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Table 3. A list of 23 genes with SS-hypo-DMRs exhibiting ‘high” expression in human iPS/ES cells.

Fold change of DNA methylation DNA methylation
TargetlD Gene name expression level in iPS/ES cells level in Diff. cells

€g24183173 BCOR, BCL-6 interacting corepressor

€g22892904

€g21629895

0.125+0.013 0.674%+0.093

194.63 0.241+0.022 0.735+0.056

47.33 0.037%0.005 0.355+0.054

0.306%0.024 0.772+0.043

€g27377213 PPP1R16B, protein phosphatase 1 regulatory 65.86 0.097+0.009 0.796%0.102
inhibitor subunit 16B

0.028+0.005

S0OX10, SRY-box 10

cg10242476 TDGF1, teratocarcinoma-derived growth factor 1 2472.59 0.146+0.013 0.387+0.052
<
cg05656364 VAMPS, vesicle-associated membrane protein 8 9.69 0.070+0.010 0.698+0.081

Fold change of expression: Fold change of expression of the listed gene in human iPS/ES cells against the expression level in differentiated cells.
doi:10.1371/journal.pone.0013017.t003

Table 3 have trimethylation solely on K4 (Fig. 3C). Six genes have This result is consistent with the suggestion by Fouse et al. (2008)
no histone trimethylation on K4 and K27 and the rest have [24] that DNA methylation in mouse ES cells primarily occurred

bivalent K4/K27 trimethylation (Fig. 3C). on non-CpG island regions of promoters.
Gene ontology analysis shows that signal transduction and
Discussion transmembrane are major keywords for SS-hyper-DMRs. Most

genes with SS-hyper-DMRs relate to differentiation. Recent
Our genome-wide DNA methylation analysis shows that iPS studies demonstrate that blocking the p53 and TGFB pathways
and ES cells have similar methylation status although DNA  jmproves efficiency of gencration of iPS cells [25,26,27,28,29,30].
methylation status of AM-iPS cells was closer to that of MRC-iPS Some genes related to these pathways are included in SS-hyper-
cells than to that of ES cells in a small fraction. Doi et al. reported DMR. Approximately 70% of SS-hyper-DMR have no modifica-
71 differential methylated regions covering 64 genes between tion of H3K4 and H3K27, suggesting that most genes with SS-
human iPS cells and ES cells [23]. Comparison of 535 aberrant hyper-DMRs are rigorously turned off by DNA methylation. By
DMS:s (overlapping, 155; MRC-iPS specific, 125; AM-iPS specific,  combining these findings with the result of DNMT34, DNMT3B
255) with Doi’s data, six genes that are HOXA9, A2BP1, FZDI0, and DNVMT3L induction in iPS/ES cells, we suggest that SS-hyper-
S§OX2, PTPRT and HYPK overlapped. The inconsistency of most ~ DMRs apparently include genes that play a role in differentiated
DMSs may be due to the stochastic nature of aberrant methylation cells. Moreover, they must be silenced by DNMTs to establish
through the genome. Human iPS and ES cells have general hyper- pluripotency. We then identified 43 genes with SS-hyper-DMRs
methylated status compared with differentiated cells. Our present from “genes significantly suppressed in iPS/ES cells” (Table S3B
genome-wide study indicates that pluripotent stem cells are and S4). In particular, GBP3 and SPI00 could be used as
generally hyper-methylated at promoter regions in comparison epigenetic markers for pluripotency.
with differentiated cells. In the SS-DMRs, the number of CpG In addition, we successfully determined 23 genes with SS-hypo-
sites on non-CpG islands is grater than those on CpG islands, DMRs from “genes significantly expressed in iPS/ES cells”
suggesting that promoter regions on non-CpG islands were more (Table 3 and Table S3A). Those genes may start to be induced by

affected during reprogramming towards pluripotent stem cells. demethylation and a significant subset of genes that act for de-
‘). PLoS ONE | www.plosone.org September 2010 | Volume 5 | Issue 9 | e13017
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Figure 3. Expression and histone modification of the SS-DMRs related genes. (A) Expression patterns of representative genes. RT-PCR
analysis of 7 representative genes and methyltransferase genes. Methylation levels (Me) of each promoter are shown under each panel. H=High
methylation (0.7<score); M=Middle methylation (0.3<score=0.7); L =Low methylation (score=0.3). (B) Comparable distribution of the SS-DMR and
histone trimethylation (me3) of H3K4 and H3K27. Percentage of H3K4me3, H3K27me3, bivalent H3K4me3/K27me3 or non-modification on genes in
SS-hyper-DMRs and in SS-hypo-DMRs. (C) Histone modification of 23 genes in Table 3.

doi:10.1371/journal.pone.0013017.g003

differentiation escape methylation in pluripotent stem cells during
global reprogramming. Promoters of most marker genes expressed
in human iPS/ES cells were low methylated in all cells examined
(Table S5C). Analysis of histone modification of H3K4me3 and
K27me3 from the database suggested that expression of DNMT35B
might be regulated by methylation of H3K4 but expression of
DNMT3L might not be under control of histone modification of
H3K4me3 and K27me3. Most genes with SS-hypo-DMRs
without expression in human iPS/ES cells have modification of
H3K4me, bivalent H3K4me/K27me, or none, but do not have
H3K27me3 modification. These genes may therefore be ready to
be activated upon differentiation.

These findings are in gencrally consistent with the previous
reports that have compared methylation profiles in somatic cells,
iPS cells, and ES cells [23,31,32]. However, their analyses were
limited only to human fibroblasts as a source for generation of iPS
cells. In this study, we analyzed human extra-embryonic amnion
cells and 1PS cells. The DNA methylation profile at promoter sites
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clearly distinguished human pluripotent stem cells from differen-
tiated cells. The SS-DMRs defined in this experiment can be used
as a signature for “stemness”. In addition, knowledge of the DNA
methylation profile in human ES and iPS cells derived from
different cell types is absolutely imperative and may allow us to
screen for optimum iPS/ES cells and to validate and monitor iPS/
ES cell derivatives for human therapeutic applications.

Materials and Methods

Human Cells

Human endometrium, bone marrow stroma, auricular carti-
lage, extra finger bone marrow, amnion, placental artery
endothelium and menstrual blood cells were collected by scraping
tissues from surgical specimens as a therapy, under signed
informed consent, with cthical approval of thc Institutional
Review Board of the National Institute for Child Health and
Development, Japan. Signed informed consent was obtained from
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donors, and the surgical specimens were irreversibly de-identified.
All experiments handling human cells and tissues were performed
in line with Tenets of the Declaration of Helsinki. Endometrium
(UtE1104), bone marrow stroma (H4-1) [33], auricular cartilage
(Mim1508E), extra finger bone marrow (Yub636BM), amnion
(AM936EP), placental artery cndothelium (PAE551) and men-
strual blood cell (Edom22) [34] cell lines were independently
established in our laboratory. H4-1, Mim1508E, Yub636BM,
AMO936EP, Edom22, and MRC-5 [35] cells were maintained in
the POWEREDBY10 medium (MED SHIROTORI CO., Ltd,
Tokyo, Japan). PAE551 were cultured in EGM-2MV BulletKit
(Lonza, Walkersville, MD, USA) containing 5% FBS. Human
induced pluripotent stem (iPS) cells were generated, via procedures
described by Yamanaka and colleagues [2] with slight modifica-
tion. Human iPS cell lines derived from MRC-5 were designated
as MRC-iPS cells [13], also iPS cell lines from AM936EP were
named as AM-iPS cells {12]. Human iPS cells were maintained in
" iPSellon medium (Cardio Incorporated, Osaka, Japan) supple-
mented with 10 ng/ml recombinant human basic fibroblast
growth factor (bFGF, Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). Frozen pellets of human ES cell (HUESCs) were
kindly gifted from Drs. C. Cowan and T. Tenzan (Harvard Stem
Cell Institute, Harvard University, Cambridge, MA).

lllumina Infinium HumanMethylation27 BeadChip assay

Genomic DNA was extracted from cells using the QJAamp
DNA Mini Kit (Qiagen). One microgram of genomic DNA from
each sample was bisulfite-converted using EZ DNA Methylation-
Gold kit (Zymo Rescarch), according to the manufacturer’s
recommendations. Bisulfite-converted DNA was hybridized to
the HumanMethylation27 BeadChip (Illumina inc.). Methyla-
tion levels of each CpG site were determined with fluorescent
signals for methylated and unmethylated alleles. Methylated and
unmethylated signals were used to compute a Beta value, which
was a quantitative score of DNA methylation levels ranging from
“0”, for completely unmethylated, to “1”, for completely
methylated. On the HumanMethylation27 BeadChip, oligonu-
cleotides for 27,578 CpG sites covering more than 14,000 genes
are mounted, mostly selected from promoter regions. 26,956
(97.7%) out of the 27,578 CpG sites are set at promoters and
20,006 (72.5%) sites are set on CpG islands. CpG sites with
=0.05 “Detection p value” (computed from the background
based on negative controls) were climinated from the data for
further analysis, leaving 24,949 valid for use with the 16 samples
tested.

Analysis of DNA methylation data

To analyze DNA methylation data, we used the following web
tools: TIGR MeV [36] (http://www.tm4.org/mev.html) for
hierarchical clustering heat map, NIA Array [37] (http://lgsun.
gre.nia.nih.gov/ANOVAY/) for hierarchical clustering that classify
DNA methylation data by similarity and for principal component
analysis (PCA) that finds major component in data variability,
DAVID Bioinformatics Resources [38] (http://david.abcc.nciferf.
gov/home jsp), PANTHER Classification System [39] (http://
www.pantherdb.org/), WebGestalt [40] (WEB-based GEne SeT
Analysis Toolkit) (http://bioinfo.vanderbilt.cdu/webgestalt/)
based on based on KEGG (Kyoto Encyclopedia of Genes and
Genomes) database [41] (http://www.genome jp/kegg/) for gene
ontology analysis, the GEO database (http://www.ncbinlm.nih.
gov/geo/) for surveying gene expression in human iPS/ES cells
(accession no. GSE9832 [16] and GSE12583 [17]), and the
UCSC Genome Browser website [42] (http://genome.ucsc.edu/).
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RT-PCR

RNA was extracted from cells using the RNeasy Plus Mini kit
(Qiagen). An aliquot of total RNA was reverse transcribed using
random hexamer primers. The cDNA template was amplified
using specific primers for SOXI10, SOXI5, PPPIRI6B, SALL4,
IDGFI1, Spl100 and GBP3. Expression of glyceraldehyde-3-
phosphate dchydrogenase (GAPDH) was used as a positive
control. Primers used in this study are summarized in Table S6A.

Quantitative combined bisulfite restriction analysis
(COBRA) and bisulfite sequencing

To confirm DNA methylation state, bisulfite PCR-mediated
restricion mapping (known as the COBRA method) was
performed. Sodium bisulfite treatment of genomic DNA was
carried out as described above. PCR amplification was performed
using IMMOLASE™ DNA polymerase (Bioline Ltd; London,
UK) and specific primers (Table S6B). After digestion with
restriction enzymes, HpyCH4IV or Taq I, quantitative-COBRA
coupled with the Shimadzu MCE®-202 MultiNA platform
(Shimadzu, Japan) known as the Bio-COBRA method was carried
out for quantitative DNA methylation level. Information of
primers and restriction enzyme is summarized in Table S6B. To
determine the methylation status of individual CpG in SOX1),
SALL4, Sp100 and GBP3, the PCR product was gel extracted and
subcloned into pGEM T Easy vector (Promega, Madison, WI),
and then sequenced. Methylation sites were visualized and quality
control was carried out by the web-based tool, “QUMA” (http://
quma.cdb.riken.jp/) [43].

Supporting Information

Table S1 Frequency of methylation states in each cell line.
Found at doi:10.1371/journal.pone.0013017.s001 (0.04 MB
PDF)

Table S2 A list of genes with SS-hyper-DMRs and SS-hypo-
DMRs on KEGG Pathway.

Found at: doi:10.1371/journal.pone.0013017.5002 (0.05 MB
PDF)

Table 83 (A) DNA methylation states of 23 genes (26 CpG sites)
in Table 3, (B) DNA methylation states of 43 genes (50 CpG sites)
in Table S4.

Found at: doi:10.1371/journal.pone.0013017.s003 (1.61 MB
PDF)

Table S4 A list of 43 genes with SS-hyper-DMRs exhibiting
‘low’ expression in human iPS/ES cells.

Found at doi:10.1371/journal.pone.0013017.5004 (0.07 MB
PDF)

Table 85 (A) DNA methylation states of DNA methyltransfer-
ases, (B) Histone methylation states of DNA methyltransferases,
(C) DNA methylation states of marker genes in human iPS/ES
cells.
Found at: doi:10.1371/journal.pone.0013017.s005 (0.57 MB
PDF)

Table S6 (A) primers used for RT-PCR, and (B) primers used
for COBRA.

Found at doi:10.1371/journal.pone.0013017.s006 (0.52 MB
PDF)

Data set S1 A list of overlapped aberrant DMSs.
Found at: doi:10.1371/journal.pone.0013017.s007 (0.16 MB
XLS)

Data set 82 A list of MRC-iPS specific aberrant DMSs.

September 2010 | Volume 5 | Issue 9 | e13017



Found at: doi:10.1371/journal.pone.0013017.5008 (0.13 MB
XLS)

Data set 83 A list of AM-iPS specific aberrant DMSs.

Found at: doi:10.1371/journal.pone.0013017.5009 (0.25 MB

XLS)

Data set 84 A list of SS-hyper-DMRs.

Found at: doi:10.1371/journal.pone.0013017.s010 (0.61 MB

XLS)

Data set 85 A list of SS-hypo-DMRs.

Found at: doi:10.1371/journal.pone.0013017.s011 (0.10 MB

XLS)
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Enhanced effects of secreted soluble factor preserve
better pluripotent state of embryonic stem cell culture
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Abstract Pluripotent stem cells are under the influence
of soluble factors in a diffusion dominant in vivo
microenvironment. In order to investigate the effects of
secreted soluble factors on embryonic stem cell (ESC)
behavior in a diffusion dominant microenvironment, we
cultured mouse ESCs (mESCs) in a membrane-based two-
chambered micro-bioreactor (MB). To avoid disturbing the
cellular environment in the top chamber of the MB, only
the culture medium of the bottom chamber was ex-
changed. Cell growth in the MB after 5 days of culture
was similar to that in conventional 6-well plate (6-WP)
and membrane-based Transwell insert (TW) cultures,
indicating adequate nutrient supply in the MB. However,
the cells retained higher expression of pluripotency
markers (Oct4, Sox2 and Rexl) and secreted soluble
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factors (FGF4 and BMP4) in the MB. Inhibition of FGF4
activity in the MB and TW resulted in a similar cellular
response. However, in contrast to the TW, inhibition of
BMP4 activity revealed that autocrine action of the
upregulated BMP4, which acted cooperatively with leu-
kemia inhibitory factor (LIF), upregulated the pluripotency
markers expression in the MB culture. We propose that
BMP4 accumulated in the diffusion dominant microenvi-
ronment of the MB upregulated its own expression by a
positive feedback mechanism—in contrast to the macro-
scale culture systems—thereby enhancing the pluripotency
of mESCs. The micro-scale culture platform developed in
this study enables the investigation of the effects of
soluble factors on ESCs in a diffusion dominant microen-
vironment, and is expected to be used to modulate the
ESC fate choices.

Keywords Embryonic stem cell - Soluble factors -
Diffusion - Microenvironment - Micro-bioreactor

1 Introduction

The autocrine and paracrine actions of soluble factors
have an important role in directing pluripotent stem cell
fate choices in vivo (Gadue et al. 2005; Loebel et al.
2003). Pluripotent stem cells and their progenies remain
in a diffusion dominant microenvironment enclosed by
the trophectoderm and extra-embryonic part until an
appreciable amount of mass flow by convection occurs
after the onset of blood circulation (Nagy et al. 2003). At
the initial stage of embryo development, the fate of
pluripotent cells is influenced by the adequate signaling
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of soluble factors in the microenvironment. In vitro, ESC
fate is also modulated by soluble factors (Kunath et al.
2007; Ying et al. 2003a). Although exogenous soluble
factors can be added to the in vitro culture systems to
control ESC fate, it is necessary to consider the influence
of endogenous soluble factors which are secreted by the
cells (Wiles and Proetzel 2006). This is highlighted by the
fact that the addition of exogenous soluble factors has
little influence on the initial differentiation of embryoid
bodies (EBs) but influences the successive maturation of
differentiated progenies towards the matured cell types
(Ogawa et al. 2005; Wiles and Proetzel 2006). Further-
more, neuronal stem cells can be derived efficiently from
mouse ESCs (mESCs) without the addition of exogenous
factors (Ying et al. 2003b). Therefore, a culture system
which mimics the diffusion dominant nature of the in vivo
microenvironment is of great importance in order to
improve our understanding of stem cell biology and
control the stem cell fate decision (Loebel et al. 2003;
Murry and Keller 2008).

Microfluidic technology provides advanced tools to
develop micro-scale culture systems in an in vivo relevant
dimension as well as to control mass transfer modes in the
cellular microenvironment (Meyvantsson and Beebe 2008).
Various micro-scale culture systems have been developed
for ESC culture, but little is known about the effects of
secreted soluble factors in these systems. Moreover, before
proceeding to the differentiation of ESCs, it is necessary to
characterize the differences between the micro and macro-
scale cultures, namely regarding the effects of cell secreted
soluble factors on ESC behavior. Human ESCs (hESCs)
cells were cultured in straight micro-channels in static
(Abhyankar et al. 2003) and semi-static (Korin et al. 2009)
conditions. Although these cultures facilitated the accumu-
lation of soluble factors around the cells owing to the
diffusion dominant nature of static micro-scale culture, their
effects on the cells were not investigated. Furthermore, the
environment changed abruptly because of the daily replace-
ment of the total culture medium. In micro-fabricated wells,
hESCs were found to remain undifferentiated for more than
two weeks (Mohr et al. 2006). The reason for that was not
identified, but most likely resulted from soluble factors,
cell-cell contacts and the extra-cellular matrix (ECM)
produced by the cells. Some studies focused on controlling
ESC microenvironment using perfusion-based systems
(Figallo et al. 2007; Kim et al. 2006). In one of those
studies, mESCs were cultured in microfluidic arrays at
different flow rates, and the cell colonies showed flow-
dependent size variations (Kim et al. 2006). This was
attributed to the amount of nutrient delivery as well as the
removal of waste and secreted factors. Although perfusion
is a way to supply enough nutrients to cells for long-term
culture and control the cellular microenvironment by

@ Springer

removal of the secreted soluble factors, it disturbs the
cellular diffusion-based microenvironment (Walker et al.
2004).

In this context, we developed a membrane-based two-
chambered micro-bioreactor (designated as MB hereafter)
and culture conditions for ESCs to investigate the
influence of secreted soluble factors on cells by mimick-
ing the diffusion-dominant in vivo microenvironment. The
culture medium of the top chamber was not replaced
during the culture period to avoid disturbance in the
cellular microenvironment. In contrast, the culture medi-
um of the bottom chamber was exchanged daily to
maintain a sufficient nutrient supply. We cultured mESCs
for five days in leukemia inhibitory factor (LIF) supple-
mented culture medium to study the effects of soluble
factors on cellular behavior, such as cell-cell interactions,
cell proliferation and differentiation, in which the influ-
ence of secreted soluble factors is important (Yu et al.
2005). In the LIF supplemented medium, BMP4 syner-
gistically interacts with LIF to preserve the mESC
pluripotency by resisting the differentiation inducing
action of FGF4 (Ying et al. 2008c). Therefore, the cell
states in the MB, membrane-based macro-scale Transwell
Insert (TW) and conventional 6-well plate (6-WP)
cultures were compared by the expression of pluripo-
tency markers (Oct4, Sox2, Rexl and Nanog) and cell
secreted soluble factors (FGF4 and BMP4). In addition,
we performed cell culture experiments by inhibiting
signaling components of FGF4 and BMP4 in the MB
and TW. Then, the gene expressions of inhibited and
non-inhibited cultures were compared to discern the
effects of soluble factors in the micro and macro-scale
culture systems.

2 Materials and methods
2.1 Design of the MB

Figure | shows the design details of the MB. The reactor
had two round chambers (top and bottom) with an area of
2.27 ecm?. They were kept separated by a porous membrane.
Each of the chambers’ height and volume were 500 um and
114 uL, respectively. The chambers contained 13 pillars
(1 mm in diameter) that kept the membrane horizontal, and
enabled a more homogeneous cell seeding on the mem-
brane. Cells were cultured on the top face of the membrane.
To avoid culture area other than the membrane, two feeding
holes in the top chamber were drilled at the chamber
perimeter. On the other hand, feeding holes in the bottom
chamber were made approximately 0.7 cm away from the
chamber perimeter to get clearance from the membrane
perimeter.

583



Biomed Microdevices (2010) 12:1097-1105

1099

One feeding hole of lower

“;?/ chamber (Dia = 2 mm)
G‘\f Ve

&
?0‘3:, T One feeding hole of upper
o i, hamber {Dia = 2 mm
W ;”lg — Ncamer(ra mm}
K ' w e . ﬂ%“ » &M\

Si0Oztreated polyester
membrane (Dia = 24 mm,
pore size = 0.4 pym)

Plasma

bonding Chamber (Dia = 17.25 mm,

Depth = 500 pm)
Pillar {Dia = 1 mm) for
membrane support

Channel
(Width = 0.8 mm)

Fig. 1 Details of the PDMS chambers and membrane used to
fabricate the MB. The membrane is sandwiched between the two
PDMS chambers using the common O, plasma method. Both top and
bottom PDMS chambers have two feeding holes to inject cells and
exchange culture medium. Cells are cultured only on the top face of
membrane

2.2 Fabrication of the MB

Details of the MB fabrication method are presented
elsewhere (Kimura et al. 2008). Briefly, negative photore-
sist SU-8 2100 (Microchem Co.) was used to create the
mold masters with the desired pattern. Then PDMS
polymer (Silpot 184; Dow Corning Corp.) was mixed with
its curing agent at a 10:1 ratio, poured over the mold
masters, cured for 2 h at 75°C and peeled off thereafter.
The polyester membranes (pore size 0.4 pm, thickness
10 um) were removed from Transwell Inserts 3450 (Coming
Inc.). To bond the membrane with the PDMS layers, both
sides of the membrane were coated with a thin layer of SiO,
by sputtering for 20 s at 150 W and 0.5 Pa. The membrane
was sandwiched between the two PDMS chambers follow-
ing O, plasma treatment. Flow chips were then attached to
the silicon tubing for connecting syringes; medium and
reagents were manually introduced using those syringes.

2.3 Pre-treatment of experimental group (6-WP, TW
and MB)

Because Si0O, was used to coat the polyester membrane
incorporated in the MB, the top side of the TW membrane
was also coated with SiO, by sputtering. The TW and MB
were then sterilized for 2 h under UV light. A 0.2% w/v
gelatin solution was applied to cover the surface of the
6-WP and the membrane surfaces of the TW and MB,
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which was followed by 6 h of incubation. Culture medium
for the experimental group was added to these culture
systems for pre-incubation before seeding mESCs.

2.4 Routine cell culture

mESCs were routinely cultured in 60 mm gelatin coated
dishes (Twaki). Cell inoculation density was 2x10* cells/
cm?, and the cells were passaged every other day. Culture
medium composition for routine culture was high glucose
DMEM (DMEM; Gibco) containing 20% ESC qualified
Fetal Bovine Serum (FBS; Gibco), 1000 U/ml ESGRO-LIF
(Chemicon), 1% MEM non-essential amino acids (Gibco),
2 mM GlutaMax-I (Gibco), 100 U/ml penicillin, 100 U/ml
streptomycin (Gibco) and 0.1 mM 2-mercaptoethanol
(Gibco). The cells were maintained in a 37°C humidified
environment containing 5% CO,.

2.5 Cell culture in the experimental group

mESCs in the experimental group were cultured using the
same medium as for routine culture except that DMEM and
FBS were replaced with Knockout DMEM (Gibco) and
15% Knockout Serum (KSR; Gibco), respectively. KSR
was used because it contains fewer extrinsic proteins. For
the experimental group, cell inoculation density was 2x10*
cells/cm®. Cell culture in the experimental group was
continued for 5 days. Culture medium of the 6-WP, the
lower chambers of the TW and MB were changed daily.
The upper chamber culture medium of the TW and MB
were not changed. Morphological examination of the cells
under microscope was performed daily. For inhibition
experiments, Fibroblast Growth Factor Receptor (FGFR)
antagonist SU5402 (Mohammadi 1997) (Calbiochem) at
10 uM and BMP4 antagonist Noggin (Smith and Harland
1992) (R&D Systems) at 100 ng/ml were added to the
culture medium.

2.6 Glucose concentration measurement

Culture medium from the 6-WP, the lower chamber of the
TW and MB were collected every day during the 5-day
culture. On the 5th day, the culture medium from the upper
chambers of the TW and MB were also collected. Glucose
concentrations were measured with a glucose analyzer
(GAO05, A&T Corp., Japan).

2.7 Cell collection and gPCR analysis
Isolation of total mRNA was performed using Trizol
Reagent (Invitrogen). In all culture systems, cells were

dissociated using Trypsin (Gibco), counted and then
lysed with Trizol. First-Strand ¢cDNA Synthesis Kit (GE
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Healthcare) was used to synthesize cDNA from the total
mRNA. PCR reactions were carried out with a 7500 Real-
Time PCR System (Applied Biosystems) using Quantitect
SYBR Green PCR Kit (Qiagen). All steps were performed
according to the manufacturers’ instructions. Primers for
cDNA amplification are listed in Table 1. qPCR were
performed at least in duplicate. Raw data of PCR product
amplification curves was analyzed using LinRegPCR v11.4
software (Ruijter et al. 2009) to determine the threshold
cycles used in the AACt method for relative quantification of
gene expression. Geometric mean of the threshold cycles of
reference genes GAPDH and 3-Actin was used to normalize
the target gene expressions. mESC culture at day 3 in the
6-WP was used as calibrator.

2.8 Statistical analysis

Student’s #test for comparing two groups and one way
ANOVA with Tukey’s post test for comparing more than two
groups were performed for statistical evaluation using the
demo version of GraphPad software (GraphPad Software,
Inc.). Differences with a P<0.05 (*), P<0.01 (¥¥), or P<
0.001 (***) were considered to be statistically significant.
All data are presented as the mean + SEM.

3 Results

3.1 Effect of SiO; coating of the membranes on ESC
behavior

SiO, coating on the membrane was necessary to bond it
strongly with the PDMS layers, thereby preventing culture

medium leakage in the MB. The coating did not affect
permeability of the membranes as the measured glucose
permeability of coated and non-coated membranes was the
same (3x107'2 m*s™"). To examine whether the coating had
any effect on cell behavior, we performed mESC culture on
SiO,-coated and non-coated membranes of the TW. Spread
colonies of mESCs were observed on SiO,-coated mem-
branes (Fig. 2(a)), whereas these colonies remained
spherical on the non-coated membranes (Fig. 2(b)). Cells
attached weakly on the membranes without SiO, coating as
the PBS wash during cell harvesting caused some cell loss.
Consequently, the PBS wash was omitted for the non-
coated membranes. However, no difference in cell growth
was observed between SiO,-coated and non-coated samples
(fold changes in cell number relative to the seeded cells
were 35.25+2.58 and 36.72+3.51, respectively). Further-
more, both of the cultures showed similar gene expression
profile (P>0.05) (Fig. 3). Therefore, SiO, coating on the
membrane was used for all the experiments.

3.2 Cell culture condition in the 6-WP, TW and MB

To keep the cellular microenvironment in the upper
chamber of the MB and TW minimally disturbed, we only
changed the culture medium of the lower chambers. Despite
this, nutrients in these culture systems were sufficient as the
glucose concentration throughout the 5 days of culture
remained over half of the glucose concentration in fresh
culture medium (0.02 M). Furthermore, no significant cell
death was observed as assessed by the Trypan blue dye-
exclusion test (data not shown) on day 5. Cell growth in all
culture systems was similar (P>0.05) (Fig. 4). mESC
culture in the TW and MB could be continued for more

Table 1 Genes and primers

used in gPCR analyses Genes Description Primer Sequence (5'-3")

GAPDH Houscekeeping gene Forward CAGAACATCATCCCTGCATC
Reverse CTGCTTCACCACCTTCTTGA

f3-Actin Houscekeeping gene Forward TCACCCACACTGTGCCCATCTACGA
Reverse CAGCGGAACCGCTCATTGCCAATGG

Oct4 Pluripotency marker Forward AGAACCTTCAGGAGATATGC
Reverse TCTTCTCGTTGGGAATACTC

Sox2 Pluripotency marker Forward ACAAGGAAGGAGTTTATTCG
Reverse TTACCAACGATATCAACCTG

Rex1 Pluripotency marker Forward ACACAGAAGAAAGCAGGAT
Reverse GAACAATGCCTATGACTCAC

Nanog Pluripotency marker Forward TGATTCTTCTACCAGTCCC
Reverse GGTCTTAACCTGCTTATAGC

FGF4 Cells’ self-secreted soluble factor Forward TCGGTGTGCCTTTCTTTACC
Reverse ACCTTCATGGTAGGCGACAC

BMP4 Cells’ self-secreted soluble factor Forward CCATCACGAAGAACATCTG
Reverse AATGTTTATACGGTGGAAGC
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Fig. 2 mESC culture on day 5
on SiO,-coated (a) or non-
coated (b) polyester membranes
of the TW. Cell colonies on the
Si0,-coated membrane are
spread, whereas colonies on the
non-coated membrane are
round. Scale bar represents

125 um

than 5 days, whereas cells began to die in the 6-WP after
that period owing to nutrition depletion.

mESC colonies were extensively merged in the 6-WP
(Fig. 5(a)) but they remained mostly as separated colonies
in the TW and MB on day 5 (Fig. 5(b) and (c),
respectively). Many differentiated cells showing a different
morphology from usual mESCs were observed in the
vicinity of cell colonies in the 6-WP and TW cultures
(Fig. 5(d) and (e), respectively). In contrast, a few
differentiated cells and smooth-bordered mESC colonies
were observed in the MB (Fig. 5(f)), therecby indicating
homogenous nature of the colonies.

3.3 Comparison of gene expression profiles among culture
systems

In the MB culture, significantly higher expression levels of
Oct4, Sox2 and Rex! were observed compared to the 6-WP
(Fig. 6). In addition, Sox2 and Rex] expression in the MB
were considerably higher than in the TW culture. These
results showed that mESC pluripotency in the MB culture was
higher than that in the macro-scale culture systems (6-WP and

-0.80

Log4ransformed
relative gene expression ()

-1.20

HTW,_SIO2+ 'y
BTW,_Sio2- Sl

-1.60 . y T .
Oct4 Sox2 Rext Nanog

H

FGF4  BMP4
Fig. 3 Relative gene expression (Logp-transformed) of mESCs
cultured for 5 days on SiO,-coated (TW_SiO2+) or non-coated
(TW_Si02~) membrane of the TW. Both cultures show similar gene
expression profiles (P>0.05). Zero value represents the gene expres-
sion of mESC cultured in 6-WPs for 3 days. Columns and error bars
represent mean = SEM of three independent experiments

TW). Furthermore, both FGF4 and BMP4 were highly
expressed in the MB culture compared to the TW (Fig. 6).
However, only BMP4 expression in the MB was observed to
be higher than in the 6-WP. Only Rex! expression was
different between the TW and 6-WP (Fig. 6).

3.4 Effects of soluble factors

To investigate whether dissimilarity in the activities of FGF4
and BMP4 between the MB and TW was responsible for the
observed differences in the pluripotency markers expression
(Sox2 and Rexl; Fig. 6), we performed inhibition experi-
ments of FGF4 and BMP4 activities in the MB and TW
cultures. FGF4 activity was inhibited using the small
molecule SU5402, an antagonist of FGFR. This resulted in
significantly increased expression of Nanog in the MB as
well as TW cultures, but the other three pluripotency
markers remained essentially unchanged (Fig. 7(a)). Expres-
sion of FGF4 increased, whereas that of BMP4 decreased in
both MB and TW (Fig. 7(a)). We therefore concluded that
the differentiation inducing activity of FGF4 suppressed
Nanog expression, but did not affect the expression of Sox2
and Rex! in the TW or MB. As a result, FGF4 cannot be

4500

35.00

27.00

18.00

9.00

Fold increase in cell number {9

0.00

B8-WP MB

Fig. 4 Fold increase in cell number relative to the seeded cell number
after 5 days of mESC culture in the 6-WP, TW and MB. Cell growths
are similar in all culture systems (P>0.05). Columns and error bars
represent mean = SEM of four independent experiments
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Fig. 5 mESC culture on day 5 in the 6-WP (a, d), TW (b, ) and MB
(¢, f). Arrows in the higher magnification images (d, e) indicate
differentiated cells with a different morphology from the tightly

accounted for the differences in Sox2 and Rex! expressions
between the MB and TW cultures.

We then inhibited BMP4 activity using its antagonist
Noggin. Expression of the pluripotency markers Sox2 and
Rex] decreased by the Noggin treatment in the MB, but
they remained unchanged in the TW (Fig. 7(b)). In
addition, both in the MB and TW culture, FGF4 and
BMP4 expression remained unchanged by the same
treatment. Sox2 and Rex1, which were upregulated more
significantly in the MB as compared to the 6-WP and TW

1.60

packed colony type morphology of mESCs. Scale bars represents
250 pm (a, b and ¢), and 62.5 um (d, e and f)

cultures (Fig. 6), decreased significantly- by the Noggin
treatment (Fig. 7(b)). Therefore, we can conclude that the
activity of upregulated BMP4 (Fig. 6) is responsible for the
better preservation of the mESC pluripotency in the MB.

4 Discussion

In this study, we developed a micro-scale culture system in
which ESCs can be cultured in a diffusion dominant
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Fig. 6 Comparison of the gene expression profiles (Log,-transformed)
of mESCs cultured for 5 days in the 6-WP, TW and MB. Pluripotency
markers (Oct4, Sox2 and Rex1) and soluble factors (FGF4 and BMP4)
expression are upregulated in the MB. Zero represents gene expression
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of mESCs cultured in the 6-WP for 3 days. Columns and error bars
represent mean += SEM of six independent experiments. Statistical
significance of the compared pairs are shown using the symbols *, **
and ***_ representing P-values below 0.05, 0.01 and 0.001, respectively
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Fig. 7 Gene expression profiles
(Log,-transformed) of mESCs
cultured for 5 days in the TW
and MB, (a) with (TW_SUS5402
and MB_SU5402) or without
(TW and MB) inhibition of
FGF4 signaling by SU5402; (b)
with (TW_Noggin and
MB_Noggin) or without (TW
and MB) the BMP4 antagonist
Noggin. Nanog expression both
in the TW and MB increases
following the SU5402 treatment.
Sox2 and Rex1 expression de-

o—
o

150

5

=
0.00

Log-transformed
reiative gene expression (-} ™

T

MB_SU5402

o s, 20 o e A o 0t 4 28 44 Y. 08 20 2 A Yk Sk . 9

crease only in the MB following
the Noggin treatment. Zero rep-
resents gene expression of

¥

Sox2 Rex1 Nanog FGF4

mESCs cultured in 6-WP for

3 days. Columns and error bars
represent mean + SEM of four
and three independent experi-
ments for (a) and (b), respec-
tively. Statistical significance of
the compared pairs (TW against
TW_SU5402; MB against
MB_SU5402; TW against

i
S

1.50

0.50

B MB_Noggin

TW_Noggin; MB against
MB_Noggin) are shown using
symbols *, ** and ***, repre-
senting P-values below 0.05,
0.01 and 0.001, respectively

%

Log-ransformed
relative gene expression (-}

ki
ol
o
o

150

Oot4

microenvironment without any limitation of nutrient supply
for a long period of time. We observed better preservation
of the mESC pluripotency in the micro-bioreactor than in
the conventional macro-scale 6-WP and TW culture
systems. We also demonstrated that autocrine effects of
the up-regulated BMP4 cooperated with LIF to preserve the
high pluripotency in the MB. Furthermore, the influence of
FGF4 was similar in the TW and MB, whereas the
influence of BMP4 was observed only in the MB.

A transcription network of Oct4, Sox2, Rex1 and Nanog
maintains the pluripotency and proliferation of mESCs by
suppressing the gene expression associated with differenti-
ation (Masui et al. 2008; Niwa 2007). Usually, even in
undifferentiated culture of mESCs in the presence of LIF, a
proportion of the cells can undergo spontaneous differen-
tiation (Smith 2001) which is associated with the decreased
expression of those genes. Generally, overgrown differen-
tiating mESC colonies have rough borders compared to the
normal colonies. In the MB, mESC colonies were smooth-
bordered, had few differentiated cells (Fig. 5(c) and (f)) and
retained higher expression of the pluripotency markers
(Fig. 6). These results indicated spontaneous differentiation
of ESCs occurred less in the MB. Among the pluripotency
markers, Sox2 and Rexl showed prominently higher
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expression in the MB as compared to the WP and TW
(Fig. 6). In fact, downregulation of Sox2 and Rexl
expression has a stronger correlation with loss of pluri-
potency of mESCs than the downregulation of Oct4 and
Nanog expression (Palmqvist et al. 2005).

mESCs produce FGF4 extensively (Niwa et al. 2000)
and BMP4 moderately (Johansson and Wiles 1995). FGF4
induces mESCs to differentiate (associated with the
decreased expression of pluripotency markers of mESCs),
which is counteracted by LIF and BMP4, as shown in
Fig. 8 (Ying et al. 2008). In this study, although FGF4 was
upregulated, high expression of BMP4 cooperated with LIF
to preserve a high expression of pluripotency markers in the
MB (Figs. 6, 7(b) and 8). In contrast, downregulated BMP4
in the TW had no observable effect on mESC pluripotecny
markers, thereby maintaining a low level of pluripotency
markers expression (Figs. 7(b) and 8). Notably, BMP4
expression was significantly upregulated only in the MB
culture compared to the 6-WP and TW cultures (Fig. 6).
Enclosed micro-scale environment might have facilitated
the upregulation of BMP4 in the MB. Because the cell
growth behaviors in these cultures were the same (Fig. 4),
amount of secreted factors in the culture environment
would be approximately the same. However, in the MB,
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Fig. 8 A schematic diagram of the influence of soluble factors on the
pluripotency markers in the embryonic stem cell culture environment.
LIF and BMP4 cooperate to resist FGF4-induced differentiation.
Effects of BMP4 on the pluripotency state of mESCs in the micro
(MB) and macro-scale (TW) culture systems are also depicted

the culture volume was small (114 pL compared to the cell
compartment volumes of 1.5 mL and 2 mL in the TW and
6-WP, respectively), and mass transfer was diffusion
dominant due to small dimensions as well as the absence
of a free interface between the culture medium and air (Yu
et al. 2005). On the other hand, surface tension differences
at the interface cause rapid convection in the macro-scale
culture systems, and that creates a homogenous distribution
of secreted soluble factors over the entire culture volume
(Yu et al. 2005). Therefore, secreted soluble factors were
accumulated and reached higher concentrations in the MB
than in the 6-WP and TW. Moreover, they were presumably
retained around the cell colonies at high concentrations for
a longer time period in the MB owing to the diffusion
dominant mass transfer. BMP4 can induce its own
expression by a positive feedback mechanism (Vainio et
al. 1993). Furthermore, owing to the relatively short half-
life of BMP4, it is necessary to retain BMP4 near the cell
for its activity (Miljkovic et al. 2008). Therefore, the higher
exposure of cells to BMP4 in the MB culture than in the
macro-scale cultures (the 6-WP and TW) may facilitate the
feedback mechanism. This explains the observed upregula-
tion and downregulation of BMP4 expression in the MB
and macro-scale cultures, respectively (Fig. 6).

In spite of FGF4 accumulation, cells in the MB
displayed a similar response in gene expression to that
observed in the TW following FGF4 inhibition (Fig. 7(a)).
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However, inhibition of BMP4 activities resulted in signif-
icantly different effects in the MB and TW (Fig. 7(b)).
Molecular diffusivities (inversely proportional to the cube
root of molecular weight, MW) primarily determine the
retention behavior of the soluble factors around the cells
(Yu et al. 2005). FGF4 has a lower MW (22 kDa) than
BMP4 (47 kDa), and may have diffused more quickly out
of the cellular milieu. Therefore, it was unable to exert any
influence on the cells as BMP4 did in the MB. In addition,
extensively secreted FGF4 could have reached the thresh-
old level of its activity equally in the MB and TW. These
could be the plausible reason for the similar response
observed in the TW and MB.

The average concentrations (total number of molecules
divided by volume) of FGF4 and BMP4 in the MB might
be the highest among the culture systems owing to the
accumulation of these factors in the smallest volume.
However, the cellular response to a soluble factor depends
on the concentration level of the factor in the vicinity of the
cell (local concentration). Both the average and local
concentrations are influenced by various parameters of a
soluble factor such as secretion, consumption, sequestration
and release form the ECM. However, convection and
diffusion only influence the local concentration. Owing to
the diffusion dominant mass transfer in the MB, a soluble
factor could be retained around the cells over time to reach
a high concentration—all other parameters being the same
in all culture systems. Therefore, in the MB, we could
realize the combined effect of accumulation in a small
volume and diffusion dominant mass transfer. However, we
could not distinguish explicitly which concentration (aver-
age or local) reached the threshold level to impart a cellular
response. To make the distinction, further investigation
(experiments coupled with mathematical simulation) is
necessary by taking the various parameters of a soluble
factor into account along with diffusion and convection.
This study, which characterizes the effects of soluble factors
on ESC culture in the MB, provides a basis for the
investigation.

mESCs secret FGFS5, Nodal and BMP2 at low variable
levels besides FGF4 and BMP4 (Wiles and Proetzel 2006).
This micro-bioreactor and culture condition will be useful
to study their effects in a diffusion dominant cellular
environment, and will contribute to the understanding of
ESC biology. The heterogeneity of ESCs during differen-
tiation is one obstacle in obtaining lineage-specific cells
useful for cell-based transplantation therapies (Singh and
Terada 2007). Our micro-bioreactor can be used for
obtaining relatively homogenous ESCs. In the absence of
LIF, both FGF4 and BMP4 promote the differentiation of
ESCs (Ying et al. 2003a). Therefore, the activity of soluble
factors observed in the MB will provide an enhanced
signaling microenvironment for controlling ESC differenti-
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ation process in a monolayer format such as for neuronal
(Ying et al. 2003b) or hepatocyte (Teratani et al. 2005)
differentiation. By keeping the cellular environment in the
uppet chamber minimally disturbed, it is also possible to
provide other soluble factors or inhibitors through the lower
chamber to gain more precise control of the differentiation
process.

5 Conclusions

In this study, we developed a membrane-based two-
chambered micro-bioreactor for mESC culture to mimic
the diffusion dominant mass transfer environment observed
in vivo. The influence of soluble factors on cells in the
micro-bioreator was compared with a macro-scale culture
system. We observed enhanced retention of the pluripotent
phenotype of mESCs in the micro-bioreactor owing to the
enhanced effect of a soluble factor in a diffusion dominant
microenvironment. A similar effect of the soluble factor
was not observed in the macro-scale membrane-based
Transwell insert culture system, in which soluble factors
dissipated away from cell surrounding through inherent
convection. This micro-bioreactor offers a suitable platform
not only to understand the influence of secreted soluble
factors on stem cell biology, but also to address an
enhanced signaling environment to direct the ESC fate.
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Human embryonic stem cells (ESCs) and induced pluri-
potent stem cells (iPSCs) have the potential to differenti-
ate into all cell lineages, including hepatocytes, in vitro.
Induced hepatocytes have a wide range of potential
application in biomedical research, drug discovery, and
the treatment of liver disease. However, the existing pro-
tocols for hepatic differentiation of PSCs are not very effi-
cient. In this study, we developed an efficient method to
induce hepatoblasts, which are progenitors of hepato-
cytes, from human ESCs and iPSCs by overexpression of
the HEX gene, which is a homeotic gene and also essential
for hepatic differentiation, using a HEX-expressing adeno-
virus (Ad) vector under serum/feeder cell-free chemically
defined conditions. Ad-HEX-transduced cells expressed
o-fetoprotein (AFP) at day 9 and then expressed albumin
(ALB) at day 12. Furthermore, the Ad-HEX-transduced cells
derived from human iPSCs also produced several cyto-
chrome P450 (CYP) isozymes, and these P450 isozymes
were capable of converting the substrates to metabolites
and responding to the chemical stimulation. Our differ-
entiation protocol using Ad vector-mediated transient
HEX transduction under chemically defined conditions
efficiently generates hepatoblasts from human ESCs and
iPSCs. Thus, our methods would be useful for not only
drug screening but also therapeutic applications.

Received 18 March 2010; accepted 13 October 2010; published online
23 November 2010. doi:10.14638/mt.2010.241

INTRODUCTION

Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are able to replicate indefinitely and differ-
entiate into most cell types of the body,' and thereby have the
potential to provide an unlimited source of cells for a variety of

applications.’ Hepatocytes are useful cells for biomedical research,
regenerative medicine, and drug discovery. They are particularly
applicable to drug screenings, such as for the determination of
metabolic and toxicological properties of drug compounds in
in vitro models, because the liver is the main detoxification organ
in the body.® For these applications, it is necessary to prepare a
large number of functional hepatocytes from human ESCs and
iPSCs. Many of the existing methods for cell differentiation of
human ESCs and iPSCs into hepatocytes employ undefined,
serum-containing medium and feeder cells.’”-* Preparation of
human ESC- and iPSC-derived hepatocytes for therapeutic appli-
cations and drug toxicity testing in humans should be done in
nonxenogenic culture systems to avoid potential contamination
with pathogens. Furthermore, the efficiency of the differentiation
of the human ESCs and iPSCs into hepatocytes is not particularly
high using these methods.>*

In vertebrate development, the liver is derived from the prim-
itive gut tube, which is formed by a flat sheet of cells called the
definitive endoderm.>" Shortly afterwards, the definitive endo-
derm is separated into endoderm derivatives containing the liver
bud, the cells of which are referred to as hepatoblasts. The hepa-
toblasts have the potential to proliferate and differentiate into
both hepatocytes and cholangiocytes. In the process of hepatic
differentiation, the maturation is characterized by the expression
of liver- and stage-specific genes. For example, o-fetoprotein
(AFP) is an early hepatic marker, which is expressed in hepa-
toblasts in the liver bud until birth, and its expression is dra-
matically reduced after birth.’® In contrast, albumin (ALB),
which is the most abundant protein synthesized by hepatocytes,
is initially expressed at lower levels in early fetal hepatocytes,
but its expression level is increased as the hepatocytes mature,
reaching a maximum in adult hepatocytes.”” Furthermore, iso-
forms of cytochrome P450 (CYP) proteins also exhibit differ-
ential expression levels according to the developmental stages
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Hepatoblasts Induced From hESC and hiPSC by HEX
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ESCs/iPSCs Definitive endoderm Hepatoblasts Hepatocytes
5 days 1 day 3 days 9 days
| i i i i -
! i i i i h
Passage ‘ Passage
Transduction with Ad-HEX
Activin A Activin A BMP4 FGF4 HGF
(high-dose) (high-dose} FGF4 OS8M DEX
bFGF bFGF ey
hESF- hESF- medium™*
medium* medium**
Day 0 Day 5 Day 6

ESCs (khES1)

iPSCs (Tic)

Figure 1 A strategy of differentiation of human embryonic stem cells (E5Cs) and induced pluripotent stem cells (iPSC5) to hepatoblasts and
hepatocyies. (@) Schematic representation illustrating the procedure for differentiation of human ESCs (khEST) and iPSCs (Tic) to hepatocytes. (b-¥)
Phase contrast microscopy showing sequential morphological changes (day 0-12) from (b-e) human ESCs (khES1) and (f-i) iPSCs (Tic) to hepato-
blasts via the definitive endoderm. Bar = 50um. bFGF, basic fibroblast growth factor; BMP4, bone morphogenetic protein 4; DEX, dexamethasone;
FGF4, fibroblast growth factor 4; HGF, hepatocyte growth factor; OSM, Oncostatin M; HCM, hepatocytes culture medium; *, hESF-GRO medium that
was supplemented with 10 pg/ml human recombinant insulin, 5 pg/ml human apotransferrin, 10umol/l 2-mercaptoethanol, 10 umol/I ethanolamine,
10pmol/l sodium selenite, 0.5 mg/mi fatty acid free BSA; **, hESF-DIF medium that was supplemented with 10ug/ml insulin, 5 pg/ml apotransferrin,

10umol/l 2-mercaptoethanol, T0pmol/l ethanolamine, 10 pmol/l sodium selenite, 0.5 mg/ml BSA.

of the liver. Although most CYPs (including CYP3A4, CYP7A1l,
and CYP2D6) are only slightly expressed or not detected in the
fetal liver tissue, the expression levels are dramatically increased
after birth."

For the development of hepatoblasts, numerous transcrip-
‘tion factors are required, such as hematopoietically expressed
homeobox (HEX), GATA-binding protein 6, prospero homeo-
box 1, and hepatocyte nuclear factor 4A.">* Among them, HEX
is suggested to function at the earliest stage of hepatic linage.”
HEX is first expressed in the definitive endoderm and becomes
restricted to the future hepatoblasts. Targeted deletion of the
HEX gene in the mouse results in embryonic lethality and a dra-
matic loss of the fetal liver parenchyma.'®** The hepatic genes,
including ALB, prospero homeobox1, and hepatocyte nuclear
factor 4A, are transiently expressed in the definitive endoderm
of HEX-null embryos, and further morphogenesis of the hepato-
blasts does not occur.? In general, then, HEX is essential for the
definitive endoderm to adopt a hepatic cell fate.

Adenovirus (Ad) vectors are one of the most efficient gene
delivery vehicles and have been widely used in both experimen-
tal studies and clinical trials.* Ad vectors are attractive vehicles
for gene transfer because they are easily constructed, can be pre-
pared in high titers, and provide high transduction efficiency in

methods for Ad vector-mediated transient transduction into
mouse ESCs and iPSCs.?*5 We have also showed that the differen-
tiations of mouse ESCs and iPSCs into adipocytes and osteoblasts
were dramatically promoted by Ad vector-mediated peroxisome
proliferator activated receptor y and runt related transcription
factor 2 transduction, respectively.®*

In this study, we hypothesized that transient HEX transduc-
tion could efficiently induce hepatoblasts from human ESCs and
iPSCs. A previous study demonstrated that HEX regulates the dif-
ferentiation of hemangioblasts and endothelial cells from mouse
ESCs,” whereas the role of HEX in the differentiation of hepato-
blasts from human ESCs and iPSCs remains unknown. We found
that differentiation of hepatoblasts from the human ESC- and
iPSC-derived definitive endoderms, but not from undifferenti-
ated human ESCs and iPSCs, could be facilitated by Ad vector-
mediated transient transduction of a HEX gene. Furthermore, the
Ad-HEX-transduced cells that were derived from human iPSCs
were able to differentiate into functional hepatocytes in vitro. All
the processes for cellular differentiation were performed under
serum/feeder cell- free chemically defined conditions. Our cul-
ture systems and differentiation method based on Ad vector-
mediated transient transduction under chemically defined
conditions would provide a platform for drug screening as well

both dividing and nondividing cells. We have developed efﬁcieg 9 ﬁsafe therapies.
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Figure 2 Characterization of the humaen £SC (hEST) and 05T {Ti)
derived definitive endodernms, (a-d) The immunofluorescent staining of
the human ESC (khES1)- and iPSC (Tic) derived differentiated cells before
(a and ¢; day 5) and after passaging (b and d; day 6). The cells were
immunostained with antibodies against FOXA2 and NANOG. Nuclei were
stained with DAPL (e f) Semiquantitative analysis of the immunofluores-
cent staining in a—d. Data are presented as the mean of immunopositive
cells counted in eight independent fields. (g,h) Real-time RT-PCR analy-
sis of the level of definitive endoderm (FOXAZ2 and SOX17), pluripotent
(NANOG), and extra-embryonic endoderm (§OX7) gene expression at day
5 and 6. At day 5, the cells were passaged. Therefore, the data at day 5
and 6 show the levels of gene expression before (at day 5) or after the pas-
sage (at day 6). Data are presented as the mean + SD from triplicate exper-
iments. The graphs represent the relative gene expression level when the
level of undifferentiated cells at day 0 was taken as 1. Bar = 50um. ESC,
embryonic stem cells; iPSC, induced pluripotent stem cells.

RESULTS

Differentiation of human ESC- and iPSC-derived
definitive endoderms

Our three-step differentiation protocol is illustrated in Figure 1a.
After treatment with 50ng/ml of Activin A (high-dose) and basic
fibroblast growth factor (bFGF) for 5 days on a laminin-coated
plate, morphologically, the human ESCs and iPSCs were gradu-
ally transformed from typical, defined, tight human ESC, and iPSC
colonies (day 0) into less dense, flatter cells containing prominent
nuclei (day 5), even though the majority of the cells had a mor-
phology resembling that of undifferentiated cells (Figure 1b,c,fg).
FACS analysis showed that ~46% of human iPSC-derived dif-
ferentiated cells expressed CXCR4 (expressed in the definitive
endoderm but not the primitive endoderm) (Supplementary
Figure Sla). Human ESC- and iPSC-derived differentiated cells
were immunostained with the definitive endoderm marker,
FOXA2 (Figure 2a,¢). However, the majority of the cells expressed
the pluripotent marker NANOG, indicating that undifferentiated

€ The American Society of Gene & Cell Therapy

cells remain in the induced cultures at day 5. After the cells were
passaged with trypsin-EDTA and seeded on a laminin-coated plate
a second time, the resultant cells were found to be more homoge-
neous and flatter at day 6 (Figure 14,h). Semiquantitative analy-
sis by counting immunopositive cells revealed that the number
of FOXA2-positive cells was increased and, in turn, the number
of NANOG-positive cells was decreased at day 6 after passaging
(Figure 2e,f). Real-time reverse transcriptase (RT)-PCR analysis
showed that the definitive endoderm markers FOXA2 and SOX17
mRNA were upregulated, whereas the pluripotent marker NANOG
mRNA was downregulated at day 6 (Figure 2g,h). These results were
consistent with the immunofluorescence results (Figure 2a~d). The
expression levels of the mesoderm marker FLKI mRNA and ecto-
derm marker PAX6 mRNA were downregulated or unchanged at
day 6 (Supplementary Figure S1b-e). Importantly, the expression
of SOX7 mRNA (expressed in the extra-embryonic endoderm but
not the definitive endoderm) was downregulated (Figure 2g,h).
These results indicate that the definitive endoderm is induced or
selected from human ESCs and iPSCs after passaging. We obtained
the same results using another human iPSC line (Supplementary
Figure S2a-d).

HEX induces hepatoblasts from the human
ESC- and iPSC-derived definitive endoderms
To investigate whether forced expression of transcription factors
could promote hepatic differentiation, the human ESC- and iPSC-
derived definitive endoderms were transduced with Ad vectors.
We used a fiber-modified Ad vector containing the elongation
factor-1a promoter and a stretch of lysine residue (K7) peptides
in the C-terminal region of the fiber knob to examine the trans-
duction efficiency in the human ESC- and iPSC-derived definitive
endoderms. The elongation factor-1o. promoter was found to be
highly active in human ESCs.® The K7 peptide targets heparan sul-
fates on the cellular surface, and the fiber-modified Ad vector con-
taining K7 peptides was shown to be efficient for transduction into
many kinds of cells** The human ESC- and iPSC-derived defini-
tive endoderms were transduced with a LacZ-expressing Ad vector
(Ad-LacZ) at 3,000 vector particle/cell. X-Gal staining showed that
the Ad-LacZ-transduced human ESC- and iPSC-derived definitive
endoderms successfully expressed LacZ (Figure 3). Nearly 100% of
the cells transduced with Ad-LacZ were strongly X-gal positive. The
transduction efficiency in the human ESC- and iPSC-derived defin-
itive endoderms transduced with the conventional Ad vector con-
taining the wild-type capsid at 3,000 vector particle/cell was ~80%
and X-gal staining was much weaker than that in the cells trans-
duced with fiber-modified Ad vectors (Supplementary Figure S6).
Next, the human ESC- and iPSC-derived definitive endo-
derms were transduced with a HEX-expressing fiber-modified Ad
vector (Ad-HEX). Although HEX is known to be a transcription
factor that is essential for liver development, it remains unclear
what the effect of transient HEX overexpression is on differentia-
tion from human ESCs and iPSCs or their derivatives in vitro. We
confirmed the overexpression of HEX in the human ESC- and
iPSC-derived definitive endoderms transduced with Ad-HEX
(Supplementary Figure S3a-f). Gene expression analysis
revealed the upregulation of AFP mRNA, which was expressed by
§patoblasts or early hepatocytes, in Ad-HEX-transduced cells as
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ESCs (KhES1)

None

Ad-LacZ

|

Figure 3 Bfficent transgene expression in the human ESC (khEST)-
and IPSC (Tio) derived definitive endoderms by using a fiber-mod-
ifled Adh vector contalning the £F-1g promoter. (a,b) Human ESC
(khES1)-derived and (c,d) iPSC (Tic) derived definitive endoderms were
transduced with 3,000VP/cell of Ad-LacZ for 1.5 hours. The next day
after transduction, X-gal staining was performed as described in the
Materials and Methods section. Similar results were obtained in two inde-
pendent experiments. Scale = 50pum. Ad, adenovirus; EF-1a, elongation
factor-10; ESC, embryonic stem cells; iPSC, induced pluripotent stem
cells; LacZ, Ad-LacZ-transduced cells; None, nontransduced cells.

compared with nontransduced cells or Ad-LacZ-transduced cells
(PFigure 4a,c). Expression of ALB mRNA, which is the most abun-
dant protein in liver, was also observed in Ad-HEX-transduced
cells (Figure 4b,d).

During liver development, both hepatocytes and cholangio-
cytes were differentiated from the hepatoblasts. We examined the
protein expression of AFP, ALB, and the cholangiocyte marker
cytokeratin 7 (CK7) in Ad-HEX-transduced cells by immunostain-
ing (Figure 4e-p). The AFP-positive populations were detected
in Ad-HEX-transduced cells (Figure 4g,m). ALB-positive cells
were also detected, although the detection efficiency was very
low (Figure 4j,p). CK7-positive cells were observed among the
Ad-HEX-transduced cells, and all CK7-positive cells were found
near the AFP- and ALB-positive cells, suggesting that hepatoblasts
are generated by the transient overexpression of a HEX gene.
Semiquantitative RT-PCR analysis showed that the expression lev-
els of the liver-enriched transcription factors hepatocyte nuclear
factor 1A, hepatocyte nuclear factor 1B, hepatocyte nuclear fac-
tor 4A, and hepatocyte nuclear factor 6 mRNA were upregulated
in Ad-HEX-transduced cells (Supplementary Figure S4a,b). The
expressions of CCAAT/enhancer binding protein ¢ and prospero
homeobox 1 mRNA, two transcription factors known to play a
pivotal role in the establishment of the hepatoblasts, were also
induced in Ad-HEX-transduced cells (Supplementary Figure
S4a, b). Taken together, these findings indicate that HEX enhances
the specification of hepatoblasts from the human ESC- and iPSC-
derived definitive endoderms. Similar results were obtained with
another human iPSC line (Supplementary Figure S2e-g).

Time course of differentiation of the definitive
endoderm to hepatoblasts

Next, we examined the time course of AFP and CK7 expression
during differentiation of human iPSCs to hepatoblasts in Ad-HEX-

Hepatoblasts Induced From hESC and hiPSC by HEX
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Figure 4 Effident hepatoblast differentiation from the human £3C
(hBEST)- and 5T (Tic) derived definitive endoderms by transduction
of the HEX gene. (a—d) Real-time RT-PCR analysis of the level of (a,c)
AFP and (b,d) ALB expression in nontransduced cells, Ad-LacZ-transduced
cells, and Ad-HEX-transduced cells, all of which were induced from the
human ESC (khES1)- and iPSC (Tic) derived definitive endoderms (day
0, 5, 6, and 12). The cells were transduced with Ad-LacZ or Ad-HEX at
day 6 as described in Figure 1a. The data at day 6 was obtained before
the transduction with Ad-HEX. The graphs represent the relative gene
expression levels when the level in the fetal liver was taken as 100. (e-p)
Immunocytochemistry of AFP, ALB, and CK7 expression in nontransduced
cells (e,h,k, and m), Ad-LacZ-transduced cells (fi,1, and o), and Ad-HEX-
transduced cells (g,j,m, and p) at day 12, all of which were induced
from the human ESC (khES1)- and iPSC (Tic) derived definitive endo-
derms. Nuclei were stained with DAPI. Bar = 50um. Ad, adenovirus; AFP,
o-fetoprotein; ALB, albumin; CK7, cytokeratin 7; HEX, Ad-HEX-transduced
cells; ESC, embryonic stem cells; iPSC, induced pluripotent stem cell; LacZ,
Ad-LacZ-transduced cells; None, nontransduced cells.

transduced cells and nontransduced cells. At day 7 (the day after
transduction), the expression of AFP was not detectable in Ad-HEX-
transduced or nontransduced cells (Supplementary Figure S5a,d).
At day 8-9, morphological changes to hepatocyte-like cells were
observed in Ad-HEX-transduced cells (Supplementary Figure
S5h,i). We also observed homogeneous AFP-positive cells at day 9
(Supplementary Figure S5e). Atday 10, CK7-positive cellsappeared,
indicating that hepatoblasts started to differentiate into hepatocytes
and cholangiocytes at day 9-10 (Supplementary Figure S5f). At
day 12, ALB-positive cells appeared, indicating that hepatocytes
were differentiated from Ad-HEX-transduced cells (Figure 4p).
These results showed that HEX induces the hepatoblasts from the
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Figure 5 Efficent differentiation of Ad-HEX ransduced hepatoblasts
nto hepatocytes. (a,b) Real-time RT-PCR analysis of (a) AFP and (b) ALB
expression in nontransduced cells and Ad-HEX-transduced cells, both of
which were induced from the human iPSC (Tic) derived definitive endo-
derm (day O, 5, 6, and 12). The cells were transduced with Ad-HEX at
day 6 as described in Figure 1a. The data at day 6 were obtained
before the transduction with Ad-HEX. The graphs represent the relative
gene expression level when the level in the fetal liver was taken as 100.
(cJ) Immunocytochemistry of ALB, CYP3A4, CYP7A1, and CK18 expres-
sion in (¢-f) nontransduced cells and (g-f) Ad-HEX-transduced cells, all of
which were induced from the human iPSC (Tic) derived definitive endoderm
at day 18. Nuclei were stained with DAPI. Bar = 50 um. Ad, adenovirus; AFP,
o-fetoprotein; ALB, albumin; CK18, cytokeratin 18; ESC, embryonic stem
cells; HEX, Ad-HEX-transduced cells; iPSC, induced pluripotent stem cell;
None, nontransduced cells; RT-PCR, reverse transcriptase-PCR.

definitive endoderm, and the Ad-HEX-transduced cells could dif-
ferentiate into both hepatocytes and cholangiocytes.

Directed hepatic differentiation from hepatoblasts

With the protocol described above, heterogeneous populations
containing CK7-positive cholangiocytes were observed at day
12 (Figure 4p). To promote the differentiation of hepatoblasts to
hepatocytes, the human iPSC-derived differentiated cells at day 9
(Supplementary Figure S5e) were dislodged with trypsin-EDTA
and plated on collagen I-coated dishes as previously reported."
After 8-11 days in culture with medium containing FGF4, HGE
OSM, and DEX, the Ad-HEX-transduced cells became more flat-
tened (Supplementary Figure S5m), whereas the nontransduced
cells became fibroblast-like cells (Supplementary Figure S5i).
Gene expression analysis showed the upregulation of ALB mRNA
in Ad-HEX-transduced cells under this culture condition, whereas
the expression of ALB mRNA was reduced in the nontransduced
cells at day 18 (Figure 5b). Immunostaining showed that only a
small percentage of Ad-HEX-transduced cells expressed ALB at
day 12 (Figure 4p), whereas most of the Ad-HEX-transduced cells
were ALB-positive at day 18 (Figure 5g). Most of the Ad-HEX-
transduced cells also expressed CYP3A4 at day 18 (Figure 3h).
More importantly, in the Ad-HEX-transduced cells, CYP7Al

and cytokeratin 18 were detected and these proteins are knov%9
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cells, and fetal and adult liver tissues. (b) Induction of CYP3A4 by rifampicin
in human iPSC (Tic) derived nontransduced cells, Ad-HEX-transduced cells,
the HepG2 cell line and primary human hepatocytes, which were cultured
48 hours after plating the cells. Data are presented as the mean + SD from
triplicate experiments. The graphs represent the relative gene expression
level when the level in the adult liver was taken as 100. AFP, o-fetoprotein;
ALB, albumin; DMSO, dimethyl sulfoxide; ESC, embryonic stem cells;
HEX, Ad-HEX-transduced cells; iPSC, induced pluripotent stem cell; LacZ,
Ad-LacZ-transduced cells; None, nontransduced cells.

to be detected in hepatocytes but not in extra-embryonic cells**
(Figure 5i,j). Quantitative analysis showed that ~84, 80, 88, and
92% of Ad-HEX-transduced cells expressed ALB, CYP3A4,
CYP7A1, and cytokeratin 18, respectively. These results indi-
cate that Ad-HEX-transduced cells could differentiate to hepatic
cells. However, the expression level of ALB mRNA in Ad-HEX-
transduced cells was lower than that in fetal liver tissue and in
turn, the expression of AFP mRNA was maintained (Figure 5a).
Therefore, Ad-HEX-transduced cells are committed to the hepatic
ligage, but are not yet mature hepatocytes.
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Ad-HEX-transduced cells exhibit hepatic functions

To test the hepatic function in the Ad-HEX-transduced cells,
we investigated the liver metabolism, because P450 cytochrome
enzymes play a critical role in this function. We examined the
expression level of several members of this multigene family, i.e.,
CYP3A4, CYP7A1, mRNA and CYP2D6 in Ad-HEX-transduced
cells by real-time RT-PCR. The real-time RT-PCR analysis showed
that the mRNAs for CYP3A4, CYP7AI, and CYP2D6 were
expressed in Ad-HEX-transduced cells, whereas none of these
mRNAs were expressed in the nontransduced cells (Figure 6a).
The expression levels of CYP3A4 in Ad-HEX-transduced cells
were similar to those observed in primary human hepatocytes,
which were cultured 48 hours after plating the cells, or fetal
liver tissues but lower than those in adult liver. The CYP2D6 and
CYP7A1 mRNA expressions in Ad-HEX-transduced cells were
lower than those in primary hepatocytes or adult tissues. Next,
we investigated the metabolism of the P450 3A4 substrates by
measuring the activity of P450 isozymes. The metabolites were
detected in Ad-HEX-transduced cells, and their activity was 3.4-
fold higher than that in the most commonly used human hepa-
tocyte cell line, HepG2 (Figure 6b; DMSO column). This result
was consistent with the real-time RT-PCR data (Figure 6a). We
further tested the induction of CYP3A4 upon chemical stimula-
tion, because CYP3A4 is the most prevalent P450 isozyme in the
liver and is involved in the metabolism of a significant proportion
of the currently available commercial drugs. Because CYP3A4 can
be induced with rifampicin, both Ad-HEX-transduced cells and
HepG2 cells were treated with rifampicin, followed by treatment
with CYP3A4 substrate. Ad-HEX-transduced cells produced 5.4-
fold higher levels of metabolites in response to rifampicin treat-
ment (Figure 6b; rifampicin column). This result indicates that
P450 isozymes are active in Ad-HEX-transduced cells.

DISCUSSION
The object of this study was to develop an efficient method for
generating hepatoblasts and hepatocytes from human ESCs and
iPSCs for application to drug toxicity screening tests as well as
therapeutics such as regenerative medicine. We found that tran-
sient HEX transduction in the definitive endoderm together with
a culture under chemically defined conditions was useful for this
purpose.

It has been reported that a high concentration of Activin
A induces differentiation of human ESCs into the definitive
endoderm.**** On the other hand, undifferentiated human ESCs
are maintained by a low concentration of Activin A.* Several
studies have shown that bFGF promotes the differentiation of
ESCs into the definitive endoderm and inhibits the differentia-
tion of ESCs into the extra-embryonic endoderm.*-*® bFGF has
been reported to inhibit the BMP signaling, which can promote
the extra-embryonic lineage differentiation.”” The extra-embry-
onic endoderm expresses most of the hepatocyte markers, such as
AFP* Contamination of the extra-embryonic endoderm makes it
difficult to estimate the hepatic differentiation from human ESCs
and iPSCs.!"*44 Iny this study, we showed that both Activin A and
bFGF induce definitive endoderm populations, while they repress
the extra-embryonic endoderm differentiation (Figure 2gh).

Interestingly, after the differentiated cells that were cultured % 9

Hepatoblasts Induced From hESC and hiPSC by HEX

laminin-coated plates with Activin A and bFGF were passaged at
day 5, FOXA2-positive cells (definitive endoderm) were enriched
in the resultant cells at day 6 (Figure 2a-f). This may have been
because FOXA2-positive cells efficiently adhered to the laminin-
coated plate and/or because trypsinized, single undifferentiated
ESCs/iPSCs cannot survive. The passaging of differentiated cells
might be attributed to the reduction in the number of not only
the extra-embryonic endoderm cells but also the undifferentiated
cells. However, the efficiency of the definitive endoderm differen-
tiation in this study was not as efficient as that reported by other
groups.®33 Other cell lineages, such as the mesoderm and extra-
embryonic endoderm, might remain at day 6 (Figure 2g.h and
Supplementary Figure S1). Further improvement of the culture
conditions will thus be needed in order to enhance the definitive
endoderm differentiation.

Hepatoblasts and hepatocytes were differentiated from the
human ESC- and iPSC-derived definitive endoderms by transient
overexpression of the homeobox gene HEX. A fiber-modified
Ad vector containing K7 peptides mediated much higher gene
expression than conventional Ad vectors in the human ESC- and
iPSC-derived definitive endoderms (Supplementary Figure S6).
This new hepatic differentiation protocol shows that HEX induces
AFP-positive hepatoblasts at day 9 and ALB-positive hepatocytes
at day 12 from human ESCs and iPSCs, whereas the previous pro-
tocols require a few weeks or months to induce AFP- and ALB-
positive hepatocytes from PSCs.*!! Previous studies suggested that
HEX could regulate liver-enriched transcription factors such as
hepatocyte nuclear factor 4A and hepatocyte nuclear factor 6.2
Overexpression of the HEX gene under the conditions employed
in the present study could activate several transcription factors that
are required for hepatic differentiation (Supplementary Figure
S4a,b). However, the Ad-HEX-transduced cells showed a low level
of expression of ALB and some CYP450 species, as well as a high
level of AFP expression, indicating that the cells were still imma-
ture. To promote further hepatic differentiation or maturation, it
may be effective to culture the hepatic cells in a 3D environment
or on feeder cells such as cardiomyocyte- or endothelium-derived
cells.*#2 In addition, the function of our hepatic cells was still lim-
ited. Further analysis of the other functions of our hepatic cells,
such as glycogen storage, uptake of indocyanine green and organic
anion low-density lipoprotein, and transplantation of Ad-HEX-
transduced cells into the liver of immunodeficient mice, is clearly
needed for the appreciation to drug screening and therapeutic
treatment modalities.

During the preparation of this article, Kubo et al. have reported
that HEX could promote hepatoblast differentiation from mouse
ESCs.® Their report is consistent with our data, suggesting that HEX
plays a pivotal regulatory role in not only mouse but also human
hepatic differentiation. They also showed that the overexpression
of HEX at the definitive endoderm stage is critical for hepatic spec-
ification of the mouse ESCs. We also confirmed that forced expres-
sion of HEX in the undifferentiated human ESCs and iPSCs did not
elevate the expression of ALB and CK7 (Supplementary Figure
$7), indicating that HEX enhances the hepatic differentiation not
from the undifferentiated cells but from the definitive endoderm.
However, Kubo et al. used recombinant mouse ESCs (tet-HEX
éSCs), in which the tetracycline-regulated HEX expression cassette
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is integrated into the host cell genome to induce HEX in a stage-
specific manner. Their system would not be appropriate for clini-
cal use because the transgene is randomly integrated into the host
cell genome and this leads to a risk of mutagenesis.* On the other
hand, we generated human hepatoblasts by Ad vector-mediated
transient HEX transduction, method which avoids the integration
of exogenous DNA into the host chromosome.

Touboul et al. reported that human ESCs and iPSCs can dif-
ferentiate into functional hepatocytes under chemically defined
conditions.* In the present study, hepatoblasts were generated
in a chemically defined serum-free medium, which minimized
exposure to animal cells and proteins, and on a defined extracel-
lular matrix, such as laminin or collagen, which do not contain
undefined growth factors. To generate hepatocytes, hepatocyte
culture medium, which is serum-free but not defined, was used in
the stage III. When defined hESF-medium was used in the stage
II1, the expression levels of ALB and CYP3A4 mRNA were half the
levels seen in the cells cultured with hepatocyte culture medium in
the preliminary experiment (data not shown). Human ESCs and
iPSCs were also grown for maintaining the undifferentiated state
on a feeder layer, which contains xenoantigen such as bovine apo-
lipoprotein B-100. Bovine apolipoprotein B-100 is known to be
a dominant xenoantigen for cell-based therapies.* Human ESC-
and iPSC-derived hepatocytes should be generated and cultured
under chemically defined conditions not only to avoid potential
contamination with pathogens for the safer therapeutic applica-
tion, but also to obtain reproducible results using the differentia-
tion protocols.*** Development of differentiation protocols using
other genes of transcription factors as well as HEX genes based on
a chemically defined medium is under way. Overall, our strategy
should provide a novel protocol for hepatic differentiation from
human ESCs and iPSCs, which could be useful for regenerative
medicine and drug screening.

MATERIALS AND METHODS

Ad vectors. Ad vectors were constructed by an improved in vitro ligation
method.”* The human HEX complementary DNA derived from pDNR-
LIB-HEX (Invitrogen, Carlsbad, CA) was inserted into pHMEF5, which
contains the human elongation factor-1a, promoter, resulting in pHMEF-
HEX. The pHMEF-HEX was digested with I-Ceul/PI-Scel and ligated into
I-Ceul/PI-Scel-digested pAdHM41-K7,* resulting in pAd-HEX. Ad-HEX
and Ad-LacZ, both of which contain the elongation factor- 1ot promoter and
a stretch of lysine residues (K7) peptides in the C-terminal region of the
fiber knob, were generated and purified as described previously.** The vec-
tor particle titer was determined by using a spectrophotometric method.”

Human ESCs and iPSCs culture. A human ESC line, khES1, was obtained
from Kyoto University (Kyoto, Japan).” khES1 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 after approval by the review board at Kyoto University. Human
ESCs were maintained on a feeder layer of mitomycin-inactivated mouse
embryonic fibroblasts (ICR; ReproCELL Incorporated, Tokyo, Japan) with
Dulbecco’s modified Eagle's medium/F-12 (Sigma, St Louis, MO) supple-
mented with 0.1mmol/l 2-mercaptoethanol, 0.1mmol/l nonessential
amino acids, 2 mmol/l L-glutamine, 20% GIBCO knockout serum replace-
ment (Invitrogen), and 5ng/ml bFGF (Sigma) in a humidified atmosphere
of 3% CO, and 97% air at 37 °C. Human ESCs were dissociated with 0.1 mg/
ml dispase (Roche Diagnostics, Burgess Hill, UK) into small clumps, and
subcultured every 5 or 6 days.
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Two human iPS clones derived from the embryonic human lung
fibroblast cell line MCR5 were provided from JCRB Cell Bank (Tic, JCRB
Number: JCRB1331; and Dotcom, JCRB Number: JCRB1327)2 In
the present study, we mainly used the Tic cell line, but similar results
were obtained using the Dotcom cell line, and these are shown in the
supplementary figures. Human iPSCs were maintained on a feeder layer
of mitomycin-inactivated mouse embryonic fibroblasts (Hygro Resistant
Strain C57/BL6; Hygro, Millipore, MA) on a gelatin-coated flask in
human iPS medium. Human iPS medium consists of knockout Dulbecco’s
modified Eagle’s medium/F12 (Invitrogen), supplemented with 0.1 mmol/l
2-mercaptoethanol, 0.1 mmol/l nonessential amino acids, 2mmol/l 1-
glutamine, 20% knockout serum replacement, and 10ng/ml bFGF in a
humidified atmosphere of 5% CO, and 95% air at 37°C. Human iPSCs
were dissociated with 0.1mg/ml dispase (Roche) into small clumps and
subcultured every 7 or 8 days.

In vitro differentiation. Before the initiation of cellular differentiation, the
medium of human ESCs and iPSCs was exchanged for a defined serum-free
medium hESF9 and cultured in a humidified atmosphere of 10% CO, and
90% air at 37 °C.* hESF9 consists of hESF-GRO medium (Cell Science &
Technology Institute, Sendai, Japan) supplemented with five factors (10 ug/
ml human recombinant insulin, 5 pg/ml human apotransferrin, 10 umol/l
2-mercaptoethanol, 10 umol/l ethanolamine, 10pumol/l sodium selenite),
oleic acid conjugated with fatty acid free bovine ALB, 10ng/ml bFGF, and
100 ng/ml heparin (all from Sigma). For induction of definitive endoderm,
human ESCs and iPSCs were dissociated into single cells with Accutase
(Invitrogen) and cultured for 5 days on a mouse laminin-coated tissue
12-well plate (6.0 x 10* cells/cm?) in hESF-GRO medium (Cell Science &
Technology Institute) supplemented with the five factors, 0.5 mg/ml fatty
acid free bovine ALB (BSA) (Sigma), 10 ng/ml bFGE, and 50 ng/ml Activin
A (R&D Systems, Minneapolis, MN) in a humidified atmosphere of 10%
CO, and 90% air at 37°C. The medium was refreshed every day.

For induction of hepatoblasts, the human ESC- and iPSC-derived
definitive endoderms (day 5) were dissociated with 0.0125% trypsin-
0.01325mmol/l EDTA, and then the trypsin was inactivated with 0.1%
soybean trypsin inhibitor (Sigma). The cells were seeded at 1.2 x 10° cells/
cm’® on a laminin-coated 12-well plate with hESF-DIF (Cell Science &
Technology Institute) medium supplemented with the five factors, 0.5 mg/ml
BSA, 10ng/ml bFGE and 50ng/ml Activin A in a humidified atmosphere
of 10% CO, and 90% air at 37°C. The next day, the cells were transduced
with 3,000 vector particle/cell of Ad vectors (Ad-HEX and Ad-LacZ) for
1.5 hours in hESF-DIF medium supplemented with the five factors, BSA,
10ng/ml FGF4 (R&D Systems) and 10 ng/ml BMP4 (R&D Systems)."® The
medium was refreshed every day.

For induction of hepatocytes, human iPSC-derived hepatoblasts in
one well (day 9) were passaged onto two wells with 0.0125% trypsin-
0.01325mmol/l EDTA and 0.1% trypsin inhibitor, on type I collagen-
coated tissue 12-well plate (15 pg/cm?®) (Nitta Gelatin, Osaka, Japan). The
cells were cultured in hepatocyte culture medium supplemented with
SingleQuots (Lonza, Walkersville, MD), 10 ng/ml FGF4, 10ng/ml HGF
(R&D Systems), 10 ng/ml Oncostatin M (R&D Systems), and 0.392ng/ml
dexamethasone (Sigma).'! The medium was refreshed every 2 days.

RNA isolation, RT-PCR, immunostaining, flow cytometry, lacz assay,
and assay for cytochrome P4503A4 activity. For details of these pro-
cedures, See Supplementary Materials and Methods, Supplementary
Tables S1 and S2.

SUPPLEMENTARY MATERIAL

Figure $1. Characterization of the human ESC (khES1)- and iPSC
(Tic)-derived definitive endoderms.

Figure $2. Efficient differentiation of another human iPSC line
(Dotcom) into hepatoblasts by overexpression of the HEX gene.
Figure $3. Overexpression of HEX in the human ESC (khES1)- and
iPSC (Tic)-derived definitive endoderms.
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