sec, 60�C for 15 sec, and 72�C for 30 sec in a ther-
mocycler (MJ Research Chromo 4). Gene expression values
were normalized using b-actin. Mean normalized expression
values of triplicates were obtained using the Q-Gene software
package.21,22 Relative fold change in expression level of each
gene was calculated by dividing values of the treated samples
with values from their respective control. Significance of data
was determined using an unpaired two-tailed Student’s t-test in
Microsoft� Excel software. Primer sequences and product
sizes can be found in Supplementary Table S2. Primers were
designed to span an intron–exon boundary.

WISH of embryos and cell aggregates. DNA templates
for generating Amot, Spink3, Ttr, Trh, Tgfb1i1, and Foxa2
riboprobes were constructed using the pGEM�-T Easy Vector
Systems (Promega) according to the manufacturer’s protocol.
DNA fragments containing the gene of interest were tran-
scribed from cDNA obtained from day 9 EBs by RT-PCR
using gene-specific primers (Supplementary Table S2). Orien-
tation of the DNA insert in the plasmid vector was determined
by sequencing. Recombinant plasmids were linearized with
NcoI (antisense template; NEB) and SalI (sense template;
Promega). Antisense and sense riboprobes were synthesized
with SP6 or T7 RNA polymerase (Promega) and DIG RNA
labeling mix (Roche) as run-off transcripts from the linearized
cDNA templates according to the manufacturer’s protocol.

EPLEBs to be analyzed were fixed in 4% PFA/PBS for
30 min, dehydrated in a graded methanol series, and stored in
100% methanol at �20�C. WISH was performed as described
by Rosen and Beddington23 with the following modifications.
Prior to permeabilization, EPLEBs and embryos were treated
with 6% hydrogen peroxide/phosphate buffered saline with
0.1% Tween 20 (PBT). Prehybridization and hybridization
washes were performed at 65�C. Following post hybridization
washes, EPLEBs and embryos were blocked for 1 h in 10%
heat-inactivated fetal calf serum in Tris-buffered saline with
Tween (FCS/TBST) at room temperature. EPLEBs and em-
bryos were then incubated at 4�C overnight in 1% FCS/
TBST containing anti-digoxigenin-AP antibody (1:2000)
(Roche). For color development, EPLEBs and embryos were
incubated in nitro blue tetrazolium and 5-bromo-4-chloro-3¢-
indolyl-phosphate (Roche), as per the manufacturer’s instruc-
tions until a signal was detected. EPLEBs and embryos were
stored in PBT at 4�C.

HRP uptake assay (HRP endocytosis assay)

Visceral endoderm in mouse embryos, EBs, and EPLEBs was
labeled using a previously described endocytosis assay.16,24

Briefly, embryos or aggregates were incubated in Dulbecco’s
modified Eagle’s medium containing 10% bovine serum albu-
min (Sigma Aldrich) and HRP (Type IV, 2 mg/mL, Sigma
Aldrich), at 37�C for 30 min. Embryos or aggregates were
fixed in 4% PFA/PBS for 30 min, washed 5 min three times
in PBS and incubated in 3,3¢-diaminobenzidine (DAB; Sigma
Aldrich) until a color change was observed. The reaction was
stopped by rinsing the embryos or aggregates in PBS. Embryos
or EPLEBs were dehydrated and stored in 100% methanol at
�20�C. For colocalization of HRP uptake and definitive endo-
derm markers, EPLEBs and mouse embryos stained for HRP
uptake assay were subsequently processed for WISH.

Tissue processing, embedding, and sectioning

EPLEBs and mouse embryos to be sectioned were postfixed
in 4% PFA/PBS. EPLEBs were processed and embedded in
paraffin wax in an automated tissue processor and sectioned
at 8-lm thickness. To facilitate processing, EPLEBs were
sandwiched between supported nitrocellulose-1 paper (Life
Technologies) and 1.5% agar (Mpbio). Embryos were fixed
in 4% PFA/PBS, dehydrated in a series of progressively con-
centrated ethanol comprising 30% (5 min), 50% (5 min), 70%
(5 min), 80% (5 min, twice), 95% (5 min, twice), and 100%
(5 min, three times) ethanol. They were then immersed in xy-
lene (3 min, twice, ChemSupply) and in paraffin wax at 60�C
(30 min, three times). Embryos were embedded in the correct
orientation in paraffin wax, sectioned at 8-lm thickness.
Images of embryos and aggregates were captured using an
Olympus UC30 camera mounted on a Motic SMX-143 dis-
secting microscope. The same camera mounted on an Olym-
pus BX50 upright microscope was used to capture sections
of embryos and aggregates.

Results

The expression of putative definitive endoderm markers
during ES cell differentiation in EBs, EPLEBs, and EBMs

A set of potential definitive endoderm markers was iden-
tified from a microarray analysis comparing EPLEBs on
day 2 and 4 of differentiation. A group of genes up regulated
on day 4, and likely to be expressed by nascent mesoderm
and nascent definitive endoderm16,17 (Supplementary Table
S3), was further refined by eliminating genes that were pre-
viously reported to be expressed in the mesoderm and ecto-
derm to identify those genes most likely to be expressed in
the definitive endoderm. A total of 10 genes were shortlisted
for further analysis: Tgfb1i1, Tdo2, Amot, Spink3, Ttr, P2ry5,
Sox7, Map3k8, Sparc, and Lman2 (Supplementary Table S3).
Three in vitro models of differentiation, EBs, EPLEBs, and
EBMs, differing in the repertoire of cells formed, were analyzed
by RT-PCR to characterize further the expression patterns of
potential definitive endoderm markers (Fig. 1). EBs are widely
documented to form cells representative of the three germ lin-
eages and the extra-embryonic endoderm18,25–28; EPLEBs form
derivatives of the primitive streak, mesoderm, and definitive
endoderm and are deficient in ectodermal lineages and extra-
embryonic endoderm16,17; while differentiation in EBMs is
restricted to the formation of the ectodermal lineages.29 Defin-
itive endoderm markers would be expected to be expressed in
EBs and EPLEBs, and not EBMs or pluripotent cells. Differ-
entiation in EPLEBs is advanced in comparison to EBs, with
the onset of molecular gastrulation occurring on day 2 com-
pared to day 4,16,17 such that the expression of prospective de-
finitive endoderm markers expression would be expected to
occur earlier, relative to day 0, in EPLEBs. Molecular gastru-
lation is used here to describe the events in EBs that recapitu-
late gastrulation in the embryo and can be recognized by the
up-regulation of primitive streak markers such as T and Mixl1.

The up-regulation of T expression, which marks the initi-
ation of molecular gastrulation, is first seen on day 4 and 2 in
EBs and EPLEBs, respectively (Fig. 1A, B). Like T, the
onset of expression of the prospective definitive endoderm
markers was detected approximately 48 h earlier in EPLEBs
than in EBs, with the exception of Map3k8, Sparc, and
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Lman2 (Fig. 1A, B). These gene products were detected in all
populations analyzed. Expression of P2ry5 and Sox7 was
detected in EBs, EPLEBs, and EBMs; expression in EBMs
suggests these genes were up-regulated in the ectoderm lin-
eage (Fig. 1). Amot, Spink3, Tdo2, Tgfb1i1, and Ttr were
expressed in EBs and EPLEBs, and at reduced levels, if at
all, in EBMs (Fig. 1C) and not in ES and EPL cells (Fig.
1A); these genes were selected for further analysis. P2ry5,
Sox7, Map3k8, Sparc, and Lman2 were not pursued further.

Location of cells expressing potential definitive endoderm
markers in EPLEBs

Previous characterization has shown that cells on the sur-
face of EPLEBs on day 5 resemble definitive endoderm by
gene expression (specifically by Sox17 expression), morphol-
ogy, and endocytosis ability, while cells located internally ex-
press markers of mesoderm.16 The location of cells expressing
Amot, Spink3, Tgfb1i1, and Ttr in EPLEBs was determined by
WISH (Fig. 2). Foxa2, a commonly used definitive endo-
derm marker,26,30 was included. Although often used as a
marker of the definitive endoderm, Foxa2 is expressed in
the mesoderm as it forms in the embryo.30 Spink3 (Fig. 2A)
and Ttr (Fig. 2B) were expressed specifically in a squamous

layer of cells encapsulating the EPLEB, the cell layer that
has been previously identified as definitive endoderm.16 Amot
(Fig. 2C), Tgfb1i1 (Fig. 2D), and Foxa2 (Fig. 2E) transcripts
were detected in the squamous cells on the surface of EPLEBs
and in the mesenchyme in the core of EPLEBs, demonstrating
expression in the definitive endoderm and newly formed meso-
derm. A satisfactory signal could not be obtained from
EPLEBs analyzed for the expression of Tdo2 (data not shown).

Location of cells expressing potential definitive endoderm
markers in mouse embryos

The location of cells expressing of Amot, Spink3, Tgfb1i1,
and Ttr was determined in mouse embryos.

Spink3 was detected in E6.5 embryos in a band of cells that
extended posteriorly from the anterior proximal midline (Fig.
3A, B). Expression was restricted to cells located distal to the
circumferential constriction that delineates the embryonic and
extra-embryonic boundary of the embryo (Fig. 3A). The distal
embryonic region of embryo at this developmental stage is en-
capsulated by squamous embryonic visceral endoderm, while
the proximal extra-embryonic region is surrounded by cu-
boidal extra-embryonic visceral endoderm.31,32 Spink3 was
expressed specifically by the embryonic visceral endoderm

FIG. 1. Expression pattern of potential definitive endoderm markers in in vitro models of differentiation. Gene expression
of potential definitive endoderm markers was analyzed in EBs (A), EPLEBs (B), and EBMs (C) by RT-PCR. Gapdh was used
as a loading control. n = 3, a representative result is shown. EB, embryoid body; EPLEBs, EPL cell-derived EBs; EBM,
embryoid body cultured and maintained in MEDII; EPL, early primitive ectoderm-like cells cultured for 2 days; ES, embry-
onic stem cells cultured for 2 days; �RT, negative control in the absence of reverse transcriptase; NTC, no template control.

FIG. 2. Localization of mRNA transcripts of potential definitive endoderm markers in EPLEBs by wholemount in situ hy-
bridization (WISH). The expression pattern of potential definitive endoderm markers was analyzed in day 5 EPLEBs. Foxa2
was included in the analysis as a positive control. Representative 8 lm sections are shown.

SPINK3 AND ENDODERM COMPLEXITY 101



FIG. 3. Spink3 and Ttr expression in E6.5 to E9.5 mouse embryos. (A, B) Expression of Spink3 in an E6.5 mouse embryo
by WISH, shown in wholemount and sagittal section. The position of the embryonic and extra-embryonic boundary in the
anterior of the embryo is marked by an asterisk (*). Expression of Spink3 (C, D) and Ttr (E, F) in wholemount E7.5 mouse
embryos (C, E) and sagittal sections (D, F). The position of the anterior of the embryo is marked by an asterisk (*). Lateral
(G), frontal (H), and rear (I) views of an E8.5 embryo stained for Spink3. The yolk sac on one side of the embryo has been
removed. Transverse section ( J) of the cranial region of the embryo showed expression of Spink3 in the walls of the foregut
(fg) and in the yolk sac–embryo boundary (ys-emb; arrow). The position of the anterior of the embryo is marked by an
asterisk (*) in H. Expression of Ttr in an E8.5 mouse embryo showing lateral (K), frontal (L), and rear (M) views and
in transverse sections of the anterior region of the embryo (N, O). Expression of Spink3 in an E9.5 embryo, as shown
by WISH (P), details of expression can be seen in sagittal (Q) and parasagittal (R) sections. fg, foregut; fgo, foregut open-
ing; he, heart; hg, hindgut; hgo, hindgut opening; liv, liver anlage; Post, posterior; ys, yolk sac; ys-emb, yolk sac–embryo
boundary.
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(Fig. 3B). In the E7.5 embryo Spink3 expression was detected
in a ring of cells distal to the embryonic–extra-embryonic
boundary (Fig. 3C). Sagittal sections of the embryo show
Spink3 specifically expressed in the proximal definitive endo-
derm of the gastrulating embryo, with stronger expression in
the anterior region (Fig. 3D). At E8.5 (four somites) Spink3
was predominantly detected along the boundary of the yolk
sac and the embryonic embryo and in the lip of the foregut
and hindgut opening (Fig. 3G–I). Expression of Spink3 was
also detected in the lateral walls of the exposed regions of
the foregut and hindgut. Yolk sac on the left side of the embryo
was removed to allow visualization of the remaining parts of
the embryo (Fig. 3G). Transverse sections of the anterior re-
gion of the embryo showed Spink3 expression in the walls
of the foregut opening and in the yolk sac–embryo boundary
(Fig. 3J). The expression of Spink3 diminishes proximally in
the yolk sac. At a more advanced stage of development
(eight-somite stage), Spink3 was detected in the ventral wall
and rim of the closing gut (Supplementary Fig. S1). By E9.5
Spink3 was detected in the midgut and the rostral part of the
hindgut (Fig. 3P-R).

Consistent with previous studies,2 Ttr mRNA transcripts
were detected in the extra-embryonic visceral endoderm
and in the proximal definitive endoderm of an E7.5 mouse
embryo (Fig. 3E, F). Sagittal section of the embryo showed
that Ttr is specifically expressed in the extra-embryonic vis-
ceral endoderm and the proximal definitive endoderm. At
E8.5 (approximately four-somite stage), Ttr expression was
detected in the yolk sac, lip of the foregut opening, and hind-
gut opening (Fig. 3K–M). Yolk sac on the left side of the em-
bryo was removed to allow visualization of the embryo (Fig.
3J), which appeared to be unstained. Transverse sections of
the anterior region of the embryo showed that Ttr is specifi-
cally expressed in the yolk sac and the lip of the foregut
opening (Fig. 3N, O).

The expression of Amot and Tgfb1i1 was determined in
E7.5 (Amot) and E8.5 (Amot and Tgfb1i1) embryos. Amot ex-
pression was detected throughout the endoderm with the ex-
ception of endoderm covering the anterior midline
(Supplementary Fig. S2A, B, C). This pattern was broader
than that seen previously, but was consistent in expression
and was detected in both the extra-embryonic visceral endo-
derm and definitive endoderm of the embryo.15,33 By E8.5,
Amot-expressing cells were detected in the lip of the foregut
opening and in the allantois, derivatives of the definitive en-
doderm, and extra-embryonic mesoderm respectively (Sup-
plementary Fig. S2D). In E8.5 mouse embryos Tgfb1i1
expression was detected in the heart anlage, mid-dorsal re-
gion (Supplementary Fig. S2E), somites (Supplementary
Fig. S2F) and the lip of the foregut opening (Supplementary
Fig. S2G). The expression of these genes in derivatives of the
endoderm and mesoderm is consistent with the detection of
these genes in both lineages in EPLEBs.

Analysis of the endoderm populations reveals a region
of high cell complexity at the border between the embryonic
and the extra-embryonic tissues in E7.5 embryos

Disparity in endocytotic capabilities of definitive endo-
derm and visceral endoderm allows these two cell types to
be distinguished in mouse embryos using a colormetric endo-
cytosis assay.13,24,34–36 An HRP endocytosis assay was per-

formed on freshly dissected E7.5 mouse embryos. DAB +

visceral endoderm was localized in the extra-embryonic re-
gion and in the most proximal domain of the embryonic re-
gion (Fig. 4A). Subsequent staining by WISH demonstrated
that Spink3 is expressed in cells in the proximal domain of
the embryonic region, below the amnion and overlapping
with the region of HRP uptake (Fig. 4B). Sagittal (Fig. 4C,
D) and coronal (Fig. 4E, F) sections showed two populations
of Spink3 + cells. Spink3+ DAB + visceral endoderm was
detected in the anterior, posterior, and lateral parts of the em-
bryonic region beneath the amnion. Spink3 + DAB� definitive
endoderm was detected subjacent to the Spink3+ DAB + vis-
ceral endoderm in the anterior, lateral, and posterior embry-
onic region. Spink3� DAB + visceral endoderm was confined
to the extra-embryonic region above the amnion.

Trh has been identified as a marker of the definitive endo-
derm in the distal most domain of embryo.13 Embryos processed
by HRP uptake assay to show endocytosis and identify the vis-
ceral endoderm were stained to locate the expression of Trh-
expressing cells by WISH. Trh expression and DAB-staining
were mutually exclusive, and Trh+ cells were not detected in
the proximal region of the embryo (Fig. 4G–K), suggesting
that Trh+ cells are likely to be Spink3�.

Double staining E7.5 mouse embryos by HRP endocytosis
assay and Ttr WISH detected Ttr expression in the extra-em-
bryonic visceral endoderm, above the amnion, and in the
proximal endoderm below the amnion (Fig. 4L). Tissue sec-
tioning revealed an overlap in DAB staining and Ttr expres-
sion in the extra-embryonic visceral endoderm (Fig. 4M–P).
A population of Ttr + DAB� endoderm was, however,
detected in the endoderm located distally to the amnion.

Analysis of endoderm marker expression pattern has
revealed the presence of multiple endoderm populations
within the embryonic region of the gastrulating embryo. To
understand the populations that are formed during pluripo-
tent cell differentiation, day 5 EPLEBs were double-stained
by HRP endocytosis uptake assay and Spink3, Trh, or Ttr
WISH (Fig. 5). As expected, the number of EPLEBs contain-
ing cells capable of endocytosis, indicating the presence of
visceral endoderm, was low.16,17 Spink3 and Trh expression
was detected in a layer of squamous cells on the surface of
EPLEBs and the expression of these genes and HRP endocy-
tosis was mutually exclusive (Fig. 5A, C, D, F). The majority
of cells that expressed Ttr did not endocytose HRP, but cells
capable of endocytosis did express Ttr as expected (Fig. 5E).

Enrichment of distal and proximal definitive
endoderm in EPLEBs

Analysis of the embryo suggests the formation of at least
two populations of definitive endoderm, a proximal popula-
tion that expresses Spink3 and Ttr and a distal population
that expresses Trh. Both populations can be detected on
EPLEBs. The prevalence of these populations was determined
by analyzing the relative transcript levels of Spink3, Ttr, Trh,
and Eya2 in EPLEBs cultured in KOSRM or SCM by qPCR
(Fig. 6A). Eyes absent 2 homolog (Eya2) is an additional
marker of the distal definitive endoderm with an expression
pattern similar to that of Trh.14 Spink3 and Ttr expression
was significantly higher in EPLEBs that were cultured in
SCM compared to those that were cultured in KOSRM. In
contrast, expression levels of Trh and Eya2 were significantly
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higher in EPLEBs cultured in KOSRM. Consistent with these
data, Spink3+ and Ttr + cells were more prevalent in EPLEBs
differentiated in SCM, whereas more Trh + cells were detected
in EPLEBs differentiated in KOSRM (Fig. 6B). This analysis
suggests that SCM and KOSRM support the formation of
proximal and distal endoderm, but medium composition im-
pacts the efficiency with which these populations form.

Acquisition of positional specification in other germ line-
ages can influence the repertoire of cell populations that can
be formed during subsequent differentiation, and may influ-
ence the potential of the definitive endoderm populations
formed in EPLEBs. EPLEBs differentiated for 5 days in

SCM or KOSRM were transferred to a SCM and allowed
to differentiate for a further 10 days before they were ana-
lyzed for the expression of a panel of hepatic gene markers,
(Fig. 6C) representing hepatoblasts (alpha-feto protein
[Afp]),37 hepatocytes (carbamoyl-phosphate synthetase 1
[Cps1), glucose-6-phosphatase, catalytic [G6pc], phosphoenol-
pyruvate carboxykinase 1 [Pck1], and tyrosine aminotransfer-
ase [Tat]),38,39 mature liver (cytochrome P450, family 7,
subfamily a, polypeptide 1 [Cyp7a1]),40 and general hepatic
marker, albumin (Alb).41 Hepatic genes were chosen as the ex-
pression pattern of Spink3 included the lip and the lateral walls
of the exposed regions of the foregut, the region of the embryo

FIG. 4. Colocalization of 3,3¢-diaminobenzidine (DAB)-stained visceral endoderm and Spink3 + /Ttr + /Trh + endoderm in
E7.5 embryos. E7.5 mouse embryo showing the distribution of DAB + endoderm alone (A) and colocalization of DAB + and
Spink3 + endoderm (B). Sagittal (C, D) and coronal (E, F) sections of a double stained E7.5 mouse embryo. The position of
Spink3 + DAB� cells is bracketed by arrowheads in D and F. An E7.5 mouse embryo showing the colocalization of DAB +

and Trh + endoderm in wholemount (G), sagittal (H, I), and coronal ( J, K) sections. The border between the Trh + cells and
DAB + cells is indicated by the arrowheads. An E7.5 mouse embryo showing the colocalization of DAB + and Ttr + endoderm
in wholemount (L), sagittal (M, N), and coronal (O, P) sections. The position of Ttr + DAB� cells is bracketed by arrowheads
in N and P. The dashed line indicates the position of the embryonic and extra-embryonic boundary in all images. *Anterior.
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FIG. 5. Spink3 + , Ttr + , and Trh +

endoderm cells that are not DAB-
stained in EPLEBs resemble defin-
itive endoderm. Typical EPLEBs
showing the lack of DAB + cells
(brown) and presence of Spink3 +

(A), Ttr + (B), and Trh + (C) cells.
DAB + cells (brown) are detected
on the surface of rare EPLEBs
within a population: Spink3 + DAB�

(D), Ttr + DAB� (E), and Trh +

DAB� (F) endoderm cells resemble
definitive endoderm while
Spink3�DAB + , Ttr + DAB + (E),
and Trh�DAB + (F) show a cuboidal
morphology and represent visceral
endoderm.

FIG. 6. Enrichment of proximal and distal definitive endoderm in EPLEBs. (A) Expression of proximal and distal definitive endo-
derm gene markers in EPLEBs cultured in KnockOut� Serum Replacement-containing medium (KOSRM) relative to expression
in EPLEBs cultured in serum-containing medium (SCM) by quantitative polymerase chain reaction (qPCR). Gene expression was
normalized to b-actin. Error bars represent standard error of the mean; n = 7. * Represents a significant change in gene expression
when p £ 0.05. (B) WISH analysis of the distribution of Spink3, Ttr and Trh transcripts in EPLEBs cultured in SCM or KOSRM, as
indicated in the figure. (C) EPLEBs differentiated in SCM or KOSRM for 5 days were transferred to SCM and allowed to differ-
entiate for a further 10 days before analysis for a panel of liver markers by qPCR. Gene expression was normalized to b-actin and
expression in EPLEBs initially cultured in SCM has been expressed relative to EPLEBs initially cultured in KOSRM. Error bars
represent standard error of the mean; n = 3, a significant change in gene expression is denoted as * when the p-value is £ 0.05 and
** when £ 0.01. (D–E) Effects of Activin A, Wnt3a and BMP4 on markers of definitive endoderm in EPLEBs cultured in SCM
(C) or KOSRM (D) by qPCR. Gene expression was normalized to b-actin and fold change in gene expression is shown relative to
SCM or KOSRM controls. Error bars represent standard error of the mean; n = 3 (n = 6 KOSRM + Wnt3a). A significant change in
gene expression is denoted as * when the p-value is <0.05 and ** when <0.01.
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containing the liver progenitors at this stage of development,42

and Spink3 was expressed in the liver bud of the E9.5 embryo
(Fig. 3), making it likely that Spink3-expressing endoderm will
form liver. The expression of Afp and Alb was significantly
greater in derivatives of EPLEBs that had been initially cultured
in SCM compared to those initially cultured in KOSRM (850-
and 300-fold, respectively). Consistent with this, Alb expres-
sion, detected as GFP expression in a cell line stably transfected
with GFP under the control of the albumin promoter, was seen
in approximately 10% EPLEBs differentiated in serum (Sup-
plementary Fig. S3). These observations are consistent with
a difference in potency between definitive endoderm formed
from EPL cells in SCM and KOSRM, and they suggest that de-
finitive endoderm formed on EPLEBs in SCM, defined as
Spink + Ttr + proximal definitive endoderm, was more likely
to differentiate to early liver progenitors.

The ability of BMP4, Wnt3a, and Activin A to enrich for
distal (Trh + , Eya2 + ) and proximal (Spink3+ , Ttr + ) definitive
endoderm in the presence or absence of serum was investi-
gated. Evidence from genetic studies in mice have implicated
these factors in the formation of the primitive streak and defin-
itive endoderm.3,4,43,44 These factors have also been shown to
be able to influence the expression of definitive endoderm
markers during in vitro differentiation.26,45–48 EPLEBs were
formed in SCM or KOSRM and the medium was supple-
mented after 24 h with Activin A, Wnt3a, or BMP4. On day
5 aggregates were analyzed for the expression of the definitive
endoderm markers by qPCR (Fig. 6D, E). The addition of Acti-
vin A had surprisingly little effect on the amount of endoderm
formed or the distribution of endoderm between the proximal
and distal populations. Addition of Wnt3a to EPLEBs cultured
in KOSRM, a medium that enhanced the formation of distal
definitive endoderm, increased the expression of Spink3 and
Ttr. The addition of BMP4 resulted in the reduction of endo-
derm marker expression, although expression of Trh and Ttr
was maintained in SCM and KOSRM, respectively. Mainte-
nance of some markers when BMP4 is added suggests that
the formation of endoderm was reduced by not lost.

Discussion

Unlike EBs, which contain lineages derived from the three
primary germ layers and the extra-embryonic endoderm,
EPLEBs represent a much simpler in vitro differentiation par-
adigm that comprises essentially two lineages, mesoderm and
definitive endoderm.16,17 The reduced complexity of EPL cell
differentiation allowed the identification of genes expressed in
cell populations that emerge from the primitive streak, and
which include nascent definitive endoderm. Of the markers se-
lected from the microarray data, four showed expression in the
definitive endoderm layer of EPLEBs and in the endoderm of
embryos, but expression was limited to the endoderm for
Spink3 and Ttr only; Amot and Tgfb1i1 transcripts were de-
tected in the inner, mesoderm, population of EPLEBs and in
mesoderm derivatives in the embryo. The expression pattern
of Amot and Tgfb1i1 in EPLEBs mirrored that of the com-
monly used endoderm marker Foxa2, which was also detected
in the definitive endoderm and the mesoderm.

The expression of Ttr and Amot is not restricted to the em-
bryonic portion of the egg cylinder embryo and expression of
these genes is widespread in the visceral endoderm.2,49 The
expression of these genes in the products of molecular gas-

trulation in EPLEBs raises the potential that they are expressed
in the definitive endoderm.16 In mouse, the position of the am-
nion has been used as a morphological landmark in E7.5
mouse embryos to delineate the boundary of the embryonic
and extra-embryonic compartments of an embryo.32,50 The ex-
pression domains of Ttr, and Amot extend below the amnion
into the proximal one third of embryonic region in E7.5
mouse embryos,2,15,33,49 a region that could be considered to
contain definitive endoderm. Alternatively, this region could
be populated with a mixed population comprising visceral
and definitive endoderm. Double staining E7.5 mouse em-
bryos with Spink3 or Ttr and a marker of endocytosis (DAB)
has shown the interspersal of DAB+ Spink3 + and DAB+ Ttr+

visceral endoderm with DAB�Spink3 + and DAB�Ttr+ defin-
itive endoderm in the proximal embryonic region.

The expression of Spink3 and Ttr in the embryo, in com-
bination with the expression of a characterized marker of
the definitive endoderm, Trh, and the endocytotic ability of
cells, reveals the complexity of the endoderm during gastru-
lation and defines three distinct regions: the Trh� Ttr +

Spink3� DAB + extra-embryonic endoderm, the Trh + Ttr�

Spink3�DAB� distal definitive endoderm, and a region of en-
doderm separating the two populations. Endoderm-separating
extra-embryonic endoderm and distal endoderm comprises
extra-embryonic endoderm that can endocytose proteins
and expresses Spink3 and/or Ttr but not Trh, and a geneti-
cally distinct definitive endoderm population that is DAB�

and expresses Spink3. Distinct subsets of definitive endo-
derm with different developmental potential have been iden-
tified by fate mapping1,7–9 and mapping the pathways that
regulate endoderm formation.51 Tracing the developmental
progress of cells from the anterior proximal region showed
that they contributed to the anterior endoderm along the
yolk sac–embryo boundary, ventral foregut endoderm caudal
to the heart, and the lip of the foregut opening.8,9 Cells in the
proximal posterior region were allocated to the lateral region
of the posterior gut.8,9 The allocation of cells from the prox-
imal endoderm into embryonic tissues supports the hypothe-
sis that a proportion of the cells in this region are definitive
endoderm. The contribution of cells from this region to
extra-embryonic structures9 could result from the presence
of visceral endoderm cells within the population. The diver-
sity of outcomes arising from fate-mapping this area is, there-
fore, consistent with the mixed cell population identified
genetically here. The later distribution of Spink3-expressing
tissues is closely aligned with those tissues identified by
fate-mapping to originate from the proximal embryonic re-
gion, reflecting the expression of Spink3 in both populations
of endoderm present within this region. The restricted expres-
sion of Spink3 in the proximal definitive endoderm population
provides a valuable tool that can be used to further investi-
gation the molecular mechanisms regulating the formation
and morphogenesis of endoderm in vivo and to define, en-
rich, and isolate positionally specified endoderm populations
from pluripotent cells in culture.

The definitive endoderm can be subdivided into proximal
and distal regions on the basis of Spink3 and Trh expression,
respectively. Populations expressing these markers can be
detected on the surface of EPLEBs suggesting that both pop-
ulations can arise during in vitro differentiation. To date, lit-
tle attention has been paid to the positional specification of
the definitive endoderm in culture, reflected in a single report
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that describes the formation of anterior definitive endoderm
in culture.52 Selective enrichment for proximal and distal
populations was achieved through the use of alternate culture
conditions, with EPLEBs cultured in serum preferentially
forming Spink3 + proximal definitive endoderm and those
cultured in serum replacement enriched in Trh + distal defini-
tive endoderm. Enrichment was reflected in differential ex-
pression of early liver progenitor markers Afp and Alb by
cell populations derived from EPLEBs initially differenti-
ated in serum and serum replacement, with those exposed
to serum expressing significantly higher levels of these
genes. Differentiation in the culture system used did not ap-
pear to promote the further maturation of these cells to hepa-
tocytes or mature liver; the consistent expression of hepatocyte
markers and markers of mature liver was also not seen in EBs
(Supplementary Fig. S4). These data are consistent with prox-
imal and distal definitive endoderm having distinct differenti-
ation potentials in culture.

The ability of culture conditions to regulate the formation
of proximal and distal definitive endoderm suggests that the
system will be responsive to the addition of growth factors.
Activin A has been shown to enrich the formation of defini-
tive endoderm from mouse26,45,46,48,52,53 and human ES
cells47,54 and from EPL cells.16 Likewise, Wnt signaling
has been shown to induce molecular gastrulation and the sub-
sequent formation of the definitive endoderm.48,55–58 The ad-
dition of Activin A did not change the expression of the
positionally expressed endoderm markers or increase the for-
mation of definitive endoderm in differentiating EPLEBs.
The differentiation system did respond to growth factor addi-
tion, evidenced by the differences in marker expression be-
tween cells differentiated in the presence of BMP4 or
Wnt3a and the controls. Potentially, the ability of Activin
A to induce definitive endoderm relies on the presence of ad-
ditional factors not present within the medium or within the
EPLEB differentiation system. To maximize endoderm for-
mation from ES cells, differentiation systems have been de-
veloped that couple Activin A with Wnt3a. The inhibition of
BMP4 has been shown to improve yields of definitive endo-
derm during ES cell differentiation; BMP4 inhibition is
thought to favor the formation of anterior primitive streak
and derivatives over posterior streak derivatives.59 The ob-
served reduction in definitive endoderm marker expression
when BMP4 is present could reflect the bias of differentia-
tion towards posterior outcomes.

There are several endoderm-derived cell populations with
potential applications in commercial and clinical research,
including hepatocytes, lung epithelium, and insulin-secreting
pancreatic cells, if they could be sourced in sufficient quan-
tity, quality, and purity. One potential source of these cells is
through the differentiation of human pluripotent cells in cul-
ture. To date, the formation of these cells from ES cells has
been difficult to optimize with the result that the frequency of
the desired cell type can be too low for commercial or clin-
ical use. One approach to resolving this problem is to opti-
mize the initial derivation of an enriched population of
definitive endoderm that can be used as a substrate for further
differentiation. The work presented here suggests that it is
not simply the enrichment of definitive endoderm that is re-
quired but and understanding and tailoring of protocols that
enrich for an appropriately specified population that should
be the goal.
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DAB¼ 3,3¢-diaminobenzidine
EB¼ embryoid body

EBM¼EB formed and maintained in MEDII
eGFP¼ enhanced green fluorescent protein
EPL¼ early primitive ectoderm-like

EPLEB¼EPL cell–derived EB
ES¼ embryonic stem

FCS¼ fetal calf serum
HRP¼ horseradish peroxidase

KOSRM¼KnockOutTM Serum Replacement-containing
medium

PBS¼ phosphate-buffered saline
PBT¼ phosphate buffered saline with 0.1% Tween 20
PCR¼ polymerase chain reaction
PFA¼ paraformaldehyde

qPCR¼ quantitative PCR
RT-PCR¼ reverse-transcription PCR

SCM¼ serum-containing medium
SFM¼ serum-free medium

TBST¼Tris-buffered saline with Tween
WISH¼wholemount in situ hybridization
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