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with the p38 MAPK inhibitor SB203580 dramatically
downregulated the expression levels of BMP2 and FGF2
to control levels (Figure 4C and D). In contrast, the
Erk1/2 MAPK inhibitor U0126 had no effect on FGF2
expression levels and led to a slight increase in BMP2
expression (Figure 4C and D).

MKK6-mediated activation of p38 MAPK increases BMP2
and FGF2 expression in hADMPCs

To further confirm the involvement of p38 MAPK in
the regulation of BMP2 and FGF2, hADMPCs were
transduced with a lentiviral vector expressing constitu-
tively active MKK6 (MKK6 (glu)) [30] from an EFla
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promoter. As shown in Figure 5A, lentiviral transduction
of MKK6 (glu) led to expression of Flag-tagged MKK6
(glu) in hADMPCs. Moreover, the expression of MKK6
(glu) resulted in activation of p38 MAPK as expected
[30] (Figure 5A), and upregulation of BMP2 and FGF2
expression (Figure 5B-E).

NF-kB is not activated in hADMPCs exposed to oxidative
stress

It has been reported that NF-xB directly binds to the
BMP2 promoter to induce its expression [31], and
MSK1, a downstream molecule of p38 MAPK, is
involved in NF-kB transactivation [32]. Therefore, we
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Figure 5 Activation of p38 MAPK by a constitutively active form of

lentiviral vector expressing Flag-tagged MKK6 (glu) was transfected into hADMPCs. Expression of Flag-tagged MKK6 (glu), phosphorylated p38
MAPK and p38 MAPK was analyzed by western blotting. A CSI-EF-EGFP lentiviral vector was infected as a control (GFP). Actin was detected as an
internal control. (B, C) Transcriptional levels of BMP2 (B) and FGF2 (C) were analyzed by g-PCR. The most reliable internal control gene was
determined using the geNorm Software. (D, E) BMP2 (D) and FGF2 (E) secretion was analyzed by ELISA.
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hypothesized that p38 MAPK-mediated activation of
NF-kB might contribute to elevated expression of BMP2
mRNA. To confirm this hypothesis, transcriptional acti-
vation of NF-kB was examined by measuring luciferase
activity driven by the synthetic NF-kB response element.
We found that transcriptional activity of NF-xB was not
stimulated by BSO treatment (Figure 6A), and immuno-
cytochemical analysis also revealed that NF-kB was not
activated (nuclear localization of NF-kB/p65 was rarely
observed) in BSO-treated hADMPCs (Figure 6B). These
results suggested that elevated expression of BMP2
mRNA is not mediated by NF-kB signaling.

Our current data thus demonstrate the crucial role of
ROS, via activation of the p38 MAPK signaling pathway,
in regulating expression levels of the neurotrophic fac-
tors BMP2 and FGF2 in hADMPCs. The overall model
that we propose, based upon our findings, is shown in
Figure 7.
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Figure 6 Transcriptional activity of NF-kB was not stimulated
by oxidative stress. hADMPCs were transfected with pNF-kB-Luc
and were treated with 10 pM of SB203580 or 0.19% DMSO for 2 h
followed by addition of 1 mM of BSO. After 24 h, the medium was
changed to fresh medium and cells were cultured for an additional
2 days. (A) The activity of NF-kB was measured by the intensity of
luciferase activity driven from a minimal promoter containing
tandem repeats of the NFkB transcriptional response element. Data
shown represent the average of 3 independent experiments. (B)
Immunocytochemical analysis against NF-kB/p6é5 (green). Blue
staining represents nuclear staining by DAPI. Note that nuclear
localization of NF-kB/p65 (white arrowhead) is only observed in

hADMPCs treated with 20 ng/mL of TNF-a.
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Figure 7 Model of this study. A schematic illustration of the
results of this study is shown. Oxidative stress by BSO treatment in
hADMPCs results in p38 MAPK activation, which then leads to BMP2
and FGF2 expression and secretion. The secreted factors then bind
to the receptors on PC12 cells, facilitating neural differentiation in
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these cells.

Discussion

In this study, we investigated the effect of oxidative
stress in hADMPCs on the induction of neuronal differ-
entiation. Such mechanisms may explain how adminis-
tration of hADMPCs to neurodegenerative lesions
enhances endogenous repair mechanisms via neurogen-
esis of endogenous neural progenitor and stem cells.
Damaged tissues, such as the brain tissue of patients
who have suffered from ischemic stroke, are subject to
inflammation and the generation of reactive oxygen spe-
cies (ROS) [17,18]. Our data demonstrated that
hADMPCs, when exposed to oxidative stress, facilitate
neuronal differentiation in rat pheochromocytoma cell
line PC12 cells by upregulation of fibroblast growth fac-
tor 2 (FGF2) and bone morphogenetic protein 2 (BMP2)
secretion through p38 MAPK activation.

Our results show that BMP2 and FGF2 were upregu-
lated in hRADMPCs when exposed to buthionine sulfoxi-
mine (BSO), a glutathione-synthesis inhibitor that leads
to oxidative stress. These findings may have therapeutic
implications in neurodegenerative diseases. We con-
cluded that BMP2 and FGF2 secreted from hADMPCs
that had been exposed to oxidative stress were the main
inducers of neurite outgrowth in PC12 cells. Erk1/2 and
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Smadl/5/8 were significantly activated in these cells
(Figure 2), while other growth factors known to induce
neurite outgrowth in PC12 cells such as nerve growth
factor (NGF) and vascular endothelial growth factor
(VEGF) were not observed to be upregulated by BSO
treatment (data not shown). We confirmed that BMP2
enhanced the effect that FGF2 had on the differentiation
of PC12 cells (Figure 3), supporting our idea that
hADMPCs under oxidative stress conditions secrete
BMP2 and FGF2 and that this contributes to neuronal
differentiation. Consistent with our conclusions, it has
been reported that BMP2, via activation of a Smad sig-
naling pathway, facilitated FGF2-induced neuronal dif-
ferentiation in PCI12 cells [26,27]. However, since
hADMPCs have been reported to secrete many growth
factor including NGF, VEGF, HGF, and IGF [11,15,33],
we cannot exclude the possibility that BMP2 and FGF2
are acting cooperatively with these growth factors to fa-
cilitate neurite outgrowth in PC12 cells. Thus, the pre-
cise molecular mechanisms of induction of PC12
differentiation and the precise expression profiles in
BSO-treated hADMPCs need to be further investigated.

Recently, BMP signaling through Smad1/5/8 has been
reported to contribute to neurite outgrowth in dorsal
root ganglion neurons both in vitro and in vivo [34,35].
Moreover, BMP2 has been shown to have neurotrophic
effects on midbrain dopaminergic neurons [36], ventral
mesencephalic neurons [37], mouse embryonic striatal
neurons [38], and nitrergic and catecholaminergic en-
teric neurons [39]. Moreover, FGF2 is trophic for neu-
rons, glias, and endothelial cells in the central nervous
system. FGF2 also prevents downregulation of the anti-
apoptotic protein Bcl-2 in ischemic brain tissue and lim-
its excitotoxic damage to the brain through an activin-
dependent mechanism [40]. These findings are consist-
ent with our hypothesis that hADMPCs secret BMP2
and FGF2 to induce neurogenesis in neurodegenerative
lesions in response to oxidative stress.

As it has been shown that ROS activate ERKs, JNKs,
and p38 MAPKs [28,29], we examined the MAPK signal-
ing pathway in hADMPCs exposed to oxidative stress and
found that BSO treatment resulted in significant activation
of ERK1/2 and p38 MAPK. Intriguingly, addition of
SB203580, a specific inhibitor of p38 MAPK, but not the
ERK inhibitor U0126, suppressed BMP2 and FGF2 expres-
sion in BSO-treated hADMPCs to control levels (Figure 4),
suggesting that p38 MAPK was contributing to upregula-
tion of BMP2 and FGF2 in hADMPCs when exposed to
oxidative stress. Moreover, lentiviral transduction of the
constitutively active form of MKK6, a MAPKK that select-
ively activates p38 MAPK isoforms [30], resulted in upre-
gulation of BMP2 and FGF2 and this also demonstrated
the crucial role of the p38 MAPK cascade in the regula-
tion of BMP2 and FGF2. In primary human endothelial
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cells, p38-dependent regulation of BMP2 expression was
reported previously. Viemann et al. [41] investigated the
genes that were induced by inflammatory stimulation with
tumor necrosis factor a (TNF-«) and classified these genes
into 2 categories based on whether they were regulated in
an NF-kB-dependent or p38 MAPK-dependent manner.
Consistent with our findings, they found that significant
induction of BMP2 expression by TNF-« was markedly
suppressed by SB202190, an inhibitor of p38 MAPK.
These results support the hypothesis that activation of the
p38 MAPK pathway in hADMPCs in response to inflam-
mation surrounding neurodegenerative lesions leads to in-
duction of BMP2 and FGF2, which in turn support
regeneration of neuronal cells.

It has been known that NF-kB directly binds to the
BMP2 promoter to induce its expression [31], and
MSK1, a downstream molecule of p38 MAPK, is
involved in NF-kB transactivation [32]. However, we did
not observe an elevation of NF-«xB transcriptional activ-
ity in hADMPCs when they were exposed to oxidative
stress (Figure 6). The mechanism of p38-dependent
regulation of gene expression is not completely under-
stood, and the precise mechanism by which p38 MAPK
regulates the expression of BMP2 and FGF2 remains to
be determined.

In this study, we also found that suppression of ERK1/2
MAPK by U0126 in BSO-treated hADMPCs resulted in
slight activation of p38 MAPK (Figure 4A). Consistent
with this, the expression level of BMP2 mRNA was also
upregulated when cells exposed to oxidative stress were
pretreated with U0126 (Figure 4C). Previously, “seesaw
cross-talk” between ERK and p38 MAPK signaling has
been reported; i.e., the MEK inhibitor caused a decrease in
the phosphorylation level of ERK and an increase in that
of p38, whereas the p38 inhibitor had the opposite effect
[42-44]. We did not investigate the phosphorylation of
ERK1/2 in SB203580-treated hADMPCs, but it may be
possible that seesaw cross-talk also occurs in our system.

Conclusions

In summary, the results obtained in this study have
demonstrated the potential use of hADMPCs for the
treatment of neurodegenerative diseases such as ische-
mic stroke, Parkinson’s disease, Alzheimer’s disease, and
spinal cord injury, in which the transplanted hADMPCs
might be exposed to oxidative stress. Moreover, the p38-
dependent modulation of BMP2 and FGF2 expression
observed in this study is expected to be a new thera-
peutic target for neurodegenerative disorders.

Materials and methods

Adipose tissue samples

Subcutaneous adipose tissue samples (10-50 g, each)
were resected during plastic surgery in 5 females (age,
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20-60 years) as excess discards. The study protocol
was approved by the Review Board for Human Research of
Kobe University Graduate School of Medicine, Foundation
for Biomedical Research and Innovation and Kinki
University Pharmaceutical Research and Technology
Institute (reference number: 10-005). Each subject
provided a signed informed consent.

Cell culture

PC12 cells were obtained from the Health Science Re-
search Resources Bank (Osaka, Japan) and maintained in
RPMI1640 media supplemented with 10% heat-inactivated
horse serum and 5% fetal bovine serum. For differenti-
ation, the cells were plated in 6-well culture plates coated
with collagen type I (Nitta Gelatin, Osaka, Japan) and the
medium was replaced with differentiation medium
(RPMI1640 supplemented with 1% horse serum and 0.5%
fetal bovine serum) or conditioned medium from
hADMPCs. NGF (50 ng/mL), BMP2 (40 ng/mL) or FGF2
(5 ng/mL) were added to the differentiation medium. Re-
combinant murine Noggin (200 ng/mL: PeproTech, NJ,
USA) was added to conditioned medium from BSO-
treated hADMPCs. hADMPCs were isolated as previously
reported [4-6,45,46] and maintained in a medium contain-
ing 60% DMEM-low glucose, 40% MCDB-201 medium
(Sigma Aldrich, St. Louis, MO, USA), 1x insulin-
transferrin-selenium (Gibco Invitrogen, NY, USA), 1 nM
dexamethasone (Sigma Aldrich), 100 mM ascorbic acid 2-
phosphate (Wako, Osaka, Japan), 10 ng/mL epidermal
growth factor (PeproTech), and 5% fetal bovine serum.
The cells were plated to a density of 5x 10° cells/cm? on
fibronectin-coated dishes, and the medium was replaced
every 2 days.

Preparation of conditioned medium from hADMPCs

Two days after plating, hADMPCs were treated with
BSO (concentrations used were varied in each experi-
ment and are indicated in the results and figure legends)
for 16 h. The medium was replaced with fresh culture
medium for 2 days followed by replacement with PC12
cell differentiation medium. After 2 more days, the
medium was removed for use as conditioned medium.
For preparation of the conditioned medium from
hADMPCs in which one of the three, p38, Erkl/2, or
JNK MAPK, was inhibited, hADMPCs were pretreated
with 10 pM SB203580 (Promega, WI, USA), 10 pM
U0126 (Promega), or 10 uM JNK inhibitor II (EMD4
Bioscience, CA, USA), respectively, for 2 h and subse-
quently treated with 1 mM BSO.

Measurement of GSH/GSSG ratio

Ratios of reduced glutathione (GSH) to oxidized glutathi-
one (GSSG) were measured using the GSH/GSSG-Glo
assay kit (Promega) following the manufacturer’s protocol.
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Measurement of reactive oxygen species production

Cells were harvested and incubated with 10 pM 5-(and-
6)-chloromethyl-2",7 -dichlorodihydrofluorescein diace-
tate, acetyl ester (CM-H,DCFDA). The amount of intra-
cellular ROS production was proportional to green
fluorescence, as analyzed with a Guava easyCyte 8HT
flow cytometer (Millipore) using an argon laser at
488 nm and a 525/30 nm band pass filter, and dead cells
were excluded with the LIVE/DEAD fixable far red dead
cell stain kit (Invitrogen).

Western blot analysis

Cells were washed with ice-cold phosphate-buffered sa-
line and lysed with M-PER Mammalian Protein Extraction
Reagent (Thermo Scientific Pierce, IL, USA) follow-
ing the manufacturer’s instructions. Equal amounts
of proteins were separated by sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to polyvinylidene fluoride (PVDF) membranes
(Immobilon-P; Millipore, MA, USA), and probed with
antibodies against phospho-Erk1/2 (#4370), Erk1/2
(#4695), phospho-38 (#9215), p38 (#9212), phospho-
Smadl/5/8 (#9511), phospho-Akt (#4060), Akt (#4691),
phospho-JNK (#9251), INK (#9258) (all from Cell Signaling
Technology, MA, USA) and actin (Millipore). Horseradish
peroxidase (HRP)-conjugated anti-rabbit and anti-mouse
secondary antibodies (Cell Signaling Technology, Danvers,
MA, USA) were used as probes and immunoreactive
bands were visualized with the Immobilon Western
Chemiluminescent HRP substrate (Millipore). The band
intensity was measured using Image] software.

RNA extraction, cDNA generation, and quantitative
polymerase chain reaction (q-PCR)

Total RNA was extracted using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer’s
instructions. ¢cDNA was generated from 1 pg of total
RNA using the Verso cDNA Synthesis Kit (Thermo
Scientific) and purified with the MinElute PCR Purification
Kit (Qiagen). Q-PCR analysis was carried out using
the SsoFast EvaGreen supermix (Bio-Rad, CA, USA)
according to the manufacturer’s protocols. The rela-
tive expression value of each gene was calculated
using a AACt method and the most reliable internal
control gene was determined using the geNorm Software
(http://medgen.ugent.be/~jvdesomp/genorm/). Details of
the primers used in these experiments are available
on request.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was per-
formed using the Quantikine BMP-2 Immunoassay Sys-
tem and Quantikine FGF-2 Immunoassay System (R&D
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Systems, MN, USA) following the manufacturer’s

protocols.

Plasmid construction and lentivirus production
Flag-tagged MKK6 (glu) [30] was provided by Addgene
(pcDNA3-Flag MKK6 (glu); Addgene plasmid 13518).
Flag-tagged MKK6 (glu) was cloned into a pENTRI1
vector (Invitrogen). An iresGFP fragment was subse-
quently cloned into the plasmid to produce the entry
vector pENTR11-MKK6 (glu)-iresGFP. The entry vector
and CSII-EF-RfA (kindly provided by Dr. Miyoshi,
RIKEN BioResource Center, Tsukuba, Japan) were incu-
bated with LR clonase II enzyme mix (Invitrogen) to
generate CSII-EF-MKK6 (glu)-iresGFP. The resultant
plasmid was mixed with packaging plasmids (pCAG-
HIVg/p and pCMV-VSVG-RSV-Rev, kindly provided by
Dr. Miyoshi) and transfected into 293 T cells. The super-
natant medium, which contained lentiviral vectors, was
collected 2 days after transduction and concentrated by
centrifugation (6000 G, 15 h, 4°C).

Luciferase assay

hADMPCs were transfected with pGL4.74 (Promega)
and either pTAL-Luc or pNF-kB-Luc by TransIT-2020
(TaKaRa-Bio). The cells were then treated with 10 uM of
SB203580 or 0.1% DMSO for 2 h followed by addition
of 1 mM of BSO. After 24 h, the medium was changed
to fresh medium and cells were cultured for an add-
itional 2 days. The activity of NF-kB was measured using
the Dual Luciferases Assay System (Promega) according
to the manufacturer’s protocol.

Immunocytochemistry

hADMPCs were fixed with 4% paraformaldehyde in PBS
for 10 min at 4°C and then washed 3 times in PBS.
Blocking was performed with PBSMT (PBS containing
0.1% Triton X-100, 2% Skim Milk) for 1 h at room
temperature. The cells were then incubated with rabbit
monoclonal antibody against NF-kB p65 (Cell Signaling;
#8242; 1/100 dilution) overnight at 4°C. After washing
with PBS, cells were incubated with Alexa 488 conju-
gated anti-rabbit IgG (Invitrogen; 1/1000 dilution) for
1 h. The cells were counterstained with 4'-6-diamidino-
2-phenylindole (DAPI) (Invitrogen) to identify cellular
nuclei.
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Hepatocyte-like cells differentiated from human embryonic stem cells (hESCs) or human induced
pluripotent stem cells (hiPSCs) are known to be a useful cell source for drug screening. We recently
developed an efficient hepatic differentiation method from hESCs and hiPSCs by sequential transduction
of FOXA2 and HNF14. It is known that the combination of three-dimensional (3D) culture and co-culture,
namely 3D co-culture, can maintain the functions of primary hepatocytes. However, hepatic maturation

Keywords: of hESC- or hiPSC-derived hepatocyte-like cells (hEHs or hiPHs, respectively) by 3D co-culture systems
E:_T:ﬁg:e has not been examined. Therefore, we utilized a cell sheet engineering technology to promote hepatic
Collagen maturation. The gene expression levels of hepatocyte-related markers (such as cytochrome P450
Fibroblast enzymes and conjugating enzymes) and the amount of albumin secretion in the hEHs or hiPHs, which

Liver were 3D co-cultured with the Swiss 3T3 cell sheet, were significantly up-regulated in comparison with
ECM (extracellular matrix) those in the hEHs or hiPHs cultured in a monolayer. Furthermore, we found that type I collagen
synthesized in Swiss 3T3 cells plays an important role in hepatic maturation. The hEHs or hiPHs that
were 3D co-cultured with the Swiss 3T3 cell sheet would be powerful tools for medical applications, such

as drug screening.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Several studies have recently shown the ability of human
embryonic stem cells (hESCs) [1] and human induced pluripotent
stem cells (hiPSCs) [2] to differentiate into hepatocyte-like cells
[3—6]. Although primary human hepatocytes are generally
employed for drug toxicity screening in the early phase of phar-
maceutical development, these cells have some drawbacks, such as
their limited range of sources, difference in variability and functions
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from batch to batch, and de-differentiation. Because hESC- or
hiPSC-derived hepatocyte-like cells (hEHs or hiPHs, respectively)
have potential to resolve these problems, they are expected to be
applied to drug screening. The hepatic differentiation processes
from hESCs and hiPSCs are divided into three-stages, differentiation
into definitive endoderm (DE) cells, hepatoblasts, and mature
hepatocytes. Hepatic differentiation methods based on the treat-
ment of growth factors have been widely used to generate
hepatocyte-like cells from hESCs or hiPSCs [5—9]. However, the
hepatic differentiation efficiency is not high enough for medical
applications such as drug screening [10]. To promote the efficiency
of hepatic differentiation and hepatic maturation, we have devel-
oped hepatic differentiation methods that combine the trans-
duction of transcription factor genes involved in liver development
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with stimulation by growth factors [11—13]. The hepatocyte-like
cells generated by our protocols have levels of expression of
hepatocyte-related genes similar to the levels in (cryopreserved)
primary human hepatocytes cultured for 48 h after plating [12].
Moreover, we have recently established more efficient and simple
methods for hepatic differentiation from hESCs and hiPSCs by
sequential transduction of forkhead box A2 (FOXA2) and hepato-
cyte nuclear factor 1 homeobox A (HNF1a) (in submitted). In that
recent study, we showed that the hEHs or hiPHs expressed the
genes of hepatocyte-related markers at levels similar to those in
primary human hepatocytes and could metabolize various types of
drugs.

It is known that cell—cell interactions between hepatocytes and
their surrounding cells are essential for liver development and
maintenance of liver functions [14—17]. Although primary human
hepatocytes rapidly lose their functions under a monolayer culture
condition, they could retain their functions, such as albumin
secretion and urea synthesis, in three-dimensional (3D) culture and
co-culture [18—21]. Moreover, it has been reported that the primary
hepatocytes maintain their functions for a long time by the
combination of 3D culture and co-culture, namely 3D co-culture
[22—24]. In particular, the functions of primary rat hepatocytes
cultured in a 3D co-culture, were shown to be more efficiently
preserved than the functions of primary rat hepatocytes cultured in
monolayer a co-culture [24]. Recently, Kim et al. reported that
primary rat hepatocytes are able to maintain their functions in 3D
co-culture with an endothelial cell sheet [25]. To perform 3D co-
culture with a cell sheet, they employed cell sheet engineering
technology using temperature-responsive culture dishes
grafted with a temperature-responsive polymer, poly(N-iso-
propylacrylamide). This cell sheet engineering technology make it
possible to manipulate a monolayer cell sheet with the extracellular
matrices (ECMs) synthesized from the cells [26]. Although 3D
culture or co-culture methods have been individually applied to
promote hepatic differentiation from ESCs or iPSCs [27-29], few
studies have investigated the hepatic differentiation from hESCS or
hiPSCs using a 3D co-culture method.

In this study, we examined whether 3D co-culture, which uses
the cell sheet engineering technology, could promote hepatic
differentiation, and particularly the differentiation into mature
hepatocyte-like cells, from hESCs and hiPSCs. Because Swiss 3T3
cells are widely used for co-culture with primary hepatocytes
[18—20], we employed Swiss 3T3 cells for 3D co-culture with the
hEHs or hiPHs. After hEHs and hiPHs were 3D co-cultured with
a Swiss 3T3 cell sheet, we examined the expression levels of
hepatocyte-related genes. Moreover, we investigated a Swiss 3T3
cell-derived factor that can promote hepatic maturation from
hESCs and hiPSCs.

2. Materials and methods
2.1. hESC and hiPSC culture

A hESC line, H9 (WiCell Research Institute), was maintained on a feeder layer of
mitomycin C (MMC)-treated mouse embryonic fibroblasts (MEF, Millipore) with
ReproStem (ReproCELL) supplemented with 5 ng/ml fibroblast growth factor 2
(FGF2) (Sigma). hESCs were dissociated with 0.1 mg/ml dispase (Roche Diagnostics)
into small clumps and were then subcultured every 4 or 5 days. H9 cells were was
used following the Guidelines for Derivation and Utilization of Human Embryonic
Stem Cells of the Ministry of Education, Culture, Sports, Science and Technology of
Japan. One hiPSC line generated from the human embryonic lung fibroblast cell line
MCRS5 was provided from the [CRB Cell Bank (Tic, JCRB Number: JCRB1331). Another
hiPSC line, 201B7, generated from human dermal fibroblasts was kindly provided by
Dr. 5. Yamanaka (KyotoUniversity). These hiPSC lines were maintained on a feeder
layer of MMC-treated MEF with iPSellon (for Tic, Cardio) or ReproStem (for 201B7,
ReproCELL) supplemented with 10 ng/ml (for Tic) or 5 ngfml (for 201B7)
FGF2.hiPSCs were dissociated with 0.1 mg/ml dispase (Roche Diagnostics) into small
clumps and were then subcultured every 5 or 6 days.
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2.2, Swiss 313 cell culture

A mouse fibroblast line, Swiss 3T3, was maintained with RPMI-1640 medium
(Sigma) supplemented with fetal bovine serum (10%) (FBS), streptomycin (120 pg/
ml), and penicillin (200 pg/ml).

2.3. Ad vectors

The human eukaryotic translation elongation factor 1 alpha 1 (EF-1a) promoter-
driven HNF1a- and FOXA2-expressing Ad vectors (Ad-HNF1z and Ad-FOXAZ2,
respectively) were constructed previously (in submitted). All of Ad vectors contain
a stretch of lysine residue (K7) peptides in the C-terminal region of the fiber knob for
more efficient transduction of hESCs, hiPSCs, and DE cells, in which transduction
efficiency was almost 100%, and purified as described previously [11,12,30]. The
vector particle (VP) titer was determined by using a spectrophotometric method [31].

24. In vitro differentiation

Before the initiation of cellular differentiation, the medium of hESCs and hiPSCs
was exchanged for a defined serum-free medium, hESF9, and hESCs and hiPSCs were
cultured as previously reported [32]. The differentiation protocol for the induction of
DE cells, hepatoblasts, and hepatocytes was based on our previous report with some
modifications (in submitted). Briefly, in mesendoderm differentiation, hESCs and
hiPSCs were dissociated into single cells by using Accutase (Millipore) and cultured
for 2 days on Matrigel (BD Biosciences) in hESF-DIF medium (Cell Science & Tech-
nology Institute} supplemented with 10 pg/ml human recombinant insulin, 5 pg/ml
human apotransferrin, 10 uM 2-mercaptoethanol, 10 pM ethanolamine, 10 pM
sodium selenite, and 0.5 mg/ml bovine serum albumin (BSA) (all from Sigma)
(differentiation hESF-DIF medium) containing 100 ng/ml Activin A (R&D Systems)
and 10 ng/ml FGF2. To generate DE cells, hESC- or hiPSC-derived mesendoderm cells
were transduced with 3000 VP/cell of Ad-FOXA2 for 1.5 h on day 2 and cultured until
day 6 on Matrigel in differentiation hESF-DIF medium supplemented with 100 ngfml
Activin A and 10 ng/ml FGF2. For induction of the hepatoblasts, the hESC- or hiPSC-
derived DE cells were transduced with each 1500 VP/cell of Ad-FOXA2 and Ad-
HMF1a for 1.5 h on day 6 and cultured for 3 days on Matrigel in hepatocyte culture
medium (HCM) (Lonza) supplemented with 30 ng/ml bone morphogenetic protein 4
(BMP4) and 20 ng/ml FGF4 (all from R&D Systems). To expand the hepatoblasts, the
hepatoblasts were transduced with each 1500 VP/cell of Ad-FOXA2 and Ad-HNF1x
for 1.5 h on day 9 and cultured for 3 days on Matrigel in HCM supplemented with
10 ng/ml hepatocyte growth factor (HGF), 10 ng/ml FGF1, 10 ng/m| FGF4, and 10 ng/
ml FGF10 (all from R&D Systems).To induce hepatic maturation, the cells were
cultured for 2 days on Matrigel in L15 medium (Invitrogen) supplemented with 8.3%
tryptose phosphate broth (BD Biosciences), 10% FBS (Vita), 10 uM hydrocortisone 21-
hemisuccinate (Sigma), 1 uM insulin, and 25 mM NaHCO3 (Wako) (differentiation
L15 medium) containing 20 ng/ml hepatocyte growth factor (HGF), 20 ngfml
Oncostatin M (OsM) (R&D Systems), and 10 ® M Dexamethasone (DEX) (Sigma). As
described below, the Swiss 3T3 cell sheet was stratified onto hepatocyte-like cells on
day 14 and cultured in differentiation L15 medium supplemented with 20 ng/ml
HGF, 20 ng/ml OsM, and 10~® M DEX until day 15. On day 15, Matrigel was stratified
onto the cells and cultured in differentiation L15 medium supplemented with 20 ng/
ml HGF, 20 ng/ml OsM, and 10~ M DEX until day 25.

2.5. Cell sheet harvesting and stratifying procedure utilizing a gelatin-coated
manipulator

The stratifying protocol was performed as previously described with some
modifications [25,33]. Briefly, Swiss 3T3 cells were seeded on a 24-well
temperature-responsive culture plate (TRCP) (Cell Seed Inc, Tokyo) on day 12. Two
days after seeding (day 14), Swiss 3T3 cells were grown to confluence. On the same
day (day 14), a gelatin-coated cell sheet manipulator was placed on the Swiss 3T3
cells, and the culture temperature was reduced to 20 °C for 60 min. By removing the
manipulator, cultured Swiss 3T3 cells were harvested as a contiguous cell sheet that
attached on the gelatin. The Swiss 3T3 cell sheet was then stratified on the hEHs or
hiPHs. The culture plate with the manipulator was incubated at room temperature
for 60 min to induce adherence between the hEHs or hiPHs and Swiss 3T3 cell sheet.
To dissolve the gelatin, the culture plate was incubated at 37 °C for 60 min, and this
was followed by several washing steps.

2.6. RNA isolation and reverse transcription-PCR

Total RNA was isolated from the hESC- or hiPSC-derived cells using ISOGENE
(Nippon Gene) according to the manufacturer’s instructions. cDNA was synthesized
using 500 ng of total RNA with a Superscript VILO cDMA synthesis kit (Invitrogen).
Real-time RT-PCR was performed with Tagman gene expression assays or Fast SYER
Green Master Mix using an ABI Step One Plus (all from Applied Biosystems). Relative
quantification was performed against a standard curve and the values were
normalized against the input determined for the housekeeping gene, glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The primer sequences used in this study are
described in Supplementary Tables 1 and 2.
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2.7. Preparation of verticalsection

On day 15, the hEHs cultured with or without the Swiss 3T3 cell sheet were
frozen in Tissue-Tek 0.C.T. Compound {Sakura Finetek), then vertically sectioned and
fixed with 4% paraformaldehyde. These sections were monitored by a phase contrast
microscope (Olympus).

2.8. ELISA

hESCs or hiPSCs were differentiated into the hepatocyte-like cells as described in
Fig. 1A. The culture supernatants, which were incubated for 24 h after fresh medium
was added, were collected and analyzed to determine the amount of ALB secretion
by ELISA. ELISA kits for ALB were purchased from Bethyl Laboratories. ELISA was
performed according to the manufacturer’s instructions. The amount of ALB secre-
tion was calculated according to each standard.

2.9, Co-culture and culture in a cell culture insert system (insert-culture)

hESCs were differentiated into the hepatocyte-like cells as described in Fig. 1A
until day 14, and then the hESC-derived cells were harvested and seeded onto a 6-
well culture plate (Falcon) with Swiss 3T3 (1:1) in a co-culture system. In a insert-
culture system, hESC-derived hepatocyte-like cells were harvested and seeded
onto a 6-well culture plate alone, and Swiss 3T3 cells were plated in cell culture
inserts (membrane pore size 1.0 pm; Falcon), and placed in a well of the culture
palate containing hESC-derived hepatocyte-like cells. These cells were cultured in
differentiation L15 medium supplemented with 20 ng/ml HGF, 20 ng/ml OsM, and
10 ® M DEX until day 25.

2.10. Stratification of type I collagen gel

A type | collagen gel solution was prepared as suggested by Nitta Gelatin: 7 parts
of solubilized collagen in HC1 (pH 3.0) 2 parts of 5x concentrated RPMI-1640
medium, and 2 parts of reconstitution buffer (0.2 M HEPES, 0.08 M NaOH) to
neutralize the collagen gel, were mixed gently but rapidly at 4 “C. Next, the hESC-
derived cells were cultured in a type [ collagen gel solution for 3h, and then the
medium waschanged and the cells were cultured in differentiation L15 medium
supplemented with 20 ng/ml HGF, 20 ng/ml OsM, and 10~® M DEX until day 25.

2.11. Inhibition of collagen synthesis

hESCs were differentiated into the hepatocyte-like cells as described in Fig. 1A
until stratification of the Swiss 3T3 cell sheet. After stratification of the Swiss 3T3 cell
sheet, the cells were cultured in differentiation L15 medium supplemented with
20 ng/ml HGF, 20 ng/ml OsM, 10 ® M DEX, and 25 uM 2,2'-Bipyridyl (Wako), an
inhibitor of collagen synthesis, until day 25.

2.12. Western blotting analysis

Swiss 3T3 cells were cultured with 25 pM 2,2'-Bipyridyl or solvent (0.1% DMSO)
for 3 days, and these cells were then homogenized with lysis buffer (1% Nonidet P-
40,1 mM EDTA, 25 mM Tris-HCl, 5 mM NaF, and 150 mM NaCl) containing protease
inhibitor mixture (Sigma-Aldrich). After being frozen and thawed, the homogenates
were centrifuged at 15,000x g at 4 °C for 10 min, and the supernatants were
collected. The lysates were subjected to SDS-PAGE on 7.5% polyacrylamide gel and
were then transferred onto polyvinylidene fluoride membranes (Millipore). After
the reaction was blocked with 1% skim milk in TBS containing 0.1% Tween 20 at room
temperature for 1 h, the membranes were incubated with goat anti-collal Ab
(diluted 1/200; Santa Cruz Biotechnology) or mouse anti-B-actin Ab (diluted 1/
5000; Sigma) at 4 °C overnight, followed by reaction with horseradish peroxidase-
conjugated anti-goat IgG (Chemicon) or anti-mouse IgG (Cell Signaling Technology)
at room temperature for 1 h. The band was visualized by ECL Plus Western blotting
detection reagents (GE Healthcare) and the signals were read using a LAS-3000
imaging system (FUJI Film).

2.13. Statistical analysis

Statistical analysis was performed using the unpaired two-tailed Student’s t-test.
3. Results

3.1. Efficient hepatic maturation by stratification of the Swiss 3T3
cell sheet

The hEHs, which were generated by the transduction of HNF1«
and FOXAZ2 genes, were 3D co-cultured with the Swiss 3T3 cell sheet
to promote hepatic differentiation and to generate mature hepa-
tocytes from hESCs and hiPSCs. Our differentiation strategy using

the stratification of the Swiss 3T3 cell sheet is illustrated in Fig. 1A.
The stratifying procedure was performed on day 14 as described in
Fig. 1B. The day after stratifying the Swiss 3T3 cell sheet on the
hEHs, vertical sections of the monolayer hEHs (hEHs-mono) and
the hEHs stratified with the Swiss 3T3 cell sheet (hEHs-Swiss) were
prepared (Fig. 1C). We found that Swiss 3T3 cells were successfully
harvested and overlaid onto the hEHs as a monolayer cell sheet
(Fig. 1C). Moreover, the hEHs seemed to be larger than the Swiss
3T3 cells. The space between the hEHs cells and Swiss 3T3 cells
suggests the formation of ECMs (Fig. 1C).

To investigate whether stratification of the Swiss 3T3 cell sheet
could promote hepatic maturation of the hEHs, hESCs (H9) were
differentiated into the hepatocyte-like cells according to the
protocol described in Fig. 1A, and then the gene expression levels of
hepatocyte-related markers and the amount of albumin (ALB)
secretion in the hEHs-Swiss were measured on day 25 (Fig. 2). By
3D co-culturing of the hepatocyte-like cells with the Swiss 3T3 cell
sheet for 10 days (days 15—25), the gene expression levels of
hepatocyte-related markers, such as ALB (Fig. 2A), hepatocyte
nuclear factor 4 alpha (HNF4A) (Fig. 2B), cytochrome P450 (CYP)
enzymes (CYP2C9, CYP7A1, CYP1A2, and CYP3A5) (Fig. 2D—G), and
conjugating enzymes (glutathione S-transferase alpha 1 [GSTA1],
GSTAZ2, and UDP glucuronosyltransferase [UGT1A1]) (Fig. 2H—]) were
significantly increased as compared with those in hEHs-mono.
Moreover, the amount of ALB secretion in hEHs-Swiss was also
up-regulated as compared with that in hEHs-mono (Fig. 2K).
Because it is known that hepatoblasts can differentiate into hepa-
tocytes and cholangiocytes [34,35]), we examined the gene
expression level of cytokeratin 7 (CK7), a cholangiocyte-related
marker, in hEHs-Swiss and hEHs-mono. In 3D co-culture with the
Swiss 3T3 cell sheet, the gene expression level of CK7 was down-
regulated in the hEHs-Swiss relative to the hEHs-mono (Fig. 2C).
These results clearly showed that stratification of the Swiss 3T3 cell
sheet could promote the hepatic maturation of the hEHs and, in
turn, suppress the cholangiocyte differentiation.

In order to investigate whether stratification of the Swiss 3T3
cell sheet promotes maturation of hiPHs as well as hEHs, the hiPSCs
(Tic and 201B7) were differentiated into the hepatocyte-like cells
according to the protocol described in Fig. 1A. The results showed
that the gene expression levels of ALB, CYP2C9, CYP3A5, CYP1A2, and
GSTA1 in the hiPHs stratified with the Swiss 3T3 cell sheet (hiPHs-
Swiss) were up-regulated in comparison with those in the mono-
layer hiPHs (hiPHs-mono) (Fig. 3A—E). Moreover, the gene
expression level of CK7 was markedly decreased in hiPHs-Swiss
(Fig. 3F). The gene expression level of ALB in the hiPHs-Swiss
differentiated from Tic was higher than that in the hiPHs-Swiss
differentiated from 201B7, while the gene expression levels of
CYP enzymes in the hiPHs-Swiss differentiated from Tic were lower
than those in the hiPHs-Swiss differentiated from 201B7
(Fig. 3A—D). These results showed that stratification of the Swiss
3T3 cell sheet promoted hepatic maturation of both hEHs and
hiPHs.

3.2. Identification of maturation factors synthesized from Swiss 373
cells

The data described above indicate that hepatic maturation
factors were produced in Swiss 3T3 cells. To elucidate the Swiss 3T3
cell-derived hepatic maturation factors, the hEHs were cultured in
cell culture-insert systems (insert-cultured), in which the hEHs
were co-cultured with Swiss 3T3 cells without physical contacts, or
co-cultured with Swiss 3T3 cells. Quantitative PCR analysis
revealed that the gene expression levels of ALB and CYP2C9 in the
insert-cultured hEHs were increased in comparison with the hEHs-
mono, while the expression levels of these genes were lower than
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Fig. 1. Experimental protocol and schematic illustration of the procedure to stratify Swiss 3T3 cells on hepatocyte-like cells. (A) The procedure for hepatic differentiation of human embryonic stem cells (hESCs) and human induced
pluripotent stem cells (hiPSCs) using stratification of the Swiss 373 cell sheet. Details of the hepatic differentiation procedure are described in the Materials and methods section. (B) The stratifying protocol was performed by using
gelatin-coated manipulator, Details of the stratifying procedure are described in the Materials and methods section. (C) Phase-contrast micrographs of the vertical sections with monolayer hESC (H9}-derived hepatocyte-like cells (hEHs-
mono) or hepatocyte-like cells stratified with Swiss 3T3 cell sheet (hEHs-Swiss) on day 15. Scale bars represent 25 pM.
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Fig. 2. Stratification of Swiss 3T3 cell sheet on hEHs promotes hepatic maturation. hESCs (H9) were differentiated into hepatocyte-like cells as described in Fig. 1A. (A=K): On day
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as the fold-changes relative to hEHs-mono. (K) On day 25, the amounts of ALB secretion were examined in hEHs-mono or hEHs-Swiss by ELISA. The values were graphed as the fold-
changes relative to hEHs-mono. All data are represented as means + Standard Deviation (SD) (n = 3). *P < 0,05 **P < 0.01.

those in the co-cultured hEHs (Fig. 4A and B). Furthermore,
a significant elevation of CYPIA2 and CYP3A5 gene expression was
observed only in the co-cultured hEHs (Fig. 4C and D). Therefore,
these data indicate that physical contacts between hEHs and Swiss
3T3 cells play an important role in hepatic maturation of the hEHs,
although Swiss 3T3 cell-derived soluble factors also played a small
role in the hepatic maturation.

Because ECMs are important factors in hepatic differentiation
[36], we examined the effect of Swiss 3T3 cell-derived ECMs on
hepatic maturation of the hEHs. Swiss 3T3 cells abundantly
synthesize collagen and almost all of the synthesized collagen is
type I collagen [37]. To mimic 3D co-culture with Swiss 3T3 cell
sheet, type [ collagen gel was stratified onto the hEHs. As a control,
Matrigel, which contains abundant type IV collagen but not type |
collagen, was stratified onto the hEHs. As with the case of the Swiss
3T3 cell sheet stratification, the hEHs-mono stratified with type |
collagen gel showed an elevation of hepatocyte-related marker, but
areduction of cholangiocyte marker (Fig. 5A and B, hEHs-mono). In
addition, stratification of type I collagen augmented the hepatic
maturation of the Swiss 3T3 cell sheet-stratified hEHs (Fig. 5A and
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B, hEHs-Swiss). We further examined the role of Swiss 3T3 cell-
derived type I collagen on hepatic maturation using 2,2’-Bipyr-
idyl, an inhibitor of collagen synthesize. The collagen synthesis in
Swiss 3T3 cells could be efficiently inhibited by treatment with
2,2'-Bipyridyl, as determined by Western blotting analysis (Fig. 5C).
Quantitative RT-PCR analysis revealed that the gene expression
level of ALB was significantly down-regulated, but that of CK7 was
up-regulated in the hEHs-Swiss cultured in the presence of 2,2'-
Bipyridyl (Fig. 5D and E). Taken together, our findings indicated that
type 1 collagen, which was synthesized from Swiss 3T3 cells, was
indispensable for the maturation of the hEHs by Swiss 3T3 cell
sheet.

4. Discussion

Our main purpose in the current study was to develop a more
efficient method for hepatic maturation of the hEHs and hiPHs,
because such a method will be needed to generate more mature
hepatocyte-like cells, which have potent activity to metabolize
drugs, for wide-spread use of drug screening. Therefore, we

9
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attempted to employ a cell sheet engineering technology to further
induce maturation of the hEHs and hiPHs.

We observed a significant increase in the expression of
hepatocyte-related genes in the hEHs- and hiPHs-Swiss as
compared with those in the hEHs- and hiPHs-mono, respectively
(Figs. 2 and 3), indicating that 3D co-culture with the Swiss 3T3 cell
sheet was effective to promote hepatic maturation of the hEHs and
hiPHs. On the other hand, Han et al. have recently shown that hESC-
derived DE cells cannot be promoted to differentiate into hepato-
blasts by co-culture of mouse fibroblast 3T3 cells [38]. Considering
that primary rat hepatocytes are also able to grow and retain their
functions for a long period of time in the presence of Swiss 3T3 cells
[19,20], Swiss 3T3 cells would probably have the capacity to
support the functions of freshly isolated mature hepatocytes and
hESC- or hiPSC-derived hepatocyte-like cells, but not DE cells.
Besides Swiss 3T3 cells, we attempted to maturate the hEHs using
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3D co-culture with the bovine carotid artery endothelial cell sheet,
because Kim et al. recently succeeded in creating a functional
hepatocyte culture system by stacking bovine carotid artery
endothelial cell sheets on primary rat hepatocytes [25]. However,
our preliminary data showed that Swiss 3T3 cell sheets were
superior to the bovine carotid artery endothelial cell sheets in terms
of hepatic maturation of hEHs (data not shown). Thus, we con-
ducted the present experiments to facilitate hepatic differentiation
of human pluripotent stem cells using Swiss 3T3 cell sheets.
Interestingly, we found a difference in hepatic differentiation
efficiency among hiPSC lines (Fig. 3). This might have been due to
epigenetic memory of the hiPSC line, because several studies
showed that the epigenetic memory of iPSCs affected the differ-
entiation capacity [39,40]. Kleger et al. showed that iPSCs generated
from mouse liver progenitor cells, could be more effectively
differentiated into hepatocyte-like cells in comparison with iPSCs
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generated from mouse embryo fibroblasts [41]. Thus, to more
efficiently differentiate into hepatocyte-like cells from hiPSCs, it
might be valuable to employ hiPSCs generated from freshly isolated
human hepatocytes. Moreover, by using our 3D co-culture system,
such hiPSCs would be differentiated into more mature hepatocyte-
like cells.

We investigated the Swiss 3T3 cell-derived hepatic maturation
factors by using cell culture inserts, and found that the physical
contacts between Swiss 3T3 cells and the hEHs were the major
factors contributing to the hepatic maturation of hEHs (Fig. 4).
Because Swiss 3T3 cell-derived soluble factors partially induce
maturation of hEHs (Fig. 4A and B), it would also be interesting to
search for hepatic maturation factors secreted from Swiss 3T3 cells.

To further investigate the maturation factors, we examined
whether type I collagen, which is abundantly synthesized by Swiss
3T3 cells, could promote hepatic maturation. Stratification of type I
collagen gel could lead to a promotion of hepatic maturation of
hEHs-mono as well as hEHs-Swiss (Fig. 5A). We also found that
hepatic maturation by 3D co-culture with the Swiss 3T3 cell sheet
was suppressed by inhibition of collagen synthesis (Fig. 5D). Taken
together, these results show that type [ collagen is one of the key
molecules in promotion of hepatic maturation by stratification of
Swiss 3T3 cells. It is known that the space of Disse, which faces
hepatocytes directly, contains various kinds of ECM proteins,
including type 1 collagen [42]. Because the conditions in 3D co-
culture, which contains type I collagen synthesized from Swiss
3T3 cells, can mimic the in vivo liver microstructure, including the
space of Disse, the hepatic maturation from hEHs and hiPHs might

be efficiently promoted. Furthermore, it was also reported that, by
the stratification of type I collagen gel in primary rat hepatocyte
culture, the cytoskeletal organizations, such as actin localization, in
primary rat hepatocytes were changed and stress fibers were
obliterated just as in the in vivo state [43]. They also showed that
the stratification of type I collagen gel in primary rat hepatocyte
culture maintained ALB secretion in primary rat hepatocyte. Thus,
the alteration of the cytoskeletal organization might also be
changed in the hEHs and hiPHs by 3D co-culture with the Swiss 3T3
cell sheet. For these reasons, it could be speculated that stratifica-
tion of Swiss 3T3 cell sheets positively affects the maturation
process of hEHs and hiPHs mediated by cell-to-cell and cell-type 1
collagen—cell interactions. The expression level of the CK7 gene in
the hEHs was down-regulated by stratification of the Swiss 3T3 cell
sheet or type I collagen gel (Figs. 2C and 5B). Although Matrigel,
which contains large amount of type IV collagen, is widely used to
differentiate hESCs and hiPSCs into hepatocyte-like cells, it is
reported that type IV collagen promotes cholangiocyte differenti-
ation [44]. Therefore, it would be important to note that stratifi-
cation of Swiss 3T3 cell sheet inhibits the cholangiocyte
differentiation and thereby allows the cells to drive the way to
hepatic differentiation. Although we showed that a Swiss 3T3 cell-
derived type I collagen plays an important role in hepatic matu-
ration, it was likely that the other soluble factors would also be
involved in the promotion of hepatic maturation.

We employed Swiss 3T3 cells for 3D co-culture with the hEHs
and hiPHs. However, it would be an attractive study to employ
other kinds of cells such as liver sinusoidal endothelial cells, stellate
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cells, and Kupffer cells, to mimic the in vivo liver microstructure. By
mimicking the in vivo liver microstructure, basic molecular mech-
anisms, including cell—cell interactions, in liver development
would be clarified. Moreover, because our cell sheet technology
allows us to stratify the multiple cell sheets and create layered 3D
tissue constructs, combinations with multiple layers consisting of
various types of cells might be able to develop an efficient method
for hepatic maturation of the hEHs and hiPHs. In addition, by using
new biomaterials with cell patterning techniques, more mature
hepatocyte-like cells would be probably generated from human
pluripotent stem cells, and thereby accelerate the research into
tissue generation.

5. Conclusions

We succeeded in promoting the hepatic maturation of both the
hEHs and hiPHs by stratification of the Swiss 3T3 cell sheet using

172

a cell sheet engineering technology. We also determined that type |
collagen, which is synthesized in Swiss 3T3 cells, plays an impor-
tant role in hepatic maturation. Since our cell sheet engineering
technology enables us to stratify multiple cell sheets, this tech-
nology would have the potential to mimic the in vivo liver micro-
structure and to generate hepatocyte-like cells, which have
functions similar to primary hepatocytes. Our methods would be
powerful tools for in vitro applications, such as drug toxicity
screening in the early phase of pharmaceutical development.
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Background & Aims: Hepatocyte-like cells differentiated from
human embryonic stem cells (hESCs) and induced pluripotent
stem cells (hiPSCs) can be utilized as a tool for screening for hep-
atotoxicity in the early phase of pharmaceutical development.
We have recently reported that hepatic differentiation is pro-
moted by sequential transduction of SOX17, HEX, and HNF4a
into hESC- or hiPSC-derived cells, but further maturation of hepa-
tocyte-like cells is required for widespread use of drug screening.
Methods: To screen for hepatic differentiation-promoting factors,
we tested the seven candidate genes related to liver
development.

Results: The combination of two transcription factors, FOXA2 and
HNF1o, promoted efficient hepatic differentiation from hESCs
and hiPSCs. The expression profile of hepatocyte-related genes
(such as genes encoding cytochrome P450 enzymes, conjugating
enzymes, hepatic transporters, and hepatic nuclear receptors)
achieved with FOXA2 and HNF1a transduction was comparable
to that obtained in primary human hepatocytes. The hepato-
cyte-like cells generated by FOXA2 and HNFlo transduction
exerted various hepatocyte functions including albumin and urea
secretion, and the uptake of indocyanine green and low density
lipoprotein. Moreover, these cells had the capacity to metabolize
all nine tested drugs and were successfully employed to evaluate
drug-induced cytotoxicity.

Conclusions: Our method employing the transduction of FOXA2
and HNF1a represents a useful tool for the efficient generation
of metabolically functional hepatocytes from hESCs and hiPSCs,
and the screening of drug-induced cytotoxicity.

Keywords: FOXA2; HNFla; Hepatocytes; Adenovirus; Drug screening;
Drug metabolism; hESCs; hiPSCs.
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Introduction

Hepatocyte-like cells differentiated from human embryonic stem
cells (hESCs) [1] or human induced pluripotent stem cells
(hiPSCs) [2] have more advantages than primary human hepato-
cytes (PHs) for drug screening. While application of PHs in drug
screening has been hindered by lack of cellular growth, loss of
function, and de-differentiation in vitro [3]), hESC- or hiPSC-
derived hepatocyte-like cells (hESC-hepa or hiPSC-hepa, respec-
tively) have potential to solve these problems.

Hepatic differentiation from hESCs and hiPSCs can be divided
into four stages: definitive endoderm (DE) differentiation, hepatic
commitment, hepatic expansion, and hepatic maturation. Various
growth factors are required to mimic liver development [4] and
to promote hepatic differentiation. Previously, we showed that
transduction of transcription factors in addition to treatment
with optimal growth factors was effective to enhance hepatic dif-
ferentiation [5-7]. An almost homogeneous hepatocyte popula-
tion was obtained by sequential transduction of SOX17, HEX,
and HNF4a into hESC- or hiPSCs-derived cells [7]. However, fur-
ther maturation of the hESC-hepa and hiPSC-hepa is required for
widespread use of drug screening because the drug metabolism
capacity of these cells was not sufficient.

In some previous reports, hESC-hepa and hiPSC-hepa have
been characterized for their hepatocyte functions in numerous
ways, including functional assessment such as glycogen storage
and low density lipoprotein (LDL) uptake [7]. To make a more
precise judgment as to whether hESC-hepa and hiPSC-hepa can
be applied to drug screening, it is more important to assess cyto-
chrome P450 (CYP) induction potency and drug metabolism
capacity rather than general hepatocyte function. Although Duan
et al. have examined the drug metabolism capacity of hESC-hepa,
drug metabolites were measured at 24 or 48 h [8]. To precisely
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estimate the drug metabolism capacity, the amount of metabo-
lites must be measured during the time when production of
metabolites is linearly detected (generally before 24 h). To the
best of our knowledge, there have been few reports that have
examined various drugs metabolism capacity of hESC-hepa and
hiPSC-hepa in detail.

In the present study, seven candidate genes (FOXA2, HEX,
HNF12, HNF1p, HNF42, HNF6, and SOX17) were transduced into
each stage of hepatic differentiation from hESCs by using an ade-
novirus (Ad) vector to screen for hepatic differentiation-promot-
ing factors. Then, hepatocyte-related gene expression profiles and
hepatocyte functions in hESC-hepa and hiPSC-hepa generated by
the optimized protocol, were examined to investigate whether
these cells have PHs characteristics. We used nine drugs, which
are metabolized by various CYP enzymes and UDP-glu-
curonosyltransferases (UGTs), to determine whether the hESC-
hepa and hiPSC-hepa have drug metabolism capacity. Further-
more, hESC-hepa and hiPSC-hepa were examined to determine
whether these cells may be applied to evaluate drug-induced
cytotoxicity.

Materials and methods
In vitro differentiation

Before the initiation of cellular differentiation, the medium of hESCs and hiPSCs
was exchanged for a defined serum-free medium, hESF9, and cultured as previ-
ously reported [9]. The differentiation protocol for the induction of DE cells,
hepatoblasts, and hepatocytes was based on our previous report with some mod-
ifications [5,6]. Briefly, in mesendoderm differentiation, hESCs and hiPSCs were
dissociated into single cells by using Accutase (Millipore) and cultured for 2 days
on Matrigel (BD biosciences) in differentiation hESF-DIF medium which contains
100 ng/ml Activin A (R&D Systems) and 10 ng/ml bFGF (hESF-DIF medium, Cell
Science & Technology Institute; differentiation hESF-DIF medium was supple-
mented with 10 pg/ml human recombinant insulin, 5 pgfml human apotransfer-
rin, 10 uM 2-mercaptoethanol, 10 pM ethanclamine, 10 uM sodium selenite, and
0.5 mg/ml bovine serum albumin, all from Sigma). To generate DE cells, mesendo-
derm cells were transduced with 3000 VP/cell of Ad-FOXA2 for 1.5 h on day 2 and
cultured until day 6 on Matrigel in differentiation hESF-DIF medium supple-
mented with 100 ng/ml Activin A and 10 ng/ml bFGF, For induction of hepato-
blasts, the DE cells were transduced with each 1500 VP/cell of Ad-FOXA2 and
Ad-HNF1a for 1.5 h on day 6 and cultured for 3 days on Matrigel in hepatocyte
culture medium (HCM, Lonza) supplemented with 30 ng/ml bone morphogenetic
protein 4 (BMP4, R&D Systems) and 20 ng/ml FGF4 (R&D Systems). In hepatic
expansion, the hepatoblasts were transduced with each 1500 VP/cell of Ad-
FOXA2 and Ad-HNF1a for 1.5 h on day 9 and cultured for 3 days on Matrigel in
HCM supplemented with 10 ng/ml hepatocyte growth factor (HGF), 10 ngfml
FGF1, 10 ng/ml FGF4, and 10 ng/ml FGF10 (all from R&D Systems). In hepatic mat-
uration, cells were cultured for 8 days on Matrigel in L15 medium (Invitrogen)
supplemented with 8.3% tryptose phosphate broth (BD biosciences), 10% FBS
(Vita), 10 uM hydrocortisone 21-hemisuccinate (Sigma), 1 uM insulin, 25 mM
NaHCO; (Wako), 20 ng/ml HGF, 20 ngfml Oncostatin M (OsM, R&D systems),
and 10~® M Dexamethasone (DEX, Sigma).

Results

Recently, we showed that the sequential transduction of SOX17,
HEX, and HNF40 into hESC-derived mesendoderm, DE, and
hepatoblasts, respectively, leads to efficient generation of the
hESC-hepa [5-7]. In the present study, to further improve the dif-
ferentiation efficiency towards hepatocytes, we screened for
hepatic differentiation-promoting transcription factors. Seven
candidate genes involved in liver development were selected.
We then examined the function of the hESC-hepa and hiPSC-hepa
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generated by the optimized protocol for pharmaceutical use in
detail.

Efficient hepatic differentiation by Ad-FOXA2 and Ad-HNF1x
transduction

To perform efficient DE differentiation, T-positive hESC-derived
mesendoderm cells (day 2) (Supplementary Fig. 1) were trans-
duced with Ad vector expressing various transcription factors
(Ad-FOXA2, Ad-HEX, Ad-HNFlo, Ad-HNF1p, Ad-HNF4o, Ad-
HNF6, and Ad-SOX17 were used in this study). We ascertained
the expression of FOXA2, HEX, HNF1x, HNF1p, HNF4x, HNF6, or
SOX17 in Ad-FOXA2-, Ad-HEX-, Ad-HNFlao-, Ad-HNF1p-, Ad-
HNF4a-, Ad-HNF6-, or Ad-SOX17-transduced cells, respectively
(Supplementary Fig. 2). We also verified that there was no cyto-
toxicity of the cells transduced with Ad vector until the total
amount of Ad vector reached 12,000 VP[cell (Supplementary
Fig. 3). Each transcription factor was expressed in hESC-derived
mesendoderm cells on day 2 by using Ad vector, and the effi-
ciency of DE differentiation was examined (Fig. 1A). The DE dif-
ferentiation efficiency based on CXCR4-positive cells was the
highest when Ad-SOX17 or Ad-FOXA2 were transduced
(Fig. 1B). To investigate the difference between Ad-FOXA2-trans-
duced cells and Ad-SOX17-transduced cells, gene expression lev-
els of markers of undifferentiated cells, mesendoderm cells, DE
cells, and extraembryonic endoderm cells were examined
(Fig. 1C). The expression levels of extraembryonic endoderm
markers of Ad-SOX17-transduced cells were higher than those
of Ad-FOXA2-transduced cells. Therefore, we concluded that
FOXA2 transduction is suitable for use in selective DE
differentiation.

To promote hepatic commitment, various transcription fac-
tors were transduced into DE cells and the resulting phenotypes
were examined on day 9 (Fig. 1D). Nearly 100% of the population
of Ad-FOXA2-transduced cells and Ad-HNFla-transduced cells
was o-fetoprotein (AFP)-positive (Fig. 1E). We expected that
hepatic commitment would be further accelerated by combining
FOXA2 and HNF1a transduction. The DE cells were transduced
with both Ad-FOXA2 and Ad-HNF1q, and then the gene expres-
sion levels of CYP3A7 [10], which is a marker of fetal hepatocytes,
were evaluated (Fig. 1F). When both Ad-FOXA2 and Ad-HNF1a
were transduced into DE cells, the promotion of hepatic commit-
ment was greater than in Ad-FOXA2-transduced cells or Ad-
HNF1a-transduced cells.

To promote hepatic expansion and maturation, we transduced
various transcription factors into hepatoblasts on day 9 and 12
and the resulting phenotypes were examined on day 20
(Fig. 1G). We ascertained that the hepatoblast population was
efficiently expanded by addition of HGF, FGF1, FGF4, and FGF10
(Supplementary Fig. 4). The hepatic differentiation efficiency
based on asialoglycoprotein receptor 1 (ASGR1)-positive cells
was measured on day 20, demonstrating that FOXA2, HNF1a,
and HNF4a transduction could promote efficient hepatic matura-
tion (Fig. 1H). To investigate the phenotypic difference between
Ad-FOXA2-, Ad-HNF1a-, and Ad-HNF4o-transduced cells, gene
expression levels of early hepatic markers, mature hepatic mark-
ers, and biliary markers were examined (Fig. 11). Gene expression
levels of mature hepatic markers were up-regulated by FOXA2,
HNF1a, or HNF4o transduction. FOXA2 transduction strongly
upregulated gene expression levels of both early hepatic markers
and mature hepatic markers, while HNF1o or HNF4o transduc-
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Fig. 1. Efficient hepatic differentiation from hESCs by FOXA2 and HNF1« transduction. (A) The schematic protocol describes the strategy for DE differentiation from
hESCs (H9). Mesendoderm cells (day 2) were transduced with 3000 VP/cell of transcription factor (TF)-expressing Ad vector (Ad-TF) for 1.5 h and cultured as described in
Fig. 2A. (B) On day 5, the efficiency of DE differentiation was measured by estimating the percentage of CXCR4-positive cells using FACS analysis. (C) The gene expression
profiles were examined on day 5. (D) Schematic protocol describing the strategy for hepatoblast differentiation from DE. DE cells (day 6) were transduced with 3000 VP/cell
of Ad-TF for 1.5 h and cultured as described in Fig. 2A. (E) On day 9, the efficiency of hepatoblast differentiation was measured by estimating the percentage of AFP-positive
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Fig. 2. Hepatic differentiation of hESCs and hiPSCs by FOXA2 and HNF1x transduction. (A) The differentiation procedure of hESCs and hiPSCs into hepatocytes via DE
cells and hepatoblasts is schematically shown. Details of the hepatic differentiation procedure are described in Materials and methods. (B) Sequential morphological
changes (day 0-20) of hESCs (H9) differentiated into hepatocytes are shown. (C) The expression of the hepatocyte markers (ALB, CYP2D6, «AT, CYP3A4, and CYP7AL, all
green) was examined by immunohistochemistry on day 0 and 20. Nuclei were counterstained with DAPI (blue).

tion did not up-regulate the gene expression levels of early hepa- bination of Ad-FOXA2 and Ad-HNF4a transduction result in the
tic markers. Next, multiple transduction of transcription factors most efficient hepatic maturation, judged from the gene expres-
was performed to promote further hepatic maturation. The com- sion levels of CYP2C19 (Fig. 1]). This may happen because the
bination of Ad-FOXA2 and Ad-HNF1a transduction and the com- mixture of immature hepatocytes and mature hepatocytes coor-

cells using FACS analysis. (F) The gene expression level of CYP3A7 was measured by real-time RT-PCR on day 9. On the y axis, the gene expression level of CYP3A7 in hESCs
(day 0) was taken as 1.0. (G) The schematic protocol describes the strategy for hepatic differentiation from hepatoblasts. Hepatoblasts (day 9) were transduced with 3000
VP/cell of Ad-TF for 1.5 h and cultured as described in Fig. 2A. (H) On day 20, the efficiency of hepatic differentiation was measured by estimating the percentage of ASGR1-
positive cells using FACS analysis. The detail results of FACS analysis are shown in Supplementary Table 1. (I) Gene expression profiles were examined on day 20. (])
Hepatoblasts (day 9) were transduced with 3000 VF/cell of Ad-TFs (in the case of combination transduction of two types of Ad vector, 1500 VP/cell of each Ad-TF was
transduced) for 1.5 h and cultured. Gene expression levels of CYP2CT9 were measured by real-time RT-PCR on day 20. On the y axis, the gene expression level of CYP2C19 in
PHs, which were cultured for 48 h after the cells were plated, was taken as 1.0. All data are represented as mean + SD (n = 3).
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Fig. 3. The hepatic characterization of hiPSC-hepa. hESCs (H1 and H9) and hiPSCs (201B7, 253G1, Dotcom, Tic, and Toe) were differentiated into hepatocyte-like cells as

described in Fig. 2A. (A) On day 20, the gene expression level of ALB was examined

by real-time RT-PCR. On the y axis, the gene expression level of ALB in PHs, which were

cultured for 48 h after cells were plated, was taken as 1.0. (B-1) hiPSCs ( Dotcom) were differentiated into hepatocyte-like cells as described in Fig. 2A. (B) The amount of ALB
secretion was examined by ELISA in hiPSCs, hiPSC-hepa, and PHs. (C) hiPSCs, hiPSC-hepa, and PHs were subjected to immunostaining with anti-ALB antibodies, and then the
percentage of ALB-positive cells was examined by flow cytometry. (D-G) The gene expression levels of CYP enzymes (D), conjugating enzymes (E), hepatic transporters (F),
and hepatic nuclear receptors (G) were examined by real-time RT-PCR in hiPSCs, hiPSC-hepa, and PHs. On the y axis, the expression level of PHs is indicated. (H) The amount
of urea secretion was examined in hiP5Cs, hiPSC-hepa, and PHs. (1) Induction of CYP1A2, 2B6, or 3A4 by DMSO or inducer (bNF, PB, or RIF) of hiPSC-hepa and PHs, cultured for
48 h after the cells were plated, was examined. On the y axis, the gene expression levels of CYP1A2, 2B6, or 3A4 in DMSO-treated cells, which were cultured for 48 h, were

taken as 1.0. All data are represented as mean = SD (n = 3).

dinately works to induce hepatocyte functions. Taken together,
efficient hepatic differentiation could be promoted by using the
combination of FOXA2 and HNF1a transduction at the optimal
stage of differentiation (Fig. 2A). At the stage of hepatic expansion
and maturation, Ad-HNF4o can be substituted for Ad-HNFlo
(Fig. 1]). Interestingly, cell growth was delayed by FOXA2 and

HNF4a transduction (Supplementary Fig. 5). This delay in cell
proliferation might be due to promoted maturation by FOXA2
and HNF1a transduction. As the hepatic differentiation proceeds,
the morphology of hESCs gradually changed into a typical hepa-
tocyte morphology, with distinct round nuclei and a polygonal
shape (Fig. 2B), and the expression levels of hepatic markers
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