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a b s t r a c t

Generation of specific lineages of cells from embryonic stem (ES) cells is pre-requisite to use these cells in
pre-clinical applications. Here, we developed a recombinant E-cadherin substratum for generation of
hepatic progenitor populations at single cell level. This artificial acellular feeder layer supports the stepwise
differentiation of ES cells to cells with characteristics of definitive endoderm, hepatic progenitor cells, and
finally cells with phenotypic and functional characteristics of hepatocytes. The efficient differentiation of
hepatic endoderm cells (approximately 55%) together with the absence of neuroectoderm and mesoderm
markers suggests the selective induction of endodermdifferentiation. The co-expression of E-cahderin and
alpha-fetoprotein (approximately 98%) suggests the important role of E-cadherin as a surface marker for
the enrichment of hepatic progenitor cells. With extensive expansion, approximately 92% albumin
expressing cells can be achieved without any enzymatic stress and cell sorting. Furthermore, these mouse
ES cell-derived hepatocyte-like cells showed higher morphological similarities to primary hepatocytes. In
conclusion, we demonstrated that E-cadherin substratum can guide differentiation of ES cells into endo-
derm-derivedhepatocyte-like cells. This recombinant extracellularmatrix could be effectively used as an in
vitro model for studying the mechanisms of early stages of liver development even at single cell level.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Embryonic stem (ES) cell-derived functionally mature hepato-
cytes may hold the key to replacing the cells lost in many devas-
tating liver diseases [1e4]. Several recent studies have reported
the differentiation of hepatocyte-like cells from human and mouse
ES cells [5e8]. Most of the studies demonstrating hepatic differ-
entiation from ES cells have been based on traditional culture
techniques, such as embryoid body formation, aggregated colony
formation on gelatin-coated plates or feeder layers. However,
there are some problems with these current protocols, including
spontaneous differentiation, low yield, the presence of undefined
and xenogenetic compounds, necessity of cell sorting for specific
lineages of cells, and considerable enzymatic stress during
repeated culture [9,10]. Moreover, the cellular heterogeneity in the
culture limits the diffusion of growth factors and nutrients from
the culture medium and therefore, not suitable for differentiation
: þ81 45 924 5815.
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particularly where frequent media changes are required [11,12].
The use of defined and selective culture condition considering
biomaterial design can be an alternative to overcome these prob-
lems and to make the ES cell system practical for routine research
and clinical applications.

Extracellular matrix (ECM), soluble factors and neighboring cells
are most important effectors of stem cell behavior and function.
Among them, cellematrix interaction plays a fundamental role in
regulating cellular differentiation [13,14]. The calcium-dependent
cellecell adhesion molecules, cadherins, are essential for intercel-
lular adhesion, colony formation and the differentiation of ES cells
[15e18]. The predominant cadherin of most epithelia, including
endodermal cells and liver cells is E-cadherin. This transmembrane
molecule plays an important role at the stage of hepatic differen-
tiation, including stimulation of hepatic morphogenesis and hep-
atospecific maturation [15,16,19]. However, E-cadherin expression
is restricted in mesodermal cells and early ectodermal cells
[15,20,21], indicating essential relationship between E-cadherin
and endoderm-derived hepatospecific differentiation. Moreover,
mouse ES cell-derived hepatocyte developmental pathway involves
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consistent expression of E-cadherin throughout all stages of
differentiation including mesendoderm [22] definitive endoderm
[20] and hepatic progenitor cells [15], indicates the promise of E-
cadherin as a marker for the matrix-mediated enrichment of
endoderm/hepatic cells.

In our previous studies,we established artificial ECMwith a fusion
protein of E-cadherin extracellular domain and IgG Fc region
(abbreviated as E-cad-Fc) in maintaining pluripotency of ES cells
without colony formation [11]. Here, we focused on the efficiency of
E-cad-Fc-coated ECM to induce differentiation and enrich mouse
embryonic stem (mES) cell-derived hepatocyte-like cells. The
purpose of using E-cad-Fc-immobilized ECM has many folds,
including efficient differentiation of cells at single cell level, devel-
opment of defined culture condition, elimination of enzymatic stress
on differentiating cells, and E-cadherin-dependent selective enrich-
ment of cells at different stages of the developmental pathway.

2. Materials and methods

2.1. Preparation of E-cad-Fc-coated dishes

Expression and purification of E-cad-Fc fusion proteins and preparation of
E-cad-Fc-coated dishes have been described in detail elsewhere [11]. In brief, E-cad-
Fc fusion protein was generated using the E-cadherin extracellular domain cDNA
from mouse E-cadherin full-length cDNA provided by the RIKEN BRC DNA Bank
(code 1184), and mutated mouse IgG1 Fc domain cDNA (T252M/T254S). To prepare
the E-cad-Fc-coated surface, 10 mg/ml purified E-cad-Fc solutions was directly added
to non-treated polystyrene plates. After 2 h incubation at 37 �C, plates were washed
with phosphate buffer saline (PBS) once, and then cells were seeded on E-cad-Fc-
coated plates. The characteristic single cell morphology was observed after 20 h of
incubation at 37 �C.

2.2. Cell culture

For all cultures, feeder-free mouse embryonic stem cell line (EB3), mouse
primary hepatocytes and human hepatoma cell line HepG2 cells (RIKEN, Japan)
were used. Mouse embryonic stem (mES) cells were maintained on 0.1% gelatin-
coated dishes in Glasgow minimum essential medium (GMEM; SigmaeAldrich),
supplemented with 10% (v/v) fetal bovine serum (FBS), 1 mM L-glutamine (Milli-
pore), 1% nonessential amino acids (Gibco, Invitrogen), 0.1 mM b-mercaptoethanol
(Sigma Chemical), 1000 units/ml recombinant leukemia inhibitory factor (LIF;
Chemicon), 50 mg/ml penicillin and 50 mg/ml streptomycin (nacalai tesque). mES
cells were passaged every third day with daily media change for at least three
passages (9 days) using Accutase (Millipore) prior to initiation of differentiation
studies.
Fig. 1. Schematic representation of the strategy for differentiation of mES cells to hepatocyte
listed in the figure. Abbreviation: Goosecoid, Gsc; Brachyury, Bra; hepatocyte nuclear factor-
receptor, ASGPR; tryptophan oxygenase, TO.
2.3. In vitro differentiation of mES cells

The differentiation medium was identical to that described above for ES cell
culture medium except that FBS concentration was reduced to 1%, stage specific
differentiation induction factors and 10% (v/v) knockout serum replacement (KSR;
Invitrogen) were added and LIF was omitted. Three different combinations of
growth factors, soluble factors and small molecules were used: optimized concen-
tration (10 ng/ml) of activin A (R&D systems) in differentiation medium I, 10 ng/ml
activin A and 50 ng/ml basic fibroblast growth factor (bFGF; Promega) in differen-
tiation medium II, and 10 ng/ml hepatocyte growth factor (HGF, Sigma), 10 ng/ml
oncostatin M (OSM, Sigma) and 1 mM dexamethasone (DEX, Sigma) in differentiation
medium III.

The detailed method of differentiation is illustrated in Fig. 1. Briefly, before the
induction of differentiation, mES cells were cultured on 0.1% gelatin-coated plates
for 3 days. The cells were dissociated with Accutase before confluent, washed two
times with PBS to remove LIF. 9000 cells were plated onto 35 mm E-cad-Fc-coated
culture dishes in differentiation medium I. By convention, this time point was
designated “day 0” or “d0” post differentiation. After 3 days, the differentiating cells
were further induced to endoderm cells in differentiationmedium II for 3more days.
For further maturation, cells at this stage were dissociated with enzyme free cell
dissociation buffer (CDB; Gibco, Invitrogen) and reseeded again onto 35 mm E-cad-
Fc-coated dishes at a density of 9000 cells in differentiation medium III for another 2
weeks.

For optimization of activin A concentration to induce endoderm differentiation,
varying concentrations of activin Awere used for the first five days of differentiation
(d1 to d5). The following concentrations of activin A were selected: 5, 10, 15, and
20 ng/ml. Control cultures without activin A were always grown in parallel.

For comparative study to conventional culture techniques, embryoid body (EB)
and cells on 0.1% gelatin-coated disheswere induced to differentiate. FormES cells on
0.1% gelatin-coatedmatrices, cells were cultured for 3 days in presence of LIF to form
tight shiny colonies and then switched into differentiation medium following the
same protocol as discussed previously. Differentiation in embryoid bodies (EBs) was
carried out using the hanging drop method. Briefly, cells on gelatin-coated dishes
were dissociated with Accutase and diluted to 9.9x104 cells/ml in differentiation
medium I; 30 ml drops were placed inside of a polystyrene petri dish lid. On day 3,
three hanging drops containing embryoid bodies were transferred to each 35 mm
0.1%gelatin-coateddish and incubated for threemoredays in differentiationmedium
II. At day 7, media was switched to differentiation medium III for 2 more weeks. EBs
without any added growth factors were used for spontaneously differentiated cells.
Growth and changes in morphology were monitored daily. At different differentia-
tion time points, cells were collected for the analysis of stage specific markers.

2.4. Culture of control cells

Mouse primary hepatocytes and hepatoma cell line HepG2 cells were used as
control. Primary hepatocytes were isolated from male ICR (6e8 weeks) mice (SLC,
Shizuoka) by the modified in situ collagenase perfusion method as described else-
where [23]. The viable parenchymal hepatocytes were suspended in Williams’ E
medium (Invitrogen) containing 10% (v/v) FBS and seeded at 3 � 104 cells/cm2 in
-like cells. The stage specific differentiation markers and differentiation conditions are
4a, HNF-4a; a-fetoprotein, AFP; albumin, ALB; cytokeratin 18, CK18; asialoglycoprotein
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flat-bottomed plates which were pre-coated with collagen type I, E-cad-Fc or
gelatin. The fresh medium was added after 4 h incubation at 37 �C to remove
unattached and dead cells. Collagen type I was used as ECM for RT-PCR analysis at all
stages of differentiation and E-cad-Fc or gelatin-coated plates were used for
morphological analysis at late stages of differentiation. HepG2 cells were cultured in
Dulbecco’s modified Eagle medium (DMEM; Invitorogen) containing 10% (v/v) FBS.
All media contained 50 mg/ml penicillin and 50 mg/ml streptomycin (nacalai tesque).

2.5. Adhesion assays

For adhesion assay, cells were seeded on E-cad-Fc or gelatin substratum. After
24 h culture in a 96 well-plate, medium and non-adhered cells were removed, and
washed three times with PBS. Adhered cells were then fixed with Mildform 20N (4%
formaldehyde, pH 7.0e7.5;Wako Pure Chemical) for 15min. After washing with PBS,
cells were stained with 0.1% (w/v) Crystal Violet for 10 min and washed again. The
absorbency at 570 nm was measured by using a micro-plate reader following
incubation for 30 min in presence of 2% SDS (nacalai tesque). For inhibition exper-
iment, cells were pre-cultured with monoclonal anti-mouse E-cadherin antibody
(ECCD-1; Takara) at 4 �C for 1 h and seeded to E-cad-Fc-coated plates.

2.6. Semi-quantitative reverse transcriptase polymerase chain reaction (RT-PCR)

Total RNA was extracted using Trizol reagent (Invitrogen). RNA was reverse-
transcribed into cDNA with an oligo-dT primer using Moloney murine leukemia
virus (M-MLV) reverse transcriptase (Invitrogen). PCR was performed with TopTaq
polymerase (Qiagen) in PCR buffer containing 0.2 mM dNTPs (Takara). Primers and
PCR conditions used are listed in Supplementary Table 1. PCR products were
resolved by 2% agarose gel electrophoresis and scanned by Typhoon 8600 Imager.
The amount of mRNA for each marker was deduced from the fluorescent signal of
PCR products using ImageQuant image analysis software (Version 5.2, Molecular
Dynamics).

2.7. Flow cytometry

The cultured cellswere harvestedwith cell dissociation buffer for E-cad-Fcmatrix
or with Accutase for gelatin-coated plates and analyzed. The dissociated 1�106 cells/
mlwere resuspended in cold PBSwith2% FBS for 30min toblock nonspecific antibody
binding. The cells were incubated with FITC-conjugated anti-mouse CD184 (CXCR4)
monoclonal antibody (BDPharmigen) for45minon ice. The stainedcellswerewashed
twice and resuspended in PBS buffer for analysis using EPICS XL flow cytometer
(Beckman Coulter).

2.8. Immunofluorescence

Cells were fixed with Mildform 20N (8% formaldehyde) for 30 min and per-
meabilized with 0.2% Triton X-100 (nacalai tesque) for 5 min. Fixed cells were incu-
bated with Image iT-FX signal enhancer (Invitrogen) for 30 min and blocked with
Blocking one solution (nacalai tesque) for 1 h. The primary antibodies used in the
study include mouse anti-E-cadherin (BD Transduction Laboratories), goat anti-
mouse Sox17 (V-20, Santa Cruz Biotechnology) rabbit anti-human a-fetoprotein
(AFP; H-140, Santa Cruz Biotechnology), goat anti-mouse albumin (ALB, Abcam),
rabbit anti-human ASGPR1/2 (FL-291, Santa Cruz Biotechnology). The samples were
washed for three times, and incubated with appropriate secondary antibodies
conjugated with Alexa Fluorophore (Invitrogen) at room temperature for 1 h. After
three times washing, the samples were counterstained with 40 ,6-diamidino-2-phe-
nylindole (DAPI, Sigma), and examined by fluorescent inverted microscope
(Olympus, Tokyo, Japan) or confocal laser scanningmicroscope (Nikon, Tokyo, Japan).
For the measurement of co-expression index (CEI), E-cadherin and AFP localizations
were visualized by a combination of each primary antibody and secondary antibody
conjugated with Alexa Fluophore 488 and 555, respectively. Fluorescent images of
approximately 50e100 cells in at least 5 different areas of each condition in three
independent experiments were captured, and the total number of E-cadherin-posi-
tive cells and the number of AFP-positive cells were calculated in each image, and
subjected to statistical analysis. ImageJ software (rsbweb.nih.gov/ij/)was used for the
quantification of immunoreactive cells. All the reactions were carried out at room
temperature.

2.9. Western-blot analysis

The total cellular protein was extracted with lysis buffer (10 mM TriseHCl,
150 mM NaCl, 1% Nonidet P-40, 10 mM EDTA, 2 mM PMS9, and protease inhibitor
cocktail; PH 7.4), and cell lysates were centrifuged at 15,000� g for 15 min at 4 �C.
Samples were separated by electrophoresis on 7.5% polyacrylamide gels and elec-
trophoretically transferred to a polyvinylidene difluoride membrane (Immobilon-P;
Millipore). The primary antibodies were as follows: rabbit anti-mouse STAT3 (Cell
Signaling Technology), rabbit anti-mouse pSTAT3 (Cell Signaling Technology),
mouse anti-E-cadherin (BD Transduction Laboratories), rabbit anti-human N-cad-
herin (H-63, Santa Cruz Biotechnology), goat anti-mouse albumin (Abcam), and
mouse anti-b-actin (Sigma). The membranes were then reacted with horseradish
peroxidase (HRP)-conjugated secondary antibody (1: 10,000 dilution; Jackson
ImmunoResearch Laboratories) for 1 h. HRP activity was assayed using Immobilon
Western detection reagents (Millipore) according to the manufacturer’s instruction.

2.10. Glycogen storage (PAS reaction)

All reagents used in this technique were purchased from Wako Pure Chemical,
Japan. Cells at the late stages of differentiation on gelatin and E-cad-Fc-coated plates
were fixed in Mildform 20N (8% formaldehyde, pH 7.0e7.5) for 10 min and subse-
quently washed three times in PBS. As technical negative control, a culture was
treated with human saliva for 20 min and then washed in PBS. The human saliva
contains a-amylase which digests glycogen. Cells were oxidized in 1% periodic acid
for 5 min, rinsed in PBS again, and then exposed to the Schiff reagent for 10 min. A
third PBSwash to remove the reagent was followed by an inspection of the cells with
light microscope. All the reactions were carried out at room temperature. Sponta-
neously differentiated cells were used as control.

2.11. Observation of cell cytoskeleton

Mouse ES cell-derived hepatocyte-like cells (mES-H) on 21 days of differentia-
tion andmouse primary hepatocytes (PH) were seeded at a density of 5�104 cells in
35 mm cell culture plates coated with 10 mg/ml of E-cad-Fc and 0.1% of gelatin. After
3 days of culture, the cell cytoskeleton was observed by immunofluorescence
staining as described previously. F-actin was visualized using Alexa Fluor 488
phalloidin (Molecular Probes, Invitrogen). Nuclei were counterstained with DAPI.
Samples were observed by fluorescence microscopy using a 20� objective lens.
Several parameters were introduced to quantify the morphological similarities
observed between the two experimental groups, mES-H cells and PH. Useful indi-
cators such as the cell spreading area and bipolarity index (BI) were processed and
analyzed with imageJ. The BI was determined using the following expression.
BI ¼ (cell length/cell width) [A higher BI value indicate a more elongated cell]. At
least 20 cells per experimental group from 3 separate images were analyzed to
compute the mean and standard deviation of the respective morphological indices.

2.12. Statistical analyses

Data are presented as the mean � standard deviations (SD). Statistical analyses
were performed with Student’s t-test for paired samples. A pevalue < 0.05 was
considered statistically significant. Q1Macros (www.qimacros.com) was used for
Whisker plot construction.

3. Results

We previously established E-cad-Fc-immobilized extracellular
matrix (ECM) in maintaining pluripotency of ES cells without
colony formation. ES cells on this recombinant ECM showed higher
proliferative ability, lower dependency on LIF, and higher trans-
fection efficiency than in conventional culture conditions [11].
Here, we focused on the efficiency of E-cad-Fc-coated ECM to
induce differentiation of mouse ES cell line (EB3) to hepatocyte-like
cells. As previously reported, all undifferentiated cells on E-cad-Fc-
coated plates showed scattering single cell morphology with the
expression of Oct3/4, Nanog and E-cadherin.

3.1. Dosage effect of activin A signaling on endoderm differentiation

Hepatocytes are definitive endoderm-derived population. In
recent studies, ES cells were differentiated to mesendoderm and
subsequently to definitive endoderm cells by the treatment with
activin [3,20,22]. However, the efficiency of endoderm production
was lower without cell sorting and required relatively higher
concentration of activin due to heterogeneous condition in EB
culture system [5,24]. It was shown that homogeneous population
of undifferentiated cells on E-cad-Fc-coated plates is less depen-
dent on growth factors to maintain their undifferentiated state [11].
Considering this phenomenon, we optimized the concentration of
activin A for endoderm cell differentiation on E-cad-Fc-coated
plates. The scheme of ES cell differentiation into endoderm cells is
illustrated in Fig. 1. 20e50 ng/ml activin A was most commonly
used in mouse ES cell differentiation schemes [5,7,24]. Here, we
selected four different concentrations of activin A (5, 10, 15 and
20 ng/ml) and monitored the relative expression of endoderm cell
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Fig. 2. Differentiation of mES cells into endoderm cells on E-cadherin and gelatin substratum. Bright field microscopic image shows the morphological changes of mES cells (EB3) on
0.1% gelatinized or 10 mg/ml E-cad-Fc-coated surfaces on first (d1) and fifth (d5) days of differentiation. The most prominent morphological changes of EB3 cells on E-cad-Fc-coated
surface were observed on day 5. Undifferentiated mES cells were used as control (A). By day 5, expression of endoderm markers, Sox17 (B) and Foxa2 (C) was monitored at different
concentrations of activin A using RT-PCR analysis and relative expression was quantified using ImageQuant software. b-actin was used to normalize the expression level and
differentiated cells on gelatin produced by embryoid body culture systemwere used for comparative study. Differentiated cells on day 5 were stained with Alexa Fluor 488 phalloidin
(green) to observe F-actin. Immunofluorescence images showing cells with scattering distribution could express E-cadherin, and Sox17 at the same stage of differentiation. DAPI was
used for nuclear staining (blue) (D). Flow cytometric analysis of differentiated ES cells for the definitive endoderm progenitor marker, CXCR4 (E). mES cells and differentiated cells at
d1 and d5 could adhere to E-cad-Fc-coated dish as well as gelatin-coated surface after 24 h culture. Inhibition assay shows that in presence of E-cadherin neutralizing antibody
(a-ECD) the cells can adhere on gelatin-coated surface but not on E-cadherin substratum. Blocking one was used as negative control (F). Scale bar: 50 mm.
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markers on day 5. Exposure of mES cells to activin A (5e20 ng/ml)
induced scattering single cell morphology on E-cad-Fc-immobi-
lized matrix, which was not appeared in undifferentiated mES cells
and spontaneously differentiated cells (Fig. 2A). Moreover, differ-
entiated cells on 0.1% gelatin-coated plate demonstrated a clear
heterogeneous population with elongated cells only at the surfaces
of the colonies. We also analyzed endoderm cell differentiation
using RT-PCR for Foxa2 and Sox17. Differentiated cells in the pres-
ence of 10 ng/ml activin A showed most efficient expression of
Foxa2 and Sox17 (Fig. 2B,C). Therefore, in addition to unique
changes in cell morphology, mES cell differentiation on E-cadherin
substratumwas advantageous with regard to reagent conservation.
Compared to conventional culture systems, artificial acellular
feeder layer allowed us to use 2e5 times less of this expensive
growth factor during a 5 day experiment. Considering this dosage
effect, we selected 10 ng/ml activin A for endoderm differentiation
in next stages of this study.

3.2. Selective induction of endoderm gene and protein expression

Undifferentiated mES cells were exposed to optimized concen-
tration of activin A (10 ng/ml) for three days to induce mesen-
doderm formation, and then were treated with bFGF (50 ng/ml) in
the presence of activin A for another three days to induce definitive
endoderm cells. To determine the ability of the E-cad-Fc-coated
matrix to induce an endoderm phenotype, we cultured mES cells at
a seeding density of 9000 cells per 35mm tissue culture dish in low
serum condition. As wementioned previously, all the single cells on
Fig. 3. The effects of different culture conditions on mRNA expression level of lineage genes
on gelatin and E-cad-Fc extracellular matrix were treated with activin A (10 ng/ml) and bFGF
3 and 5 days of differentiation (A). Markers for primitive (Oct3/4), early ectoderm (Sox1), m
(Gata1) were used for transcription analysis (B). Western-blot analysis showing protein ex
protein expression level was normalized using b-actin (C). Semi-quantitative RT-PCR was us
in endoderm cells on E-cad-Fc- and gelatin-coated plates (D). Gene expression was measur
intensity of amplified bands (E). The expression level was normalized using house-keeping g
G, gelatin-coated matrix; E, E-cad-Fc-coated matrix.
E-cad-Fc-coated matrix acquired a characteristic scattering
morphology within 5 days of differentiation (Fig. 2A). To determine
whether the cells on E-cad-Fc with scattering morphology express
endoderm-specific markers, we performed immunofluorescence
staining for the major endoderm transcription factors Sox17. We
found that all most all cells with scattering morphology expressed
Sox17 (Fig. 2D). To determine the relative fraction of these endo-
derm-like cells, we used flow cytometry, demonstrating that
approximately 54% of the cells were positive for CXCR4 by day 5 of
culture on E-cad-Fc, whereas only about 6% cells were positive on
gelatin-coated plates (Fig. 2E).

E-cadherin is the key molecule for the attachment of differen-
tiated cells on E-cad-Fc-coated plates. We confirmed the expression
of E-cadherin at first and fifth days of differentiation by evaluating
the ability of dissociated single cells to adhere on E-cad-Fc-coated
plates (Fig. 2F). To further explore the possibility of E-cadherin-
dependent attachment of differentiated cells, a neutralizing anti-
body targeting extracellular domain of E-cadherin (ECCD-1) was
used to block the hemophilic interaction of E-cadherin present on
substratum and cell surface (Fig. 2F). The attachment efficiency of
mES cells on gelatin was not changed by the anti-ECCD-1 antibody,
whereas both undifferentiated and differentiated cells failed to
attach on E-cad-Fc-coated ECM in presence of E-cadherin neutral-
izing antibody, suggesting the E-cadherin-dependent differentia-
tion of mES cells on E-cad-Fc-coated ECM. Immunofluorescence
images, Western blotting and RT-PCR analysis further confirmed
the presence of E-cadherin on activin treated endodermal cells
(Figs. 2D, 3AeC).
on the differentiation of mES cells. mES cells cultured in embryoid body (EB) system or
(50 ng/ml). The mRNA expression level of E-cadherin and N-cadherin was measured on
esendoderm (Brachyury, Goosecoid), endoderm (Sox17, Foxa2, Gata6), and mesoderm
pression level of E-cadherin and N-cadherin, and phosphorylation level of STAT3. The
ed to evaluate the time point of maximum expression of transcripts of genes expressed
ed by RT-PCR and quantified using ImageQuant software by measuring the fluorescent
ene, b-actin or GAPDH. Abbreviation: ES, embryonic stem cell; PH, primary hepatocyte;



Fig. 4. Immunofluorescence assessment of endoderm and hepatic progenitor cells. AFP signal on day 9 is demonstrated in top panels while ALB on day 15 is solely shown in bottom
panels. Immunostaining image shows approximately 94% and 92% of the cells were immunoreactive for AFP and ALB, respectively. Fluorescent images of approximately 50 cells in at
least 5 different areas of each condition in three independent experiments were captured, and the total number of AFP-positive cells was calculated in each image, and subjected to
statistical analysis (A). AFP and E-cadherin signals are demonstrated in red and green, respectively on day 9. Note that E-cadherin is mainly accumulated at cellecell and cellematrix
contact sites (B). This result was confirmed at single cell level by repeat tests using laser scanning confocal microscopy where E-cadherin stained as brown and AFP as green (C). Co-
expression index (CEI) represents the ratio of the number of AFP-positive cells with accumulation of E-cadherin to the total number of AFP-positive cells. Data are mean � SD, n ¼ 3.
Spontaneously differentiated cells (SD) were used as control (D). ImageJ software was used to quantify the total number of cells positive for Sox17 on day 7 and ALB on day 15.
Whisker plot was constructed for a comparative study between immunostaining positive cells on E-cad-Fc and gelatin. Nuclear staining (blue) using DAPI was used to count the
total number of cells (E). Scale bar is equivalent to 50 mm unless otherwise mentioned.
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To determine particular gene expression pattern of mesen-
doderm and definitive endoderm, we studied differentiated pop-
ulations on two different days (d3 and d5) using RT-PCR.
Spontaneously differentiated cells in embryoid body RNAwas used
as positive control for all primers. We detected mesendoderm
(Goosecoid, Brachyury, E-cadherin and N-cadherin) and endoderm
(E-cadherin, Foxa2, Sox17 and Gata6) but not ectoderm (Sox1) and
mesoderm (Gata1) genes in differentiated cells on E-cad-Fc-coated
matrix (Fig. 3A,B) suggesting the selective induction of differenti-
ation on E-cad-Fc-coated matrix. In accordance with previous
reports, differentiated cells in EB condition or on gelatin-coated
matrix expressed transcripts for Sox1 and Gata1 [5,25]. Compared
to these two conventional culture systems, the relative gene
expression pattern of differentiated cells on E-cadherin substratum
showed most efficient expression of mesendoderm and endoderm
genes. Moreover, with differentiation time the rapid decrease of
STAT3 activation and Oct3/4 expression with onset of N-cadherin
expression suggests the less chance of contamination of endoderm
cells with ES cells on E-cad-Fc matrix (Fig. 3AeC).

We also determined the time course of Sox17 and Foxa2 for 3, 5,
6, 10 and 15 days of differentiation. mES cells and primary hepa-
tocytes were used as control. By 5 and 6 days of differentiation, the
highest expression was observed for Foxa2 and Sox17, respectively,
and the expression was decreased afterwards suggesting the
differentiation is closely related with the normal developmental
pathway for hepatocytes (Fig. 3D,E). The expression of Sox17 and



Fig. 5. Differentiation of mES cells into hepatic progenitor cells on different substratum. The mRNA expression level of E-cadherin, N-cadherin, AFP and ALB on day 9, 12 and 15 was
measured using RT-PCR (A) and fluorescent intensity of amplified bands was used to quantify the relative transcript level (B). The efficient expression of ALB on E-cad-Fc-coated
plates was confirmed byWestern-blot analysis. HepG2 cells were used as control (C). The expression of hepatic differentiation markers, HNF-4a (D, E) and CK18 (F) at different time
points is shown. The expression level was normalized using house-keeping gene, b-actin. mES cells (ES) and primary hepatocytes (PH) were used as control. Data are mean � SD,
n ¼ 3.
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Foxa2 on E-cad-Fc-coated matrices kept higher than on gelatin
throughout all stages of differentiation.

3.3. Generation and enrichment of hepatic progenitor cells

In the next stage of differentiation, we used HGF, OSM and DEX to
promote the generation of early hepatic cells. In previous studies, it
was shown that endoderm and hepatocytes showed consistent
expression of E-cadherin on their cell surfaces, whereas ectoderm
and mesoderm cells were lack of this surface molecule [22,24]. To
enrich the relative fraction of hepatic progenitor cells and tomaintain
the single cell scatteringmorphology under homogeneous condition
wedissociated the cells on7days of differentiation using enzyme free
cell dissociationbuffer (CDB, Invitrogen) thatminimize the enzymatic
disruption of E-cadherin [26]. To determine whether the cells on E-
cad-Fc with scattering morphology expressed hepatic progenitor
markers, we performed immunofluorescence staining for the major
early hepatic progenitor marker AFP on day 9. We found that nearly
all cells (96% � 2%) with scattering morphology expressed AFP
(Fig. 4A), an indication of matrix mediated selective enrichment of
hepatic progenitor cells. These cells also showed its potentiality to
produce ALB at next stages of differentiation (Fig. 4A). To quantify the
level of cellematrix interaction of AFP-positive cells after repeated
culture, subcellular localization of E-cadherinwas detected on 9 days
of differentiation (Fig. 4B). Immunofluorescence using antibodies
specific for E-cadherin revealed no AFP-expressing cells lacked
E-cadherin labeling. This result was confirmed by repeated tests
using laser scanning confocalmicroscopy (Fig. 4C). The representative



Fig. 6. Characterization of hepatocyte-like cells at late stages of differentiation. Immunofluorescence assessment of hepatic progenitor cell-derived hepatocyte-like cells by staining
for AFP (top panel), ALB (middle pannel) and ASGPR (bottom pannel) on day 21 (A). RT-PCR results show the presence of hepatocyte-like cell markers, N-cadherin, E-cadherin, AFP,
ALB, ASGPR, and TO (B). PAS staining results show the potentiality of mES cell-derived hepatocyte-like cells to store glycogen (dark red) (C). Spontaneously differentiated (SD) and
mES (ES) cells on gelatin were used as negative control, and primary hepatocytes (PH) were used as positive control. DAPI was used for nuclear staining (blue). Scale bar: 50 mm.
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images were evaluated based on the accumulation of E-cadherin in
AFP-positive cells (co-expression index; CEI). It was found that
approximately 98% AFP-positive cells also expressed E-cadherin on
their surfaces (Fig. 4D). Day 5 and 15 were selected to determine the
relative fraction of immunoreactive cells for Sox17 and ALB, respec-
tively. Fig. 4E shows that relatively higher proportion of differentiated
cells on E-cad-Fc-coated plates were positive for Sox17 (approxi-
mately 93%) and ALB (approximately 92%), whereas very small frac-
tion of populations were positive for Sox17 (approximately 11%) and
ALB (approximately 21%) on gelatin-coated plates.

To determine whether the mES cell-derived hepatic progenitor
cells have typicalmarkers of hepatic progenitor cells and distinguish
the phenotypes from ES cells, we evaluated E-cadherin, AFP, ALB,
hepatic nuclear factor-4a (HNF-4a), and cytokeratin 18 (CK18) by
RT-PCR. The highest expression of AFP was found on day 12 with
gradual decrease at next stages of differentiation (Fig. 5A,B). More-
over, the differentiated cells started to express ALB by day 9 with
gradual increase at next stages of differentiation.We also confirmed
the efficient expression of ALB protein on E-cad-Fc-coated plates
using western-blot analysis by day 18 (Fig. 5C). The expression of
HNF-4a was elevated on 15 days of differentiation and kept
increasingon late stages of differentiation (Fig. 5D,E). Althoughmost
profound CK18 transcription level was found on d9 for mES cells
cultured on E-cad-Fc, the expression was decreased at 12 days of
differentiation and kept constant afterwards,whichwasmuchmore
comparable with the CK18 transcription level of primary hepato-
cytes (Fig. 5F). Compared to differentiated cells on gelatin-coated
plates, the transcription level of all hepatic progenitormarker genes
was higher on E-cad-Fc-coated matrix. mES cells, primary hepato-
cytes, and HepG2 cells were used as control.

3.4. Differentiation of hepatic progenitor cells into hepatocyte-like
cells

To promote the maturation of hepatic progenitor cells into
hepatocyte-like cells, we continued differentiation under HGF, OSM
and DEX containing conditions up to day 24. The cell growth and
morphology of differentiated cells were monitored every day. In



Fig. 7. Morphological analysis of mouse ES cell-derived hepatocyte-like cells (mES-H). Alexa Fluor 488 phalloidin labeled F-actin (green) and DAPI nuclear staining (blue) were used
for immunostaining. Fluorescence image showing mES-H cultured on E-cad-Fc and gelatin on 24 days of differentiation. Mouse primary hepatocytes (PH) cultured for 3 days on E-
cad-Fc and gelatin were used as control. All images were taken with a 20� objective lens (A). Morphological parameters such as the cell spreading area (B) and bipolarity index (C)
were examined from fluorescent images of mES-H and PH cultured on two different culture matrices (E-cad-Fc and gelatin). Bars represent mean � SD derived from 20 data points
(n ¼ 20) per experimental groups at three different positions. Asterisk indicates statistical significance difference of p < 0.05 between the two experimental groups (mES-H and PH).
Scale bar: 50 mm.
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contrast to the cells on gelatin-coated plates, the differentiated cells
on E-cad-Fc showed efficient expression of ALB and asialoglyco-
protein receptor (ASGPR) at protein level (Fig. 6A). With the
exception of AFP expression, RT-PCR analyses revealed that the
expression of genes characteristic of hepatocytes, including HNF-
4a, CK18, N-cadherin, E-cadherin, ALB, ASGPR and TO was
increased in the differentiated hepatocyte-like cells comparing
with the hepatic progenitor cells on day 21 (Figs. 5E,F and 6B).

PAS reactionwas performed to evaluate the capability of glycogen
storage in the differentiated hepatocytes. Glycogen storage is an
important metabolic function of hepatocytes, which was manifested
as the accumulation of dark red staining in the cytoplasmof cells. Our
results demonstrated that by 21 days of differentiation, ES-derived
hepatocytes had anaccumulation of cytoplasmicdepositswith a dark
red color (Fig. 6C), as compared with that of spontaneously differ-
entiated cells indicate that themES cell-derived hepatocyte-like cells
have the ability to accumulate glycogen.

Furthermore, immunofluorescence staining (Fig. 7A) and
statistical analyses (Fig. 7B,C) were conducted to measure the
extent of morphological similarities among mES cell-derived
hepatocyte-like (mES-H) cells and mouse primary hepatocytes
(PH) on E-cad-Fc and gelatin-coated matrix. By day 24, the
spreading area and bipolarity index (BI) were assessed. ThemES-H
cells on E-cad-Fc-coated surfaces showed larger spreading area
(168 � 6.38 mm2) and BI (approximately 1.7) which were more
comparable to cell area (135�14mm2) andBI (approximately 1.4) of
PH on E-cad-Fc-coated surfaces (Fig. 7B,C). In contrast, mES-H cells
on gelatin-coated ECM formed aggregated cells with scattering
distribution on the surrounding of colonies (Fig. 7A). The single
spreading cells on the edges of colonies were selected for the
measurements of spreading area (58 � 18 mm2) and BI (approxi-
mately 2.6), which showed significant differences to PH on gelatin-
coated surfaces (area: 243 � 20 mm2 and BI: approximately 1.5)
indicate the evidence of higher percentage of hepatocyte-like cells
on E-cad-Fc-coated matrices.

4. Discussion

Preparation of specific lineages of endoderm-derived hepato-
cytes at high purities from embryonic stem (ES) cells is a complex
and dynamic process and requires both selective culture conditions
andmarkers to guide andmonitor the differentiation. Therefore, the
generation of a simple ES cell culture system that could address
fundamental questions, without the need for complex medium
formulation or cell sorting, is a major goal in the field. In this study,
we established a new culture system involving a marker (E-cad-
herin) to guide the mouse ES cells towards homogeneous pop-
ulation of endoderm-derived hepatocyte-like cells. Our work
demonstrates that an endoderm-like cell population can be induced
by culture on E-cad-Fc-coated extracellular matrices, without any
requirement for enzymatic treatment, higher concentration of
complex serum or activin supplements, or serial cell sorting, which
were previously thought to be essential for endoderm induction.
Moreover, we successfully induced endoderm cells under single cell
level that showed its potentiality to differentiate into hepatocyte-
like cells.

Previously, we demonstrated that mouse ES cells cultured on
E-cad-Fc-coated surface could maintain unique single cell
morphology and complete ES cell features [11]. The single cell
morphologymight be due to reducedRho-ROCK signalingwhichwas
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observed for undifferentiated state of mES cells [27,28]. Since F9 cells
differentiate into two different endoderm derivatives by addition of
all-transretinoic acid [29,30], and parietal endoderm derivatives also
exhibit scattering morphology, we checked the differentiation status
of mES cells with scattering morphology on E-cadherin substratum.
Prominent morphological differences frommES cells and expression
of endoderm marker genes suggest that the cell scattering activity
was correlated with differentiation in presence of activin/bFGF
(Fig. 2AeD). Although we did not compare the actual amount of
activin A interacting with cells, we found that a reduced amount of
activin A was required for induction of definitive endoderm differ-
entiation on an E-cad-Fc-immobilized surface, probably due to
homogeneous exposure to activin A that was achieved in this culture
system (Fig. 2B,C) [31].

In this study, we also found consistent expression of E-cadherin
throughout all stages of differentiation pathway. These results are
consistent with previous reports describing the E-cadherin
expression pattern during mouse and human liver development
[15]. In the mouse liver, E-cadherin is expressed during the fetal
stage and continues to be expressed in adult hepatocytes. In
addition, E-cadherin is uniquely expressed in hepatic endoderm
cells and undifferentiated mES cells. Therefore, compared with
other reported surface markers of fetal liver such as N-cadherin,
which is not expressed in undifferentiated ES cells (Fig. 6B),
E-cadherin can be used as a surface marker for mES cell differen-
tiation to hepatocyte-like cells to exclude ectoderm and mesoderm
cells. Considering this phenomenon, E-cad-Fc-immobilized ECM
would be suitable for culture and differentiation of mES cells and to
achieve matrix mediated selective enrichment of hepatic endo-
derm cells without any necessity to introduce new culture matrix
throughout all stages of differentiation. In accordance with this
hypothesis we found selective induction of endoderm cell differ-
entiation with absence of early ectoderm and mesoderm markers
(Fig. 3A,B). Since, attachment of cells on E-cad-Fc is Ca2þ-depen-
dent hemophilic interaction between E-cadherin molecules, we
used enzyme free chelating agent (EDTA containing cell dissocia-
tion buffer, CDB) for single cell dissociation to keep E-cadherin on
the cell surface intact [26] and re-cultured the cells on E-cad-Fc
matrix in order to exclude remaining mesoderm or ectoderm cells
which lack E-adherin [22]. In contrast to conventional culture
condition, we found that after reseeding approximately 94% cells
on E-cad-Fc-coated surface expressed AFP. Moreover, E-cadherin
expression specifically matched AFP expression after the genera-
tion of hepatic endoderm cells with very high co-expression index
(nearly 98%) (Fig. 4D).

After expansion, hepatic endoderm cell cultures could undergo
differentiation into hepatic progenitor cells that expressed AFP, ALB
and HNF-4a but not ASGPR or TO (Fig. 5AeD). Late stage of differ-
entiation for hepatocyte-like cells showed stored glycogen,
expression of ALB, HNF-4a, TO, ASGPR, E-cadherin and N-cadherin
(Fig. 6). We utilized the advantages of single cell morphology on
E-cadherin substratum and showed that more of these hepatocyte-
like cells had higher similarity to primary hepatocytes than cells on
gelatin-coated surfaces (Fig. 7).

5. Conclusions

We successfully established E-cadherin substratum for selective
differentiation and enrichment of hepatocyte-like cells. This
recombinant substratum facilitated the generation of homoge-
neous population of differentiated cells without any enzymatic
stress for dissociated single cells. Moreover, this matrix can also be
used as a tool to confirm the important role of E-cadherin in cell
survival, proliferation and differentiation. In addition, the single cell
scattering morphology will facilitate the studies of the molecular
mechanisms of hepatic stem/progenitor cell origin, self-renewal
and differentiation in vitro. Further studies along this differentia-
tion scheme will provide additional insights to monitor into
complex regulatory networks at every stages of differentiation even
at single cell level.
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