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Abstract 
Induced differentiation of definitive endoderm (DE) from embryonic stem cells (ESCs) has been the recent focus of studies investigating 
regeneration and transplantation of organs of the digestive system. Poor cell survival is the most important challenge to DE differentiation 
from ESCs. This study aimed to optimize culture conditions to promote the differentiation of mouse ESCs into DE, and to investigate the 
roles of the Wnt and Nodal signaling pathways in the DE differentiation. The mouse ESCs were treated with or without leukemia inhibitory 
factor, Wnt3a and Activin A alone or together, and examined the DE differentiation by the DE marker CXCR4 and the ESC marker Oct4. 
The result showed the optimal induction of differentiation was achieved in cells simultaneously treated with Wnt3a and Activin A. Induction of 
CXCR4 was also earlier when there was simultaneous activation of Wnt and Nodal signaling compared to the groups treated with only Wnt3a 
or Activin A alone. These findings provide the basis for the induced differentiation of ESCs for the generation of functional, mature cells of 
gastrointestinal lineage, which can be potentially used for cell replacement therapy, disease modeling, as well as drug discovery studies. 
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 Introduction 

Embryonic stem cells (ESCs) are characterized by their 
self-renewal properties, and their ability to differentiate 
into ectodermal, mesodermal and endodermal cell lineages 
[1, 2]. The endoderm has been shown to progressively 
differentiate to the definitive endoderm (DE) and the 
visceral endoderm (VE) [3, 4]. DE is thought to serve as 
the shared source of precursor cells of hepatocytes, 
pancreatic cells and intestinal epithelial cells, and is 
identified using markers such as CXCR4 (C-X-C chemokine 
receptor type 4), Sox17, E-cadherin (ECD), transmembrane 
4 superfamily 2 (Tm4sf2), and goosecoid (Gsc) [5–9]. 
CXCR4 is a highly specific surface marker of DE expressed 
during early ESC differentiation [10], and CXCR4-positive 
cells have been shown to be capable of differentiating 
into endodermal cells [9, 11]. The induced differentiation 
of DE has been the focus of studies investigating rege-
neration and transplantation of organs of the digestive 
system [12]. 

Wnt3a belongs to the Wnt family of proto-oncogenes, 
which are homologues of Wingless. Wnt3a regulates a 
number of developmental pathways by binding to trans-
membrane receptor Frizzled (Fzd) and co-receptor low-
density lipoprotein receptor-related protein (LRP5/6), 
and activating the Dishevelled (Dsh) protein to induce 
phosphorylation of glycogen synthase kinase 3 beta 
(GSK-3b) [13–15]. The subsequent dissociation of GSK-3b 
from Axin antagonizes the formation of β-catenin-AXIN-
APCGSK3. Binding of free β-catenin to the Tcf /Lef 
family of transcription factors has been shown to regulate 
target genes such as c-myc and cyclin D1 and promote the 
proliferation or activation of cells [16]. It was recently 
shown that bone morphogenetic protein-4 (BMP-4) and 

activation of the Wnt signaling pathway induced differ-
entiation of DE-derived precursor cells to hepatocyte-
like cells [17]. Wnt3a, Wnt5a and Wnt8a have been shown 
to play an important role in early embryonic development 
[18, 19], and Wnt3a-deficient embryos, have been shown 
to exhibit defective development of the primitive streak, 
Hensen’s node and mesoderm, and early termination of 
epiblast differentiation [20]. Wnt signaling has been shown 
to play an important role in formation of the gut tube 
[E8.5], while Tcf4 and Tcf1 (downstream effectors of Wnt 
signaling pathway) have been suggested to promote an 
intestinal fate within the primitive gut. Indeed, suppression 
of Wnt signaling resulted in a reduction in goblet, entero-
endocrine, and Paneth cells [21]. Additionally, mutation of 
Tcf1/Tcf4 during endodermal differentiation have been 
reported to cause abnormal differentiation of embryonic 
intestinal tissue [21]. These studies suggested that the 
Wnt signaling pathway plays an important role in early 
embryonic development, and organ development. 

Early embryonic development is also regulated by the 
Nodal signaling pathway. Deficiency of Nodal [a member 
of transforming growth factor-beta (TGF-β) superfamily] 
in mouse embryos was associated with an inability to 
form the primitive streak, while low expression of Nodal 
in Nodal-hypomorph mice was associated with a deficiency 
in formation of the front ends of the primitive streak, 
mesoderm and endoderm [22]. Activation of the Nodal/ 
TGF-β signaling pathway is triggered by Activin A, a 
member of TGF-β family, resulting in phosphorylation 
of SMAD2 and SMAD3, which subsequently bind to 
SMAD4, translocate to the nucleus, and regulate trans-
cription of genes modulating cell proliferation or differ-
entiation [23]. Activin A/Nodal signaling also plays a role 
in the formation of the primitive streak, and mesodermal 
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and endodermal differentiation [24]. Indeed, Activin A 
receptor inhibitor SB431542 along with Dkk1 (inhibitor 
of Wnt signaling pathway) completely blocked the 
serum-induced formation of primitive streak-like cells 
from human embryonic stem cells [25]. Additionally, 
differentiation of DE to embryoid bodies (EB) during early 
EB differentiation (within 24 hours after differentiation) 
was enhanced in the presence of Activin A [26]. Activin A 
and Wnt3a have been shown to act synergistically to 
promote differentiation of human ESCs to functional 
hepatic endoderm [27], while the Wnt and Notch signaling 
pathways were shown to play a role in patterning the 
anterior-posterior axis of the DE and control intestinal 
differentiation [28]. A recent study reported that a combi-
nation of TGF-β and Wnt activation along with BMP 
inhibition resulted in efficient DE induction in mouse 
ESCs [11]. 

The ability to use ESC-derived cells as a therapeutic 
tool in regenerative medicine has led to an intense focus 
on developing protocols for efficient differentiation of 
human and mouse ESCs. The most important challenge to 
DE differentiation from mouse ESCs has been poor cell 
survival, and this is a major limitation to implementing 
this technology in a clinical setting. Our study was 
designed to address an urgent need to optimize culture 
conditions in order to promote the differentiation of 
mouse ESCs into DE and maximize the production of 
seed cells for induced differentiation into gastrointestinal 
cells. We also investigated the roles of the Wnt and Nodal 
signaling pathways in the differentiation of mouse ESCs 
into DE. 

 Materials and Methods 

Culture of mouse ESCs 

ESCs (ES-E14TG2a) were purchased from the 
American Type Culture Collection (ATCC) and they 
were derived from the inner cell mass of 129/Ola Mus 
musculus blastocysts at three days post-fertilization. 
Mouse ESCs were maintained in high glucose Dulbecco’s 
Modified Eagle Medium (DMEM) (Gibco BRL, USA). 
Culture medium was supplemented with KnockOut™ 
Serum Replacement (KSR; Invitrogen, USA) rather than 
fetal bovine serum (FBS) in order to eliminate differences 
between different batches of serum, and because ES cells 
showed stronger proliferation and better maintenance of 
their undifferentiated state with KSR compared to FBS 
[29]. Medium was refreshed once daily, and cells were 
passaged once every 2–3 days. Cells were plated in 6-well 
plates, at a density of 1×105 cells/well and incubated at 
370C, in a humidified environment with 5% CO2. 

Induction of DE cells 

Early preparations of ES-E14TG2a cells used mouse 
fibroblasts as trophoblast cells of ESCs, which was thought 
to inhibit the differentiation of mouse ECSs. Preparation 
of the feeder layer is very complex and the components of 
secretions are unclear. Later studies showed expression 
of leukemia inhibitory factor (LIF) receptor on the mouse 
ESCs, and fibroblasts were reported to inhibit the differ-
entiation of mouse ESCs via LIF [30–33]. ESCs can 
therefore be cultured in the presence of LIF, which inhibits 
ESC differentiation in the absence of trophoblast cells, 

and preserves the multi-directional differentiation potential 
of ESCs. 

Cells were cultured until they were adherent to the wall, 
after which they were divided into five groups: Group A: 
ESC culture medium [high glucose DMEM with 0.12% 
sodium bicarbonate (NaHCO3), 10 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), 0.1 mM 
non-essential amino acids, 10% KSR, 0.1 mM β-mercapto-
ethanol, 100 U/mL penicillin/100 μg/mL streptomycin, 
and 1000 U/mL LIF]; Group B: EB culture medium of high 
glucose DMEM with 0.12% NaHCO3, 10 mM HEPES, 
0.1 mM non-essential amino acids, 10% KSR, 0.1 mM 
β-mercaptoethanol, 100 U/mL penicillin/100 μg/mL 
streptomycin; Group C: EB culture medium + 25 ng/mL 
Wnt3a (R&D Systems, USA); Group D: EB culture 
medium + 50 ng/mL Activin A (R&D Systems, USA); 
Group E: EB culture medium + 25 ng/mL Wnt3a +  
50 ng/mL Activin A. 

When the cells were 70–80% confluent, the cells were 
trypsinized and pelleted at 1000 rpm, at room temperature, 
for 5 minutes. The cell pellet was resuspended in 6 mL 
of ESCs or EB culture medium, and the cell density was 
adjusted to 5×104/mL. Cells were seeded into 6-well plates 
(2 mL per well for groups A–E) and cultured at 370C,  
in the presence of 5% CO2. The medium was refreshed 
once daily after seeding. The day of plating was designated 
as day 0 (d0). Cells were harvested on D1, D3, D5 and 
D7, and subjected to (1) Western blotting and immuno-
histochemistry to detect expression of CXCR4 and octamer-
binding transcription factor 4 (Oct4) proteins, and (2) flow 
cytometry to quantify the percentage of CXCR4-positive 
cells. 

Detection of CXCR4-positive cells by flow 
cytometry 

After induction, cells were harvested at different time 
points, trypsinized and pelleted at 1000 rpm for 5 minutes. 
The cells were washed in phosphate-buffered saline (PBS) 
once, and re-suspended in 2 mL of PBS. Cell counts were 
determined in 20 μL of cell suspension. Then, 1×106 cells 
were pelleted and re-suspended in 200 μL of PBS (control 
group), of which 30 μL of cell suspension was used as 
the experimental group. The experimental samples were 
incubated with phycoerythrin (PE)-conjugated anti-mouse 
CXCR4 monoclonal antibody (R&D Systems, USA; 
10 μL/1×106 cells) for 20 minutes, at room temperature. 
The cells were washed in PBS once, re-suspended in 
200 μL of PBS, and the proportion of CXCR4-positive 
cells was determined at different time points (one, three, 
five and six days) by flow cytometry using FACSVerse 
(Becton Dickinson, USA). The data in each quadrant was 
recorded with EXPO32 MultiCOMP ver. 1.1C software, 
and analyzed with EXPO32 analysis ver. 1.2B software. 

Immunocytochemistry 

Cells were washed thrice with PBS and then fixed  
in 4% paraformaldehyde, at room temperature, for  
30 minutes. Cells were washed again in PBS thrice  
(3 minutes each wash), and incubated at room temperature 
with normal rabbit serum for 20 minutes. The cells were 
then incubated with a 1:50 dilution of rat anti-mouse 
CXCR4 monoclonal antibody, at 40C, overnight, washed 
in PBS thrice (3 minutes each wash), and then incubated 
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in biotin-conjugated rabbit anti-rat immunoglobulin G 
(IgG) (Boster Co., China, 1:100 dilution), at 370C, for 
20 minutes. The cells were washed and incubated at 370C, 
in streptavidin-biotin reagent, for 20 minutes. After four 
washes in PBS (5 minutes each wash), protein was 
visualized using the 3,3’-diaminobenzidine (DAB) ECL 
kit (Boster Co., China). Samples were washed in distilled 
water, dehydrated, transparentized and mounting, before 
observing under a light microscope. 

Western blotting 

Cell lysates were prepared by incubating cells on 
ice, for 30 minutes, in radioimmunoprecipitation assay 
(RIPA) buffer (50 μL/well; Thermo Scientific, USA) 
and a protease inhibitor cocktail (Roche, Switzerland), 
according to the manufacturer’s instructions. Samples were 
centrifuged at 40C, for 20 minutes, at 14 000 rot/min. The 
supernatant was collected, and the protein concentration 
was determined using the bicinchoninic acid (BCA) 
protein assay kit (CW Biotech, China). Protein samples 
(25 μg) were mixed with 25 μL of 5× loading buffer, 
denatured at 980C, for 15 minutes, and separated by 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS–PAGE). Proteins were then transferred onto poly-
vinylidene difluoride (PVDF) membranes, blocked in 
5% non-fat milk, for one hour, and then incubated with 
a 1:1000 dilution of Oct4 or CXCR4 primary antibody 
at 40C overnight. Membranes were washed in TBST 
(tris-buffered saline with Tween 20) (three washes of  
5 minutes each) and incubated with a 1:1000 dilution of 
secondary antibody, at room temperature, for one hour. 
Membranes were washed thrice in TBST (10 minutes 
each wash), and proteins were visualized using an ECL 

kit. The protein bands were scanned and quantitated 
using Image J software (NIH, USA). β-actin served as 
an internal reference. All experiments were performed 
in triplicate. 

Statistical analysis 

Continuous variables were presented as mean ± standard 
deviation (SD). Differences between different culture 
groups at different culture times were compared using 
one-way analysis of variance (ANOVA). Additionally, 
differences in CXCR4 protein expression between the 
five groups at day 5 as determined by Western blotting 
were also compared. A post-hoc pair-wise comparison 
was performed using the Bonferroni’s test, with a 
significance level of 0.05. All statistical analyses were 
performed using the IBM SPSS statistical software ver. 22 
for Windows (IBM Corp., Armonk, New York, USA). 
A two-tailed p<0.05 indicated statistical significance. 

 Results 

Evaluation of CXCR4 expression in ES cells 

Flow cytometry was used to determine CXCR4 
expression in the five different experimental groups on 
days one, three, five and seven of culture (Figure 1A). 
CXCR4 protein expression was not detected in ES cells 
cultured in the presence of LIF (group A). However, 
CXCR4 expression was detected in ESCs cultured in 
basic medium, cells cultured in the presence of Wnt3a, 
cells cultured in the presence of Activin A, and cells 
cultured in the presence of both Wnt3a and Activin A 
(groups B–E). 

 
Figure 1 – (A) Flow cytometry for the detection of CXCR4-positive DE cells. A: ESCs (basic medium and LIF);  
B: Natural differentiation (basic medium); C: Wnt3a group (basic medium and 25 ng/mL Wnt3a); D: Activin A (basic 
medium and 50 ng/mL Activin A); E: Wnt3a and Activin A (basic medium, 25 ng/mL Wnt3a and 50 ng/mL Activin A). 
Cells were collected after one, three, five and seven days of culture. Sky blue depicts the negative control group without 
labeled any antibody. Red: Experimental group, anti-mouse CXCR4 monoclonal antibody with labeled PE. CXCR4: 
The number of CXCR4-positive cells in the experimental group. 
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CXCR4 expression was quantified in the five 
experimental groups on days 1, 3, 5 and 7 (Figure 1, B 
and C). Each experiment was repeated three times, and 
the mean ± standard deviation was calculated. Group A 
cells had baseline expression levels of CXCR4 (<1% 
CXCR4-positive cells) at each time point. However, 
there was a time-dependent increase in the number of 
CXCR4-positive cells in groups B–E from day 1 until 

day 5, and then a decrease on day 7. Group E had a 
significantly higher number of CXCR4-positive cells on 
day 1 compared to groups A–C. On day 3, the number of 
CXCR4-positive cells was significantly higher in group E 
compared to groups A and B. The number of CXCR4-
positive cells was significantly higher in group E on 
days 5 and 7 compared to all the other groups. 
 

 
Figure 1 (continued) – (B) Comparison of the number of CXCR4-positive cells in the different groups (A–E) at 
different time points of culture. Error bar represents the standard deviation of mean. Means with the different small 
letters are significantly different by Bonferroni’s test (p<0.05). Letters represent a significant difference with group 
Aa, group Bb, group Cc or group Dd. (C) Relative ratio compared to group B at the given time points. 

CXCR4 expression was evaluated using immuno-
histochemistry (Figure 2). CXCR4-positive cells exhibited 
brown or yellow-brown granules, and the staining pattern 
demonstrated that CXCR4 protein was mainly expressed 
on the cell membrane. 

Western blotting for Oct4 and CXCR4 

Protein expression levels of OCT4 and CXCR4 on 
days 1, 3, 5 and 7 were determined by Western blotting 
(Figure 3A). β-actin was used as a loading control. 
Western blotting data were quantified in triplicate after 
scanning and image analysis (Figure 3, F and G). 
Quantification of Oct4 expression showed that group A 

cells had represented decreased Oct4 protein expression 
from day 1 to day 7. However, it did not reach to the 
statistical significance. Cells from groups B and D had a 
significant decrease in Oct4 protein expression at day 7 
comparing with day 1 and 3 (D7 < D5, D3 and D1). 
Group C cells had significantly lower expression of Oct4 
protein on day 7 compared to days 1 and 3 (D7 < D1 and 
D3). Group E cells had significantly lower expression of 
Oct4 protein on days 5 and 7 compared to days 1 and 3 
(D5 and D7 < D1 and D3) (all p<0.05; Figure 3F). 

Although there was no significant difference in CXCR4 
expression in group A cells over time, group B cells had 
significantly higher CXCR4 expression on day 5 compared 
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to days 1 and 7 (D5 > D1 and D7). Cells from groups 
C–E had significantly higher levels of CXCR4 on day 5 
compared to days 1, 3, and 7 (D5 > D1, D3, and D7). 
Comparison of CXCR4 expression between the five 
groups on day 5 showed that the dispersion of CXCR4 
expression was group A < group B < groups C and D < 
group E. There was no significant difference in CXCR4 
expression between groups C and D (Figure 3G). 

 Discussion 

In this study, we optimized culture conditions to 
promote the differentiation of mouse ESCs into DE, and 
investigated the roles of the Wnt and Nodal signaling 
pathways during this differentiation process. There was 
a time-dependent increase in the number of CXCR4-
positive cells, and a time-dependent decrease in OCT4 
expression in cells cultured in basic medium, as well as 
cells cultured in the presence of Wnt3a alone, Activin A 
alone, or both Wnt3a and Activin A together. Comparison 
of CXCR4 expression between the different groups 

showed that cells treated simultaneously with Wnt3a and 
Activin A exhibited the highest levels of CXCR4. These 
data suggested that optimal differentiation of mouse 
ESCs to DE was achieved by the synergistic action of 
the Wnt3a and Activin A signaling pathways. 

A number of reports showing that ESC-derived cells 
could be used for tissue repair and functional replacement 
therapy suggested that these cells could be a novel 
therapeutic tool for irreversible diseases such as cardiac 
insufficiency, genetic diseases, diabetes mellitus, neuronal 
degeneration and refractory intestinal epithelial injury 
[34–36]. A recent report described a three-step protocol 
for differentiation of human induced pluripotent stem 
(iPS) cells to generate hepatocyte-like cells [37]. IPS cells 
could also be differentiated into functional glucose-
responsive insulin-producing cells [38]. However, the 
major challenge to using this technology in a clinical 
setting is the limitation in the number of differentiated 
ESCs obtained with the currently used protocols for 
induced differentiation. 

 
Figure 2 – CXCR4 expression at different time points (A–E). Group A: Serum free medium and LIF; Group B: Serum 
free medium; Group C: Serum free medium and 25 ng/mL Wnt3a; Group D: Serum free medium and 50 ng/mL 
Activin A; Group E: Serum free medium, 25 ng/mL Wnt3a and 50 ng/mL Activin A. CXCR4-positive cells had brown 
or yellow-brown granules (scale bar: 50 μm). 
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Figure 3 – Representative Western blotting to evaluate expression of OCT4 and CXCR4 at different culture time points 
for each group: (A) Serum free medium and LIF; (B) Serum free medium; (C) Serum free medium and 25 ng/mL 
Wnt3a; (D) Serum free medium and 50 ng/mL Activin A; (E) Serum free medium, 25 ng/mL Wnt3a and 50 ng/mL 
Activin A; Quantitative analysis of Oct4 (F) and CXCR4 (G) at different culture time points for each group. The culture 
time points included Days 1 (D1), 3 (D3), 5 (D5), and 7 (D7). Experimental groups included groups A–E. Error bar 
represents the standard deviation of mean. Data were represented as mean with standard deviation (SD) as for the error 
bar of triplicate results. Means with the different small letters were significantly different by Bonferroni’s test (p<0.05). 
†‡§, represented a significant difference compared to D1†, D3‡, and D5§ with group. abcd, represented a significant 
difference while comparing CXCR4 expression on D5 with group Aa, group Bb, group Cc or group Dd, respectively. 
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Studies investigating modulators of ESC differentiation 
have reported that the Wnt and Nodal/Activin A signaling 
pathways play key roles in DE differentiation, and  
in vitro differentiation of ESCs into primitive streak-like 
cells, and endodermal and mesodermal cells in different 
vertebrate models [39, 40]. Wnt signaling has been shown 
to be implicated in generation of the foregut [41], and 
this is mediated by a biphasic modulation of the Wnt 
signaling pathway [42]. Interestingly, recent data suggested 
that amplification and maintenance of high levels of Wnt 
signaling could be mediated by LGR4 and LGR5, which 
are important for stem cell maintenance [43]. Inhibition 
of Wnt signaling was shown to suppress the differentiation 
of ESCs into DE cells [44], and Wnt activation improved 
DE induction in suspension cultures of embryoid bodies 
[11]. Formation of DE during the natural differentiation 
of ESCs into EB was reported to be significantly enhanced 
in the presence of Activin A, especially in early EB 
differentiation (within 24 hours after differentiation) 
[26]. Mouse ESCs maintained in serum- and feeder- 
free adherent cultures were shown to respond in a dose-
dependent manner to inducers of primitive streak 
formation by developing mesendoderm, which could 
further differentiate to cells resembling the foregut 
endoderm [45]. Interestingly, inhibition of Wnt-signaling 
suppressed Activin-induced development of endodermal 
cells at the late stages of differentiation, and Wnt3a and 
Activin acted additively on the expression of Mixl1, an 
early mesodermal-specific marker [45]. The classical EB 
differentiation procedure does not involve the addition 
of Wnt3A and/or Activin A, and since this results in a 
limited amount of DE, it would not have generated enough 
cells for a transplantation procedure. Our final protocol 
was based on the fact that addition of Wnt3A and/or 
Activin A would result in a higher amount of DE, and a 
higher number of transplantable cells than a procedure 
without Wnt3A and/or Activin A. We previously reported 
successful induction of ESC differentiation into definitive 
endoderm, which was identified by detection of endoderm 
markers such as Gsc, Tm4sf2, Gpc1, Sdc4 and CXCR4 
[33]. Our results showed that the proportion of endoderm 
peaked at five days after induction of differentiation. 
We also showed that endoderm cells could be induced to 
differentiate into small intestine stem cells, which could 
further differentiate into small intestine epithelium in 
non-obese diabetic/severe combined immunodeficiency 
(NOD/SCID) mice. Injection of small intestine stem cells 
via the tail vein into mice with radiation injury resulted 
in significant improvement of small intestine repair. Our 
present study was based on these findings, and aimed to 
investigate a way to increase the proportion of definitive 
endoderm differentiated from ESCs and explore potential 
mechanisms, which may provide experimental evidence 
on the collection of more seed cells. 

We showed that endoderm cells accounted for about 
10% of the cells on five days after natural differentiation 
of ESCs. Addition of Wnt3a and Activin A to the culture 
medium resulted in up-regulation of the Wnt and Nodal 
signaling pathways, which could promote the different-
iation of ESCs into definitive endoderm, leading to the 
increased proportion of definitive endoderm. However, 
endoderm cells only accounted for 40% of the cells 

under these conditions, suggesting that it would be 
beneficial to sort cells after early differentiation. Using 
immunomagnetic bead sorting to separate the definitive 
endoderm cells positive for CXCR4, we obtained definitive 
endoderm cells with relatively high purity, which provided 
a basis for the following induction of differentiation into 
pancreas-like cells. CXCR4-positive cells are in the 
definitive endoderm stage during the differentiation of 
ESCs into organ cells, and the CXCR4-positive cells were 
further induced to differentiate after seeding. 

In our present study, we showed that ESCs cultured 
in basic medium had a significantly higher number of 
CXCR4-positive DE cells at five days compared to ESCs 
cultured in the presence of LIF, which is an inhibitor of 
ESC differentiation. However, there was no significant 
difference in the expression of Oct4 between ESCs 
cultured in basic medium, and those cultured in the 
presence of LIF, suggesting that absence of LIF alone 
could only drive DE differentiation to a small extent. 
Decreased expression of Oct4, a marker of pluripotency, 
indicates a decrease in the pluripotency of the cells, and 
differentiation away from the embryonic cell properties. 

We showed that addition of 25 ng/mL of Wnt3a 
resulted in a significant increase in the proportion of 
CXCR4-positive cells along with a significant decrease 
in the proportion of Oct4-positive cells at five days 
compared to cells cultured in basic medium, suggesting 
that this concentration of Wnt3a efficiently activated the 
Wnt signaling pathway to induce the differentiation of 
ESCs into DE. Similarly, addition of 50 ng/mL of Activin A 
resulted in a significant increase in the proportion of 
CXCR4-positive cells along with a significant decrease 
in the proportion of Oct4-positive cells at five days 
compared to cells cultured in basic medium, suggesting 
that this concentration of Activin A efficiently activated 
the Nodal signaling pathway to induce differentiation of 
ESCs into DE. Although Activin A has previously been 
used at a higher concentration (100 ng/mL) to activate 
the Nodal signaling pathway [10], our present data 
suggested that 50 ng/mL Activin A was sufficient to 
efficiently activate ESC differentiation. Our data also 
showed that there was no significant difference in the 
differentiation of ESCs in the presence of either Wnt3a 
or Activin A alone. However, simultaneous activation 
of the Wnt3a and Nodal/Activin signaling pathways 
with 25 ng/mL Wnt3a and 50 ng/mL Activin A, resulted 
in a significantly higher proportion of CXCR4-positive 
cells and a lower proportion of Oct4-positive cells 
compared to cells treated with either Wnt3a or Activin A 
alone. Our data suggested that simultaneous activation 
of the Wnt and Nodal signaling pathways exerted a 
synergistic effect to induce the differentiation of mouse 
ESCs into DE. In the present study, the cells still survived 
at 21 days after seeded, and remained differentiated. 

Differentiation of ESCs to DE was previously 
achieved with two-step protocols using (1) 200 nM of 
Stauprimide (Spd), a suppressor of pluripotency initially, 
followed by treatment with 50 ng/mL of Activin A  
for the next three days, or (2) 25 ng/mL of Wnt3a plus 
100 ng/mL of Activin A for the first day followed by 
100 ng/mL of Activin A for the next three days [9]. 
There was no significant difference in induction of DE 
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differentiation between these two protocols. Our present 
study used a lower concentration of Activin A, and the 
simultaneous addition of 25 ng/mL Wnt3a and 50 ng/mL 
Activin A achieved a synergistic effect on DE different-
iation. 

A recent study showed that prolonging the length  
of stimulation with Wnt3a and Activin A to five or 
seven days resulted in almost pure DE marker-positive 
populations, although the development of hepatic or 
pancreatic progenitors from the DE cells was restricted 
to a limited time frame [40]. Our present study showed 
that the kinetics of induced differentiation of ESCs varied 
among the different experimental groups. Induction of 
CXCR4 was more rapid when there was simultaneous 
activation of Wnt and Nodal signaling compared to the 
groups treated with only Wnt3a or Activin A alone. 

Although it has been reported that activation of 
transcription factors such as NGN3, BETA2, Pax4 and 
Pax6 drive the enteroendocrine lineage [46], and KLF4 
plays a role in differentiation of goblet cells [47], it is 
not understood if these transcription factors are regulated 
by Wnt signaling. Our present study only focused on  
the role of the Wnt and Nodal signaling pathways on 
differentiation of ESCs to DE. However, it is important 
to dissect the role of additional signaling pathways such 
as BMP, Notch and Hedgehog, as well as identify specific 
targets of these pathways, which could play a role in 
induction of ESC differentiation. It is also important  
to further optimize culture conditions, which enhance 
induction of differentiation, as well as investigate molecular 
mechanisms underlying ESC differentiation to DE. 

 Conclusions 

Recent advances have made it possible to recapitulate 
specific differentiation pathways to mimic embryonic 
development. Our present study, optimizing conditions 
for maximal harvesting of DE cells, provides the basis for 
the induced differentiation of ESCs for the generation of 
functional, mature cells of gastrointestinal lineage, which 
can be potentially used for cell replacement therapy, disease 
modeling, as well as drug discovery studies. 

Conflict of interests 
The authors declare that they have no conflict of 

interests. 

Acknowledgments 
This study was funded by the Science and Technology 

and Social Development Project of Guangdong Province 
(No. 2012B031800030). 

Author contribution 
Wa Zhong and Yu Lai contributed equally. 

References 
[1] Smit AG. Embryo-derived stem cells: of mice and men. Annu 

Rev Cell Dev Biol, 2001, 17:435–462. 
[2] Zhu Z, Huangfu D. Human pluripotent stem cells: an emerging 

model in developmental biology. Development, 2013, 140(4): 
705–717. 

[3] Lu CC, Brennan J, Robertson EJ. From fertilization to 
gastrulation: axis formation in the mouse embryo. Curr Opin 
Genet Dev, 2001, 11(4):384–392. 

[4] Robb L, Tam PP. Gastrula organiser and embryonic patterning 
in the mouse. Semin Cell Dev Biol, 2004, 15(5):543–554. 

[5] Ghanbari A, Khazaei M, Hashemi-Tabar M, Rabzia A, Fathi F, 
Bayat PD. Sonic hedgehog inhibition induces mouse embryonic 
stem cells to differentiate toward definitive endoderm. Indian 
J Exp Biol, 2013, 51(3):201–207. 

[6] Iwashita H, Shiraki N, Sakano D, Ikegami T, Shiga M, Kume K, 
Kume S. Secreted cerberus1 as a marker for quantification 
of definitive endoderm differentiation of the pluripotent stem 
cells. PLoS One, 2013, 8(5):e64291. 

[7] Kalisz M, Winzi M, Bisgaard HC, Serup P. EVEN-SKIPPED 
HOMEOBOX 1 controls human ES cell differentiation by 
directly repressing GOOSECOID expression. Dev Biol, 2012, 
362(1):94–103. 

[8] Kim PT, Ong CJ. Differentiation of definitive endoderm from 
mouse embryonic stem cells. Results Probl Cell Differ, 2012, 
55:303–319. 

[9] Tahamtani Y, Azarnia M, Farrokhi A, Moradmand A, Mirshah-
valadi S, Aghdami N, Baharvand H. Stauprimide priming  
of human embryonic stem cells toward definitive endoderm. 
Cell J, 2014, 16(1):63–72. 

[10] D’Amour KA, Agulnick AD, Eliazer S, Kelly OG, Kroon E, 
Baetge EE. Efficient differentiation of human embryonic stem 
cells to definitive endoderm. Nat Biotechnol, 2005, 23(12): 
1534–1541. 

[11] Mfopou JK, Geeraerts M, Dejene R, Van Langenhoven S, 
Aberkane A, Van Grunsven LA, Bouwens L. Efficient definitive 
endoderm induction from mouse embryonic stem cell adherent 
cultures: a rapid screening model for differentiation studies. 
Stem Cell Res, 2014, 12(1):166–177. 

[12] Murry CE, Keller G. Differentiation of embryonic stem cells 
to clinically relevant populations: lessons from embryonic 
development. Cell, 2008, 132(4):661–680. 

[13] Nusse R. Wnt signaling. Cold Spring Harb Perspect Biol, 
2012, 4(5):a011163. 

[14] Nusse R, Brown A, Papkoff J, Scambler P, Shackleford G, 
McMahon A, Moon R, Varmus H. A new nomenclature for 
int-1 and related genes: the Wnt gene family. Cell, 1991, 
64(2):231. 

[15] Peifer M, Polakis P. Wnt signaling in oncogenesis and 
embryogenesis – a look outside the nucleus. Science, 2000, 
287(5458):1606–1609. 

[16] Kikuchi A, Yamamoto H, Sato A. Selective activation mecha-
nisms of Wnt signaling pathways. Trends Cell Biol, 2009, 
19(3):119–129. 

[17] Kim SE, An SY, Woo DH, Han J, Kim JH, Jang YJ, Son JS, 
Yang H, Cheon YP, Kim JH. Engraftment potential of spheroid-
forming hepatic endoderm derived from human embryonic 
stem cells. Stem Cells Dev, 2013, 22(12):1818–1829. 

[18] Bouillet P, Oulad-Abdelghani M, Ward SJ, Bronner S, 
Chambon P, Dollé P. A new mouse member of the Wnt gene 
family, mWnt-8, is expressed during early embryogenesis 
and is ectopically induced by retinoic acid. Mech Dev, 1996, 
58(1–2):141–152. 

[19] Yamaguchi TP, Bradley A, McMahon AP, Jones S. A Wnt5a 
pathway underlies outgrowth of multiple structures in the 
vertebrate embryo. Development, 1999, 126(6):1211–1223. 

[20] Liu P, Wakamiya M, Shea MJ, Albrecht U, Behringer RR, 
Bradley A. Requirement for Wnt3 in vertebrate axis formation. 
Nat Genet, 1999, 22(4):361–365. 

[21] Gregorieff A, Grosschedl R, Clevers H. Hindgut defects and 
transformation of the gastro-intestinal tract in Tcf4(-/-)/Tcf1(-/-) 
embryos. EMBO J, 2004, 23(8):1825–1833. 

[22] Conlon FL, Lyons KM, Takaesu N, Barth KS, Kispert A, 
Herrmann B, Robertson EJ. A primary requirement for nodal 
in the formation and maintenance of the primitive streak in 
the mouse. Development, 1994, 120(7):1919–1928. 

[23] Cheng TT, Sun YP. Nodal signal pathway in human embryonic 
stem cell. Journal of International Reproductive Health/Family 
Planning, 2014, 33(2):140–143. 

[24] Brown S, Teo A, Pauklin S, Hannan N, Cho CH, Lim B, 
Vardy L, Dunn NR, Trotter M, Pedersen R, Vallier L. Activin/ 
Nodal signaling controls divergent transcriptional networks in 
human embryonic stem cells and in endoderm progenitors. 
Stem Cells, 2011, 29(8):1176–1185. 

[25] Gadue P, Huber TL, Paddison PJ, Keller GM. Wnt and 
TGF-beta signaling are required for the induction of an  
in vitro model of primitive streak formation using embryonic 
stem cells. Proc Natl Acad Sci U S A, 2006, 103(45):16806–
16811. 



Wnt and Nodal signaling simultaneously induces definitive endoderm differentiation of mouse embryonic stem cells 

 

535

[26] Diekmann U, Naujok O, Blasczyk R, Müller T. Embryonic 
stem cells of the non-human primate Callithrix jacchus can 
be differentiated into definitive endoderm by Activin-A but not 
IDE-1/2. J Tissue Eng Regen Med, 2015, 9(4):473–479. 

[27] Hay DC, Fletcher J, Payne C, Terrace JD, Gallagher RC, 
Snoeys J, Black JR, Wojtacha D, Samuel K, Hannoun Z, 
Pryde A, Filippi C, Currie IS, Forbes SJ, Ross JA, Newsome PN, 
Iredale JP. Highly efficient differentiation of hESCs to functional 
hepatic endoderm requires Activin A and Wnt3a signaling. 
Proc Natl Acad Sci U S A, 2008, 105(34):12301–12306. 

[28] Ogaki S, Shiraki N, Kume K, Kume S. Wnt and Notch signals 
guide embryonic stem cell differentiation into the intestinal 
lineages. Stem Cells, 2013, 31(6):1086–1096. 

[29] Joannides AJ, Fiore-Hériché C, Battersby AA, Athauda-
Arachchi P, Bouhon IA, Williams L, Westmore K, Kemp PJ, 
Compston A, Allen ND, Chandran S. A scaleable and defined 
system for generating neural stem cells from human embryonic 
stem cells. Stem Cells, 2007, 25(3):731–737. 

[30] Smith AG, Heath JK, Donaldson DD, Wong GG, Moreau J, 
Stahl M, Rogers D. Inhibition of pluripotential embryonic stem 
cell differentiation by purified polypeptides. Nature, 1988, 
336(6200):688–690. 

[31] Smith AG, Hooper ML. Buffalo rat liver cells produce a 
diffusible activity which inhibits the differentiation of murine 
embryonal carcinoma and embryonic stem cells. Dev Biol, 
1987, 121(1):1–9. 

[32] Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL, 
Gearing DP, Wagner EF, Metcalf D, Nicola NA, Gough NM. 
Myeloid leukaemia inhibitory factor maintains the developmental 
potential of embryonic stem cells. Nature, 1988, 336(6200): 
684–687. 

[33] Yu T, Lan SY, Wu B, Pan QH, Shi L, Huang KH, Lin Y, 
Chen QK. Musashi1 and hairy and enhancer of split high 
expression cells derived from embryonic stem cells enhance 
the repair of small-intestinal injury in the mouse. Dig Dis Sci, 
2011, 56(5):1354–1368. 

[34] Dai W, Kay GL, Kloner RA. The therapeutic effect of cell 
transplantation versus noncellular biomaterial implantation on 
cardiac structure and function following myocardial infarction. 
J Cardiovasc Pharmacol Ther, 2014, 19(4):350–357. 

[35] Fan X, Sun D, Tang X, Cai Y, Yin ZQ, Xu H. Stem-cell 
challenges in the treatment of Alzheimer’s disease: a long 
way from bench to bedside. Med Res Rev, 2014, 34(5):957–
978. 

[36] Szot GL, Yadav M, Lang J, Kroon E, Kerr J, Kadoya K, 
Brandon EP, Baetge EE, Bour-Jordan H, Bluestone JA. 
Tolerance induction and reversal of diabetes in mice trans-
planted with human embryonic stem cell-derived pancreatic 
endoderm. Cell Stem Cell, 2015, 16(2):148–157. 

[37] Chen YF, Tseng CY, Wang HW, Kuo HC, Yang VW, Lee OK. 
Rapid generation of mature hepatocyte-like cells from human 
induced pluripotent stem cells by an efficient three-step 
protocol. Hepatology, 2012, 55(4):1193–1203. 

[38] Thatava T, Nelson TJ, Edukulla R, Sakuma T, Ohmine S, 
Tonne JM, Yamada S, Kudva Y, Terzic A, Ikeda Y. Indolactam 
V/GLP-1-mediated differentiation of human iPS cells into 
glucose-responsive insulin-secreting progeny. Gene Ther, 
2011, 18(3):283–293. 

[39] Sui L, Bouwens L, Mfopou JK. Signaling pathways during 
maintenance and definitive endoderm differentiation of embryonic 
stem cells. Int J Dev Biol, 2013, 57(1):1–12. 

[40] Toivonen S, Lundin K, Balboa D, Ustinov J, Tamminen K, 
Palgi J, Trokovic R, Tuuri T, Otonkoski T. Activin A and Wnt-
dependent specification of human definitive endoderm cells. 
Exp Cell Res, 2013, 319(17):2535–2544. 

[41] Davenport C, Diekmann U, Budde I, Detering N, Naujok O. 
Anterior-posterior patterning of definitive endoderm generated 
from human embryonic stem cells depends on the differential 
signaling of retinoic acid, Wnt-, and BMP-signaling. Stem Cells, 
2016, 34(11):2635–2647. 

[42] Hoepfner J, Kleinsorge M, Papp O, Ackermann M, Afken S, 
Rinas U, Solodenko W, Kirschning A, Sgodda M, Cantz T. 
Biphasic modulation of Wnt signaling supports efficient foregut 
endoderm formation from human pluripotent stem cells. Cell 
Biol Int, 2016, 40(5):534–548. 

[43] Tsai YH, Hill DR, Kumar N, Huang S, Chin AM, Dye BR, 
Nagy MS, Verzi MP, Spence JR. LGR4 and LGR5 function 
redundantly during human endoderm differentiation. Cell Mol 
Gastroenterol Hepatol, 2016, 2(5):648–662.e8. 

[44] Engert S, Burtscher I, Liao WP, Dulev S, Schotta G, Lickert H. 
Wnt/beta-catenin signalling regulates Sox17 expression and 
is essential for organizer and endoderm formation in the 
mouse. Development, 2013, 140(15):3128–3138. 

[45] Hansson M, Olesen DR, Peterslund JM, Engberg N, Kahn M, 
Winzi M, Klein T, Maddox-Hyttel P, Serup P. A late 
requirement for Wnt and FGF signaling during activin-induced 
formation of foregut endoderm from mouse embryonic stem 
cells. Dev Biol, 2009, 330(2):286–304. 

[46] Schonhoff SE, Giel-Moloney M, Leiter AB. Minireview: 
Development and differentiation of gut endocrine cells. 
Endocrinology, 2004, 145(6):2639–2644. 

[47] Katz JP, Perreault N, Goldstein BG, Lee CS, Labosky PA, 
Yang VW, Kaestner KH. The zinc-finger transcription factor 
Klf4 is required for terminal differentiation of goblet cells in 
the colon. Development, 2002, 129(11):2619–2628. 

 
 
 

 
 
 
 
 
 
Corresponding authors 
Qi-Kui Chen, Professor, MD, PhD, Department of Gastroenterology, Sun Yat-sen Memorial Hospital, Sun Yat-sen 
University, 107 Yanjiang Xi Road, Yuexiu District, Guangzhou, 510120 Guangdong, People Republic of China; 
Phone 020–81332309, e-mail: qkchen@21cn.com 

Tao Yu, Professor, MD, PhD, Department of Gastroenterology, Sun Yat-sen Memorial Hospital, Sun Yat-sen 
University, 107 Yanjiang Xi Road, Yuexiu District, Guangzhou, 510120 Guangdong, People Republic of China; 
Phone 020–81332309, e-mail: yutao2014@126.com 
 
 
 
 
 
 
Received: April 6, 2017 

Accepted: July 17, 2017 
 


