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Abstract

Background: Pluripotent stem cells (PSCs) such as embryonic stem cells and induced pluripotent stem cells are
promising target cells for cell regenerative medicine together with recently advanced technology of in-vitro
differentiation. However, residual undifferentiated stem cells (USCs) during in-vitro differentiation are considered a
potential risk for development of cancer cells and nonspecific lineage cell types. In this study we observed that
USCs still exist during hepatic differentiation, consequently resulting in poor quality of the hepatic population and
forming teratoma in vivo. Therefore, we hypothesized that effectively removing USCs from in-vitro differentiation
could improve the quality of the hepatic population and guarantee safety from risk of teratoma formation.

Methods: Human PSCs were differentiated to hepatocytes via four steps. YM155, a known BIRC5 inhibitor, was
applied for removing the residual USCs on the hepatic differentiation. After YM155 treatment, hepatocyte
development was evaluated by measuring gene expression, immunostaining and hepatic functions at each stage of
differentiation, and forming teratomas were confirmed by cell transplantation with or without YM155.

Results: The selected concentrations of YM155 removed USCs (NANOG' and OCT4") in a dose-dependent manner.
As a result, expression of endodermal markers (SOX77, FOXA2 and CXCR4) at stage Il of differentiation and hepatic
markers (ALB, AFP and HNF4A) at stage Ill was up-regulated by YM155 treatment as well as the hepatic population
(ALB™), and functions (ALB/urea secretion and CYP450 enzyme activity) were enhanced at the final stage of
differentiation (stage IV). Furthermore, we demonstrated that NANOG and OCT4 expression remaining until stage |ll
(day 15 of differentiation) completely disappeared when treated with YM155 and teratoma formation was
effectively prevented by YM155 pretreatment in the in-vitro study.

Conclusions: We suggest that the removal of USCs using YM155 could improve the quantity and quality of
induced hepatocytes and eliminate the potential risk of teratoma formation.

Keywords: Pluripotent stem cells, Hepatic differentiation, Residual undifferentiated stem cell, YM155

* Correspondence: kanghg67@korea.kr
Vet Drugs and Biologics Division, Animal and Plant Quarantine Agency, 177,
Hyeoksin 8-ro, Gimcheon-si, Gyeongsangbuk-do 39660, Republic of Korea

- © The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
( B|°Med Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-017-0517-2&domain=pdf
mailto:kanghg67@korea.kr
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Kang et al. Stem Cell Research & Therapy (2017) 8:78

Background

Human pluripotent stem cell (PSC)-induced hepatocytes
(iHeps) are a promising target for drug development and
cell transplantation. Over the past 10 years, many proto-
cols for hepatocyte induction from embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) have
been developed by recapitulating in-vivo hepatic devel-
opment [1-6]. Acquiring pure hepatocytes is a crucial
factor for hepatotoxicity screening of drug candidates
and stem cell-derived hepatocyte therapy. Thus far, hep-
atocyte induction has enabled progress in acquiring
highly purified hepatocytes and in enhancing hepatic
functions [3, 7-9].

There are many previous reports about undifferentiated
stem cells (USCs) that remain during in-vitro differenti-
ation. The residual USCs exist long term in both in-vitro
and in-vivo differentiation [10]. This is a considerably crit-
ical concern in cell replacement therapy because the re-
sidual stem cells have inherent problems (i.e., teratoma
formation) [11-13]. Therefore, eliminating the residual
USCs is an indispensable step for safer cell therapy and effi-
cient hepatotoxicity screening of drug candidates. Recently,
selective removal of USCs has been tried to prevent tumori-
genic potential and teratoma formation using antibody-
based strategy in clinical fields [14—-16]. In addition, small
molecules have been suggested to effectively eliminate the
risk of teratomas [17, 18]. Of these molecules, YM155 is
one of the inhibitors targeting the BIRCS (Survivin) gene,
an anti-apoptotic factor, which is highly overexpressed in
ESCs/iPSCs and cancer stem cells. Thus, this molecule can
induce selective apoptotic cell death of USCs [18]. Cur-
rently, the compound has been introduced in clinical appli-
cations for cancer therapy and interruption of teratoma
formation after stem cell therapy [19].

In our former study, USCs remained in a small portion
during hepatic differentiation and consequently developed
nonhepatic phenotypes [20]. Lee et al. [18] reported that
YM155 effectively eliminated USCs without affecting dif-
ferentiated counterparts. However, little research has been
conducted to selectively remove the undifferentiated cells
during in-vitro hepatic differentiation. In the present
study, we investigated the effects of YM155 on hepatic dif-
ferentiation using human PSCs concerning the effective
treatment stage of differentiation and optimal concentra-
tion of YM155 and in-vivo teratoma formation. To our
knowledge, this is the first report of applying YM155 to
in-vitro hepatic differentiation.

Methods

Cell culture

Human ESCs (WAO1) and iPSCs (iPS(IMR90)-1) were
purchased from the WiCell Research Institute (W1, USA;
http://wicell.org/). Human iPSCs (QIA7) were established
from adipose tissue-derived stromal cells in our laboratory
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[21]. These cells were mechanically passaged using Dis-
pase (STEMCELL Technologies, Canada) and maintained
on a Matrigel-coated plate (BD Bioscience, CA, USA) with
mTeSR1 medium (STEMCELL Technologies). HepG2
(ATCC, VA, USA) was cultured in EMEM (ATCC) con-
taining 10% FBS (Gibco-BRL, NY, USA) and 1% penicillin
and streptomycin (Millipore, MA, USA). Human cryopre-
served primary hepatocytes (p-Heps) were purchased as
BD Gentest™ Inducible-Qualified Human CryoHepato-
cytes (Lot #178; BD Bioscience). Human hepatocytes were
cultured in HMM medium using a SingleQuots™ kit
(Lonza, MD, USA) on Coning BioCoat Collagen I-coated
plates (BD Bioscience). Human adipose tissue-derived
stromal cells (hAT-SCs) were maintained with DMEM
containing 10% FBS, 50 U/ml penicillin and 50 pg/ml
streptomycin.

Differentiation of PSCs into hepatocytes

For the hepatic differentiation of human PSCs, a previously
reported hepatic differentiation protocol designed for hu-
man ESCs [1] was applied with some modifications. Briefly,
human PSCs were plated at a density of 2.5 x 10° cells/ml
on Matrigel-coated six-well plates with mTeSR1 medium
(STEMCELL Technologies) including ROCK inhibitor
(Y27632; STEMCELL Technologies). The medium was re-
placed with definitive endodermal induction medium (DE)
for 5 days (stage I). The DE medium consisted of RPMI
1640 (without L-glutamine; Gibco-BRL) supplemented with
2 mM L-glutamine (Millipore), 0.5 mg/ml albumin fraction
V (Merck Millipore, Germany) and 100 ng/ml Activin A
(PeproTech, NJ, USA). Afterward, the definitive endoder-
mal cells were differentiated into hepatoblasts using the
hepatic endodermal medium (Hep-1) for 5 days (stage II)
followed by hepatic specification medium (Hep-2) for 5 days
(stage III). Hep-1 and Hep-2 comprised the HBM Single-
Quots™ kit (Lonza) supplemented with 30 ng/ml FGF4
(PeproTech) and 20 ng/ml BMP2 (Invitrogen, MD, USA)
at stage II and 20 ng/ml HGF (PeproTech) and 20 ng/ml
OSM (R&D Systems, MN, USA) at stage III, respectively.
After hepatic specification, the cells were further matured
using the HMM SingleQuots™ kit for 5 days (stage IV).

RT-PCR

Total RNA was isolated from the cells using the RNeasy
mini kit (Qiagen, Germany). cDNA was synthesized
from 1 pg of total RNA primed with AcuPower cDNA
synthesis premix (Bioneer, Republic of Korea). Primer
sets are represented in Additional file 1: Table S1. Real-
time PCR was performed using the CFX (Bio-Rad, CA,
USA) instrument and the SYBR Green script premix
(Bio-Rad). Normalization of samples was determined by
GAPDH, and all sets of reactions were conducted in
triplicate (7 =3). The relative expression levels are
expressed as a fold-change of the indicated control.
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Immunocytochemistry

For immunostaining, the cells were fixed with 4% parafor-
maldehyde (PFA; Thermo Scientific) for 5 min after wash-
ing with 1x phosphate-buffered saline (PBS). After rinsing
with 1x rinse buffer (1x Tris—HCI including 0.05% Tween-
20), permeabilization was performed with 0.1% Triton X-
100 for 10 min. After blocking with blocking solution (1:20
diluent with 1x PBS) for 30 min at room temperature, each
primary antibody was reacted by incubating overnight at
4 °C. After rinsing, secondary antibodies were applied in
incubation for 1 h at room temperature. Information for
antibodies is listed in Additional file 1: Table S2. The nuclei
were stained for 1 min with Hoechst33258 (Invitrogen)
diluted in 1x PBS (1:10,000). Immunofluorescence was de-
tected under a fluorescence microscope (Axiovert; Carl
Zeiss, Germany).

Cytotoxicity assay

To measure cytotoxicity by YMI155 treatment, QIA7
(stage 0), QIA7-iHeps (stage I and stage II) and hAT-SCs
were seeded on Matrigel-coated 96-well plates (2 x 10*
cells per well) and cultured for 24 h at 37 °C. Serial con-
centrations of YM155 (0-100 uM) were diluted with each
culture medium as already described and incubated with
the cells for 24 h. The culture medium was subsequently
replaced with 100 pl of each fresh medium containing
10% (v/v) 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2H-tetraxolium (WST) reagent (DoGEN,
Republic of Korea) and again incubated for 2 h at 37 °C.
Absorbance was read using a luminometer (FlexStation
III; Molecular Device, CA, USA) at 450 nm, and the re-
sults were expressed as the percent of nontreated control.

Caspase-3 activity

To detect apoptotic cell death, we used the Caspase-3
colorimetric activity assay kit (Millipore). QIA7, QIA7-
iHeps (day 7 of differentiation) and hAT-SCs were
seeded with a relevant cell number and incubated over-
night at 37 °C. Each cell was treated by serial concentra-
tions of YM155 (1-100 nM) for 16 h. After lysis with
1x10° cells, the supernatant was incubated with
Caspase-3 substrate for 1 h at 37 °C. Absorbance was
read using a luminometer (FlexStation III) at 405 nm,
and the activities were expressed as a fold-increase
against DMSO control.

Flow cytometry

Cells were dissociated in 0.05% Trypsin—EDTA (Invitro-
gen) and then resuspended in 10% FBS/DMEM (v/v).
The collected cells were fixed with 4% PFA, perme-
abilized with 0.1% Triton X-100 and stained with an
antibody against OCT4 and Albumin. The analyses were
performed using FACSCalibur (BD Biosciences).
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Functional assay for hepatocytes

To test hepatic functions with stem cell iHeps at the
final day of stage IV (day 20 of differentiation), the dif-
ferentiated cells were dissociated in Accutase for 30 min
and seeded on Collagen I-coated plates with HMM
medium. After overnight incubation at 37 °C, each func-
tional test such as periodic acid Schiff (PAS) staining,
low-density lipoprotein (LDL) uptake, albumin/urea se-
cretion, CYP450 enzyme activity and drug metabolism
was carried out as described in the following. HepG2
and p-Heps were used as control cells.

PAS staining

To detect glycogen storage, PAS staining was performed
at day 21 of differentiation. The cells were fixed for 5 min
with 4% PFA and oxidized for 5 min in periodic acid
(Sigma-Aldrich, MO, USA) at room temperature. After
rinsing with distilled water for 5 min, the cells were
treated with Schiff’s reagent (Sigma-Aldrich) for 15 min.

LDL uptake

To estimate uptake of low LDL, LDL-DyLight™ 550
(Abcam) was diluted with culture medium (1:100). Cells
were incubated with LDL-DyLight™ 550 working solu-
tion for 4 h at 37 °C. The medium was replaced with
fresh culture medium. Immunofluorescence was de-
tected under a fluorescence microscope (Axiovert).

Albumin and urea secretion

The culture medium was changed at day 21 of differenti-
ation, and the cells were additionally incubated for 24 h
at 37 °C. The supernatants collected from each well were
centrifuged for 5 min at 3000 x g to remove floating cells
and stored at —20 °C until assay. The albumin and urea
amounts in culture medium were measured using an Al-
bumin Human ELISA kit (Abnova, CA, USA) and urea
assay kit (Cell Biolabs, CA, USA), respectively, according
to the manufacturer’s instructions. Absorbance was read
on a luminometer (FlexStation III) at a wavelength of
450 nm for albumin and 630 nm for urea. The albumin
and urea amounts were calculated using each standard
curve and normalized by protein concentration (mg/ml).

CYP450 enzyme activity

CYP1A2 and CYP3A4 enzyme activities were measured
using the CYP450-Glo™ assay kit (Promega, WI, USA)
according to the manufacturer’s instructions. The super-
natants were removed, and the cells were incubated with
substrate (Luciferin-1A2 for CYP1A2 and Luciferin-IPA
for CYP3A4) for 1 h. The supernatants of each well were
transferred to white opaque 96-well plates. CYP450
activities were then measured using a luminometer
(FlexStation III). The results were expressed as a relative
activity for control.
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Drug clearance

To evaluate drug metabolism, 1 pM aflatoxin Bl
(Sigma-Aldrich) and 100 uM acetaminophen (Sigma-Al-
drich) diluted with HMM medium treated QIA7-iHeps
for 24 h, and medium containing test drugs was used as
control (no cells). The supernatants were collected, and
the concentrations of each compound in the superna-
tants were determined by HPLC (Waters 2996; Waters,
MA, USA). Drug clearance in p-Heps was also per-
formed under the same method. The values were nor-
malized by protein concentration (mg/ml) and expressed
by the percentage of control.

Teratoma formation

For in-vivo cell transplantation, QIA7 and QIA7-iHeps
(day 7 of differentiation) pretreated with and without
YM155 (5 nM) were dissociated by Dispase and Accu-
tase, respectively. Approximately 1 x 10° cells were pre-
pared in DMEM/F12 (50 ul) and mixed with Matrigel
(1:1) on ice. The mixture was injected into the testis of
6-week-old nude mice (BKINbt:BALB/c/nu/nu; NARA-
Biotech, Republic of Korea). Six or seven weeks later, the
teratomas were dissected. Tumor masses were fixed with
10% neutral buffered formalin (Sigma-Aldrich). Paraffin-
embedded tissues were sectioned and stained with
hematoxylin and eosin (H&E) and analyzed in the Cell
Imaging-Histology core facility at the Quarantine & In-
spection Agency.

Statistical analysis

Results were expressed as the mean + standard deviation
(SD) for triplicate experiments (n = 3). The statistical sig-
nificance was determined using Statistica5.5 (StatSoft,
OK, USA) with one-way analysis of variance (ANOVA)
and post-hoc comparisons between the control group
and each treatment group using Duncan’s multiple com-
parison test. p<0.05 was considered statistically
significant.

Results

Hepatic differentiation of human PSCs with the modified
protocol

To achieve hepatic differentiation, human PSCs were dif-
ferentiated to hepatocytes for 20 days via four sequential
stages; definitive endoderm (5 days), hepatic endoderm
(5 days), hepatic specification (5 days) and hepatic matur-
ation (5 days) (Fig. 1a). Human PSCs were induced to de-
finitive endoderm using Activin A (100 ng/ml) for 5 days.
During the whole induction period of definitive endo-
derm, a large number of differentiated cells was easily de-
tached from the plate. Thus, the relevant cell number was
needed for protocol optimization. In our preliminary re-
sults, the optimal density of cells was approximately 2x
10*-3 x 10* cells/cm? in human PSCs (data not shown).
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Under this condition, QIA7 showed stage-specific morph-
ology at each stage (Fig. 1b). For expression of stage-
specific marker genes shown in Fig. 1c, pluripotent genes
such as NANOG and OCT4 rapidly decreased at stage 1.
On the contrary, GATA4, SOX17, FOXA2 and CXCR4 as
definitive endodermal markers were highly expressed at
stage I, and expression diminished thereafter. For the hep-
atic markers, expression of HNF4A and AFP started to be
increased at stage II, and expression was maximized at
stage III. ALB was not detected at stage II, and expression
was sharply enhanced at stage III. However, three hepatic
marker genes were decreased at stage IV. The expression
patterns of genes were similar to those of marker proteins
(Fig. 1d and Additional file 2: Figure S1). Cytokeratin 18
(CK18)-positive cells were detected during the whole
period of differentiation. QIA7-iHeps showed a typical
hepatocyte phenotype and glycogen storage at the final
stage (Fig. le).

Characterization of nonhepatic lineage cells derived from
USCs

To characterize the residual USCs, pluripotent genes
and marker proteins were investigated under our modi-
fied protocol of hepatic differentiation. The expression
of NANOG and OCT4 did not disappear until day 15 of
differentiation (stage III), although the expression
sharply declined by day 2 of differentiation (Fig. 2a).
Most of the clusters still remaining at stage I (day 5 of
differentiation) expressed pluripotent markers such as
NANOG, OCT4, TRA-1-60 and SSEA-4 (Fig. 2b).
Thus, we hypothesized that the USCs caused cellular
heterogeneity in the hepatic differentiation. QIA7 ac-
tively differentiated to definitive endodermal cells after
exposure to Activin A at stage I. However, many cell
clusters still expressing the pluripotent markers were
observed on the surrounding edges of definitive endo-
dermal cells at stage I (Fig. 2c, a'). The clusters were
tightly aggregated as soon as BMP2 and FGF4 were
treated at stage II (Fig. 2¢, b'). Thereafter, the cell popu-
lation derived from the aggregated cells rapidly ex-
panded at stage III (Fig. 2¢, c'). This cell population
(Fig. 2¢, d', magnified in area 1 (Al) of Fig. 2¢, ¢')
accounted for the majority of the cell population at the
final stage of differentiation and distinguishable from
typical hepatic phenotype in area 2 (A2) of Fig. 2¢, ¢’
(Fig. 2¢, €'). During immunostaining, the cells of Al
were negative for ALB, but most of the cells in A2 were
positive (Fig. 2¢, ). To further characterize Al and A2,
each cell population was separately collected according
to distinct cell morphology. Interestingly, expression of
NANOG and OCT4 was still present in Al whereas it
was not detected in A2 (Fig. 2d). As compared with Al,
A2 highly expressed endodermal marker genes (AFP,
ALB, SOX17 and FOXA2) (Fig. 2e).
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Fig. 1 Hepatic differentiation of human PSCs. The modified protocol of hepatic differentiation was distinct at four stages; definitive endoderm, hepatic
endoderm, hepatic specification and hepatic maturation (a). Under this sequential induction condition, the development of QIA7 to hepatocytes was
confirmed at each stage in the aspects of morphological changes (b) and expression of stage-specific marker genes (c) and proteins (d). The differenti-
ated hepatocytes showed a typical hepatocyte-like shapes and glycogen synthesis at stage IV (e). hPSC human pluripotent stem cell, AFP alpha-
fetoprotein, ALB albumin, BMP2 bone morphogenetic protein 2, CK18 cytokeratin 18, CXCR4 C-X-C chemokine receptor type 4, FGF4 fibroblast growth
factor 4, FOXA2 forkhead box protein A2, GATA4, transcription factor GATA-4, HGF hepatocyte growth factor, HNF4A hepatocyte nuclear factor 4 alpha,
OCT4 octamer-binding transcription factor, OSM oncostatin M, PAS periodic acid Schiff, SOX17 sex determining region Y-Box 17

Effects of YM155 on hepatic differentiation

We hypothesized that highly qualified and quantified
hepatocytes could be obtained if USCs are effectively
removed during hepatic differentiation. To perform se-
lective removal of USCs, YM155 was used in this
study. Firstly, serial concentrations of YM155 were
used to treat human PSCs (QIA7 and WAO1), differen-
tiating cells (QIA7-iHeps) and hAT-SCs as a somatic
cell for determining the relevant treatment concentra-
tion (Fig. 3a). Each cell type showed different dose re-
sponses against YM155 (Fig. 3a). The inhibitory
concentration 50 (ICsp) of QIA7, WAO1, QIA7-iHeps
and hAT-SCs was 8 nM, 14 nM, 130 nM and 3086 nM,
respectively. Human PSCs were affected by lower con-
centrations of YM155 than hAT-SCs and QIA-iHeps.

Therefore, we selected the ranges of YM155 (1-100
nM) for later study. To determine an optimal time
point of YM155 treatment, the selected concentrations
of YM155 were treated at stage I and stage II. In our
preliminary study, the more YM155 treatment at stage
I, the more cells survived (Additional file 2: Figure S2).
Most of the differentiating cells were easily detached
from plates by YM155 treatment at stage I. Therefore,
YM155 was not applicable at stage I. On the contrary,
the differentiating cells were more tolerant to YM155
treatment at stage II (day 6 of differentiation) than at
stage I (day 4 of differentiation) (Fig. 3b). To investi-
gate cytotoxic effects of YM155 at stage II, we esti-
mated changes of apoptosis-related genes on the whole
differentiation (Additional file 2: Figure S3). BIRCS



Kang et al. Stem Cell Research & Therapy (2017) 8:78 Page 6 of 12

1.2 /
5 .
% o 1.04 & —— NANOG
8@ \ \ —e—0CT4
= @ 08 \
&5 1y
v C 06 J\\ 100pm | 100pm
v 3 _
3 g 04 \
o \ 4
T~ 02 e \ — e
[ 4 —o——®— = \’/ .\\\ /.
0.04+— — —*
\\é\ \‘L’bh‘o‘b’\‘b%%,\ .{bb,bi TRA-1-60/
(e 50 pm
c Stage | Stage Il Stage 1

o
(1]

Stage III 0.3 A _ 10°
: 5 A2 = ] A2 of Stage Il
RNy i) g’a? 10*
< g 0.2 28 o
gg o™ o0 3 10°
SEE =
— 3 ‘_.T 2
2 83 o1 2L 10
S © = » O
[0 ~ © c 1
e E-gvm
0.0 n/a n/a © 100
© N R QX o N &
% L B4 P L E TR
éy.é (@) e V‘oQ'W@ AN ee

Fig. 2 Characterization of nonhepatic lineage cells derived from USCs during hepatic differentiation. Expression of NANOG and OCT4 as
pluripotent genes was traced to confirm the presence of residual USCs during hepatic differentiation (a). Additionally, human pluripotent stem
cell-specific markers such as NANOG, OCT4, TRA-1-60 and SSEA-4 were detected in cell clusters at day 5 of hepatic differentiation (stage 1) (b).

(c) The cell clusters (arrow) of stage | (a') were tightly aggregated during stage Il (arrow) (b'). Thereafter, the aggregated cells rapidly expanded
to nonhepatic lineage cells (area 1 (A7) distinguishable from typical hepatic phenotype cells (area 2 (A2)) at stage Ill (). (d', ) Magnification

of AT and A2 in (c), respectively. A1 and A2 were stained with Albumin antibody (f). Nuclei were stained with Hoechst33258. For further
characterization, expression of pluripotent genes (NANOG and OCT4) (d) and lineage-specific genes (AFP, ALB, SOX17, MSX1, TNNT2, IGF2, PAXe,
NCAM and NESTIN) (e) was compared between A1 and A2 at stage lll. AFP alpha-fetoprotein, ALB albumin, FOXA2 forkhead box protein A2, IGF
insulin growth factor2, MSX1 msh homeobox-1, NCAM neural cell adhesion molecule, OCT4 octamer-binding transcription factor, PAX6 paired box

protein Pax-6, SOX17 sex determining region Y-Box 17, TNNT2 cardiac muscle troponin T

was down-regulated from day 1 of differentiation and
maintained during the whole hepatic differentiation.
BAX, a pro-apoptotic gene, was up-regulated from
stage II to stage III. The expression of BCL-2, an anti-
apoptotic gene, was not detectable or was at a very low
level (data not shown). After YM155 treatment at stage
II (day 6 of differentiation), BIRC5 and BCL-2 were
dose-dependently decreased as compared with DMSO
whereas BAX was increased (Fig. 3c). Likewise,
Caspase-3 activity was significantly increased by a
lower concentration of YM155 in QIA7 more than
QIA7-iHeps but was not affected in hAT-SCs (Fig. 3d).
These results were very similar with Annexin V stain-
ing (Additional file 2: Figure S4). In the change of cell
phenotype, cell clusters were effectively removed by
more than 5 nM of YM155 but not by 1 nM and DMSO
(Fig. 3e). However, all cells were dead with 100 nM of
YMI155 treatment. The cells affected by YM155 were
closely consistent with TRA-1-60" cells (Additional file 2:
Figure S5). Likewise, OCT4" cells were significantly de-
creased by more than 5 nM of YM155 in FACS analysis
(Fig. 3f). In the genetic analysis, expression of NANOG
and OCT4 was decreased and expression of endodermal

marker genes such as CXCR4, SOX17 and FOXA2 was in-
creased in a dose-dependent manner (Fig. 3g). Taken to-
gether, the residual USCs were effectively eliminated by
YM155 at stage II (day 6 of differentiation) as compared
with differentiating cells and somatic cells.

Evaluation of hepatic induction followingYM155
treatment at stage Il

The level of hepatic differentiation was evaluated at
stage III (day 15 of differentiation) after YM155 treat-
ment for 24 h at stage II (day 6 of differentiation). Cel-
lular homogeneity of differentiated cells was observed
by 5 nM of YM155 compared with DMSO and 1 nM of
YM155 (Fig. 4a). In the group treated with 5 nM of
YM155, expression of hepatic endodermal genes ALB,
AFP and HNF4A increased significantly in the differen-
tiated cells compared with DMSO. On the contrary, ex-
pression of PAX6, NESTIN and NCAM for ectodermal
markers and MSX1 and TNNT?2 for mesodermal genes
was decreased in the cells (Fig. 4b). To estimate the
purity of hepatocytes in each population, FACS analysis
was conducted by immunostaining ALB antibody.
Albumin-positive cells increased approximately 1.8-fold
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Fig. 3 Removal of residual USCs using YM155. Cytotoxicity was measured by WST after QIA7, WAO1, QIA7-iHeps and hAT-SCs were treated with
YM155 (0-10,000 nM) for 24 h (a). With the selected concentrations (from 1 to 100 nM), cell viability was estimated at stage | of QIA7 (day 4) and
stage Il (day 6) (b). Expression of apoptosis-related genes (BIRC5, BCL-2 and BAX) was measured after 24 h of YM155 treatment at stage Il (c). To
further evaluate YM155-induced apoptotic cell death, Caspase-3 activity was estimated after 16-h incubation with YM155 in QIA7, QIA7-iHeps and
hAT-SCs (d). YM155 removed the cell clusters (arrow) in a concentration-dependent manner (e). The decrease of USCs was confirmed by flow
cytometer using OCT4 antibody (f). Pluripotent genes (NANOG and OCT4) were decreased by YM155, but endodermal genes (CXCR4, SOX17 and
FOXA2) were increased in a dose-dependent manner (g).*p < 0.05 (significantly different from the control). BAX bcl-2-like protein 4, BCL-2 B-cell
lymphoma 2, BIRC5 baculoviral inhibitor of apoptosis repeat-containing 5, CXCR4 C-X-C chemokine receptor type 4, DMSO dimethyl sulfoxide,
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with 5 nM of YM155 (75 +6%) and 1.6-fold with 10
nM (69 + 2%) compared with DMSO (42 + 6%) (Fig. 4c).
In a further functional assay conducted on QIA7-iHeps
pretreated with YM155 at stage I, activities of CYP450
enzymes showed significant increases in 5 nM by ap-
proximately 2.1-fold for CYP1A2 and 2.8-fold for
CYP3A4 (Fig. 4d). In immunocytochemical staining,
however, QIA7-iHeps showed weak immunoreactivity
against CYP1A2 but strong immunoreactivity for
CYP3A4 (Fig. 4e).

Collectively, 5 nM of YM155 at stage II was chosen as
the optimal concentration and time point to generate
QIA7-iHeps in an aspect of cell purity and function.
With 5 nM of YM155 at stage II, WAO1-iHeps differen-
tiated from hESCs showed typical characteristics of he-
patocytes, cuboidal morphology and glycogen synthesis

(PAS staining), LDL uptake and immunoreactivity
against AFP and ALB (Fig. 5a). Further validation was
conducted with 5 nM of YM155 in QIA7-iHeps and
WAO1-iHeps and compared with control cells (HepG2
and p-Heps). The amounts of albumin increased over
approximately 2.2-fold in QIA7-iHeps and 1.3-fold in
WAO1-iHeps (Fig. 5b). In urea secretion, the increases
showed 1.3-fold in QIA7-iHeps and no significant dif-
ference in WAOI-iHeps (Fig. 5c). Even though the
tested hepatic functions were improved by YMI155
treatment (5 nM) and showed a similar level with p-
Heps, the clearance ratios of tested compounds in
QIA7-iHeps and WAO1-iHeps were significantly lower
than those of p-Heps; aflatoxin B1 (25.9%, 26.4% and
66.4%, respectively) and acetaminophen (17%, 12.6%
and 24.9%, respectively) (Fig. 5d).
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YM155 induces selective cell death of USCs and prevents
teratoma formation

Based on our in-vitro results, we tested whether
YM155 treatment could prevent teratoma formation
in vivo after cell transplantation. Firstly, we con-
firmed that expression of pluripotent marker genes,
such as NANOG and OCT4, was rapidly decreased
after 5 nM of YM155 treatment compared with con-
trol, and the two genes completely disappeared at
day 15 of differentiation (Fig. 6a). For cell trans-
plantation, we prepared QIA7 and QIA7-iHeps (day
7 of differentiation) pretreated with (YM155%) or
without 5 nM of YM155 (YM1557) for 24 h, respect-
ively (Fig. 6b). As shown in Fig. 6c, d, all mouse tes-
tes (n=5) injected with QIA7 (YM1557) developed
teratomas after 6-7 weeks whereas the counterparts
(n=5) injected with QIA7 (YM155") did not form
any teratoma-like tumor mass. Interestingly, we ob-
served that QIA7-iHeps (YM1557) could develop
tumor mass (two of five testes; 40%) but not in
YM155 pretreatment (YM155%). In the histological
analysis, these teratomas showed tissues of all three
germlayers (Fig. 6e and Additional file 2: Figure S6).

Discussion

In the present study, we confirmed that human PSCs
differentiated into hepatocyte-like cells via four sequen-
tial steps modified from the protocol of Cai et al. [1] by
demonstrating the expression of hepatic genes, such as
HNF4A, AFP and ALB, and functional hepatic proteins,
such as ALB and AFP. Contrary to our expectation, ex-
pression of ALB and HNF4A decreased at stage IV. This
might be derived from a nonoptimal culture condition
of stage IV (no evaluation in this study) or a relatively
low ratio of hepatic purity due to expansion of nonhepa-
tic lineage cells. Morphologically nonhepatic cells (A1)
were actually observed at stage III and expanded rapidly
during the differentiation. This cell population (Al)
showed a distinct morphology against hepatic population
as a counterpart (A2) and also contained USCs (Fig. 2d).
Additionally, those cells were negative for albumin
protein (mature hepatocyte marker), overexpressed AFP
and IGF2 (fetal hepatic genes) and expressed mesoderm
and ectoderm origin genes. These findings suggest that
these cell clusters were derived from USCs and finally
reduced cellular homogeneity at the final stage of hep-
atic differentiation. Therefore, the efficiency of hepatic
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differentiation could be improved when USCs are select-
ively eliminated during differentiation.

Small molecules target anti-apoptotic factors to re-
move residual USCs [17, 18, 22]. Of these small mole-
cules, YM155 in particular triggers apoptosis of USCs
but not that of their differentiated derivatives [18]. Like-
wise, we also demonstrated that human PSCs were
uniquely affected by YM155 within the specific ranges
(1-10 nM) more than differentiating cells and somatic
cells (Fig. 3a). However, it was difficult to apply YM155
at stage I because almost all cells were easily detached
from the plate. Therefore, YM155 was applied at stage
II. After YM155 treatment, we confirmed apoptotic cell

death by apoptotic gene expression, Caspase-3 activity
and Annexin V staining. This apoptosis was defined in
USCs positive against TRA-1-60 and OCT4. Taken to-
gether, YM155 effectively removed USCs at stage II of
the differentiation procedure. Finally, this selective elim-
ination resulted in enhancing the expression of endoder-
mal marker genes (CXCR4, SOX17 and FOXA?2) at stage
II and hepatic marker genes (ALB, AFP and HNF4A).
We think these increases might be compensation follow-
ing the decrease of nonspecific lineages.

Drug metabolization is one of the key functions of the
liver. The role is primarily conducted by phase I en-
zymes (CYP450 enzymes) during xenobiotic exposure.
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Here, the activity of CYP1A2 and CYP3A4 in QIA7-
iHeps was significantly increased by 5 nM of YM155
compared with no treatment due to the decrease of the
nonhepatic population. However, drug clearance of
QIA7-iHeps and WAO1l-iHeps was significantly lower
than that of p-Heps. Aflatoxin Bl and acetaminophen
used in this study were metabolized mainly by CYP1A2
and CYP3A4 in hepatocytes. In our previous study, the
activity of CYP1A2 and CYP3A4 in QIA7-iHeps and
WAO1-iHeps was approximately half that of primary he-
patocytes [20]. The data are considerably correlated with
drug clearance in this study. These lower metabolic ac-
tivities in QIA7-iHeps and WAO1-iHeps compared with
p-Heps might be derived from the individual variation of
CYP450 genes (ie., single nucleotide polymorphism)
and/or levels of hepatic purity and maturation. A com-
bination of YM155 and additional factors [5, 7, 23, 24]
as well as a 3D culture system [8, 25, 26] will be able to
demonstrate these issues.

We confirmed that pluripotent genes (NANOG and
OCT4) were completely down-regulated after YM155
treatment and were nearly prevented at the final day

of stage II. Finally, expression was not detected at
15 day of differentiation. Under our optimized con-
centration of YM155 at stage II, USCs could effi-
ciently induce apoptotic cell death. Also, YM155
effectively prevented teratoma formation in our in-
vivo study. Interestingly, teratoma occurrence was ob-
served in the transplantation of QIA7-iHeps without
YM155. This might be derived from residual USCs on
differentiation. Residual USCs accounted for approxi-
mately 20-30% of the whole differentiating cells based
on the expression of pluripotent marker genes and
proteins at stage II. Arithmetically, we can presume
that approximately 2 x 10° cells remaining as USCs
were injected into the testis. Finally, these cells in-
duced teratoma (40%). Based on a previous study
[27], this cell number is sufficient to induce teratoma
formation. On the contrary, QIA7-iHeps pretreated
with YM155 did not form anything. Regarding cell
therapy, the elimination of residual USCs is one of
the major concerns to guarantee safety. Based on our
evidence, we will be able to utilize the differentiated
cells safely as a donor in cell transplantation.
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Conclusions

YM155 could selectively eliminate USCs with an effect-
ive treatment time point and optimal concentration on
hepatic differentiation. The removal of residual USCs
enhanced the efficiency of hepatic differentiation as well
as reduced a potential risk of teratoma formation. To
our knowledge, this is the first report to demonstrate the
effects of YM155 on in-vitro hepatic differentiation.
Based on recently advanced technology of hepatic differ-
entiation, application of YM155 will allow generation of
a pure hepatocyte population and safety of cell trans-
plantation in regenerative medicine.
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