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Abstract

AIM: To explore whether a co-culture of cynomolgus
monkey embryonic stem (cES) cells with embryonic liver
cells could promote their differentiation into hepatocytes.

METHODS: Mouse fetal liver-derived cells (MFLCs)
were prepared as adherent cells from mouse embryos
on embryonic d (ED) 14, after which undifferentiated
CES cells were co-cultured with MFLCs. The induction of
CES cells along a hepatic lineage was examined in MFLC-
assisted differentiation, spontaneous differentiation,
and growth factors (GF) and chemicals-induced
differentiations (GF-induced differentiation) using retinoic
acid, leukemia inhibitory factor (LIF), FGF2, FGF4,
hepatocyte growth factor (HGF), oncostatin M (OSM),
and dexamethasone.

RESULTS: The mRNA expression of a-fetoprotein,
albumin (ALB), a-1-antitrypsin, and hepatocyte nuclear
factor 4o was observed earlier in the differentiating
CES cells co-cultured with MFLCs, as compared to
CES cells undergoing spontaneous differentiation and
those subjected to GF-induced differentiation. The
expression of cytochrome P450 7al, a possible marker
for embryonic endoderm-derived mature hepatocytes,
was only observed in cES cells that had differentiated in
a co-culture with MFLCs. Further, the disappearance of
Oct3/4, a representative marker of an undifferentiated
state, was noted in cells co-cultured with MFLCs, but
not in those undergoing spontaneous or GF-induced
differentiation. Immunocytochemical analysis revealed
an increased ratio of ALB-immunopositive cells among
CES cells co-cultured with MFLCs, while glycogen storage
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and urea synthesis were also demonstrated.

CONCLUSION: MFLCs showed an ability to induce cES
cells to differentiate toward hepatocytes. The co-culture
system with MFLCs is a useful method for induction of
hepatocyte-like cells from undifferentiated cES cells.

© 2006 The WIG Press. All rights reserved.
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INTRODUCTION

Embryonic stem (ES) cells are self-renewing, pluripotent
cells derived from the inner cell masses of preimplantation
blastocysts'"?. They can be expanded without limit and
retain a potential to differentiate into various somatic cell
types of the three germ layers. We previously reported
the differentiation of mouse ES (mES) cells into
insulin-producing cells”, intestinal tract-related cells,
dopamine-producing cells'”, photoreceptor-like cells”, and
hepatocytes”

Several of the characteristics of mES and primate
ES cells are different"""”. To better understand the
differentiation ability and therapeutic potential of
human ES (hES) cells, the use of primate ES cells is
indispensable. Although the differentiation of hepatocyte-
like cells from hES cells has also been reported by some
researchers, the use of hES cells for basic and clinical
research is regulated in many countries, because of bio-
ethical issues. Thus, monkey ES cells might be useful as a
substitute model for basic and preclinical research using
hES cells.

Herein, we report promoted differentiation of
cynomolgus monkey ES (cES) cells into hepatocyte-
like cells by use of a co-culture system with mouse
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fetal liver-derived cells (MFLCs). The expression of
o-fetoprotein (AFP) mRNA expression was not observed
until d 21 and 14 in spontaneous and growth factor
(GF)-induced differentiations, respectively, and that of
cytochrome P450 7al (CYP7A1), a possible marker of
embryonic endoderm-derived mature hepatocytes'",
was undetectable even on d 28 in both cultures. Further,
Oct3/4, a marker of an undifferentiated state, never
disappeared throughout the experimental period. In
contrast, in the present study of cES cells that were co-
cultured with MFLCs on a membrane with 0.4-pum
sized pores, the expressions of AFP, albumin (ALB),
hepatocyte nuclear factor 400 (HNF4a), and CYP7A1 were
detected as eatly as d 10, while the expression of Oct3/4
was detected only faintly on d 14 and not at all by d 21.
Immunocytochemical analysis revealed an increased ratio
of ALB-immunopositive cells among cES cells co-cultured
with MFLCs, while glycogen storage and urea synthesis
were also demonstrated.

These tesults show that MFLCs provide a conductive
environment for the differentiation of cES cells toward
hepatocyte-like cells, and suggest that the present co-
culture system of cES cells with MFLCs may be useful for
preparation of a cell replacement soutce that is rich with
hepatocyte-like cells and does not retain undifferentiated
cES cells.

MATERIALS AND METHODS

Cynomolgus monkey ES cells

A cynomolgus monkey ES (cES) cell line (CMKG6) was
obtained from Asahi Techno Glass Corp., Chiba, Japan'"”,
Undifferentiated cES cells were maintained on a feeder
layer of 40 Gy-irradiated mouse embryonic fibroblasts
(MEF) in DMEM/F-12 (Asahi Techno Glass Corp.),
supplemented with 20% Knockout Serum Replacement
(KSR; GIBCO-Invitrogen, Carlsbad, CA, USA), 0.1
mmol/L 2-metcaptoethanol, 1 mmol/L sodium pyruvate,
2 mmol/L L-glutamine, 0.1 mmol/L nonessential
amino acids, and a mixture of penicillin (25 U/mL) and
streptomycin (25 pg/mL). The medium was changed
daily. Cell colonies composed of closely packed cells were
split every 3-4 d by incubation in a 0.25% trypsin-EDTA
solution for 5 min at 37°C before transfer by pipetting
onto the 40-Gy-irradiated MEF cells.

Preparation of mouse fetal liver-derived cells (MFLCs)

Embryonic liver tissues were collected from C57BL/6CtSlc
mice (E14.0) and minced, then dissociated in 0.1% trypsin-
EDTA solution for 20 min at 37°C followed by hemolysis
with hypotonic buffer. Dissociated cells were suspended
in culture media composed of DMEM supplemented
with 10% fetal calf serum (FCS), 2 mmol/L L-glutamine,
1x non-essential amino acid solution, and a mixture of
penicillin (25 U/mL) and streptomycin (25 pg/mL), after
which 1 X 107 cells were plated onto a 0.1% gelatin-coated
tissue culture dish sized 100 mm in diameter. After 24 h,
contaminating hematopoietic cells and cell debris were
removed by extensive washing with culture media, and
the adherent cells were then cultured for 48 h to reach the

confluent growth stage.

Spontaneous and GF-induced differentiation of cES cells
Spontaneous differentiation of undifferentiated cES cells
was carried out as follows. Undifferentiated cES colonies
were incubated with a 0.25% trypsin-EDTA solution for
5 min at 37°C, which obtained clusters of closely packed
cells. Approximately 1 X 10° of these cells were then
cultured in a 60-mm dish in DMEM supplemented with
10% FCS, 2 mmol/L L-glutamine, and 1 X non-essential
amino acid solution (DMEM basic medium) for 28 d
without any defined chemical factors (Figure 1A). The
medium was exchanged with fresh medium every 2-3 d.
For GF-induced differentiation toward hepatocyte-like
cells, undifferentiated cES cells were treated stepwise with
combinations of defined chemicals and growth factors,
according to a method reported previouslym, with some
modifications. Approximately 1 X 10° undifferentiated
cES cells, prepared as cellular clusters by enzymatic
digestion of undifferentiated cES colonies, were seeded
in 2 60-mm dish and cultured in DMEM basic medium
containing leukemia inhibitory factor (LIF, 100 units/mL,;
GIBCO BRL, Rockville, MD, USA) and 10" mol/L all-
trans retinoic acid (RA; Sigma) for 3 d. The cells were
passaged in DMEM basic medium containing fibroblast
growth factor 2 (FGF2, 10 mg/L; Genzyme/Techne,
Minneapolis, MN, USA), FGF4 (20 mg/L, Genzyme/
Techne), hepatocyte growth factor (HGF, 25 mg/L;
Genzyme/Techne), and Oncostatin M (OSM, 10 mg/
L; Genzyme/Techne). After 5 d, the cells were further
cultured in DMEM basic medium containing 107 mol/L
dexamethasone (Dex; Sigma), 0.2 mmol/L L-ascorbic-
2-phosphate (AP; Wako, Osaka, Japan), and 10 mmol/L
nicotinamide (NA; Sigma) until d 28 (Figure 1B).

Co-culture of cES cells with MFLCs

MFLCs showing confluent growth were digested with a
0.25% trypsin-EDTA solution for 5 min at 37°C. One
million undifferentiated cES cells, prepared as cell clusters
by enzymatic digestion of undifferentiated cES colonies,
were co-cultured in a 60-mm dish with the same number
(1 X 10% of MFLCs in a 35-mm culture insert across a
0.4-um Millicell CM membrane (Millipore Corp., Bedford,
MA USA) for 28 d (Figure 1C). A half volume of medium
in the 60-mm dish was discarded with floating cells and
replaced with fresh medium every 2 d.

RT-PCR

For RNA extraction and RT-PCR analysis, total RNA was
purified using Trizol (Invitrogen) following the protocol
of the manufacturer. One microgram of DNase-treated
total RNA was used for the first-strand cDNA reaction,
which was performed using a random primer (Invitrogen)
and M-MLV reverse transcriptase (Promega, Madison, W1,
USA). cDNA samples were subjected to PCR amplification
with specific primers. The cycling parameters were as
follows; denaturation at 94°C for 1 min, annealing at 55°C
-60°C for 1 min (depending on the primer), and elongation
at 72°C for 1 min (40 cycles). The PCR primers and length
of the amplified products are shown in Table 1.
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medium for 28 d without additional feeders or growth
factors; B: GF-induced differentiation. Undifferentiated
cES cells were cultured in DMEM basic medium containing
LIF (100 units/mL) and RA (10° mol/L) for 3 d, followed
by a 5-d culture in DMEM basic medium containing FGF2
(10 mg/L), FGF4 (20 mg/L), HGF (25 mg/L), and OSM
(10 mg/L). Thereafter, the cells were cultured for 20 d in
DMEM basic medium containing 107 mol/L dexamethasone
(Dex), 0.2 mmol/L, L-ascorbic-2-phosphate (AP), and 10
mmol/L nicotinamide (NA); C: Promoted differentiation by
L co-culture with MFLCs. Undifferentiated cES cells were

plated onto 60-mm dishes and co-cultured with MFLCs
in a 35-mm culture insert across a 0.4-um Millicell CM
membrane for 28 d.

For detection Gene Primer sequence Products [bp] GenBank
Annealing temp.['C] accession No.
Cynomolgus OCT3/4 Sense: 5-ACCACAGTCCATGCCATCAC-3’ 660 711898
Antisense: 5'-TCCACCACCCTGTTGCTGTA-3 60
Albumin Sense: 5-GCATCCTGATTACTCTGACATG-3 229 AB158629
Antisense: 5'-CTTGGTGTAACGAACTAATTGC-3' 60
AFP Sense: 5-TGCAGCCAAAGTGAAGAGGGAAGA-3’ 217 NM_001134
Antisense: 5'-CATAGCGAGCAGCCCAAAGAAGAA-3’ 60
HNF4a Sense: 5-CCGGATCAGCACTCGAA-3 411 NM_178849
Antisense: 5'-AGCTCGTCAAGGATGCGTATG-3’ 60
CYP7A1 Sense: 5-ATTTGGTGCCAATCCTCTTG-3’ 312 NM_000780
Antisense: 5'-CGTTGGAGGTTTTCCATCAT-3 60
Cynomolgus, GAPDH Sense: 5-ACCACAGTCCATGCCATCAC-3’ 452 NM_002046
mouse Antisense: 5-TCCACCACCCTGTTGCTGTA-3’ 60
mouse OCT3/4 Sense: 5-CGCCCGCATACGAGTTCTG-3’ 678 X52437
Antisense: 5'-GGTGTCCCTGTAGCCTCAT-3" 60
AFP Sense: 5-CTTTGGACCCTCTTCTGTGA-3’ 909 NM_007423
Antisense: 5'-CACTGCTGCAACTCTTCGTA-3' 55
Albumin Sense: 5-TGAACTGGCTGACTGCTGTG-3 718 AJ457860
Antisense: 5'-CATCCTTGGCCTCAGCATAG-3 60
olAT Sense: 5 -TGGGGTCTACTGCTTCTGG-3' 693 M25529
Antisense: 5'-TCATGGGCACCTTCACCGT-3’ 60
HNF4a Sense: 5-CTAAGCTGTCCCCACAAGGCTATGCA-3 864 NM_008261
Antisense 5'-CAGAGCTCCACCTGGAAAGGTGTTTG-3' 60
TDO Sense: 5-AGAGCCAGCAAAGGAGGAC-3’ 500 BC018390
Antisense: 5'-CTGTCTGCTCCTGCTCTGAT-3’ 60
PEPCK Sense: 5-TCTGCCAAGGTCATCCAGG-3’ 290 AF009605
Antisense: 5-GTTTTGGGGATGGGCACTG-3' 60
CYP7A1 Sense: 5-AGGACTTCACTCTACACC-3' 453 AK050260
Antisense: 5'-GCAGTCGTTACATCATCC-3 56
Desmin Sense: 5-ATGACCGCTTCGCCAACTA-3’ 461 NM_010043
Antisense: 5'-CATACTGAGCCCGGATGTC-3' 60
Vimentin Sense: 5-TCAAGAACACCCGCACCAACGA-3 463 NM_011701
Antisense: 5'-GTTTGACACCTGCTTGGCCTGG-3 60

AFP: Alpha-fetoprtein; HNF4a: Hepatic nuclear factor 4a; CYP7al: Cytochrome P450 7A1; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; a1AT:
Alpha-1 antitrypsin; TDO: Tryptophan 2, 3-dioxygenase; PEPCK: phosphoenolpyruvate carboxykinase.

In vitro immunofluorescence analysis

Immunofluorescence analysis was carried out using
standard protocols. Briefly, the cells were fixed in 4%
paraformaldehyde and incubated with cell specific marker
antibodies in blocking serum at 4°C overnight. After
incubation in species-specific IgG conjugated with Alexa
Fluor 488 (donkey anti-sheep 1gG; Invitrogen) or RITC
(goat anti-mouse IgG; Biomeda Foster City, CA, USA),
the cells were washed with PBS and examined under a
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microscope. All nuclei were stained with DAPI (Dojindo,
Kumamoto, Japan). The primary antibodies and dilutions
used were as follows: sheep polyclonal anti-human ALB
(Biomeda), 1:100; mouse monoclonal anti-human AFP
(Biomeda), 1:100; rabbit polyclonal anti-human HNF4q,
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), 1:100;
and mouse monoclonal anti-human alpha-1 antitrypsin
(Biomeda), 1:100.

To examine the immunological similarities between
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GAPDH
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AFP
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HNF4q

CYP7A1

cES-derived hepatocyte-like cells and human hepatocytes,
a monoclonal antibody mouse anti-human hepatocyte
clone OCH1E5 (HepParl; DAKO) was used""*, HepParl
reacts with both normal and neoplastic hepatocytes, but
not with cholangiocytes.

In some experiments, cultured cES cells were trypsin-
ized into single cells in suspension. After reattachment
to the culture dish by an overnight culture, the cells were
subjected to immunofluorescence analysis to determine
the ratio of ALB-immunopositive cells. The numbers of
total cells and ALB-immunopositive cells in 3 different
microscopic fields were then counted.

Periodic acid Schiff (PAS) staining

Staining of glycogen was performed using a PAS reaction.
For negative controls, fixed cells in 4% paraformaldehyde
were treated with 1 mg/mL of aq-amylase (3000 U/mg
protein, Sigma) in 0.1 mol/L sodium phosphate buffer (pH
6.2) at 37°C for 30 min before PAS staining;

Measurement of urea

To examine urea synthesis, cES cells were subjected
to spontaneous, GF-induced, or MFLC-co-cultured
differentiation for 14 and 28 d. Then they were incubated
in serum-free o-MEM medium in the presence of
ammonium chloride (20 mmol/L) for 60 min. The level of
urea nitrogen in the incubation medium was determined
using a colorimetric assay (Determiner LUN kit, Kyowa
Medix, Tokyo), after removal of endogenous ammonium
by treatment with glutamate dehydrogenase.

Analysis

For qualitative analysis, all cES differentiation experiments
were performed in duplicate and repeated. P < 0.05 was
taken as significant.

RESULTS

Spontaneous differentiation of cES cells

Undifferentiated cES cell clusters were cultured in basic
DMEM for 28 d and differentiation toward hepatocyte-
like cells was analyzed by RT-PCR (Figure 2). AFP
mRNA expression was not observed until d 14, while

Figure 2 RT-PCR analysis of spontaneous differentiation of cES
cells. AFP mRNA expression was not observed prior to d 14, while
ALB was detected on d 21. On d 28, ALB and HNF4a. expression
became detectable. CYP7A1 was not detected throughout the
experimental period, while Oct3/4 was distinctly detected at all time
points.

ALB remained undetectable on d 21. On d 28, ALB and
HNF4q wetre both detected, whereas CYP7A1 was never
detected throughout the experimental period. Further,
immunocytochemical results demonstrated that ALB-
immunopositive cells on d 28 comprised fewer than 1%
of the total cultured cells. The expression of Oct3/4, a
matker of an undifferentiated state, was distinctly detected
throughout the experimental period.

GF-induced differentiation toward hepatocyte-like cells
Efficient induction of mouse ES cells into hepatocyte-
like cells by sequential treatments with defined chemicals
and without the use of embryoid bodies (EBs) has
been reportedm]. Therefore, we applied that method
to the present cES cells with some modifications.
Undifferentiated cES cells were first treated with RA and
LIF for 3 d, followed by 5 d of treatment with FGF2,
FGF4, and HGE, and finally subjected to culture medium
containing OSM and Dex.

AFP mRNA expression was not detected following
the 3-d treatment with RA and LIF (Figure 3, lane D3),
and was faintly detected on d 8 at the end of the 5-d
treatment with FGF2, FGF4, and HGF (Figure 3, lane
D8). Further, the expression of ALB and HNF4o became
detectable after the differentiating cES cells were exposed
to OSM and Dex (Figure 3, lanes D14, D21 and D28).
Although ALB and HNF4q were clearly detected on d
21 and 28, no expression of CYP7A1 was observed. The
immunocytochemical results demonstrated that about 7.2%
T 0.7% of the cultured cells were ALB-immunopositive
on d 28. As for the presence of undifferentiated cES cells,
Oct3/4 mRNA was still detected in the differentiating
cES cells on d 28 of the induction culture oriented for
hepatocyte-like cells.

Characterization of mouse fetal liver-derived cells (MFLCs)
Although the cES cells that underwent GF-induced
differentiation into hepatocyte-like cells showed an
accelerated gene expression pattern as compared to
those that underwent spontaneous differentiation, the
prolonged detection of Oct3/4 mRNA and lack of
CYP7A1 expression in both spontaneous and GF-induced
differentiations suggested the presence of undifferentiated
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Figure 3 RT-PCR analysis of GF-induced differentiation of cES cells.
AFP mRNA expression was not detected following a 3-d treatment
with RA and LIF, though it was detected on d 8, and at the end of 5
d of treatment with FGF2, FGF4, and HGF. ALB and HNF4a were
detected after the differentiating cES cells were exposed to OSM and
Dex. Although ALB and HNF4a. were strongly detected on d 21 and
28, no expression of CYP7A1 was observed. Oct3/4 mRNA expression
remained up to d 28.

MFLC MAL MFLC MAL
AFP _ CYP7A1
ALB _ Desmin
olAT _ Vimentin

Figure 4 Characterization of MFLCs. A: Optical microscope image of MFLCs (x 100). MFLCs were prepared from E14.0 mouse livers and cultured for 48 h. After the
floating cell fraction was discarded from the culture, resting adherent cells were further cultured until semi-confluent. MFLCs showed various morphologies, including
cuboidal and stellate-shaped cells; B: RT-PCR analysis of MFLCs. AFP, desmin, and vimentin were expressed, whereas ALB was not. MAL: Mouse adult liver cells.

cES cells and insufficient differentiation into mature
hepatocyte-like cells, respectively. We performed a co-
culture of cES cells with MFLCs to search for epigenetic
cues for the i vitro differentiation of cES cells toward
hepatocyte-like cells. However, before performing that co-
culture experiment, we examined the characteristics of
MFLCs.

MFLCs were derived from E14.0 mouse livers and
prepared as adherent cells by removal of the floating
cell fraction from the culture of dissociated liver cells.
They showed various morphologies, including cuboidal
and stellate-shaped cells (Figure 4A). RT-PCR analysis
demonstrated a distinctly different expression pattern as
compared to that of adult liver tissues (Figure 4B). The
MFLCs expressed AFP mRNA, but not ALB or other
markers for differentiated hepatocytes, suggesting the
presence of fetal hepatocytes. Further, the expressions of
desmin and vimentin suggested the co-existence of cell
types different from fetal hepatocytes, such as stellate cell-
like cells, in accordance with the presence of cells with
various shapes.

Promoted differentiation by co-culture with MFLCs

Undifferentiated cES cells were co-cultured with MFLCs
across a membrane with 0.4-um sized pores for 28 d and
the gene expression of the differentiating cES cells were
analyzed (Figure 5). There was no expression of AFP,
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ALB, or HNF4a detected in the differentiating cES cells
on d 7, however, each was detectable within the next
few days and all by d 10, which remained throughout the
experimental period. Further, CYP7A1 mRNA expression,
which was undetectable in the spontaneous and GF-
induced differentiated cES cells, was observed on d 10.
Immunocytochemical results demonstrated a high ratio
of ALB-immunopositive cells (28.6% * 4.2% as carly as d
14), though the ratio did not greatly increase throughout
the culture period (32.8% £ 5.6% on d 28). Despite the
prompt induction of ALB mRNA, AFP mRNA was
detected throughout the experimental period, suggesting
an incapability of full maturation by the entire fraction of
cES-derived hepatocyte-like cells by MEFLCs alone. The
expression pattern of Oct3/4 in cES cells co-cultured
with MFLCs was quite different from that of cES cells
subjected to spontaneous or GF-induced differentiation,
as Oct3/4 mRNA, which never disappeared in the
spontaneous and GF-induced differentiation experiments,
was detected only faintly on d 14 and became undetectable
by d 21. Without MFLCs on the Millicell CM membrane,
no promoted differentiation of cES cells was observed.

Immunocytochemical analysis

cES cells differentiated in the co-culture with MFLCs
were examined immunocytochemically on d 28 (Figure
6). Immunopositive reactions to AFP, ALB, and a1-AT
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DO D7 D 10 D 14 D21 D28 Figure 5 RT-PCR analysis of cES cells co-cultured with MFLCs.

cES cells co-cultured with MFLCs across a membrane with

GAPDH 0.4-um sized pores for 28 d were analyzed. AFP, ALB, HNF4q,
and CYP7A1 mRNA expression was detected on d 10. Oct3/4
expression was faint on d 14 and disappeared by d 21.

Oct3/4

AFP

ALB

HNF4o

CYP7A1

Figure 6 Immunocytochemical analysis of cES cells co-
cultured with MFLCs. A: After being co-cultured with MFLCs
for 28 d, cES cells were immunostained with anti-AFP, anti-
ALB, anti-alpha-1-antitrypsin, and anti-HNF4a. antibodies;
B: Immunoreactivity to the anti-human hepatocyte antibody
Hep Par1 was shown by the albumin-positive cells. Original
magnification x 100.

HNF4o

were demonstrated as scattered colonized foci among the was also clearly detected in the cES cells co-cultured
adherent cells. Representative areas of immunopositive with MFLCs. We also examined immunoreactivity
distribution are shown in Figure 6A. In addition, HNF4q, to the anti-human hepatocyte antibody Hep Parl.
an important transcription factor for mature hepatocytes, Cells immunopositive for human-albumin were also

www.wjgnet.com
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Figure 8 Urea synthesis by differentiated cES cells. The level of urea nitrogen
in the culture medium of cES cells cultured with MFLCs was greater than that
in the medium of cES cells subjected to GF-induction, though amounts of urea
synthesized by cES cells co-cultured with MFLCs scarcely increased from d 14 to
28. Spontaneously differentiated cES cells showed nearly no ability to synthesize
urea.

immunopositive for Hep Parl (Figure 6B).

Presence of glycogen in differentiated cES cells co-
cultured with MFLCs

We performed PAS staining of undifferentiated cES cells
and cES cells co-cultured with MFLCs to examine whether
glycogen was stored, and both showed violet colored stains
(Figure 7A and 7B). Similar staining results were obtained
with undifferentiated cES cells pretreated with o-amylase
(Figure 7C), while such staining did not appear following
pretreatment with g-amylase in the differentiated cES
cells co-cultured with MFLCs (Figure 7D). These results
suggest that undifferentiated cES cells have an a-amylase-
insensitive carbohydrate, while cES cells differentiated by
MFLCs have an a-amylase-sensitive carbohydrate, which is
probably glycogen.

www.wjgnet.com

Figure 7 Histochemical
staining of glycogen.
Periodic acid Schiff (PAS)
staining was performed on
cES cells co-cultured with
MFLCs for 28 d (A) and
undifferentiated cES cells (B),
as well as those following
treatment with a.-amylase
(C and D, respectively).
Both the undifferentiated
cES cells and those co-
cultured with MFLCs showed
violet staining (A, B). Violet
staining was apparent in the
undifferentiated cES cells (C),
while such staining did not
appear in the differentiated
cES cells pretreated with
a-amylase(D). Original
magnification x100 (A-D), x
400 (insets in A-D).

Urea synthesis in differentiated cES cells co-cultured with
MFLCs

We also examined ammonia metabolization in cES cells
subjected to spontaneous, GF-induced, and MFLC-assisted
differentiation after 14 and 28 d (Figure 8). The urea
nitrogen level in the medium from cES cells co-cultured
with MFLCs showed a high level as compared to that from
cES cells under GF-induction. In a comparison between
the levels on d 14 and 28, the amount of synthesized urea
in cES cells co-cultured with MFLCs did not increase
significantly. Further, spontancously differentiated cES
cells showed nearly no synthesized urea.

DISCUSSION

A number of studies have investigated the differentia-
tion of mouse and human ES cells into hepatocyte-like
cells™ ™19 10 general, the methods used in those
studies can be divided into spontaneous and directed
differentiation. For spontancous differentiation, the
formation of EBs has been mostly utilized™*"”*". As for
directed differentiation, a process of enrichment of a spe-
cific differentiated cell type that uses elements to promote
the differentiation of ES cells into an endodermal lineage,
such as the addition of growth factors (GFs) and hor-
mones' ****, and the constitutive expression of hepatic
transcription factors”™"*, has been utilized.

In the present study, we used MFLCs to promote
the differentiation of cES cells into hepatocyte-like cells.
We co-cultured undifferentiated cES cells with MFLCs
across a membrane with 0.4-um sized pores and found
carly expression of AFP, ALB, and HNF4a mRNA, as
compared to cES cells subjected to non-EB-mediated
spontancous or GF-induced differentiation. Further, the
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expression of CYP7A1 was detected in MFLC-assisted
differentiated cES cells, but not in those undergoing non-
EB-mediated spontancous or GF-induced differentiation.
In mice, CYP7A1 has been reported to be expressed
in the liver, but not in yolk sac tissues' ", and suggested
to be a definitive marker for endoderm-derived mature
hepatocytes. The detection of CYP7A1 in the present
cES cells co-cultured with MFLCs seems to indicate the
usefulness of MFLCs in induction toward hepatocytes,
though it has not been concluded whether CYP7A1 is a
suitable marker for hepatocytes in primate cells.

We confirmed the promoted differentiation of cES
cells along a hepatic lineage by immunocytochemistry.
The ratio of ALB-immunopositive cells on d 28 was
significantly higher with MFLC-assisted differentiation
(32.8%) than non-EB-mediated spontaneous (less than
1%) or GF-induced (7.2%) differentiation. Similarly, cells
immunopositive for alpha 1 antitrypsin and HNF4q were
more abundant among those subjected to MFLC-assisted
differentiation (data not shown). We further examined an
immunoreactivity of differentiated cES cells to HepParl.
Although the target antigen recognized by HepPar1 has not
been identified, HepParl is known to react in a restricted
manner to adult and fetal human hepatocytes' """, We
found that the cES cells immunopositive to human-
albumin were also immunopositive to Hep Parl, suggesting
that cES-derived hepatocyte-like cells are immunologically
very similar to human hepatocytes.

Both glycogen storage and ammonia metabolization
are representative functions of hepatocytes. Periodic acid-
Shiff (PAS) staining detected glycogen as o-amylase-
sensitive carbohydrate in the cES cells differentiated by
MFLCs. Although the undifferentiated cES cells were
stained violet by PAS staining, they seemed to produce
o-amylase-insensitive carbohydrate, not glycogen, which
was in accordance with our previous observation of
PAS staining of mES cells and mES-derived hepatocyte-
like cells"”. As for the ability to metabolize ammonia,
the cES cells co-cultured with MFLCs produced urea
mote abundantly than those subjected to GF-induced
differentiation.

We also evaluated the presence of undifferentiated
cES cells among the differentiating cES cells by examining
the mRNA expression of Oct3/4. In contrast to the
continuous and stable detection of Oct3/4 mRNA
throughout the entire 28-d experimental periods in the
spontaneous and GF-induced differentiation experiments,
the expression of Oct3/4 became faint on d 14 and was
undetectable by d 21 in MFLC-assisted differentiation,
indicating the absence of undifferentiated cES cells in cES
cells co-cultured with MFLCs for more than 21 d. Since
contamination by undifferentiated cES cells in transplants
is critical for the development of tumors, cES cells co-
cultured with MFLCs may be useful as a source rich in
hepatocyte-like cells that is less risky for the development
of cES-derived tumors.

The precise mechanisms by which MFLCs promote
the differentiation of undifferentiated cES cells along
a hepatic lineage were not investigated in the present
study. However, it is known that non-parenchymal
cells are required for differentiation of primitive

hepatic endodermal cells and hepatoblasts into mature
hepatocytes™ ™. The MFLCs used in the present study
were composed of heterogeneous cells, based on their
various morphologies that showed cuboidal and stellate
shapes, and on the results of PCR analysis demonstrating
the expression of AFP, a hepatocyte-related marker,
and desmin and vimentin, which are stellate cell-related
markers. It is conceivable that the non-parenchymal cells
among the MFLCs were involved in the differentiation of
cES cells toward a hepatic lineage.

In the present study, MFLCs were prepared as
adherent cells from E14.0 mouse fetal livers. The fetal
liver is the major organ of hematopoiesis, and stromal
cells there, like those in adult bone marrow, create a
hematopoietic microenvironment and promote embryonic
hematopoiesis”™. Fetal liver-derived cells may also induce
hematopoietic differentiation of ES cells, as in the case of
stromal cells from bone marrow!™ ™, Indeed, a previous
report documented the efficient induction of human ES
cells into hematopoietic cells by fetal liver-derived cells™,
In our experiments, MFLC-assisted differentiation of cES
cells might have generated a number of hematopoietic
cells in the culture as non-adherent floating cells, though
they were removed from the culture by repeated media
exchanges.

As the process of gestation proceeds from mid-
gestation to birth, the fetal liver increases dramatically
in size and switches to a metabolic organ from a
hematopoietic organ at around the time of birth.
Therefore, we anticipated that MFLCs might provide
a conductive environment for cES cells to differentiate
along a hepatic lineage. However, prior to starting the
present experiments, we speculated that any promotion
effect by MFLCs toward the hepatic differentiation of cES
cells may be not distinguished or exerted only minimally.
First, the species from which the cES cells and MFLCs
originated were different. Further, the cES cells that were
subjected to a co-culture with MFLCs were used in an
undifferentiated state and they had not been previously
induced toward an endoderm or hepatic lineage. Also, the
undifferentiated cES cells were cultured separately from
MFLCs by use of a 0.4-um Millicell CM membrane, which
did not allow direct cellular contact between the cES cells
and MFLCs, and only permitted the transfer of diffusible
factors. However, in contrast to our expectation, the co-
culture of undifferentiated cES cells with MFLCs led to
the promoted differentiation of cES cells toward a hepatic
lineage. These results suggest that diffusible factors from
MFLCs worked effectively in a cross-species manner on
undifferentiated cES cells and seemed to be sufficient
to stimulate the induction of hepatic differentiation of
cES cells, though complete maturation of all cES-derived
hepatocytes was not achieved, as shown by the prolonged
detection of AFP mRNA throughout the experimental
period.

In conclusion, the present results demonstrate
that cynomolgus monkey ES cells can be induced into
hepatocyte-like cells using a co-culture method with mouse
fetal liver-derived cells. This co-culture system has been
found to be an efficient method to obtain hepatocyte-like
cells and may be useful for preparation of cellular grafts
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that do not contain undifferentiated ES cells, which would
provide a limited risk for the development of tumors.
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