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Introduction
The transplantation of allogenic islets of Langerhans from cadaveric 

donors to patients with type 1 diabetes mellitus demonstrates the use 
of cell replacement therapy in diabetes treatment [1]. Given the lack 
of donor islets, embryonic stem cells (ESCs) represent a potentially 
unlimited alternative source of beta cells [2,3]. All gastrointestinal 
organs, including the pancreas, are derived from the definitive 
endoderm (DE), one of three germ layers formed during gastrulation 
[4]. Recent studies have addressed the generation of DE and its 
subsequent differentiation to pancreatic progenitors and insulin-
producing beta-like cells from ESCs by recapitulating the progressive 
developmental process in vitro [5-7]. Although the endpoint cells 
derived in vitro are distinctly different from fully functional beta 
cells, glucose-responsive beta-like cells can be generated by in vivo 
maturation of ESC-derived progenitors [8]. Importantly, DE cells 
derived from ESCs must be competent to respond to subsequent in 
vivo signals, which specify differentiation towards a pancreatic fate. 
Thus, to fully characterize ESC-derived DE, there is a requirement 
for a functional assay to analyze its potential [9]. The chick embryo 

represents a well-characterized, easily accessible, and inexpensive 
in vivo model [10,11], which has frequently been used to study 
mammalian development. It has been used to assess the proliferation, 
differentiation, migration capacity, and/or function of rodent and 
human undifferentiated and differentiated ESCs [12-18]. Previously, 
we have reported the integration and differentiation of mouse ESC-
derived DE after grafting to the endoderm of developing chick embryos 
[19]. Here, we extend previous findings and present a functional assay 
where putative DE, derived from mouse ESCs (mESC) or human ESCs 
(hESC), is grafted to the endoderm of the chick embryo. We describe 
a detailed methodological procedure for transplanting the putative DE 
into chick endoderm, followed by whole-mount immunocytochemical 
analysis of the grafted embryos, to monitor the migration, integration, 
and development of the grafted cells. In addition, the putative DE is 
analyzed in vitro by immunocytochemistry and quantitative PCR prior 
to grafting in order to investigate the phenotype of the cells.

*Corresponding author: Mattias Hansson, Hagedorn Research Institute, Niels 
Steensens Vej 6, DK-2820 Gentofte, Denmark, Tel: +45 4442 9137; E-mail: 
mshs@hagedorn.dk 

Received July 20, 2012; Accepted September 12, 2012; Published September 
14, 2012

Citation: Johannesson M, Semb H, Serup P, Hansson M (2012) A Functional 
Assay for Putative Mouse and Human Definitive Endoderm using Chick Whole-
Embryo Cultures. J Stem Cell Res Ther 2:128. doi:10.4172/2157-7633.1000128

Copyright: © 2012 Johannesson M, et al. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium, provided 
the original author and source are credited.

A Functional Assay for Putative Mouse and Human Definitive Endoderm 
using Chick Whole-Embryo Cultures
Martina Johannesson1, Henrik Semb2, Palle Serup2 and Mattias Hansson1*
1Department of Stem Cell Biology, Hagedorn Research Institute, Niels Steensensvej 6, DK-2820 Gentofte, Denmark
2Danish Stem Cell Center, Copenhagen University, Blegdamsvej 3B, DK-2200 Copenhagen, Denmark

Abstract
Introduction: Embryonic stem cells (ESCs) represent a prospective cell source for treating degenerative 

diseases such as diabetes. Several studies have addressed the generation of definitive endoderm (DE) from this cell 
source by attempting to recapitulate the signaling events occurring during embryogenesis. However, the subsequent 
differentiation of DE has failed to generate functional insulin-producing beta cells. To assure that we have the correct 
starting material, we need to fully characterize ESC-derived DE, by assessing whether the cells are functionally 
equivalent to the in vivo counterpart. Thus, the purpose of this study is to describe a method whereby the in vivo 
functionality of DE derived from ESCs can be assessed. 

Methods: By directed differentiation, putative DE was derived from human and mouse ESCs. This putative DE 
was subsequently transplanted into the endoderm of chick embryos to determine any occurrence of integration. 
Putative DE was analyzed by gene and protein expression prior to transplantation and 48 h post transplantation. 

Results: Putative DE, derived from mouse and human ESCs, was successfully integrated within the chick 
endoderm. Endoderm-specific genes were expressed in the putative DE prior to integration and endoderm-specific 
proteins were assessed 48 h post transplantation. 

Conclusions: We describe the detailed methodological procedure for transplanting putative DE derived from 
ESCs, and the subsequent analysis of the migration and development of the grafted cells. Our result show that 
putative DE integrates with the chick endoderm and participate in the development of the chicken gut, indicating the 
generation of functional DE from ESCs. This functional assay can be used to assess the generation of functional DE 
derived from both human and mouse ESCs and provides a valuable tool for cell characterization. This is an important 
initial step in the differentiation process towards fully functional beta cells.
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Methods
Differentiation into mouse definitive endoderm

E14 or Sox17Gfp/+ mESCs were cultured on gelatin-coated (Sigma-
Aldrich) cell culture flasks (Nunc) in serum-free media containing KO-
DMEM supplemented with N2, B27, 0.1 mM non-essential amino acids, 
2 mM L-glutamine, Penicillin/Streptomycin (PEST) (all from Gibco/
Invitrogen), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich), 1500 U/
mL leukemia inhibitory factor (LIF, Chemicon), and 10 ng/mL BMP4 
(R&D Systems), essentially as described by Ying et al. [20]. mESCs 
were grown in this medium for three passages prior to differentiation, 
which was induced by seeding 2,000 mESCs/cm2 on gelatin-coated cell 
culture plastic in the media previously described but without LIF and 
BMP4. 100 ng/mL Activin A (R&D Systems) was added to the media 
to induce formation of DE from mESCs. The cells were cultured for 
five days and the medium was changed daily, beginning at the second 
day of differentiation. Sox17GFP/+ mESCs was obtained from S. 
Morrison, Department of Cell and Developmental Biology, University 
of Michigan, Ann Arbor, MI, US.

Differentiation into human definitive endoderm

Routinely, cells were maintained in KO-DMEM supplemented 
with 10% KO serum replacement, 1% non-essential amino acids, 
1% Glutamax, 0.1% 2-mercaptoethanol, 1% PEST (all from Gibco/
Invitrogen), 10% plasmanate (Talecris), and 10 ng/mL bFGF 
(Invitrogen). Medium was changed daily. Cells were passaged with 
0.05% trypsin-EDTA (Gibco/Invitrogen) every third or fourth day 
onto freshly seeded (25,000/cm2) mitotically inactivated mouse 
embryonic feeder-cells (Sahlgrenska Academy Experimental 
Biomedicine University of Gothenburg, Gothenburg, Sweden). HUES-
3 was obtained from D.A. Melton, Howard Hughes Medical Institute 
(Harvard institute, Cambridge, MA, US). Human definitive endoderm 
was prepared as previously described by D' Amour and colleagues [21]. 
Briefly, a subclone of HUES-3 was seeded at a density of 20,000 cells/
cm2 on freshly seeded (25,000 cells/cm2) mitotically inactivated MEFs. 
Cells were cultured according to protocols at http://mcb.harvard.edu/
melton/hues/ as previously described [22] for two to three days until 
a confluent monolayer was formed. Cells were washed once in PBS 
before the addition of differentiation medium. 100 ng/mL Activin A 
(R&D systems) and 25 ng/mL Wingless-type MMTV integration site 
family, member 3a (Wnt3a; R&D systems) was used to induce DE in 
Rosewell Park Memorial Institute (RPMI) 1640 (Gibco/Invitrogen) 
supplemented with no fetal bovine serum (FBS; Sigma) the first day 
and 0.2% FBS the following two days (Figure 3A). As a control for DE-
induction, RPMI 1640 was used without addition of substances other 
than FBS. At day four, samples were taken for quantitative reverse 
transcription-PCR (qRT-PCR) analysis and immunocytochemical 
analysis. Bright field images of cells were taken on an inverted Eclipse 
TE2000-U microscope (Nikon).

Immunocytochemical analysis of human and mouse 
definitive endoderm

Cells were washed once with PBS and fixed for 15-30 minutes in 
4% formaldehyde at room temperature followed by an additional PBS 
wash. Cells were permeabilized by washing in ethanol (70%, 96%, 99%, 
96%, and 70%), 5 minutes per step. Cells were rinsed 3 × 5 minutes 
in PBS followed by incubation with blocking buffer (10% donkey 
serum (Jackson Immunoresearch) in PBS) for 30 minutes at room 
temperature. The cells were subsequently incubated with the primary 
antibody in blocking buffer over night at room temperature. The 

following primary antibodies were used: rat anti-Ecad (1:1000; Zymed 
Laboratories/Invitrogen) and goat anti-Foxa2 (1:200; Santa Cruz 
Biotechnology). Cell nuclei were counterstained using 4',6-diamidino-
2-phenylindole (DAPI; 1:2000). The following day, cells were washed 
thrice with PBS and then incubated for one hour at room temperature 
in the dark with the secondary antibody in blocking buffer, followed 
by three washes in PBS. The following secondary antibodies were used: 
Texas red-anti-rat (Invitrogen; 1:250) and Cy2-anti-goat (Jackson 
Immunoresearch; 1:250). 

mRNA extraction and reverse transcription

Cells were harvested after trypsinization and total RNA was isolated 
with the GeneElute Mammalian Total RNA Miniprep kit (Sigma). 
RNA concentrations were determined by a NanoDrop ND-1000 
spectrophotometer (Thermo Scientific). The reverse transcription was 
performed with SuperScript III (Invitrogen). Initially, 200 ng mRNA, 2 
µM random hexamers, 2 µM Oligo-dT primers (both from Invitrogen), 
and 10 mM deoxynucleotidetriphosphates (dNTP; Fermentas) were 
incubated at 65˚C for 5 minutes followed by cooling down to 8˚C. In the 
second step, 1 x First Strand (FS) buffer, 5 mM DTT, 10 U Superscript™ 
III Reverse transcriptase, and 2 U RNaseOUT™ (all from Invitrogen), 
was added to a final reaction volume of 10 µL. The temperature profile 
was 25°C for 5 minutes, 50°C for 45 minutes, 55°C for 10 minutes, and 
70°C for 15 minutes. Samples were diluted to 200 µL with water and 
stored in -20°C for later analysis by real-time PCR. 

Quantitative reverse transcription-polymerase chain reaction 
analysis 

Primers (Table 1) for qRT-PCR analysis were designed using 
Primer 3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_
www.cgi). Reactions, using the 7900HT Fast Real-time PCR system 
(Applied biosystems), were performed accordingly: 400 nM forward 
and reversed primers, 1x Platinum® Quantitative PCR superMix-
UDG with ROX (Invitrogen), 0.125x SYBR green (Invitrogen), and 
3 µL template cDNA in 20 µL reactions. The settings were used: 
Preincubation at 50°C for 2 minutes, and 95°C for 2 minutes followed 
by 45 cycles with denaturation at 95°C for 15 sec., annealing at 60°C for 
25 sec., and extension at 73°C for 30 sec. Cycle of threshold (Ct)-values 
were determined using manual Ct and automatic baseline. The correct 
PCR-product was confirmed by agarose gel electrophoresis (2% w/v) 
and melting curve analysis. ACTB and Gapdh were verified as suitable 
house-keeping genes (HKGs) for hDE and mDE respectively. Relative 
quantification was calculated according to 1.9^(CtHKG – Ct gene x), 
predicting an overall PCR efficiency of 90%. The lowest value in each 
data set was arbitrarily set to one and the rest of the data points were 
related to this value. In each experiment, three biological replicates 
were measured. In addition, duplicate technical replicates were used 
throughout the measurements. Mean values ± SEM were calculated.

Preparation of chick embryos for grafting 

White leghorn chick embryos were cultured on an agar-albumen 
substrate using a filter paper carrier as described by Chapman et al. 
[23]. Briefly, eggs were incubated at 38°C in a humidified incubator 
until the embryos reached Hamburger Hamilton (HH) stage 8-10 [24]. 
After cracking, the egg contents were deposited in 10 cm Petri dishes 
with the embryos positioned at the top of the yolk (Figure 1A). The 
albumen covering the embryos was removed using pieces of filter paper 
(Figure 1B). A fresh piece of filter paper with a central aperture was 
then placed over each embryo and the vitelline membranes were cut 
around the circumference of the filter papers. The filter paper with the 
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adhering embryo was gently lifted from the yolk using forceps (Figure 
1C). The embryo was gently washed in PBS and placed, ventral side 
up, in a 3.5 cm in diameter Petri dish containing an agar-albumen 
substratum (Figure 1D). The embryos were cultured in a humidified 
chamber at 38°C until grafting. 

Grafting of embryonic stem cell-derived endoderm to 
explanted chick embryos

ESC-derived putative endoderm was stained with 10 μM 
CellTracker™ Orange CMTMR (5-(and -6)-(((4-chloromethyl) 
benzoyl) amino) tetra-methylrhodamine; Molecular Probes/
Invitrogen) in cell culture media, for 30-60 minutes at 37°C. After 
labeling, the cells were washed twice in PBS and assembled into clumps 
of 10-50 cells by scraping. A small incision was made in the chick 
endoderm at the 4-8 somite pair position, using a sharpened tungsten 
needle. The cell clump was gently pushed down in the incision and 
positioned at the endoderm-mesoderm boundary. The cells were either 
placed laterally (Figures 1E,1F), or closer to the midline. After 48 hours 
incubation at 38°C in a humidified chamber, the chick embryos were 
dissected (Figures 1G,1H), fixed for 1 hour in 4% phosphate-buffered 
formaldehyde, pH 7.2, washed in PBS, and stored in absolute methanol 
(MeOH) at -20°C. 

Whole mount immunofluorescence 

Grafted chick embryos were analyzed using whole mount 
immunofluorescence [25] to examine the integration of mouse DE 

(mDE) or human DE (hDE) (Figure 2). Embryos were treated with 
Dent's bleach (MeOH:DMSO:H2O2, 4:1:1) [26] for two hours at 
room temperature followed by equilibration to PBS through a series 
of descending methanol concentrations in PBS (75%, 50%, 25%), 
10 minutes each. The embryo was then treated with 0.5% TNB (a 
proprietary TSA-block supplied by Perkin-Elmer) for two hours, to 
block unspecific binding of the antibodies. Goat anti-Foxa2 (Santa Cruz 
Biotechnology) and/or mouse anti-Nkx6-1 (F55A10; Developmental 
Studies Hybridoma Bank/BCBC, University of Iowa, Iowa City, IA, 
US) was diluted 1:1,000 in 0.5% TNB and incubated overnight at 
4°C with gentle rocking. The embryos were washed five times for one 
hour each with PBS. Cy2 conjugated secondary antibody (Jackson 
Immunoresearch) was diluted 1:500 in TNB and applied overnight at 
4°C with gentle rocking. Finally, the embryos were washed three times 
for 20 minutes each with PBS. 

Sectioning, clearing, and mounting of grafted chick embryos

Stained embryos were embedded in 4% agarose and 400 μm 
transverse sections were obtained using a microtome (Vibratome). 
The collected sections were equilibrated to 100% methanol followed by 
optical clearing of the section for 10 minutes using BABB (1:2 mixture 
of benzyl alcohol to benzyl benzoate; both from Sigma-Aldrich). The 
equilibration to MeOH had to be complete to avoid any residual water 
in the tissue that would cause precipitation and render it opaque. The 
sections were mounted in BABB on objective slides and covered with 
cover slips prior to image capturing.

    Gene       Forward primer sequence         Reversed primer sequence
H-ACTB 5′-CTGGAACGGTGAAGGTGACA-3′ 5′- AAGGGACTTCCTGTAACAATGCA-3′

H-FOXA2 5′-AGGAGGAAAACGGGAAAGAA-3′ 5′-CAACAACAGCAATGGAGGAG-3′
H-CXCR4a 5′-CACCGCATCTGGAGAACCA-3′ 5′-GCCCATTTCCTCGGTCTAGTT-3′
H-SOX17 5′-AAGGGCGAGTCCCGTATC-3′ 5′-TTGTAGTTGGGGTGGTCCTG-3′
H-OCT4 5′-CGAAAGAGAAAGCGAACCAG-3′ 5′-AACCACACTCGGACCACATC-3′
H-GSC 5′-GAGGAGAAAGTGGAGGTCTGG-3′ 5′- GCAAGAAAGTAGCATCGTCTG-3′

H-ECAD 5′-CTGCCATTCTGGGGATTCT-3′ 5′- CTCTTCTCCGCCTCCTTCT-3′
H-NCAD 5′-GGGTAATCCTCCCAAATCAAA-3′ 5′- CCACAAACATCAGCACAAGG-3′
H-CER1 5′-CTTCTCAGGGGGTCATCTTG-3′ 5′- TCCCAAAGCAAAGGTTGTTC-3′
H-TRH 5′-CTCTTCCTCCGGGAAAACAT-3′ 5′-TGGGTTACATCGACTGACCA-3′

H-MIXL1a 5′-CTCTGACGCCGAGACTTGG-3′ 5′-CCAAGTCTCGGCGTCAGAG-3′
H-SOX7 5′-CACTGCTGAACTGGTCCCTAA-3′ 5′-TGGCTGGTGAGGAAGACAA-3′

H-T 5′-CTACCCCAGCCCCTATGC-3′ 5′-CGTTGCTCACAGACCACAG-3′
H-PYY 5′-CAGCGGTATGGGAAAAGAGA-3′ 5′-GAGTGCGTATGCAAATGACG-3′

H-FGFR1 5′-GCCAGGACCCGAACAGAG-3′ 5′-CCCAGAAGAGGAGGCACTT-3′
M-Sox17 5′-CTCGGGGATGTAAAGGTGAA-3′ 5′-GCTTCTCTGCCAAGGTCAAC-3′
M-Foxa2b 5′-TGGCTGCAGACACTTCCTACT-3′ 5′-CAACATCAGTACAACCCTCTGGT-3′
M-Gapdh 5′-CGGTGCTGAGTATGTCGTGGA-3′ 5′- GGCAGAAGGGGCGGAGATGA-3′
M-Ecad 5′-CGCTGAGATGGACAGAGAAG-3′ 5′-CAGGACCAGGAGAAGAGTGC-3′
M-Ncad 5′-CAGGTTTGGAATGGGTCTGT-3′ 5′-ATGTTGGGTGAAGGTGTGCT-3′
M-Cer1 5′-AGGAGGAAGCCAAGAGGTTC-3′ 5′-CATTTGCCAAAGCAAAGGTT-3′
M-Oct4 5′-CACGAGTGGAAAGCAACTCA-3′ 5′-AGATGGTGGTCTGGCTGAAC-3′
M-Cxcr4 5′-ACGGCTGTAGAGCGAGTGTT-3′ 5′-CCGTCATGCTCCTTAGCTTC-3′
M-Trh 5′-GCTGTGACTCCTGACCTTCC-3′ 5′-CCCAAATCTCCCCTCTCTTC-3′

M-Mixl1 5′-AGTTGCTGGAGCTCGTCTTC-3′ 5′-AGGGCAATGGAGGAAAACTC-3′
M-Sox7 5′-GGATGAGAGGAAACGTCTGG-3′ 5′-GCTTGCCTTGTTTCTTCCTG-3′

M-T b 5′-AACTTTCCTCCATGTGCTGAGAC-3′ 5′-TGACTTCCCAACACAAAAAGCT-3′
M-Pyy 5′-GCAGCGGTATGGAAAAAGAG-3′ 5′-AACACACACAGCCCTCCAGT-3′

M-Fgfr1 5′-CTGGACATCCCCAGAGAAAA-′ 5′-GAAGGCACCACAGAATCCAT-3′

H=primers for human genes, M=primers for mouse genes. Primers marked with a or a b were designed according to D′Amour and colleagues (D′Amour et al., 2005; D′Amour 
et al., 2006) or Tada and colleagues (Tada et al., 2005), respectively.

Table 1: Primer sequences used for quantitative RT-PCR.
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Imaging

All images of embryonic sections were obtained on a Zeiss LSM510 
META Axio Imager connected to a LSM 510 laser module containing 
a 488 nm Argon laser, a 543 nm Helium-Neon laser, and a 633 nm 
Helium-Neon laser (Carl Zeiss). Pinholes for each channel were 
adjusted so that the optical section depths in each channel were equal. 
Emitted fluorescence was detected with line scans in multitrack mode 
using BP505 530-nm (Cy2). Fluorescence was recorded as square 8-bit 
images (1024 × 1024 pixels) and stored as separate image stacks for 
each channel. Images of immunofluorescently stained cells were taken 
on a Nikon Eclipse TE 2000-U Axioplan 2 fluorescence microscope 
equipped with ApoTome, and AxioVision LE software was used. 
Images were edited in Adobe®Photoshop version 8.0 or ACD Systems 
Canvas version 9.0. 

Results and Discussion
In order to analyze the developmental potential of putative DE 

generated by directed differentiation of ESCs, we have established 
a transplantation assay. Briefly, chick embryos were explanted onto 
agar-albumen using a filter paper carrier [23] (Figures 1A-D), and 
incubated in a humidified chamber at 38°C. Putative mDE or hDE was 
stained with the fluorescent dye CellTracker Orange CMTMR prior to 
transplantation, and subsequently transferred into the chick endoderm 
either in a lateral position (Figure 1F), or closer to the midline. The 
homing and integration of the transplanted cells was analyzed 48 h post 
grafting by whole mount immunofluorescence. This functional assay 
demonstrates integration of both putative hDE (Figures 2A,2B) and 
mDE (Figures 2C,2D) in the chick endoderm. Moreover, Sox17Hi mouse 
cells isolated from Activin A-treated Sox17GFP/+ mESCs, integrate in 
the Nkx6-1+ chick endoderm (Figures 2I-L) and can participate in the 
development of the pancreatic epithelium as previously reported [1]. 
Interestingly, control cells, not treated with Activin A, migrate away 

from the endoderm (Figures 2E-H), frequently homing towards an 
area adjacent to the neural tube ([1] and data not shown). This might 
reflect the high number of neuronal progenitors generated from ESCs 
in Activin A-deficient culture conditions. Although both hDE and 
mDE have integrated in the chick endoderm, there are differences in 
the frequency of integration (71% n=21 and 27% n=26 respectively). 
This could reflect intrinsic differences in the cell populations or 
species differences. Notably, the DE is not prepared according to the 
same protocols, but rather according to the DE protocols developed 
for each species. Activin A is added to hESC for three days onto a 
confluent monolayer of cells, whereas mESC are exposed to Activin 
A for five days, starting directly when the cells are seeded. However, 
the gene and protein expression data for the putative hDE and mDE 
are similar prior to transplantation. Both hDE and mDE express low 
levels of POU5F1 transcripts (encoding the pluripotency transcription 
factor OCT4), whereas the expression of key DE markers, including 
SOX17, FOXA2 (also known as HNF3B) and CXCR4 [27,28,29], are 
upregulated (Figure 3C). (N.B. The human gene nomenclature (http://
www.genenames.org) is used here although we refer to both human 
and mouse genes). This indicates endodermal character of both the 
human and mouse cell populations treated with Activin A. Notably, 
the majority of markers expressed in DE, including CER1, FOXA2, 
SOX17 and CXCR4, are also expressed in other germ layers [29-34]. 
Cerberus-like (Cer1), an antagonist of BMP and Nodal signaling 
[31], is first expressed in the anterior visceral endoderm (VE) of the 
embryo but later on also in the anterior DE [35]. We find that CER1 is 
upregulated in both putative hDE and mDE (Figure 3C). Thyrotropin-
releasing hormone (Trh), here upregulated in both putative mDE and 
hDE (Figure 3C), transiently marks the entire DE population and is 
not expressed in extra embryonic endoderm [36]. However, Sox7, 
expressed in the mouse primitive, parietal and VE, but not in DE during 
early embryogenesis [28], is expressed in hDE and mDE cultures. The 
implication for further differentiation is unclear, as a recent study 
indicates that disperse VE cells participate in the development of the 
early gut tube [37]. To further evaluate the fate of the cultured cells, 
we have analyzed the expression of primitive streak (PS) markers. We 
can detect expression of the PS and nascent mesoderm marker MIXL1, 
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Figure 3: Analysis of putative human and mouse definitive endoderm prior to grafting. (A) The differentiation protocols for deriving putative mouse and human DE 
from ESCs and bright-field images of mouse and human DE. Scale bars: 25 µm. (B) Immunofluorescence stainings (Sox17 and Ecad/FoxA2) of human and mouse 
DE. Nuclei are indicated by DAPI staining. Scale bars: 50 µm. (C) Relative mRNA-expression of genes in undifferentiated cells (ESC) as well as differentiated progeny 
treated with or without Activin A. NT = no treatment, AA = Activin A treatment.
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whereas the expression of T (BRACHYURY) is low, indicating that the 
cells have passed through the PS stage (Figure 3C). 

One significant difference between the hDE and mDE is the 
expression of cadherins. mDE express E-cadherin (Cdh1; E-CAD in 
Figures 3B,3C) and not N-cadherin (Cdh2; N-CAD in Figure 3C), 
whereas the opposite is observed for hDE. E-cadherin is expressed 
throughout the epiblast and endoderm of the early embryo but is 
downregulated as epiblast cells undergo an epithelial-to-mesenchymal 
(EMT) transition at the PS [38]. Thus, we postulate that the putative 
hDE cells represent a late migratory mesendodermal population, 
rather than fully differentiated DE, which might also explain the lower 
frequency of integration. Furthermore, PYY, a novel endoderm marker 
[39], is upregulated in mDE, whereas it is downregulated in hDE as 
well as in control cells (Figure 3C). Conclusively, the differentiation 
protocols for both hESC and mESC generate heterogeneous cell 
populations, but the resulting cells indeed represent populations of DE. 

The growth factor composition in the culture medium is slightly 
different for inducing hDE and mDE. Wnt3a is added to the human cells 
in order to accelerate transition through the PS [21,40] but not to the 
mESCs. The activation of Wnt signaling and induction of PS formation 
requires external signals but is self-reinforcing after initiation [40]. 
Wnt3a is coexpressed with Brachyury, which is a direct target of Wnt3a 
signaling [41] in the PS during gastrulation [42,43]. Furthermore, 
signaling through fibroblast growth factor receptor 1 (FGFR1) has been 
implicated in the EMT occurring at the PS by modulating E-cadherin 
and Wnt3a expression [44]. Determination of the expression profile of 
FGFR1 in ESC-derived DE reveals that FGFR1 transcripts are detected 
in mDE but has a low expression in hDE. Nodal controls the formation 
of both endoderm and mesoderm in vivo [45,46]. However, in an 
attempt to recapitulate the in vivo developmental pathway, Activin A, 
which has a higher bioactivity than Nodal, has been used as a substitute. 
It is believed to act in a similar manner since it has the same receptors 
as Nodal, apart from not having the co-receptor Cripto [47]. However, 
the use of Activin A could be an important difference between in vivo 
and in vitro formation of DE. 

Conclusions
Importantly, the utility of ESC derivatives for further research 

and clinical applications critically depends on the ability to determine 
the functionality of the in vitro derived cells. The in vivo functionality 
of ESC-derived DE has previously been investigated in some studies 
using mouse or chick embryos [19,48]. Here, we demonstrate a detailed 
description of an in vivo functional assay for putative DE. Transplanted 
ESC-derived DE cells can integrate in the endoderm of the developing 
chick endoderm and participate in the generation of the gut tube and 
associated organs. 
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