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Aim: To enhance survival and generation of definitive endoderm cells fromhuman embryonic stem cells in a sim-
ple and reproducible system.
Mainmethods:Definitive endoderm (DE) differentiation from human embryonic stem cells (hESCs) was induced
under a chemical-defined condition withdrawn insulin supplement and serum albumin. We dissected influence
of “alternative growth factors”, WNT3A, BMP4 and bFGF in activin A-driven differentiation by detection of DE-as-
sociated genes expression and cell viability. Expression of DE-associated SOX17 and FOXA2 genes was analyzed
by real time reverse transcription polymerase chain reaction (RT-PCR) and Western blot assays. Quantitative
evaluation of DE efficiency was performed by flow cytometry analysis of CXCR4-expressed cell population. Cell
viability during DE differentiation was analyzed by an Annexin V/PI double staining test.
Key findings: Supplementation withWNT3A, BMP4 or bFGF promoted DE generation in a dose- and time-depen-
dent manner. Cell apoptosis elicited by activin A was significantly ameliorated by a cocktail with WNT3A, BMP4
and bFGF. This allowed for sustained cell viabilitywithout insulin-containing supplements, thereby indirectly im-
proving the efficiency of DE generation. Therefore, the cocktail containing is optimal for efficient DE generation in
the presence of activin A and an insulin/albumin-free condition.
Significance: This optimal condition facilitates the balance between the productivity and the viability mainte-
nance, and could be valuable for mass production of DE with minimal variation.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

The definitive endoderm (DE) is one of the major germ layers
formed during gastrulation, and gives rise to the epithelium of digestive
and respiratory organs [1]. Two types of approaches, namely embryoid
body (EB) andmonolayer cell culture are used to generate definitive en-
doderm or endoderm-derived cell populations from hESCs [2,3].
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Monolayer culture-based protocols have been favored in recent studies
of endoderm-derived tissue production, given the latter offers a compa-
rable condition in different culture systems, and are prone to achieve a
high purity of cell lineage population [3,4]. It has been evident that
two prerequisites, i.e. 1) activation of activin A/nodal signaling and 2)
inhibition of phosphatidylinositol 3-kinase (PI3K) signaling, are critical
for DE differentiation in monolayer cultures [5]. However, poor DE gen-
eration from certain hESC lines has been observed under conditions ful-
filling these two requirements [6]. A better understanding of the
mechanisms underlying endoderm lineage commitment would help
to establish practical protocols that recapitulate the process of the defin-
itive endoderm formation during gastrulation. Growth factors, includ-
ing WNT3A, BMP4, and bFGF, are applied in several studies to mimic
an in vivo microenvironment of soluble signals in DE generation [7,8,
9]. Recently, critical role of extracellular matrix (ECM) substratum com-
ponents in hESC differentiation towards specific cell lineages has been
recognized with implementation of ECM array tools, and it is evident
that certain ECM components are beneficial for the improvement of
DE generation [10,11].
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In the past decades, great progress has been made in efficiently de-
riving endoderm lineage cells from hESCs using various combinations
of soluble and insoluble factors. However, excessive cell loss has also
been frequently observed during endodermal ormesodermal differenti-
ation of monolayer-cultured hESCs, particularly under a serum-free
condition [12,13]. For this reason, efficient DE generation in a serum-
free condition requires additional supplements tomaintain cell viability,
such as B27 or insulin-transferrin-selenite (ITS) [9,14,15,16]. Under this
condition insulin is thought to enhance cell survival at the expense of a
low transition into DE lineage cells. Obviously, there is a contradiction to
induce DE differentiation by lowering PI3K/AKT signals, at the same
time to maintain cell viability by adding insulin-containing supple-
ments. Indeed, DE generation in insulin-containing systems has been
achieved by the use of small molecules [5,17,18], which might import
unexpected effects on the differentiation process. Serum albumin also
contributes to cell survival in DE generation from hESCs [19], while un-
expected lipid or growth factors carried by albumin potentially interfere
with directed differentiation, and may result in substantial variations in
medium components [20]. This may help to explain a wide variation
under different conditions used for DE production in the literature.

The present study aimed to establish a protocol that not only effi-
ciently induces DE differentiation, but also enhances cell viability inde-
pendent of exogenous insulin/IGFs in a chemically defined system. To
establish a reproducible and DE induction-friendly condition, we modi-
fied the Vallier's chemical-defined medium (CDM) formula [21] and
prepared amedium that lacked insulin and serum albumin. Here we re-
port the effectiveness and productivity of this modified culture
condition.

2. Materials and methods

2.1. Cell culture condition

The human embryonic stem cell lines H7 and H9 were purchased
from WiCell Research Institute (Madison, WI, USA) and maintained
with mouse embryonic fibroblast-conditioned medium (MEF-CM), as
described in the WiCell protocols. Cell media and supplements were
purchased from Gibco (Life Technologies, Grand Island, NY, USA), ex-
cept otherwise indicated. hESCs were differentiated on fibronectin and
vitronectin (1:1)-coated dishes with an insulin-free, albumin-free, and
chemically defined DMEM/F12 medium supplemented with Glutamax
(1mM), non-essential amino acid (NAEE) (0.1mM), chemically defined
lipid concentrate (0.1%), L-ascorbic acid (50 μg/mL) (Sigma, St. Louis,
MO, USA), and polyvinyl alcohol (PVA) (0.1%, Sigma).

2.2. Differentiation of human embryonic stem cells

Growth factors for hESC differentiation included human recombi-
nant activin A (Peprotech, Rocky Hill, NJ, USA), BMP2, BMP4, Wnt3a,
FGF4, FGF10 (R&D Systems, Minneapolis, MN, USA), and bFGF (Life
Technologies). In the present study, DE differentiation was induced by
activin A combined with three “alternative” growth factors. When con-
fluent levels of undifferentiated hESCs reached N50% (density ranged
from 1.3 × 105 to 6 × 105/cm2 as determined by cell counting), endo-
derm differentiationwas initiated by incubating hESCs in inductionme-
diumwith the addition of human recombination activin A at 100 ng/mL,
human recombinationWnt3a (25 ng/mL, R&DSystems), human recom-
bination BMP4 (20 ng/mL, R&D Systems), and human recombination
bFGF (20 ng/mL, medium A). After 24 h, the initial medium was re-
placed with induction medium plus activin A at 100 ng/mL, BMP4 at
20 ng/mL and bFGF at 20 ng/mL (medium B), and cells were induced
for another 48 h. If endoderm induction was extended to 4–5 days,
cells were cultured in replenishedmedium B plus 0.1% insulin-transfer-
rin-selenium supplementation.

After production of DE cells, we induced hepatic lineage differentia-
tionwith a protocolsmodified frompublished ones [16,18]. Briefly, cells
were incubated with the following concentrations of growth factors:
human recombinant BMP2 at 10 ng/mL, human recombinant BMP4 at
10 ng/mL, human recombinant bFGF at 10 ng/mL, human recombinant
FGF4 at 10 ng/mL and human recombinant FGF10 at 10 ng/mL.
2.3. Gene expression evaluation by quantitative real-time polymerase chain
reaction

Total RNA was extracted from samples using Trizol reagent (Life
Technologies) following manufacture instructions. Single-stranded
cDNA was generated using the PrimeScript RT Reagent Kit with gDNA
Eraser (Takara, Otsushi, Japan). Quantitative real-time PCR was per-
formed using the ABI 7500 Fast Thermocycler with SYBR® Green Real-
Time PCR Master Mixes (Life Technologies), according to the
manufacturer's recommended protocol. Gene expression level was cal-
culated using the ΔΔCT method and normalized to the housekeeping
gene β-actin. Primers sequences were designed using Beacon Designer
7.0 (Palo Alto, CA, USA), which is detailed in Supplemental Table 1.
2.4. Immunofluorescence, immunocytochemistry, and flow cytometry

Immunofluorescence, immunocytochemistry, and flow cytometry
were carried out as previously described [22]. For immunofluorescent
staining, cells were fixed with freshly prepared 4% (weight/volume)
paraformaldehyde solution for 15 min at room temperature and then
permeabilized in Dulbecco's Phosphate Buffered Saline containing
0.2% Triton X-100 and 10% fetal bovine serum (FBS). Following incuba-
tion with primary antibodies at 4 °C for 12 h, samples were incubated
with secondary antibodies and Hoechst (Sigma) for 30 min at room
temperature. Finally, visualizationwas achieved using a fluorescentmi-
croscope XL31 (Olympus, Tokyo, Japan). ForWestern blot analyses, cells
were harvested in Ripa solution (Beyotime, Nantong, China) and a cock-
tail of protease inhibitors (Roche, Indianapolis, IN, USA). After denatur-
ing in a 95 °C water bath for 15 min, the cell lysates were
electrophoresed and transferred onto PVDF membranes using the
Mini-PROTEAN Tetra Cell system (Bio-Rad, Hercules, CA, USA). Target
protein expression was detected by chemiluminescent exposure to a
C-DiGit® Blot Scanner (LI-COR Lincoln, NE, USA). For flow cytometry,
the sampleswere subjected to a Calibur 4-color flow cytometer (BDBio-
science, San Jose, CA, USA), followed by cell dissociation and antibody
staining. The details and dilutions of all antibodies in the study are listed
in Supplemental Table 2.

Recorded images of immunofluorescent or immunocytochemical
stainingwere analyzed by Image J (National Institutes of health, Bethes-
da, MD, USA). Flow cytometrical results were analyzed by Flowjo 7.6.2
(FlowJo, LLC, Ashland, OR, USA).
2.5. Cell apoptosis assay

Cell apoptosis was evaluated with the Alexa Fluor® 488 Annexin V/
Dead Cell Apoptosis Kit (Life Technologies). After induction for 24 h, the
cells were washed twice with PBS and harvested with 0.05% trypsin so-
lution. Then the cells were incubated in Annexin-binding buffer (100
μL) with anti-Annexin V-Alexa Flour® 488 (100 μL) and propidium io-
dide (PI, 1 μL) for 15 min on ice. The cells were then diluted in 400 μL
of Annexin-binding buffer, and the samples were analyzed using a
Calibur 4-color flow cytometer.
2.6. Live cell number counts

Cells were harvested and dissociatedwith TypLE (Life Technologies)
into single-cell suspensions. Cell density and cell viabilitywere analyzed
by Vi-Cell XR (Beckman Coulter, Indianapolis, IN, USA).
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2.7. Enzyme linked immunosorbent assay

ALB in culture media at day 24 of hepatocyte differentiation from
hESCs was analyzed using an ALB ELISA assay kit (Bethyl Laboratories
Inc) according to the manufacturer's instructions. ALB in culture
media at day 24 of hepatocyte differentiation from hESCs was analyzed
using an ALB ELISA assay kit (Bethyl Laboratories Inc) according to the
manufacturer's instructions.

Human serum albumin secreted fromdifferentiated hESCs in culture
medium at day 15 of differentiation was analyzed by Human Serum Al-
buminDuoSet ELISA kit (R&D Systems), according to themanufacturer's
instructions.

2.8. Statistical analysis

Statistical analysis was carried out with SSPS16.0 (IBM, Armonk, NY,
USA). Unpaired t-test was used to analysis data from two groups.When
the experimental design was N2 groups, one-way ANOVA was initially
used for evaluation of general difference between groups. Least-signifi-
cant difference test was used for multiple comparisons between any
two given groups. A P value less 0.01 was considered statistically
significant.

3. Results

3.1. Impaired endoderm differentiation under insulin-free, serum albumin-
free and a chemically defined condition

To establish a culture condition optimal for DE induction, we pre-
pared an albumin/insulin-free CDM by modifying Vallier's CDM [21].
Details of different culture media used in the experiment were summa-
rized in Table 1. After initiating differentiation of hES cell lineH9 by sup-
plementation with activin A at 100 ng/mL, we observed that hESCs
gradually exhibited a loose colony structure and morphologically
changed to a spiky shape. Expression of a mesendoderm marker T
(BRACHURY) increased at 24 h, but declined to basal levels by 96 h, as
determined by qRT-PCR. GSC, another indicator of mesendoderm, was
highly expressed between 24 and 48 h, but expressionwas declined be-
tween 72 and 96 h. Expression of endoderm-associated genes, such as
SOX17 and FOXA2, reached a peak at 48 h and was maintained for addi-
tional 48 h. In contrast, iCDM containing insulin at 10 μg/mL and activin
A induced a minimal level of dynamic expression of DE-specific genes
(Fig. 1A). The dynamic expression of DE-associated genes suggested
that a 3-day duration in the above-described condition was sufficient
for the transition from primitive streak into DE.

It has been proved that CXCR4 expression is in parallel with expres-
sion of DE markers, such as FOXA2 and SOX17 in hESCs exposed to a
high concentration of activin A [3]. We further evaluated the extent of
DE generation by detecting CXCR4-expressing cells using flow cytome-
try. The proportion of CXCR4+ cells was augmented from 1.49 ± 0.23%
in undifferentiated hESCs to 19.43 ± 0.67% in a population after expo-
sure to activin A for three days (Fig. 1B). Extended activin A driven-
Table 1
Medium components of different culture conditions.

Culture medium Basal medium Supplements

Conditioned medium
(CM)

Knockout-DMEM/F12 20% Knockout serum replacement

Chemical defined
medium (CDM)

DMEM/F12 1 mM Glutamax, 0.1 mM non-essential
concentrate, 50 μg/mL L-ascorbic acid, 0

Insulin-contained
chemical defined
medium (iCDM)

DMEM/F12 1 mM Glutamax, 0.1 mM non-essential
concentrate, 50 μg/mL L-ascorbic acid, 0
insulin-transferrin-selenium
differentiation (up to 4 days) did not result in a further increase in the
output of CXCR4-positive cells (Fig. S1A). Additionally, a dramatic cell
loss occurred in the process of activin A-driven differentiation, particu-
larly during the first 48 h. Cell viability significantly declined after re-
placing the hESC culture medium with the induction medium and
gradually was recovered in the differentiation (Fig. S1B), as determined
by PI-Annexin V double staining. The survived population only was
accounted for 34.23 ± 2.23% of seeded cells after activin A induction
for 24 h; whereas it reached 64.13 ± 4.25% of hESCs cultured in MEF-
conditioned medium (Fig. 1C).

3.2. Optimizing endodermal differentiation by supplementation of BMP4,
bFGF or WNT3A with activin A under an albumin/insulin-free condition

To efficiently obtain DE cells under an albumin/insulin-free condi-
tion, we performed a comparative analysis of differentiation efficacy
by a combination of growth factors (listed in the schema in Fig. 2)
from previously published protocols for DE differentiation from H9 [8,
9,23,24].

Treatment with BMP4 at 20 ng/mL plus activin A at 100 ng/mL sig-
nificantly elevated T expression at 24 h, compared with treatment
with activin A alone (as a control) or BMP4 at 10 ng/mL plus activin A.
However, supplementation with BMP4 at a higher concentration
(50 ng/mL) did not further increase T expression. Exogenous BMP4
exerted a similar dose-dependent effect on GSC expression at 48 h and
on FOXA2 expression at 72 h; whereas, the greatest SOX17 expression
was observed in the condition with BMP4 at 50 ng/mL (Fig. 2A). At
24 h, the combination of bFGF at 10 ng/mL or 20 ng/mL with activin A
induced muchmore T expression than in cells treated only with activin
A. The strongest expression ofGSC, SOX17 or FOXA2wasdetected in cells
culturedwith bFGF at 20 ng/mLplus activin A. However, treatmentwith
bFGF at 100 ng/mL plus activin A failed to improve expression of DE-as-
sociated marker genes as compared to the controls (Fig. 2B). Treatment
with WNT3A at 10 or 25 ng/mL plus activin A resulted in significantly
higher T or GSC expression than in the controls. However, there was
no significant improvement in SOX17 or FOXA2 mRNA expression fol-
lowing exposure to WNT3A. Therefore, we shortened the duration of
WNT3A treatment as previously described [4]. HESCs were induced
with WNT3A and activin A during the first 24 h, followed an induction
by activin A alone for 48 h. A shortened exposure to WNT3A at 10 or
25 ng/mL resulted in greater SOX17 and FOXA2 expression than contin-
uous treatmentwithWNT3A in the presence of activin A (Fig. 2C). These
results suggested that a moderate concentration of BMP4, bFGF or
WNT3A is sufficient to promote activin A-driven DE induction under a
chemically defined condition.

To corroborate the qRT-PCR results, SOX17 and FOXA2 protein ex-
pression in hESCs induced by various combinations for 72 h was deter-
mined by Western blot analysis (Fig. 2D). We observed that WNT3A,
BMP4 or bFGF exerted dose-dependent or time-dependent effects on
SOX17 and FOXA2 protein expression in the presence of activin A, sim-
ilar to what was detected at themRNA levels. SOX17 and FOXA2 expres-
sion in ESCs with a short exposure (one day) to WNT3A at 10 or
Treatment Usage

Conditioned by
mouse embryonic
fibroblast

Human embryonic
stem cell
maintenance

amino acid, 0.1% chemical defined lipid
.1% polyvinyl alcohol

Definitive
endoderm
differentiation

amino acid, 0.1% chemical defined lipid
.1% polyvinyl alcohol, 1%



Fig. 1. Inefficient definitive endoderm differentiation and high cell loss in the presence of activin A under an albumin/insulin-free and chemically defined condition. (A) Transcriptional
levels of primitive streak or DE marker genes (BRACHURY, GSC, SOX17, and FOXA2) after a 4-day differentiation from hESCs (H9) were determined by qRT-PCR. Bar illustrates SD from
biological replicates (n = 3). *P b 0.01, **P b 0.005 according to Student's t-test. (B) Proportion of cells expressing the DE-specific surface antigen CXCR4, as measured by flow
cytometry at day 3. Numbers in boxes represent percentages of cell populations positive for CXCR4. (C) Annexin V/PI double staining assay was used to evaluate cell viability at day 1
of activin A-driven differentiation. Cells in bottom left region (Annexin−/PI− population) are classified as surviving cells. Numbers in boxes represent percentages of survival cell
populations. AA: activin A (100 ng/mL); CDM: chemically defined mediumwithout insulin supplement; iCDM: chemically defined medium with 10 μg/mL insulin.
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25 ng/mL was higher than 3-day treatment with WNT3A. The highest
SOX17 and FOXA2 expression was seen at the combination of BMP4
(20 ng/mL), bFGF (20 ng/mL) orWnt3a (10 or 25 ng/mL)with activin A.
3.3. Dual improvement on DE induction and cell survival using a cocktail
containing BMP4, bFGF and WNT3A

Basing on the results shown above, we created several combinations
of growth factor, and utilized SOX17 and FOXA2 expression as readouts
for evaluating their effects on DE differentiation. Of all the combinations
tested, the cocktail containing activin A, WNT3A, BMP4 and bFGF
(AWBF combination) showed the highest efficacy on SOX17 expression
at 72 h, but it did not have the same effect on FOXA2 expression. AWBF-
induced FOXA2 expression was comparable to AFW (activin A, WNT3A
and bFGF) or AF (activin A and bFGF), but greater than the remaining
combinations (Fig. 3A). In addition, it was determined that expression
of KDR (the mesoderm marker) and SOX7 (the extraembryonic endo-
derm marker) was barely induced while HHEX (the anterior definitive
endoderm marker) expression was gradually increased in the present
of AWBF combination (Fig. S2), by qRT-PCR assays. It suggested that
AWBF combination did not promote the differentiation towards meso-
derm or extraembryonic endoderm lineages under the chemical
defined condition.Western blot analysis confirmed a similar expression
pattern of SOX17 and FOXA2 protein in cells induced for 3 days (Fig. 3B).

The influence of the combination of WNT3A, BMP4 and bFGF on
activin A-driven DE generationwas further evaluated by CXCR4 expres-
sion with flow cytometry analysis. This combination increased CXCR4+

cell production from 27.6 ± 1.5% (induction by activin A alone) to 88.2
± 0.9% 3 days after differentiation. An induction duration up to 5 days
resulted in increased homogeneous CXCR4+ cell generation (97.67 ±
1.4%) in comparison to a diminished CXCR4+ cell output by activin A
alone (14.3 ± 2.16%) (Fig. 3C). We also evaluated the expression of an-
other DE marker, FOXA2 with immunocytochemical staing. It was ob-
served that the condition with activin A, WNT3A, BMP4 and bFGF
resulted in over 90% CXCR4-positive DE cell outputs (91.9 ± 2.2% and
95.2 ± 0.9% at day 3 and 5), compared to a relatively lower CXCR4-pos-
itive cell induction (32.6 ± 9.4% and 21.2 ± 8.5% at day 3 and 5) by
activin A alone (Fig. 3D). Furthermore, the Annexin V/PI double-binding
flow cytometric assay revealed that after exposure to a WNT3A BMP4
and bFGF cocktail, hESC showed a significantly increased double-nega-
tive population (47.93 ± 4.4%), indicating improved cell viability with
the combination in activin A-driven differentiation under an albumin/
insulin-free condition (Fig. 3E). As mentioned above, major cell loss
happened in the first 48 h of activin A induction, especially in the first
24 h (Fig. 3F). The supplementation of WNT3A BMP4 and bFGF



Fig. 2. BMP4, bFGF, orWNT3A dose dependence of DE-associated gene induction in activin A-driven differentiation. DEDifferentiation from hESCs (H9)was induced by 100 ng/mL activin
A and BMP4, bFGF, orWNT3A). Expressions of the primitive streakmarkers (T and GSC) at 24 h or 48 h, and definitive endodermmarkers (SOX17 and FOXA2) at 72 h, respectively, in the
presence of activinA combinedwith BMP4 (A), bFGF (B), orWNT3A (C). Bar illustrates SD frombiological replicates (n=3). *P b 0.01, **P b 0.005.Western blot analyseswereperformed to
determined SOX17 and FOXA2 protein expression in cells induced by BMP4, bFGF, orWNT3A in the presence of activin A for 72 h (D). Error bars indicate SD from biological replicates (n=
3). *P b 0.01, **P b 0.005. The schema illustrates multiple stages of DE differentiation from hESCs induced by different growth factors. The illustration also shows details of medium and
growth factors used at different stages of DE differentiation.
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mitigated cell loss and increased cell viability in comparisonwith activin
A-alone-induced differentiation.

To rule out the possibility of strain-specific effects of alternative
growth factors on DE differentiation, we tested the growth factors on
another hESC line, H7. The presence of the cocktail containing WNT3A,
BMP4 and bFGF under a chemically defined condition resulted in im-
proved DE production and viability maintenance in H7 DE differentia-
tion (Fig. S3). These results verified that this differentiation protocol is
optimal to drive DE differentiation from different hESCs at a high
efficiency.

3.4. Synergism ofWNT3A, BMP4 and bFGF on cell maintenance in activin A-
driven differentiation

The observation that the presence ofWNT3A, BMP4 and bFGF signif-
icantly improved cell viability raised a question which factor in the



Fig. 3. EnhancedDE differentiation using a BMP4, bFGF, andWNT3A cocktail in the presence of activin A. (A) Transcriptional expression of SOX17 and FOXA2 during 3-day differentiation of
hESCs (H9) induced by activin A alone or growth factor combinations, as detected by real-time qRT-PCR. Data were normalized to β-actin and are expressed as folds of expression in
undifferentiated hESCs (n = 3 biological replicates; bar illustrates SD). *P b 0.01, **P b 0.005, vs AWBF. (B) Western blot analyses were performed to detect SOX17 and FOXA2 protein
expression in cells exposed to different growth factor combinations for 3 days. (C) Flow cytometric analysis of CXCR4 expression in H9 induced by AWBF combinations or activin A for
3 or 5 days (n = 3 biological replicates), **P b 0.005, AA vs AWBF, using Student's t-test. (D) Immunofluoresent staining was performed to determine FOXA2 expression in H9 cells
treated by an AWBF combination or activin A alone for 3 or 5 days. Results are presented as a mean of positive cells in six fields (mean ± SD). (E) Annexin V/PI double staining assay
was used to evaluate H9 cell viability after 24 h activin A-driven differentiation. Cells in bottom left region (Annexin−/PI− population) are classified as viable; cells in bottom right
region (Annexin+/PI− population) are classified as apoptotic; cells in upper left region (Annexin−/PI+ population) are classified as dead; cells in upper right region (Annexin+/
PI+ population) are classified as necrotic. Three biological replicates are shown in the column chart and the bar illustrates SD from biological replicates. **P b 0.005, AA vs AWBF, using
Student's t-test. Cytokine combinations are represented as follows: control (activin A, AA), activin A + WNT3A (AW), activin A + BMP4 (AB), activin A + bFGF (AF), and activin A
+ 24 h-treatment with WNT3A + BMP4 + bFGF (AWBF) combination. (F) Percentage of total live cell was calculated every 24 h during DE induction. Three biological replicates were
normalized to percentage of total live cells in undifferentiated cells.
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cocktail contributedmost to cell survival in DE differentiation. Hence, an
Annexin V/PI double-binding assay was performed to evaluate cell via-
bility under various conditions for DE induction. When hESCs
underwent spontaneous differentiation in the control CDM, a moderate
amount of cell death (apoptosis and necrosis) was observed, although a
large portion of cells remained viable (Annexin V−/PI−) at 24 h.
Exposure to a high concentration of activin A dramatically increased
cell apoptosis and reduced cell viability, although insulin treatment re-
stored cell viability upon spontaneous or activin A-driven differentia-
tion (Fig. 4A).

Subsequently, we examined the effect of WNT3A, BMP4 or bFGF
on cell viability in activin A-driven differentiation. Supplementation
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with WNT3A (25 ng/mL), BMP4 (20 ng/mL) or bFGF (20 ng/mL)
slightly elevated the rate of viable cells in the presence of activin A,
whereas cell apoptosis remained high. Following exposure to a
WNT3A, BMP4 and bFGF cocktail, hESCs significantly seemed to be
resistant to apoptosis, and the percentage of viable cells significantly
increased up to 50% (Fig. 4B). To rule out the possibility that an
Fig. 4.WNT3, BMP4, and bFGF improved cell survival during activin A-driven differentiation un
viability of H9 cells after 24 h of activin A-driven differentiation. (B) The Annexin V/PI double s
after 24 h of activin A-driven differentiation. Three biological replicates are shown in the column
0.005, apoptotic cells; CM vs. AA, or AA vs. AWBF, using Student's t-test. Cells in bottom left regio
PI− population) are classified as apoptotic; cells in upper left region (Annexin−/PI+ popula
classified as necrotic. (C) Effect of WNT3a, BMP4, and bFGF on cell proliferation after 24 h of a
in or induced by MEF-conditioned medium (CM), chemically defined medium (blank), 10
combinations are represented as follows: control (activin A, AA), activin A + WNT3A (AW), a
(AWBF) combination.
increase in viable cells could be a consequence of enhanced cell
proliferation, we performed Ki67 staining to evaluate cell prolifera-
tion rate under the above-mentioned conditions. After 24 h of activin
A-induced differentiation, there was only a slight decrease in the
percentage of Ki67high-cells in comparison to undifferentiated
hESCs; and this effect was impeded by insulin supplementation.
der an insulin-free condition. (A) Annexin V/PI double staining assay was used to evaluate
taining assay was used to evaluate the effect of alternative growth factors on cell viability
chart, and the bar illustrates SD from biological replicates. **P b 0.005, surviving cells; **P b
n (Annexin−/PI− population) are classified as surviving; cells in right region (Annexin+/
tion) are classified as dead; cells in upper right region (Annexin+/PI+ population) are
ctivin A-induced DE differentiation, as evaluated by Ki67 staining. Cells were maintained
0 ng/mL activin A (AA), and 50 μg/mL insulin and activin A (AA + Insulin). Cytokine
ctivin A + BMP4 (AB), activin A + bFGF (AF), and activin A + WNT3A + BMP4 + bFGF
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Additionally, there was no significant difference in the percentage of
Ki67high-cells between conditions with or without WNT3A, BMP4
and bFGF supplementation (Fig. 4C), suggesting that these growth
Fig. 5. Differentiation competency of BMP4, bFGF, and WNT3A-induced DE cells into a hepatic
towards hepatic lineage cells. Images show temporal and sequential changes in cell morpholog
of differentiation. (B) QRT-PCR shows expression of hepatocyte-specific genes (HNF4a and ALB
biological replicates (n = 3), **P b 0.005, AA vs. AWBF, using Student's t-test. (C) Flow cytom
after 12-day hepatic induction, n = 3, **P b 0.005, AA vs. AWBF, using Student's t-test. (D) Alb
expressed as ng/ml/24 h, n = 3, **P b 0.005, AA vs. AWBF, using Student's t-test.
factors did not significantly affect cell proliferation during the initial
stages of DE differentiation. These results also indicated that there is
a synergistic effect of WNT3A, BMP4 and bFGF on activin A-induced
lineage. (A) Schematic illustrates DE differentiation from hESCs and further differentiation
y, and immunofluorescence analysis presents expression of keymarkers at different stages
) in DE cells cultured under hepatic induction conditions, and the bar illustrates SD from
etry detection of albumin expression in AWBF combination or activin A-induced DE cells
umin protein secretion was measured by an ELISA kit on day 15 of differentiation and is
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apoptosis, which may contribute to improved cell survival under an
insulin-free condition.

3.5. Hepatic differentiation of activin A, WNT3A, BMP4 and bFGF combina-
tion-induced DE cells

A further differentiation assay of hESCs towards a hepatic lineage
was performed to determine the potential of DE cells induced by the
AWBF combination cocktail containing activin A, WNT3A, BMP4 and
bFGF. The schematic representation illustrates the procedure of DE gen-
eration and further differentiation of DE cells along the hepatic lineage
(Fig. 5A). Characteristic morphological changes and expression of key
hepatic markers in hESCs-derived cells at different stages were also
shown in this panel. Under the hepatic induction by BMPs/FGFs/KO-
SR, higher expression of HNF4 or ALB mRNA levels was observed than
those in activin A-induced DE cells at Day 6 or Day 12 with exposure
to the same hepatic induction regimen (Fig. 5B). Detection of ALB+

cells by FACS showed that the percentage of fetal hepatocyte increased
up to ~80% 12 days under the hepatic induction in the AWBF-induced
DE cells, in contrast to ~30% in activin A-induced DE cells (Fig. 5C). He-
patic progenitor or hepatoblasts induced by AWBF protocol also re-
leased a greater amount of albumin than that induced by Activin A-
alone protocol (Fig. 5D). These results suggested that AWBF-induced
DE cells are sufficiently competent to derive specialized lineages from
the endoderm in vitro.

4. Discussion

It is common that chemically defined conditions for DE differentia-
tion from hESCs contain serum albumin, insulin and other supplements
[21,23,25]. Those conditions are insufficient to achieve high endoderm
productivity, and potentially result in unexpected variations in endo-
derm induction,whichmay be attributed to a variety of lipids or growth
factors associated with serum albumin preparation [20]. Insulin/IGFs
serve as a blockade of endoderm fate specification by activating PI3K/
AKT signaling [5]. Therefore, we initiallymodified the Vallier's hESC cul-
ture medium by withdrawing insulin to establish a fully defined condi-
tion for DE production. Our efforts faced the challenge of a low DE yield
in the presence of activin A under an albumin/insulin-free condition,
even though DE differentiationwas evidenced by temporal and sequen-
tial up-regulation of T/GSC and SOX17/FOXA2 expression. Thus, it ap-
pears to us that an efficient DE generation requires inducing factors
other than activin A under an albumin/insulin-free condition.

From literature it is clear that several growth factors, including
BMP4, bFGF, and WNT3A, promote DE cell fate determination from
hESCs in the presence of activin A [8,9,23,25]. In these studies, supple-
mentation with moderate concentrations of BMP4, bFGF, and WNT3A
was sufficient to up-regulate expression of DE key markers during
activin A-driven differentiation. Additionally, the effect of WNT3A on
DE differentiation was dependent on exposure duration under the
chemically defined condition. A shortened duration of WNT3A treat-
ment during the first 24 h seemed to result in a better synergistic effect
of WNT3A and activin A on DE differentiation in comparison to contin-
uous WNT3A treatment. This was consistent with the fact that in vitro
hESC differentiation into DE initially requires activation of the canonical
Wnt-signaling pathway [26]. However, current approaches to direct DE
differentiation show a quite difference in the use of inducing factors that
cooperate with activin A. One explanation may be the batch-to-batch
variation in serum supplements whose components gave rise to a sub-
stantial difference in medium components [20]. These variations
might alter the optimal inducing capability, including growth factor
concentrations, the combined effects and sustainability, and ultimately
compromise reproducible DE generation. Therefore, a large-scale of re-
producible DE generation will require an optimal serum or serum albu-
min-free condition to minimize these variations.
As shown in other studies, insulin-free conditions caused severe cell
death and impaired the yield of desired cells [12,13]. In addition, we
found that inhibition of the insulin/PI3K pathway using the chemical
LY294002 potentiated apoptotic cell death and eliminated most cells
within 12 h under insulin-free conditions (data not shown). In contrast,
supplementation with insulin ameliorated hESC apoptosis and signifi-
cantly improved cell viability during activin A-driven differentiation.
Therefore, it is conceiving that the viability of hESCs undergoing DE dif-
ferentiation is dependent on activation of insulin/PI3K-dependent sig-
naling, which is consistent with previous studies on signaling
networks in embryonic stem cells [27,28]. Insulin-containing supple-
ments have been prevalently used to maintain cell viability under
serum-free conditions, because the high cell density is believed to be
important for efficient DE generation. Unfortunately, maintenance of
cell survival with insulin addition is inconsistent with the DE cell com-
mitment that requires reduced insulin-PI3K/AKT signaling. In the pres-
ent study, dramatic cell loss was observed during DE induction,
particularly during the first 24 h, which was consistent with observa-
tions of hESC differentiation towards endodermal or mesodermal path-
ways in serum-independent conditions [12,13]. The presence of
WNT3A, BMP4, or bFGF resulted in improved cell viability at first 24 h
of DE induction under an albumin/insulin-free condition. Moreover,
there was a strong synergism with WNT3A, BMP4, and bFGF on cell vi-
ability during activin A-induced DE differentiation, which significantly
minimized cell apoptosis by circumventing the insulin/IGF signaling
pathway and indirectly contributed to DE induction in the absence of in-
sulin. Thismight explainwhy some growth factors foster activin A-driv-
en differentiation into endodermal lineages in vitro, even though there
is no evidence of their implication in mesendoderm/endoderm forma-
tion in vivo [8,29]. However, insulin supplementationwas indispensable
for viability maintenance and DE cell production in the case where in-
duction duration was extended to 5 days under the insulin/albumin-
free condition. A recent study revealed that PI3K/AKT signaling pro-
motes the transition from naïve endoderm precursors into anterior en-
doderm [30], which suggests that the growth factor cocktail is a short-
term and partial substitute for exogenous PI3K signaling during DE dif-
ferentiation. Further optimization of cell maintenance requires a deep
understanding of the balance between cell death and cell survival dur-
ing DE differentiation in vitro. Our ongoing investigation focuses on
the mechanisms underlying the choice between cell viability and sur-
vival. Indeed, highly efficient DE generation from hESCs has been
achieved without alternative growth factors [3], which may be due to
the application of serum or serum albumin that carries some of the
growth factors required for DE differentiation. Mclean et al. observed
that DE differentiation results in dramatic up-regulation of FGF/BMP
signal-associated gene expression in hESCs [5], it is speculating that
these signaling pathways could be stimulated in an autocrine or para-
crine manner. This could explain why the maintenance of an appropri-
ate cell density is required for efficient DE differentiation. Manipulating
signaling pathways is not the only way to drive hESCs towards a DE cell
fate. It has been recently shown that output of DE population generation
was enhanced by creating a lowoxygen culture condition in the process
of directed differentiation. However, prolonged severe hypoxia (treat-
ment with 1.5% O2) compromised cell proliferation and survival [31].
The dual impacts of hypoxia suggest that the maintenance of cell viabil-
ity should be seriously considered in the development of a refined pro-
tocol for DE differentiation.

5. Conclusions

Our results indicate that a cocktail containing WNT3A, BMP4 and
bFGF promotes DE differentiation under a chemically defined condition
in two manners. First, exogenous WNT3A, BMP4 and bFGF directly
promote DE differentiation in a dose- or time-dependent manner.
Second, as a consequence of increased cell viability following exposure
to the cocktail, DE generation is indirectly improved by minimal
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supplementation with insulin/IGFs. This optimal protocol confers effi-
cient production of DE cells in an albumin/insulin-free and chemically
defined system, and could facilitate the establishment of a DE genera-
tion system feasible for future clinic and pharmaceutical applications.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lfs.2017.03.017.
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