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Figure 1. Generation of hiPSCs on PCM-DM. A) Schematic diagram for generating hiPSCs on PCM-DM. B) Representative morphology of the
hiPSCs on PCM-DM at early and late passages. C) Alkaline phosphatase {ALP) staining of hiPSCs generated on PCM-DM. P, passage number. Scale

bar=500 um.
doi:10.1371/journal.pone.0055226.9001

anti-SSEA-4 (MC-813-70, Chemicon International Inc., Teme-
cula, CA), anti-SSEA-3 (MC-631, Chemicon), anti-TRA-1-60
(TRA-1-60, Chemicon), anti-TRA-1-81 (TRA-1-81, Chemicon).
After being washed, the cells were incubated with the appropriate
secondary antibodies (Alexa-488-conjugated anti-mouse IgG, anti-
mouse IgM, or anti-rat IgM, Molecular Probes, Eugene, OR} for
30 min at 4°C. The stained samples were analyzed by FACS
Galibur flow cytometer (BD Biosciences, San Jose, CA),

Microarray Analysis

Total RNA (100 ng) was used to synthesize aRNA using the 3
IVT Express Kit, according to the manufacturer’s structions
(Affymetrix Inc., Santa Clara, CA). After aRNA puwification,
15 g of aRNA was fragmented and hybridized with a pre-
equilibrated GeneChip array (Human Genome U133 Plus 2.0
gene expression array, Affymetrix) at 45°C for 16 hours. The
GeneChip array was then washed, stained, and scanned according
to the manufacturer’s instructions. The gene expression data were
extracted using Affymetrix Expression Console software, and the
Pearson’s coefficient of correlation was calculated for each pair of
samples. Hierarchical cluster analysis was carried out using the
“Manhattan™ method for the similarity measurement and the
“complete” method for linkage. These analyses were performed
using GeneSpring GX software (Agilent Technologies, Inc., Santa
Clara, CA). The data discussed in this publication have been
deposited in NCBI's Gene Expression Ommibus [29] and are
accessible through GEO Series accession number GSE37842
(bttp://www.nebinlm.nih.gov/geo/ query/acc.
cgitace = GSE37842).
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Karyotype Analysis

Cells were cultured with colcemid (0.06 plg/ml; Invitrogen) at
37°C for 4 hours, and single-cell suspensions were prepared by
0.05% trypsin/EDTA dissociation after pre-treatment with Y-
27632 to prevent apoptosis. After incubation in 75 mM KCl for
20 min, the cells were fixed in Carnoy fluid. The fixed samples
were heat-denatured at 95°C for 2 hours, incubated in 0.025%
trypsin for 10 sec, and stained with Giemsa (Merck, Darmstadt,
Germany) for 7 min. The samples were observed under a micro-
scope (Carl Zeiss), and metaphase samples were analyzed using
Ikaros (MetaSystems, Altlussheim, Germany).

Genotyping of Short Tandem Repeat (STR)
Polymorphisms

Genomic DNA was extracted by DNAzol Reagent (Invitrogen).
STR loci were investigated with the Powerplex 16 system
(Promega, Madison, WI) using an ABI PRISM 3100 Genetic
Analyzer (Applied Biosystems) and analyzed by GeneMapper
software (Applied Biosysterms) following the manufacturer’s in-
structions {26].

Bisulfite Modification and DNA Sequencing

Genomic DNAs were bisulfite-treated with the EZ DNA
methylation-Gold Kit (ZYMO Research, Orange, CA), according
to the manufacturer’s instructions. The human OCT4 and
NANOG promoter yegions were amplified with §};cciiic primer
sets (Supplemental Table $2) by TaKaRa Taq'™ Hot Start
Version (Takara Bio INC., Shiga, Japan). The PCR products were
sub-cloned into the p2.1 vector (Invitrogen). Ten clones were
sequenced with a universal primer by ABI PRISM 3100 Genetic
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Analyzer (Applied Biosystems) and analyzed by Sequence analysis
software (Applied Biosystems), following the manufacturer’s
instructions.

In vitro Differentiation Assay

Cells were incubated with collagenase type IV (1 mg/ml;
Invitrogen) for 3 min at 37°C and harvested by scraper. The
harvested colonies were then incubated on petri dishes in hESC
medium without bFGF to form embryoid bodies (EBs). After 8
days of floating culture, the EBs were harvested for transeript
analysis. Some of the EBs were transferred to gelatin-coated
chamber slides (Nunc, Roskilde, Denmark) and cultwred for
another week (total 15 days) in DMEM supplemented with 10%
TBS, at 37°C in 5% GO, [1].

Teratoma Formation Assay

NOG (NOI/Shi-scid IL2Rgnull} mice [30] aged 6-8 weeks
were maintained under specific-pathogen-free conditions in the
Animal Facility of the Central Institute for Experimental Animals
(GIEA). All mice studies were carried out in accordance with the
guidelines of the Animal Care Committee at CIEA and approved
by the Animal Care Committee at CIEA. The recipient mice were
anesthetized by isoflurane inhalation (Dainippon Pharmaceutical
vo., Ltd., Osaka Japan). Human iPSCs were xeno-transplanted
into both subcutancous tissues and kidney capsules. For sub-
cutaneous transplantation, hiPSCs (1x10° cells/0.1 ml of serum-
free medium) were subcutaneously inoculated into the flank. For
transplantation into the kidney capsule, the kidney was exterior-
ized through a dorsal-hotizontal incision. A syringe with a 29G
needle with a flattened tip was introduced into the kidney at a site
away from the transplanted region. The kidney was penetrated,
the tip of the ncedle pusitioned just beneath the renal capsule, and
then the cell suspension of hiPSCis (1 x107 cells/10 Pl of serum-
free medium) was then injected underneath the kidney capsule.
The mice were examined daily, and tumors were measured with
calipers. The teratoma samples were resected and fixed with 4%
{(v/v) phosphate-buffered formalin, and paraffin-embedded sec-
tions were stained using with hematoxylin and eosin (H&E
staining) according to standard procedures.

Immunocytochemical Staining

Cells were fixed in 4% PFA and washed with PBS. The fixed
samples were permeabilized with 0.1% Triton X-100, blocked
with 10% normal goat serum, and then reacted with the following
Abs overnight at 4°C: anti-o-fetoprotein (AFP) Ab (SantaCruz,
Santa Cruz, CA), anti-Cytokeratinl9 Ab (clone A53-B/A2, Santa
Ciruz), anti-Desmin Ab (Thermo, Waltham, MA), anti-o-smooth
muscle actin (SMA) Ab (clone 1A4, Dako, Carpinteria, CA), anti-
glial fibrillary acidic protein (GFAP) Ab (Sigma, St. Louis, MO),
anti-pIIT-tubulin Ab (clone TyJl, Babco, Richmond, CA), anti-
0OCT3/4 Ab (Chemicon), and anti-NANOG Ab (Reprocell,
Tokyo, Japan). After several washes, the samples were incubated
with the appropriate secondary Abs (AlexaFluor®-488-conjugated
goat anti-mouse IgG Ab, AlexaFluo1®-568-conjugated goat anti-
rabbit IgG Ab, Molecular Probes, Invitrogen), and TO-PRO-3®
iodide (1 mM, Molecular Probes, Invitrogen) for 1 howr at RT.

The samples were examined using a confocal laser scanning
microscope (LSM510, Carl Zeiss, Hallbergmoos, Germany). All
stainings were performed with matched isotype controls.

Statistical Analysis

Statistical differences in the number of hESG-like colonies were
determined by the Kruskal-Wallis test, and differences in gene
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expression levels obtained by gRT-PCR were determined by
unpaired Student’s t-tests or ANOVA with post-hoc comparisons.
Details are given in the figure legends.

Results
Generation of hiPSCs on PCM-DM

First, we examined the feasibility of generating hiPSCs on
PCM-DM. After transducing DMGs with the fowr Yamanaka
factors (OSKM) by retroviruses, the DMUs were seeded on PCM-
DM and cultured with MEF-CM (Fig. 1A). After 30 days of
induction, the hESC-like colonies were picked up, replated on
PCM-DM (passage 1), the culture medium was changed to
StemPro medium (passage 2), and the cells were further
propagated (Fig. 1A). Among the colonies, we selected two
representative WiPSC-PCMDM  clones (clone 1, iPS-DMC72-
PCMDMOIL; clone 2, iPS-DMG72-PCGMDMO02), which had an
hESC-hike morphology, characterized by large nuclei, scant
cytoplasm, and flat-dense colonies, and analyzed their pluvipotent
stem cell properties in detail at early {about passage 10) and late
(after passage 20) culture times.

Characterization of hiPSC-PCMDM at Early and Late
Culture Times

The two established hiPSG-PCMDM clones showed good
proliferation activity, and retained their hESC-like morphology
and ALP activity at the early and late passages (Fig. 1B, C).
Expression analysis of the four transgenes OSKM by qRT-PCR
showed that the mRNA copy mumber of each was well suppressed
at the early and late culture times, in contrast to day 3 after
infection (Fig. 2A). To examine the endogenous expression of
OSKM and NANOG, we quantified their transcript level by gRT-
PCR and compared it to the level in hESCs (KhES1) (Fig. 2B).
Although the SOX2, MY, and NANOG expression tended to
be lower in the hiPSC-PCMDM clones than in KhESI, all these
undifferentiated marker genes were expressed within an accept-
able range of variation in the two hiPSC-PCMDM clones (Fig. 2B).

To examine the protein levels of hESC-marker molecules, we
analyzed the two established clones by immunocytochemistry and
FCM. Immunocytochemistry showed that the two clones stably
expressed both OCT4 and NANOG in their nuclei at the early
and late culture times (Fig. 20). FCM analysis revealed that the
clones highly expressed hESC-specific surface antigens (SSEA-3,
SSEA-4, TRA-1-60, and TRA-1-81), at levels that were similar to
KhES] and stable between the ealy and late culture times
(Fig. 2D). These {indings indicated that the two established hiPSC-
PCMDM clones were almost identical to hESCs in their
undifferentiated state, and that their cellular properties were
highly stable over long periods in culture.

In vitro Differentiation

The in vitro phripotency of the two hiPSCG-PCMDM clones
was examined by EB formation assay. After 8 days of culture in
petri dishes without bFGF, both clones formed EBs, whether the
cells were taken from the carly or late passages (Fig. 3A).
Quantitative RT-PCR analysis showed that the OCT4 and TERT
expressions were generally lower after EB formation than before,
in both clones (Tig. 3B). NANOG expression was also suppressed
in clone 1 (early and late passages); however, it was not markedly
suppressed in clone 2 at either passage (Fig. 3B).

The expressions of lineage-specific (endoderm, mesoderm, and
ectoderm) marker genes after the 8 days of EB formation were
examined by gqRT-PCR analysis and compared with those of
differentiated hiPSCs (201B7) [1]. The expression levels of nine
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Figure 2. In vitro characterization of hiPSCs generated on PCM-DM. A) Quantitative RT-PCR analysis for the mRNA copy number of four
transgenes (OCT4, SOX2, KLF4, --MYCQ). All the transgenes were silenced in two hiPSC-PCMDM clones. Data are presented as the mean * SD. Clone 1,
iPS-DMC72-PCMDMO1; Clone 2, iPS-DMC72-PCMDMO2; Early, passage 8; Late, passage 30; *: not detected. B) Quantitative RT-PCR analysis for hESC
marker gene (OCT4, SOX2, KLF4, c-MYC, NANOG) expression at early (passage 8) and late (passage 30} culture times compared with hESCs (clone
KhES1). Data are presented as the mean % SD. C} Immunocytochemistry for NANOG (red) and OCT4 {green) expression in hiPSC-PCMDM clones.
Clone 1, Early (passage 10), Late {passage 22); Clone 2, Early (passage 11), Late (passage 25), Scale bar=200 um. D) Flow cytometry analysis for hESC-
specific surface antigens (SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81) at early (passage 10) and late (passage 30) culture times in comparison with
parental DMCs and hESCs (KhES1). Clone 1, iPS-DMC72-PCMDMO1; Clone2, iPS-DMC72-PCMDMO02.

doi:10.1371/journal.pone.0055226.9002

marker genes in EBs were equivalent to or higher than those in
differentiated 201B7 regardless of the clone or culture time
(Fig. 3B). To confirm the progression of differentiation, we
cultured the EBs on gelatin-coated chamber slides for 8 days, and
then with 10% FBS-containing medium for an additional week.
After this 15-day total in vitro differentiation, the samples were
examined by immunocytochemistry. At this point, the cells in the
EBs had differentiated into various adherent cells, most of which
expressed little OCGT4 or NANOG (Fig. 3C). Some of these
adberent cells expressed endoderm {AFP or cytokeratin), meso-
derm (desmin or o-SMA), or ectoderm (GFAP or BHI-tubulin)
marker proteins (Fig. 3C). These results indicated that the two
established hiPSC-PCMDM clones had in vitro pluripotency,
which was stably maintained in feeder-free culture on PCM-DM
for over 20 passages.

Karyotyping, Genotyping, and Promoter Methylation
Analyses

Karyotyping by G-band staining showed that both hiPSC-
PCMDM clones had a normal female karyotype (46, XX) at the
early and late culture times (Fig. 4A). Analysis of the methylation
states of the QCT4 and NANOG promoter regions revealed that
most of the CpG sites were unmethylated in the two hiPSC-
PCMDM clones; in contrast, those of the parental DMCs were
highly methylated (Fig. 4B). Genotyping by STR-PCR showed
that the STRs completely matched between the parental DMCs
and the two established clones (Supplemental Table S3). These
findings showed that the two hiPSC-PCMDM clones were derived
from the parental DMCs, and that their epigenetic states appeared
to be reprogrammed efficiently. Furthermore, their karyotypes
remained normal in the feeder-free culture on PCM-DM for over
20 passages.

Teratoma Formation from hiPSC-PCMDM Clones at Early
and Late Passages

The pluripotency of the two clones was also evaluated by i wivo
teratomna formation assay. Both clones, whether cultured for short
or longer times, equally formed tumor masses in NOG mice after
several months, and these masses contained various histological
components of the three germ layers. The tumors partly showed
neural rosette-like structures {cctoderm), cartilage-like structures
(mesoderm), or gut-like epithelium (endoderm) (Fig. 5). These
findings indicated that both hiPSC-PCMDM clones could form
teratomas showing in vivo pluripotency, and that their in vivo
pluripotency was fully preserved after feeder-free culture on PCM-
DM for over 20 passages. Collectively, these findings confirmed
that the two established hiPSC-PCMDM clones met the criteria
for hiPSCs, and thus, the feeder-free generation and long-term
maintenance of hiPSCs on PCM-DM was successful.

Global Gene Expression of hiPSC-PCMDM

To further characterize the hiPSC-PCMDM clones at the
molecular level, we examined their genome-wide gene-expression
profiles and compared them with those of hESCs (KhESI) and
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hiPSCs (201B7). Microarray analysis showed that the global gene
expression profiles of the hiPSCG-PCMDM clones at early and late
passages were very similar, and that the differences between the
two clones were very small (Fig. 6A). However, some gene
expressions changed over time (Fig. 6A, B). When we focused on
the expressions of a stem cell marker gene set suggested by the
International Stem Cell Initiative [31], some genes (clone 1t
fibroblast growth factor 4 [FGF4] and undifferentiated embryonic
cell transeription factor 1 [UTF1]; clone 2: growth differentiation
factor-3 [GDF3]) were more highly expressed at the late passage
(Fig. 6A, Supplemental Table $4). On the other hand, the
expression of the X (inactive)-specific transcript (non-protein
coding) gene (XIST) in hiPSC-PCMDM clone 1 was markedly
suppressed at late passages, to the level seen in hiPSC-PCMDM
clone 2 (Fig. 6A, Supplemental Table $4). Moreover, comparison
of the gene expression of the hiPSC-PGMDM clones with that of
KhES! or 201B7 showed that GATA-binding factor 6 (GATAG)
was more highly expressed in both clones than in KhES1 or 201B7
from the early passage (Fig. 6A); these vesults were confirmed by
gRT-PCR analysis (Fig. 6B).

Finally, cluster analysis showed that the two hiPSC-PCMDM
clones were clearly separated from the parental DMCGCs and the
clusters of KhES] and 201B7 (Fig. 6C). Interestingly, the clones
from the early passage and late passage also clustered separately,
These results indicate that the gene-expression patterns of the
hiPSC-PCMDM clones were similar to those of KhESI and
201B7 but not to those of the parental DMCs. Moreover, the
differences in the established hiPSC-PCMDM clones between the
carly and late passages were relatively small, but they trended
similarly as the number of passages increased, '

Expression of GATAG in hiPSC-PCMDM

The factors affecting GATAG gene expression were also
examined. An established iPSC clone (201B7), which was routinely
propagated on SNL feeder cells and in hESC medium, was
reseeded on POCM-DM using MEF-CM or StemPro medium, and
the gene expressions of OCT4 and GATAG were examined for 3
passages (Fig. 7A, B). OCT4 expression was almost the same
under both culture conditions (Fig. 7A). In contrast, GATAG
expression was significantly up-regulated in the cells cultured in
StemPro medium and was not expressed in those cultured in
MEF-CM (Fig. 7A). These findings indicated that the GATAS
expression might be induced by the StemiPro medium and not by
PCM-DM.

Reprogramming Efficiency Using PCM-DM Versus Other
Substrates

We also established hiPSC clones (iPS-DMG71-PCMDM and
iPS-DMC92-PCMDM) by the same method, using PCM-DM with
MEF-CM. These two clones had a clear hESC-like morphology and
ALP activity (Supplemental Figure S1A). Expression analysis by
gRT-PCR showed that the mRNA copy number of the four
transgenes OSKM was fully suppressed {Supplemental Figure S1B)
and that the endogenous expression levels of OSKM and NANOG
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Figure 3. In vitro differentiation of hiP5Cs generated on PCM-DM at early and late passages. A) Embryoid bodies (EBs) on day 8, derived
from hiPSCs generated on PCM-DM at early (Clone 1, passage 11; Clone 2, passage 12) and late (Clone 1, passage 22; Clone 2, passage 21) culture
times. Scale bar=200 pm. B) Quantitative RT-PCR analysis. Left: Expression levels of undifferentiated genes in EBs relative to the hiPSCs before
differentiation. Right: Expression levels of lineage-specific genes in EBs relative to differentiated 20187. Data are presented as the mean = SD. C)
Immunocytochemical staining of differentiated cells by culturing EBs on gelatin-coated chamber slides with DMEM containing 10% FBS for 1 week.
Clone 1, iPS-DMC72-PCMDMO1; Clone 2, iPS-DMC72-PCMDMO2. Scale bar=50 pm.

doi:10.1371/journal.pone.0055226.g003
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Figure 4. Karyotype and promoter methylation analyses of hiP5Cs generated on PCM-DIM, A} G-band staining of the two hiPSC-PCMDM
clones showing a normal female karyotype (46, XX) in both clones at early (Clone 1, passage 12; Clone 2, passage 12) and late (Clone 1, passage 23;
Clone 2, passage 24) passages. B) Methylation states of the OCT4 and NANOG promoter of the two hiPSC-PCMDM clones {passage 29) using
bisulphate sequencing. Numbers indicate the position from the transcription start site. Open squares indicate unmethylated and filled squares
indicate methylated CpG dinuclectides, Clone 1, iPS-DMC72-PCMDMO01; Clone 2, iPS-DMC72-PCMDMO2.

doi:10.1371/journal pone.0055226.g004

were within the acceptable range of variation, compared with the To examine the applicability of iPSC generation using PCM-DM
level in hESCs (Supplemental Figure S1C). Immunocytochemistry further, we compared the reprogramming efliciency for six different
showed that the two clones stably expressed both OCT4 and lines of DMCs under seven different culture conditions as follows:
NANOG in their nuclei (Supplemental Figure S1D), These findings  plated on MEFs with NG-hESC medium {control), on PGM-DM
showed that the feeder-free generation and culture of hiPSCs using with MEF-CM, on Matrigel with MEF-CM, on gelatin with MEF-
PCM-DM is feasible and reproducible. CM, on PCM-DM with NC-hESCG medium, on Matrigel with NC-
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Figure 5. In vivo differentiation of hiPSCs generated on PCM-DM at early and late passages. hiPSC-PCMDM-induced teratomas were
excised from mice and processed for H&E staining. Clone 1, iPS-DMC72-PCMDMO1; Clone 2, iPS-DMC72-PCMDMO2. Early, passage 12; Late, passage

23; Scale bar=100 pm.
doi:10.1371/journal.pone.0055226.g005

LESC medium, and on gelatin with NG-hESC medium. In the
cultures with MEF-CM, the most hESC-like colonies appeared on
Matrigel, with a statistically significant efliciency; fewer, but still
significant, numbers of hESC-like colonies were also obtained using
PCM-DM or gelatin (Fig. 8, Supplemental Table 53). On the other
hand, in the cultures using NC-hESC medium, we obtained hESC-
like colonies at lower levels, with similar efficiencies, on PCM-DM
and Matrigel(Fig. 8, Supplemental Table $5). In contrast, no colonies
with clear hESC-like characteristics were obtained from DMCs
cultured on gelatin with NC-hESC medium (Fig. 8, Supplemental
Table 85). These findings suggest that PCM-DM could be used to
generate hiPSCs with a reprogramming efficiency that was almost as
good or the same as that of other substrates used with MEF-CM or
NC-hESC medium.

PLOS ONE | www.plosone.org

Cellular Properties of hiPSCs Generated on PCM-DM in

Non-conditioned Medium

Finally, to examine the applicability of hiPSCs generated on
PCM-DM without MEF-CM, we examined the detailed cellular
properties of hiPSCs generated on PCM-DM in NC-hESC
medium,  One representative  clone  (iPS-DMC75-PCMDM),
which was initially reprogramed on PCM-DM with NC-hESC
medium and further propagated on POM-DM with StemPro
medium after 2 passages, retained its hESC-like morphology and
had ALP activity (Fig. 9A). Expression analysis of the four
transgenes OSKM by qRT-PCR showed that the mRNA copy
number of each was suppressed (Fig. 9B). Immunocytochemistry
showed that this clone stably expressed both OGT4 and NANOG
i its nuclei (Fig. 9C). FCM analysis revealed that this clone highly
expressed hESC-specific surface antigens (SSEA-3, SSEA-4, TRA-
1-60, and TRA-1-81) (Fig. 9D), and microarray analysis showed

1
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Figure 6. Global gene expression analysis. A) Global gene expression of the hiPSC-PCMDM clones, KhES1, and 201B7 by microarray analysis.
Scatter plots and Pearson’s coefficient are shown. The diagonal lines indicate 3-fold changes in gene expression levels. Plus (“+") symbols indicate
stem-cell marker genes suggested by the International Stem Cell Initiative [31], and such genes outside the 3-fold change lines are shown in red text.
Early, passage 8; Late, passage 30. Clone 1, iPS-DMC72-PCMDMOQ1; Clone 2, iPS-DMC72-PCMDMO2. B) Quantitative RT-PCR analysis of the XIST, GDF3,
FGF4, UTF1, and GATA6 genes. Data are presented as the mean = SD, Early, passage 8; Late, passage 30. Statistical differences between early and late
passage group are determined by unpaired Student's t-test (¥, P<0.01). C) Hierarchical cluster analysis between parental DMCs, KhES1 cells, 20187,

and the two hiPSC-PCMDM clones at early (passage 8) and late (passage 30) passages.

doi:10.1371/journal.pone.0055226.9006

that its global gene expression patterns were similar to the early
and late passages of clones 1 and 2, as well as to KhES] and
20187 (Fig. 9E). Moreover, iPS-DMC75-PCMDM  expressed
GATAS at a higher level than KhESI or 201B7, and at about the
same level as clones 1 and 2 (Fig. 9E). This clone formed EBs
(Fig. 9F) and differentiated into the three germ layers, as assessed
on the gene expression level {Fig. 9G), although the expression of
the undifferentiated marker NANOG persisted for 8 days after the
start of differentiation. These findings show thar it is feasible to
generate hiPSCs on PCM-DM without MEF-CM.

Discussion
Feeder-cell-free Generation of hiPSCs on PCM-DM

It is easier to control the quality of feeder-cell-free cultures than
of those that use human-derived primary cells, which makes them
more attractive for clinical applications. In general, the character-
istics of human-derived primary cells (¢.g., dermal fibroblasts) that
are used for xenobiotic-free culture methods vary widely from line
to line, and can only be passaged a small number of times.
Moreover; their feeder-cell activity for hiPSCs/hESCs can vary
from batch to batch [27]. To overcome these variabilities, various
xenobiotic- and feeder-cell-free methods have been developed. Of
these, Matrigel [6-9] has been widely used as a standard control.
In addition to Matrigel, several other materials, including laminin-
511 [14,15], fibronectin [10-13], vitronectin [32-35], collagen I
[36], and E-cadherin [37] exhibit maintenance activity for
hiPSCs/hESCs, and fibronectin was reported to support hiPSC
generation [10]. More complex and mixed matevials like human-
serum matrix [38], human fibroblast extracellular matrix [39,40],
and autologous extracellular matrix (from HS EB derived-cells)
[41] are also reported to be useful for culturing hiPSCs/hESCis.
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In this study, we examined PCM-DM as a feeder-cell-free
method for generating hiPSCs, because it is a human-derived
material with the ability to maintain hiPSCs/hESCs equivalent to
that of Matrigel [23]. Human iPSCs generated on PCM-DM
showed clear hESC-compatible phenotypes in thelr undifferenti-
ated state, and they differentiated into three germ layers in vitro
and in vivo. These hESC-like propertics of hiPSC-PCMDM were
fully maintained for at least 20 passages, and detailed analysis
using microarrays showed that the global gene expression profiles
of the hiPSC-PCMDM clones were also quite stable over 20
passages (Fig. 6). Moreover, we succeeded in establishing
additional hiPSC  clones (iPS-DMC71-PCMDM  and iPS-
DMC92-PCMDM) by the same method, using PCM-DM with
MEF-CM, and these clones also had hESC-like properties
(Supplemental Fig. S1). These findings indicated that the
generation and long-term maintenance of hiPSCs on PCM-DM,
with no exposure to feeder cells, is feasible and reproducible, and
that the cell biological properties of the hiPSCs are well retained
on PCM-DM.

Although we have not yet identified the molecular components of
PCM-DM responsible for supporting the self-renewal and pluripo-
tency of the hiPSCs/hESUs because of its complexity, PCM-DM is
reported to include fibronectin and collagen IV but very little laminin
[23]. Therefore, the properties of PCM-DM may be different from
laminin-based materials such as Matrigel, which is mainly composed
oflaminin-111, or human recombinant laminin-511 [14,13]. PCM-
DM and Matrigel, which is also complex, show higher activity for
maintaining hESCs than their individual components such as
fibronectin [11,23); of these, PCGM-DM as a human-derived material
may be more useful for medical applications.

B

MEF-CM

I

StemPro

Figure 7. Increased GATAS expression in 201B7 on PCM-DM with StemPro medium. A) Quantitative RT-PCR analysis of OCT4 and GATA6
for 20187 cultured on PCM-DM with MEF-CM or StemPro medium. “+number” indicates the passage number after reseeding on PCM-DM. Statistical
significances are determined by Scheffe’s test after two-way ANOVA. Results of comparisons among groups of medium within each passage are
shown (¥, P<<0.01). B) Morphology of 201B7 cultured on PCM-DM with MEF-CM or StemPro medium. Scale bar=500 pum.
doi:10.1371/journal.pone.0055226.g007

PLOS ONE | www.plosone.org 11 January 2013 | Volume 8 | Issue 1 | 55226

— 183 —



= hESC
» MEF-CM
100 - ; d .
ede
! Ak *
R
)
‘% % 5
R)
[+]
1&]
L @
]
% &
i 50 -
£
Ao
el
R
2 .
@
£
-
2 25t
# 8 o
0k

MEF PCM-DM  Matrigel  Gelatin

Figure 8. Comparison of reprogramming efficiency. Number of
hESC-like colonies derived from DMCs under seven different conditions:
MEF with hESC medium, PCM-DM with NC-hESC medium, Matrigel with
NC-hESC medium, gelatin with NC-hESC medium, PCM-DM with MEF-
CM, Matrigel with MEF-CM, and gelatin with MEF-CM. Horizontal bars
indicate the mean for each method. Statistical differences were
determined by the Kruskal-Wallis test (¥, p<0.,05, **, P<0.01).
doi:10.1371/journal.pone.0055226.g008

Gene Expression Properties of hiPSC-PCMDM

The cellular properties of the hiPSC-PCMDM clones were
almost identical to those of hiPSCs generated and maintained on
feeder cells; hosvever, some interesting differences were found. We
found higher expression levels of FGI4 and UTF1 in clone 1 and
of GDF3 in clone 2 at the late passage. FGF4 and UTT1 are target
genes of OCT4 and SOX2 [42,43]. In our study, the OCT4 and
SOX2 expressions were almost unchanged between the early and
late passages in both clones (Fig. 2B), and FGF4 and UTF1
showed only small changes when compared with KhES] (Fig. 6B).

We think that these differences in FGF4 and UTF1 expression .

scen in clone 1 were acceptable dispersion that is unlikely to
significantly affect the cellular properties of clone 1. GDF3 has
been identified in Activin-treated embryonic carcinoma cells, and
it contributes to the maintenance of hESCs [44—46]. In this study,
starting at passage 2, we used the StemPro medium, which
contains Activin (10 ng/ml) and might gradually induce GDF3
over time in culture, although MEF-CM also contains Activin
[47].

In contrast, XIST was more highly expressed in clone 1 at the
early passage than in KhES] or 201B7. The expression level of
XIST, which is involved in the inactivation of chromosome X in
female cells, appeared to decrease gradually toward the level in
KhES!] and 201B7 with long-term culture. A high expression level
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of XIST in DMGs is reasonable, because DMCls are female-
derived cells and XIST helps elicit the dosage compensation for
chromosome X [48]. Given that KhESI and 201B7 are also
female-derived cells and showed low XIST expression, and some
female 1iPSCs [49] and hESCs [50-53] are reported to show
decreasing expression of XIST during culture, our hiPSC clones
may resemble good hiPSCs in this respect. That is, the decreased
XIST expression in female hiPSCs and hESGs may indicate
a global epigenetic status that is specific for pluripotent stem cells
[49].

In addition to XIST, interestingly, GATAG was more highly
expressed in our two established clones than in KhES1 or 201B7
throughout the long culture period. GATAS is considered to he
a marker for primitive or definitive endoderm in early embryo-
genesis [54,55], Although the hiPSC-PCMDM clones showed full
pluripotency as a mass both in vitro and in vivo, the expression of
GATA6 in hiPSC-PCMDM might indicate that some cells
spontaneously differentiated into extra-embryonic tissues or de-
finitive endoderm. On the other hand, our examinations using
201B7 showed that the GATAG expression in hiPSCs cultured on
PCM-DM was completely repressed by MEF-CM, but not by
StemPro medium. This finding indicated that the GATAS
expression may be induced by the StemPro medium, not by the
PCM-DM itself.

StemPro medium is a defined culture medium developed for
hiPSCs/hESCs; it contains Activin A, FGF2, ErbB-2 ligand HRG-
| beta, and insulin-like growth factor ligand LR3-IGF1 [56]. We
previously confirmed that the combination of StemPro medium
and PCM-DM was useful for maintaining hiPSCs/hESGs [23].
Activin can induce the differentiation of definitive endoderm from
hESCs [57]. Although Activin is also present in MEF-CM,
McLean et al reported that hESCs cultured with MEF-CM and
Matrigel could differentiate into definitive endoderm only when
the phosphatidylinositol 3-kinases (PI3K) signaling pathway was
blocked [55]. In addition to Activin, KSR and insulin are present
in MEF-CM, and these factors act as agonists of the PISK-
signaling pathway and thus could suppress definitive endoderm
differentiation induced by Activin [33]. Furthermore, unknown
factors contained in the MEF-CM might positively and strongly
suppress the activity of Activin and the progression of differenti-
ation into delinitive endoderm.

Feasibility of Feeder-cell-free hiPSC Generation on PCM-
DM with Non-conditioned Medium

In this stady, we used MEF-CM in the initial phase of hiPSG
generation, ie., until the second passage, and StemPro medium
thereafter. In the preliniinary phase of this study, we tried using
StemPro medium [rom the beginning of hiPSC generation, but we
failed to generate hiPSCs, most likely owing to the limited
proliferation of DMCs in StemPro medium. On the other hand,
our analysis of the reprogranuming efficiency of six different DMC
lines under seven different culture conditions also showed that
feeder-cell-free hiPSG generation on POM-DM is feasible with
both MEF-CM and NC-hESC medium, with comparable
efficiency as on other substrates, and that clones generated and
propagated without MEF-CM could stably maintain the cellular
properties of hiPSCs. These findings suggest that MEF-CM is
dispensable for generating hiPSCs on PCM-DM, and that various
types of culture medium may be effective for generating hiPSCs on
PCM-DM.

Although the most hESC-like colonies appeared on Matrigel
with MEF-GM, hoth Matrigel and MEF-CM contain xenobiotic
components, and thus may not be suitable for future clinical
applications. Previous reports showed that hiPSCs can be
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Figure 2. Generation of hiPSCs from DMCs with non-conditioned hESC medium on PCM-DM. A) Morphology and Alkaline phosphatase
(ALP) staining of iPS-DMC75-PCMDM. P, passage number. Scale bar=500 um. B). Quantitative RT-PCR analysis for the mRNA copy number of four
transgenes (OCT4, SOX2, KLF4, ¢-MYC). All the transgenes were silenced in iPS-DMC75-PCMDM. Data are presented as the mean * SD. * not
detected, C) Immunocytochemistry for NANOG (red) and OCT4 (green) expression in iPS-DMC75-PCMDM. Scale bar=200 pm. D) Flow cytometry
analysis for hESC-specific surface antigens (SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81) at passage 11. E) Global gene expression analysis of iPS-DMC75-
PCMDM (passage 12), early and late passages of clones 1 and 2, KhES1, and 201B7. Scatter plots and Pearson’s coefficient are shown. The diagonal
lines indicate 3-fold changes in gene expression levels, Plus ("+") symbols indicate stem-cell marker genes suggested by the International Stem Cell
Initiative [31), and such genes outside the 3-fold change lines are shown in red text, Clone 1, iPS-DMC72-PCMDMO1; Clone 2, iPS-DMC72-PCMDMO2.
F) Embryoid bodies (EBs) on day 8 derived from iPS-DMC75-PCMDM (passage 12). Scale bar=500 um. G) Quantitative RT-PCR analysis. Left,
Expression levels of genes for the undifferentiated state in EBs relative to hiPSCs before differentiation. Right, Expression levels of lineage-specific

genes in EBs relative to differentiated 201B7. Data are presented as the mean % SD,

doi:10.1371/journal.pone.0055226.g009

generated from fibroblasts on gelatin-coated plates with NC-hESC
medium  [27] and that DMCs, like fibroblasts, have some
maintenance activity for hESC/hiPSCs [23]. However, no hiPSC
colonies were generated from DMCs on gelatin with NC-hESC
medinm (Fig. 8, Supplemental Table S3). This finding may
indicate that the properties of DMCs acting as an auto-feeder on
gelatin may be insufficient to generate hiPSCs in non-conditioned
medium, and that feeder-cell-free generation on gelatin with non-
conditioned medium might require modifications to generate
different cell types. Our comparison of feeder-cell-free culture
systems showed that culturing on PCM-DM is convenient, stable,
and compatible with both MEF-CM and non-conditioned
medium.

Taken together, our present results suggest that the combination
of PCM-DM and StemPro medium might be slightly worse at
maintaining hESCs/hiPSCs in an undifferentiated condition than
the combination of PCM-DM and MEF-CM. Nevertheless, the
pluripotency of the hiPSC-PCMDM was retained for over 20
passages, and the feeder-cell-free culture of hiPSCs using PCM-
DM is practical and useful. Further improvements to the culture
medium should increase the stability of the feeder-free-generated
and cultured hiPSCs, and should be a topic of future studies.

PCM-DM may be a Useful Human-derived Matrix for

Regenerative Medicine

Extra-embryonic tissues such as the umbilical cord and placenta
have been suggested as attractive sources for human cells to be
used in regenerative medicine. In this study, we used DMGCs
isolated from the decidua membrane, which is the maternal potion
of the placenta [26]. DMCs exhibit a typical fibroblast-like
morphology and have a high proliferative potential for over 30
population doublings, which is better than that of BM-MSCs [26].
They strongly express the mesenchymal cell marker vimentin, but
not cytokeratin 19 or HLA-G, and FCM analysis showed that
their expression pattern of cell-surface antigens closely resembles
that of BM-MSCs [26]. In vitro, DMCs show good differentiation
into chondrocytes and moderate differentiation into adipocytes,
but little evidence of osteogenesis, compared with BM-MSCs [26].
These findings indicate that DMCs are mesenchymal cells of
purely maternal origin, and that they are unique cells with MSC-
like properties but differ from BM-MSGs. The greater proliferative
ability of DMCs means that their cultivation might require less
maintenance, and their derivation from the maternal portion of
human fetal adnexal tissues, which are otherwise discarded, would
resolve many ethical concerns associated with the use of
embryonic cells. Morcover, the high success rate of DMC isolation
from tissues stored more than 24 hours indicates that it might be
feasible to develop a system for collecting or banking fetal adnexal
tissues from multiple or even remote hospitals [26]. These
properties of DMCs identify them as easily accessible human
source for clinical uses. Our findings indicate that the generation
of hiPSCs on PCM-DM, which has several advantages for clinical
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use, provides an opportunity to establish hiPSCs for clinical
applications,

Conclusion

We generated hiPSCs that were stably maintained with respect
to their self-renewal, pluripotency, and genome integrity over
long-term culture on PCM-DM. Our findings indicate that PCM-
DM can maintain and support the generation of hiPSCs. We
suggest that PGM-DM is a practical and easily accessible, human-
derived substrate that can be used, not just for the stable
maintenance of hiPSCs, but also for their generation.

Supporting Information

Figure S1 Generation of hiPSCs from DMUCs on PCM-
DM. A) Morphology and Alkaline phosphatase (ALP) staining of
iPS-DMC71-PCMDM  and iPS-DMC92-PCMDM. P, passage
number. Scale bar =500 pm. B) Quantitative RT-PCR. analysis
for the mRNA copy number of four transgenes (OCT4, SOX2,
KLF4, ¢-MYC). All the transgenes were silenced in the two
hiPSC-PCMDM clones. Data are presented as the mean & SD. %
not detected. B) Quantitative RT-PCR analysis for hESC marker
gene (OCT4, SOX2, KLF4, ¢MYC, NANOG) expression
compared with hESCs (clone KhESI). Data are presented as the
mean * SD. C) Immunocytochemistry for NANOG (red) and
OCT4 (green) expression in two hiPSC-PCMDM clones, Scale
bar = 200 pm.
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Abstract

1. Humanized-liver mice, in which the liver has been repopulated with human hepatocytes,
have heen used to study aspects of human liver physiofogy such as drug metabolism,
toxicology and hepatitis infection. However, the procurement of human hepatocytes is a
major problem in producing humanized-liver mice because of the finite nature of the
patient-derived resource.

2. In order to overcome this limitation, the human hepatic cell line HepaRG"™ were evaluated as
promising donor cells for liver reconstitution in the TK-NOG mouse model.

3. We demonstrate that, in vivo, transplanted confluent culture or differentiated HepaRG* cells
proliferated and differentiated toward both hepatocyte-like and biliary-like cells within
the recipient liver. In contrast, proliferative HepaRG* cells could engraft TK-NOG mouse liver
but could differentiate only toward biliary-like cells. The differentiation to hepatocyte-like
cells was characterized by the detection of human albumin in the recipient mouse serum
and was confirmed by immunohistochemical staining for human leukocyte antigen, human
albumin, cytochrome P450 3Ad4, and multidrug resistance-associated protein 2. Biliary-like
cells were characterized by positive staining for cytokeratin-19.

4. These results indicated that the differentiated HepaRG”* cells are a possible cell source
for generating humanized-liver mice, which are a useful model for in vivo studies of liver
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Introduction

The liver performs muny complex functions, including
carbohydrate, urea and lipid metabolism, storage of essentiul

nutrients, production of plasma proteins and secretion of

bile acids, metabolism of drugs and other compounds and
excretion of the metabolites into bile canaliculi. Although
primary cultured hepatocytes are the standard model for
xenobiotic metabolism and toxicity studies. an in vitro culture
method that maintains the & vivo functions of the hepatocytes
has not been established (Nibourg et al.. 2012). To overcome
this issue, we and other groups have developed humanized-
liver mice in which the liver s reconstituted with human liver
cells for studying in vivo drug metabolism and liver regen-
eration (Azuma et al., 2007 Dandri et al., 2001 Hasegawa
et al.. 2011; Mercer et al., 2001). The reconstituted livers
also express enzymes found in human hepatocytes. and
they can generate human-specitic metabolites of test sub-

strates. including  steroids. One of the problems in

Address [or correspondence: Hiroshi Suemizu, PhD. Central Institute for
Experimental Animals. 3-23-12 Tonomachi. Kawasaki-ku, Kawasaki,
Kanagawa 210-0821. Japan. Tel: +81-44-201-8530. Fax: +81-44-201-

85:H/+81-44-201-8511. B-mail: suemizu@ciea.orjp

generating humanized-liver mice is the cell source for liver
reconstitution. Commercially availuble cryopreserved human
hepatocytes are the easiest to use for generating humanized-
liver mice at present; however, it is well known that individual
differences not only affect the success rate of generating
chimeric mice but also influence the drug-metabolizing
properties of the humanized livers. As primary human
hepatocytes never successfully proliferate in vitro, it is
difficult to stably generate humanized-liver mice with finite
hepatocytes.

Novel cell sources that can proliferate in vitro and
reconstitute the liver i vivo wre needed to achieve steady
generation of humanized-liver mice. In this study, we focused
on HepaRG* cells as a cell source for generating humanized-
liver mice. HepaRG*¥ is an immortalized cell line that was
isolated from a heputic-differentiated grade 1 Edmonson
hepatocholangiocarcinoma (Gripon et al,, 2002). Previous
studies have demonstrated that bipotent progenitor HepaRG"
cells that have the ability to differentiate nto both hepatocyte-
like and biliary-like epithelial phenotypes in vitro (Cerec
et al., 2007). Because fully differentiated HepaRG* cells
express physiologic functions similar to primary cultured
human hepatocytes, they are regarded as an i virro model
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of drug metabolism (Guillouzo et al.. 2007 Kanebratt &
Andersson, 2008). A few studies have reported the successful
engraftment of HepaRG® cells into the mouse liver (Cerec
et al., 2007: Jiang et al.. 2010) and have described the in vivo
expression of human serum albumin from the transplanted
HepaRG" cells. However, the engraftment of HepaRG* cells
was confirmed by immunohistochemical staining with the

mature hepatocyte marker albumin, and the expression of

drug-metabolizing enzymes in vivo has not been investigated.
Thus, it remains unclewr whether HepaRGY cells engrafted
into the mouse liver preserve their capacity to undergo
complete hepatocyte maturation in vivo.

Recently, we developed a novel humanized model with
inducible liver injury platform consisting of the targeted
expression of the herpes simplex virus type I thymidine kinase
(HSV-TK) in the hiver of severely immunodeficient NOG mice
(TK-NOG) (Hasegawu et al.. 201 1). A brief exposure to a non-
toxic dose of ganciclovir (GCV) causes mouse liver cells
expressing the transgene to be ablated. Then, the transplanted
human hepatocytes are stably maintained within the liver of
TK-NOG mice in the absence any exogenous drug or
immunosuppressive treatments. However. the procurement of
human hepatocytes is a major problem in producing huma-
nized-liver mice because of the finite nature of the patient-
derived resource. Therefore, we evaluate HepaRG* cells as
promising donor cells for liver reconstitution in the TK-NOG
mouse model to over come this problem.

Materials and methods
HepaRG" cells

In accordance with the manufacturer’s protocol. HepaRG™
cells were maintained in HepaRG* maintenance medium
(Biopredic International, Rennes. France). For differentiation,
HepaRG™ cells were seeded onto six-well plates at a density of
2 % 107 cells/em?. Cells were cultured in maintenance medium
until the seventh day after plating, when the medium was
replaced with HepaRG* differentiation medium containing
1.7% dimethyl sulfoxide (DMSO) (Biopredic International.
Rennes, France). Both the muaintenance medium and the
differentiation medium were changed every 2 days.

Real-time quantitative reverse transcription
polymerase chain reaction for expression of
drug metabolism-related genes

Total RNA was obtained from HepaRG* cells for each day
of differentiation using the RNeasy Mint Kit (Qiagen K.K..
Tokyo. Japan), Real-time quantitative reverse transcription
polymerase chain reaction (RT-PCR) was performed using
the High Capacity ¢DNA Reverse Transcription kit (Life
Technologies Corporation, Grand Island, NY). The TagMan
Gene Expression Master Mix and TagMan Gene Expression
Assays (Life Technologies Corporation, Grand Island. NY)
were used for RT-PCR. and amplification was then carried
out using an ABI Prism 7000 Sequence Detection System
(Life Technologies Corporation. Grand Island. NY). The
amount of ¢DNA was normalized to the expression level
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
TagMan Assay number is listed in Supplementary Table 1.

Generation of humanized-liver mice with HepaRG* cells 147
Induction of liver damage

All mouse studies were conducted in strict accordance with
the Guide for the Care and Use of Laboratory Animals of the
Central Institute for Experimental Animals, and the experi-
mental  protocols  were approved by the Animal Care
Committee of CIEA (Permit Number: 11029A). All surgeries
were performed under isoflurane anesthesia. und all efforts
were made to minimize suffering, The TK-NOG strain
(Haseguwa et al., 2011) was muintained by breeding female
Te TK-NOG mice with male non-Teg TK-NOG littermates,
and the transgenic offspring were selected by genotyping
with the following TagMan probe set: forward primer
(TagMan-TKF) 5-CCATGCACGTCTTTATCCTGG-3,
everse primer (TagMan-TKR), 5-TAAGTTGCAGCAGGG
CGTC-3": and TagMan probe (TK-FAM). 3-FAM-AATCGC
CCGCCGGCTCC-MGR-3. Adult §-10-week-old  male
TK-NOG mice were injected intraperitoneally with GCV
sodium (6 mg/kg, Denosine-1V: Mitsubishi Tanabe Pharma
Corporation, Osaka. Japan) every other day to ablate mouse
liver cells expressing HSV-TK transgene. One week after
GCV teatment, the degree of liver damage was examined
by determining serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) values using an automated
clinical chemistry analyzer FUJT DRI-CHEM 7000 (Fuji
Photo Film Co. Ltd. Tokyo, Japan).

Transplantation

On Days 1. 7. 21 or 35 after plating, differentiated HepaRG*
cells were dissociated by 0.25% trypsin—-EDTA and trans-
planted into TK-NOG mouse.

Cryopreserved human hepatocytes (HEP187170: 26 vears,
female; Biopredic International, Rennes, France) were used as
a positive control for transplantation.

A total of 1 x10%ells in 401 of Hank’s Balanced
Salt Solution (HBSS, Life Technologies Corporation, Grand
Istand. NY) were intrasplenically injected using a Hamilton
syringe with a 26 gauge needle. as previously described
(Suemizu et al., 2008). The successful engraftment of the
HepaRG" cells and the HEP187170 hepatocytes  was
evaluated by measuring increases in the mouse blood level
of humun albumin (hAlb) with a Human Albumin ELISA
Quantitation Kit (Bethyl Luboratories. Montgomery, TX),
according to the manufacturer’s protocol. The extent of
reconstitution with human hepatocytes was estimated as a
function of the hAlb concentration, which was shown to
correlate with the extent of human liver replacement
(Hasegawa et al., 2011, Twelve weeks after transplantation,
recipient  livers were recovered and fixed with 10nM
Mildform formaldehyde solution (Wako Pure Chemical
Industries, Ltd. Osaka, Japan). To evaluate the growth
potential of the HepaRG* cell lines in vivo. TK-NOG mice
received a subcutaneous (s.c.) injection of I x 10° HepaRG*
cells suspended in 0.1 mi of HBSS and 0.1 ml of Matrigel (BD
Biosciences, Bedford. MA). The human hepatocellular car-
cinoma cell line HepG2 (obtained from the American
Type Culture Collection; Manassas, VA) that has the ability
to form subcutaneous xenografts was used as positive control.
A total of 1< 10" HepG2 cells were suspended in 0.1 m]
of HBSS:Matrigel in a 1:1 solution and injected s.c. Apparent
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tumors were measured biweekly, The tumor volume (TV)
. v e P -

was calenlated using the formula TV = s A » B [A: length

(mmi: Br width (mm)}.

Histology and immunohistochemistry

Formalin-fixed tissues were embedded in paraffin and then
sliced und analyzed by either hematoxylin-eosin staining
(H&E)Y or immunohistochemistry. Some sections were auto-
claved for 10min in a target retrieval solution (0.1 M citrate
buffer, pH 6.0; 1 mM EDTA, pH 9.0) und then placed at room
temperature for 20 min. The following antibodies were used
for immunohistochemical analysis: monoclonal mouse anti-
human leukoceyte antigen (HLA) Class T (A, B and C) (clone
EMRS-5: Hokudo. Sapporo. Japan). polyclonal goat anti-
human albumin (Bethyl Laboratories, Montgomery. TX),
anti-cytokeratin-19 (CK-19, Novocastra Laboratories Lid.,
Newcastle, UK). polyclonal rabbit anti-cytochrome P450 3A4
(CYP3A4) (Abcam Inc.. Cambridge, MA) and anti-human
multidrug resistance-associated protein 2 (MRP2) (clone M2
1H1-6: Merck Millipore, Billerica, MA). The antibodies for
mouse. goat and rabbit immunoglobuling were visualized
using amino acid polymer/peroxidase complex-labeled anti-
bodies |Histofine Simple Stain Mouse MAX PO (M, G and
R): Nichirei Bioscience, Tokyo. Japan] and a diaminobenzi-
dine (DAB: Dojindo Laboratories, Kumanoto, Japan) sub-
strate (0.2 mg/ml. 3.3'-diaminobenzidine tetrahydrochloride,
0.05 M Tris-HCL pH 7.6, and 0.005% H-05). Sections were
counterstained with hematoxylin. A periodic acid-Schiff

Nenobioticn, 2004 L2 16-153

(PAS) staining kit (Muto Pure Chemicals. Tokyo. Fapan)
was used for visualizing glycogen. The images were captured
under an upright microscope Axio Imager (Carl Zeiss,
Thornwood. NY) equipped  with  AxioCam  HRm  and
AxioCam MRS CCD cameras (Carl Zeiss), The HepaRG*
cell colonies containing »20 HLA-positive cells on the cross-
sections of three to five lobes of the TK-NOG mouse liver
were counted, The areas (in centimeters) of the immunohis-
tochemical sections were measured by using the Image
Processing and Analysis in Java software (Tmagel version
146, http://imagej.nih.gov/ij/). Colony formation was eval-
vated as the number of colonies per area of observation
(colonies/em?).

Resulis
HepaRG" cells reconstitute the TK-NOG mouse liver

According to the manulacturer’s protocol, the HepaRG* cells
were seeded at low confluency in six-well culture plates
(2 x 10" cells/em® Day 1) to induce transdifferentiation
(Cerec et al. 2007). The cells reached 100% confluency
within 1 week (Day 7), and the medium was then replaced
with the differentiation medium, which contained 1.7%
DMSO. The hepatocyte-like cells, which are similar 10
mono- or bi-nucleated human hepatocytes, appeared 21 days
after seeding (Figure 1A). The gene expression of the fol-
lowing drug metabolism-related molecules, in the HepaRG"
cell differentiation cultures. was analyzed on Days 1. 7. 21
and 35 by gPCR: 12 CYP450 and 2 phase 11 enzymes, 5 SL.C
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Figure 1. /o vinw differentiation of HepaRG* cells. (A) Phase-contrast photographs of HepaRG® cells at the prolilerative stage (D11 low-density
cultured. and the differentiative stage (D7: confluent culture: D21 and D335 differentiation cultwre with 1.7% DMSO). D1 7. 21 and 35 in HepaRG™
stage indicate the number of days alter seeding, Bar == 100 pom. (B) The relative expression of 26 human drug metabolismerelated mRNAs on D1.7.21
or 35 in the HepaRG¥ cells was assessed by ¢PCR. Each bar represents the average of two independent determinations. and the standard error is shown.
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Tuble 1. Colony-forming ability of various differentintion stages of HepaRG*Y cells in

Generation of humanized-liver mice with HepaRGY cells 149
TK-NOG livers.

Hepatoeyte-like cotony Biliary-like colony

Experiment HepaRG” Mouse hALD Area
No, stage 1D No. BW (g) (pg/ml) {em™) Number Coloniesfem® Number Coloniesiem”
1 D3s 2 15.2 ND 3.0 0 0 0 {0
3 240 ND 4.3 ¢ 1.4 3 1.2
4 265 ND 3.7 1 0.3 0 ]
5 25.7 ND 4.0 0 0 1 0.3
3 270 ND +.0 7 1.8 ] 0.3
2 DI 2 28.6 ND 33 0 0 0 0
3 28.0 NI 4.9 0 0 31 6.3
D7 ] 279 0.9 4.5 24 5.3 43 9.5
5 289 ND 4.0 3 0.7 23 5.7
D2 9 26.9 4.2 38 40 10.5 20 6.8
14 265 NI 29 2] 7.4 3 13.0
D33 10 25.2 ND 28 2 0.7 ] 0.4
12 27.7 ND 3.0 < 1.3 4 1.3

DI1. 7,21 and 35 in HepaRG™
detected by

s
em”): number of colonies per area of vbservation.

and 4 ABC transporters, and 3 nuclear hormone receptors
(Figure 1B). As previously reported. the gene expression
levels of the major drug metabolism enzymes and transporters
were markedly increased in differentiative stage (>Day 7)
compared to proliferative stage (Day 1) of HepaRG*® cells,
except for SLCOIB3. We then intrasplenically transplanted
fully differentiated HcpaR G% cells (Day 35) into five TK-
NOG mice to investigate the functionality of the trunsplanted
HepaRG™ cells in vivo (Table 1). Twelve weeks after
transplantation. the engraftment of the HepaRGY cells way
demonstrated by human-specific marker staining: four-fifths
of recipients showed the formation of HLA-positive cell
colonies, suggesting that their livers had been vepopulated
with the transplanted human cells. The HLA-positive
engrafted cell colonies were categorized by morphological
differences into either hepatocyte-like cell colonies that
were organized as polygonal cells with chavacteristic round
nucleus or biliary-like cell colonmies that were organized us
ductal epithelial cells (Figure 2). Histological analysis of the
recipient livers suggests that the HepaRG™ cells differentiated
into mature hepatocyte or biliwry cell lineages in vivo.
To confirm this result, we performed immunohistochemical
analysis for hepatocyte or biliary cell markers. Consistent
with morphological characteristics. hepatocyte-like colonies
were stained with the hepatocyte marker human albumin and
were not stained with the biliary marker CK-19 (Figure 2.
upper panel), whereas biliary-like colonies were found to be
Alb-negative/CK-19-positive colonies (Figure 2, lower panel).

HepaRG*-derived hepatocyte-like cells have the
characteristics of mature hepatocytes

We have demonstrated that fully differentiated HepaRG™
cells (Day 35) have the potential to transdifferentiate into both
hepatocyte and biliary cells in vivo through bipotent progeni-
tors in TK-NOG mice; however. the chimerism of the livers
reconstituted with HepaRG?® cells was extremely low, and
human albumin wus unclucuahle in mouse plasma. HepaRG ¥
cells at various differentiation conditions (Day 1, 7, 21 and
35) were intrasplenically injected into [K-’\JO(J mice to

stage indicate the nmmber of days alier seeding. BW: body weight. The b *\Ib level of ca
SLISA. Area: observed cross-sections were measured and indicated as centimeter square (em?), Colonies per centimeter square {colonies/

weh animal is shown, NI not

identify a suitable differentiation stage for optimal reconsti-
tution of the mouse liver. Twelve weeks after transplantation,
successtul engraftment was determined using ELISA to detect
the serum fevel of human albumin and wus confirmed by
histological analysis of TK-NOG mice livers., Human albumin
was deteeted in two animals (2 out of 8) that had received
7-day (6.9 pg/ml) and 21-day (14.2 pg/ml) HepaRG* cells
(Table 1). The HepuRG-derived colonies. which were
categorized by morphologic charvacteristics into hepatocyte-
like and biliary-like. were counted according to the criteria
described in the “*Materials and methods™ section (’I"ublc ).
Interestingly, undifferentiated (proliferative) HepaRG* cells
(Day 1) only differentiated into biliary-like cells in vivo:
we failed to identity the diﬂ’erem‘iuticm into hepatocyte-like
cells. In contrast. differentiated HepaRG™ cells corresponding
to cultures at Days 7 and 21 days were successfully engrafted,
and gave rise to both hepatocyte-like and biliary-like cells
in TK-NOG mouse livers. However, the repopulation and
expansion potentials were markedly decreased in the fully
differentiated HepaRG® cells (Day 35). Consistent with the
hAIb ELISA vesult, an increased number of hepuatocyte-like
colonies was observed in the livers of recipient animals; this
finding was confirmed by the production of detectable levels
of human albumin (Table 1).

Next. the hepatocytic functionality of the differentiated
HepaRGY  cells was evaluated by histochemistry  and
immunobistochemistry. We compared mature human hepato-
cyte characteristics. including glveogen accumulation and the
expression of the CYP3A4 and MRP2 proteins, between
hepatocyte-like colonies in mouse livers repopulated with
differentinted  HepaRG™ cells (day 21) and hepatocyte
colonies in mouse fivers repopulated with the HEP! 8717()
hepalocx«’tex respectively.  Successful engraftment of the
HEPISTI70 hepatocytes was determined 12 weeks after
lmns;_ plantation by detecting the serum level of human
albumin using ELISA. Human albumin was detected in all
the HEPI87170 hepatocytes transplanted animals (eight out
of eight) with varied concentration (Table 2).

The human hepatocytes could be clearly distinguished
from mouse hepatocytes by their pule cytoplasm in H&E
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H&E HLA

Figure 2. Reconstitution of human liver structures from differentiated HepaRGY cells in vivo. Hepatoceyte-like colonics (upper pancl) and biliary-like
colonies (lower panel) in a TE-NOG meuse liver that was transplanted  with differentiation. D33 HepaRG® cells were subjected 10

Tuble 2. Engraftiment of eryopreserved human hepatocyies in TK-NOG
livers,

Cryopreserved Mouse hAIb
hepatoeytes D No. BW (g) (pg/mL) RI(%)
HEPIR7170 73 247 1439 20.9
74 275 684 12.0
79 279 1061 16.3
712 210 2778 36.0
HEP187170 714 18.6 2818 30.4
102 22,0 4803 39.1
113 215 RERRS 42.60
114 20.6 SIS 62.7

The amount of hATh and extent of human lver reconstitution in TK-

NOG mice were measured 12 weeks afler  transplantation of

cryopreserved human hepatocytes (HEPISR7170). BW: body weight.

The extent of human liver reconstitution was estimated as a Tunction of

the hAID concentration, which was shown to correlate with the extent
of human liver reconstitution. RL reconstitution index.

stained sections and by glycogen accumulation, which was
restricted to the cytoplasm of the human hepatocytes in PAS-
stained sections (Figure 3, lower panel): these findings we
consistent with previous descriptions (Hasegawa et al.. 2011).
Hepatocyte-like cells exhibited H&E and PAS staining
profiles similar to those of human hepatocytes (Figure 3,
upper panel). Furthermore, the immunohistochemical analysis
of hepatocyte-like cells revealed that the expression of a
major drug-metabolizing enzyme in the liver, CYP3A4. and a
major organic anion transporter in bile excretion in the liver,

MRP2. expression level of which were also similar to those of

humanized livers repopulated by the HEP187170 hepatocytes
(Figure 3, upper and Jower panel). These results imply that
the hepuatocyte-like cells that were differentiated in vive
could preserve similar drug-metabolizing activities to those of
HepaRG™ cells that were differentiated in vitro.

Negligibly low tumorigenicity of HepaRG" cells

Vi

I tmorigenic abilities temained in the HepaRG*® cells. the
humanized liver. which was repopulated with the human

hepatocyte-like HepaRG™ cells. will likely become cancer-
ous. Therefore. the tumorigenicity of the HepaRG” cells was
assessed using severely immunocompromised NOG mice.
Day | and Day 35 HepaRG* cells (1 x 10%cells) as well as
hepatocellular carcinoma HepG2 cells (1 x 107 cells: positive
control) were subcutaneously transplanted into NOG mice.
Subcutaneously formed xenografts were observed 3 weeks
after transplantation. HepG2 cells grew rapidly forming
tumors of 1000 mm® within 7 weeks, whereas both the
Day I (proliferative stage) and Day 35 (fully differentiated
stage) HepaRGY cell grafts did not increase in size through-
out the observation period (12 and 7 weeks, respectively),
even though the HepaRG*® cells were introduced at a
concentration 100 times greater than the control HepG2
cells (Figure 4A). Twelve weeks after transplantation, the
HepaRG* cell grafts (Day 1) were analyzed by immunohis-
tochemical staining (Figure 4B). The few HLA-positive
surviving cells were observed in a gelatinous watrix. These
remaining cells did not express albumin but expressed
the biliary-lineage marker CK-19. From these results, it was
hypothesized that the negligibly low tumorigenicity of

the HepaRG" cells would not affect the generation of

humanized-liver mice.

Discussion

In this study. we veport that the human hepatic cell line
HepaRG?H is a promising cell source for the steady generation
of humanized-liver mice. Using differentiated HepaRG*
cells. we have demonstrated in vivo the transdifferentiation
of both hepatoeyte-like and biliary-like cell populations into
hepatocytic and biliary lineages through a common hepatic
progenitor that actively proliferates. Previous studies have
described in vitro differentiation from proliferative HepaRG®
cells to mature hepatocyte-like cells that express liver-specific
marker proteins or mRNAS, such as albumin and CYP3A4
(Cerec et al.. 2007: Gripon et al.. 2002). We ulso confirmed
that the CYP mRNAs were undetectable in the proliferative
stage in HepaRG™ cells. whereas at the differentiation stage.
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CYP3A4

- CYP3A4

Figure 3. Expression of functional liver markers in reconstituted livers from TICNOG mice. Hepatoeyte-tike colonies in a TK-NOG mouse liver that
was transplanted with differentiation D21 HepaRG* cells (upper panel) and human hepatoeyte eolonies in a TK-NOG mouse liver that was transplanted
with eryopreserved human hepatocytes (HEPI87170: 26 yemrs. femuale) (lower panel) were assessed (or functionality by histochemical and
immunohistochemical analyses. Serial fiver sections were stained for H&E. PAS. CYP3A4 and MRP2. Bar = 100 pun.
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Figure . Tumorigenic potency of HepaRG™ cells in NOG mice. (A) The growth potential of HepaRGY cells was evalnated in NOG mice. A total of

12 10° cells were subcutaneously transplanted into NOG mice. |

and D35 in HepaRGY stage indicate the number of days after seeding. A ot of

1% 107 HepG2 cells were used as positive control for s.c. tansplutation. (B) Histelogic and immunobistochemical analyses of D1 HepaRG*
xenografts in NOG mouse. Twelve weeks alter tanspluntation. the senografts were processed for HEE swining. HLA. hAlD and CK-19 swining.

they were abundantly expressed. mirroring the degree of

cellular differentiation, with the exception of CYPIAL
(Aninat et al.. 2006: Antherieu et al., 2010).

Most cytochrome P450 enzymes appear either at or near
birth or between 2 and 4 weeks following birth: in contrast,
CYPIAL is expressed very early in development in rodents
(Rich & Boobis, 1997) and humans (Yang et al., 1995).
Because the differentiation stages of HepaRG™ cells could be
induced after exposure to beta-naphthoflavone (BNF), pheno-
barbital (PB) and rifumpicin (RIF), to express both mRNA
and CYP protein activities, they could be used in screens as a
substitute for and/or in complement to primary hepatocytes
for CYP induction studies (Aninat et al., 2006; Antherieu
et al., 2010; Gerets et al.. 2012). Because of the responses of
the HepaRG* cells in these systems, they were subsequently

evaluated in vivo to determine whether or not they could serve
as an alternative to primary hepatocytes.

We transplanted four distinct differentiation stages of

HepaRGY cells into the livers of TK-NOG mice. Although
HepaRG" cells in any differentiation stage could engraft
and proliferate within the recipient livers, the HepaRG"®
cells in the proliferative stage (D1} differentiated only to Alb-
negative/CK-19-positive  biliary-like cells _in the recipient
mouse livers, These results presented here have also indicated
that the differentintion program from progenitors toward
hepatoeyte lineage will not occur in in vivo microenviron-
ments. Because HepaRG® cells drasticully change their
morphological und  molecular  biological characteristics
in virro after reaching confluency. high-density culture
conditions induce and preserve the differentindon status of
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