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We herein report a novel mechanism of action of statin prepa-
rations using a new drug discovery method. Milk fat globule-
EGF factor 8 protein (MFG-E8) was identified from the secre-
tory component of mouse embryonic fibroblast (MEF) as a
cell adhesion-promoting factor effective for screening active
cellular agents of human induced pluripotent stem cells
(hiPSCs) in vitro using electrochemical impedance. Our
analyses showed that atorvastatin did not cause death in
myocardial cells differentiated from hiPSCs but reduced the
pluripotent cell survival in vitro when using serum- and albu-
min-free media, and inhibited the ability to form teratomas
in mice. This result could have been already the cytopathic ef-
fect of atorvastatin, and complete elimination of hiPSCs was
confirmed in the xenotransplantation assay. The administra-
tion of atorvastatin to hiPSCs caused the expression of hypoxia
inducible factor (HIF)1a mRNA to be unchanged at 6 hr and
downregulated at 24 hr. In addition, the inhibition of the sur-
vival of hiPSCs was confirmed by HIF1a-peroxisome prolifer-
ator-activated receptor (PPAR) axis inhibition. These results
suggest that the addition of atorvastatin to hiPSC cultures
reduces the survival of pluripotent cells by suppressing the
HIF1a-PPAR axis. In summary, the HIF1a-PPAR axis has an
important role in maintaining the survival of pluripotent
hiPSCs.

INTRODUCTION
The persistence of pluripotent cells in cell-based medicinal products
derived from human induced pluripotent stem cells (hiPSCs)1,2 is a
potential risk for oncogenesis after transplantation into patients.3,4

hPSCs have two unique properties: self-renewal, which is the ability
to proliferate indefinitely while maintaining their cellular identity;
and pluripotency, which is the ability to differentiate into all cell types
that comprise the embryo proper. These traits make hPSCs promising
for future application in regenerative medicine;5 however, these same
traits also make them potentially tumorigenic6,7 and currently hinder
the fulfillment of their clinical potential.4 The specific problem asso-
ciated with themedical use of cells differentiated from cultured hPSCs
is the concern that some may not have completed differentiation. In
this case, pluripotent hPSCs may be inadvertently transplanted along
M
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with differentiated cells. Therefore, pluripotent stem cells with a low
risk for tumorigenesis are being developed.8,9

It was previously reported that hPSCs have a unique requirement
for carbohydrate, amino acid, or lipid metabolism that is dependent
on glucose, lactate, methionine, or oleic acid. Inhibitors of the
ATP supply, such as S-adenosylmethionine, or inhibitors of
oleate synthesis induce cytotoxicity and may selectively eliminate
hPSCs.10–12 Although these reports may be very valuable, hPSCs
cultured in glucose-, methionine-, or oleic acid-free media do not
differentiate. In addition, it is not feasible to recreate these restric-
tive environments in vivo, as would be necessary in regenerative
medicine treatments. An alternative approach to reducing hPSC
pluripotency that is receiving more attention is the use of statins.
Statins13 are orally administered competitive inhibitors of 3-hy-
droxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, an
enzyme that catalyzes the conversion of HMG-CoA to mevalonic
acid;14 their activity thus reduces the endogenous synthesis of
cholesterol. They are effective and safe drugs that are widely pre-
scribed in cholesterol-lowering therapy. Statins also have additional
effects, such as the nitric oxide-mediated promotion of new blood
vessel growth,15 stimulation of bone formation,16,17 and the reduc-
tion of both plasma low-density lipoprotein (LDL)18 and C-reactive
protein (CRP) levels to provide early clinical benefits in drug
therapy.19,20 The inhibition of cholesterol synthesis also leads to
the reduced formation of intermediates, such as geranylgeranyl-
diphosphate and farnesyl-diphosphate, which play a role in post-
translational modification of proteins and in cell signaling.21 In light
of the widespread effects and consequences of statin treatments
described above, the present study was performed to determine
whether or not statins might be an effective means of removing re-
sidual undifferentiated hPSCs from cell cultures.
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In this study, it was first necessary to find a method to scientifically
evaluate the removal of undifferentiated hPSCs in vitro. Currently,
the most reliable way to evaluate the removal of undifferentiated
hPSCs is a mouse teratoma formation test (an animal experiment).
However, experimental animals and a 10-week period are required
for this experiment. Because undifferentiated hPSCs form colonies
during culturing, the quality of hPSCs can be controlled by examining
the shapes of colonies using an optical microscope.22 However, this
method is not suitable for investigating the removal of the undifferen-
tiated hPSCs contained in differentiated cells. On the other hand,
other research methods, such as analyses of cell viability, cell prolifer-
ation, and cell motility, have been developed using hPSCs or normal
cells. These methods are frequently used for new drug development
using high-throughput screening (HTS), studies on the influences
of chemical substances, biosensors for measuring cell movement,
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method, the neutral red method, and ATP measurement
and methods. Furthermore, PCRs have been used to analyze the
expression of markers of undifferentiated hPSCs. However, these
methods take time to perform, and the procedure is very complicated.
Furthermore, continuous measurement cannot be performed. How-
ever, there is an impedance measurement method that uses micro-
electrodes that can easily detect cell behavior in real time.23 It is
possible to measure the behavior of the cell indirectly by measuring
the changes in impedance caused by the adhesion, extension, and pro-
liferation of cells on the electrode.

Unlike common cells, it is known that hPSCs do not adhere to un-
coated culture dishes, and that this easily causes cell death.24,25 The
common impedance measurement method in which cells adhere to
electrodes cannot be used to directly measure the impedance of
hPSCs cultured using existing culture methods. The results of
research on a new technique for culturing hPSCs under uncoated
conditions are shown in Figure 1. The development of a method
and a device to measure the electrochemical impedance of electrical
signals over time from iPSCs (as well as cardiomyocytes and other
cell types differentiated from iPSCs) is very important for drug dis-
covery screening using iPSCs and for elucidating disease mechanisms.
We started this study to measure electrochemical impedance with the
aim of developing a method of acquiring electrical signals from
hiPSCs for industrial application. Through this technique, it was
discovered that some of the drugs mentioned in this study inhibited
the survival of hiPSCs.

RESULTS
MFG-E8 Enhances the Sensitivity of the Electrochemical

Impedance Measurement Method for hiPSCs and

Cardiomyocytes Differentiated from hiPSCs

Generally, a culture dish with a special coating is necessary for
culturing hiPSCs. Thus, it was difficult to obtain electrical informa-
tion, because direct cell adhesion to the electrode plate is indispens-
able for such experiments. In order to investigate the survival activity
of hiPSCs, we attempted to perform uncoated culturing, which would
allow the hiPSCs to directly adhere to the electrode plate (Figure 1).
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To systematically assess the conditions in hiPSC cultures, we evalu-
ated cell attachment using electrochemical impedance values, calcu-
lated as the interchange electrical resistivity in cells.23,26 The principle
of the electrochemical impedance measurement method is shown in
Figure S2. Mouse embryonic fibroblast (MEF)-conditioned medium
(MEF-CM) was prepared using Essential 8 medium, as described pre-
viously.27 We examined the ability of medium conditioned by MEF-
CM to promote cell attachment in culture dishes (Figures 1A and 1B)
and impedance-measuring wells (Figure 1C). To evaluate the electro-
chemical impedance, we measured the alternating electric resistance
value (RAC) between the medium and the electrode plate to which
the cells adhered: Impedance values (Z). [Factors affecting Z] were
then replaced by the formula of the [Factor model affecting Z] (Fig-
ures S2A and S2B).23 This CM contains no components for inducing
hiPSC differentiation (Figure 1D). Therefore, we used an impedance
measuring device with MEF-CM to analyze the difference between
two states of hiPSCs, e.g., differentiated and undifferentiated. As a
result, the MEF-CM increased the sensitivity of impedance values
(Figure 1E). This result indicates that MEF-CM contains components
that promote the uncoated culturing of hiPSCs.

First, molecular weight fractionation of MEF-CM was performed us-
ing 10k, 30k, 50k, and 100k filters, or a change of the MEF-CM con-
tent to 1/1, 1/2, or 1/4 of the content of the assay medium. The results
showed significant variability in the ability of the hiPSCs to adhere
to non-coated plates. However, the cell adhesion-promoting effect
was not found in MEF-CM prepared with fetal bovine serum
(FBS)-free DMEM. When a protein component analysis was per-
formed using the liquid chromatography tandem-mass spectrometry
(LC/MS/MS) measurement method,28 MEF-CM prepared in FBS-
free DMEM contained uncharacterized aarF domain-containing
protein kinase 2 (ADCK2). In our experiments, human ADCK2
(CUSABIO CSB-YP772029HU) did not show a cell adhesion-pro-
moting effect on hiPSCs. Second, to identify the cell adhesion active
component in MEF-CM, we carried out assays using recombinant
proteins. Furthermore, the promotion of the cell adhesion of hiPSCs
was not confirmed in medium containing dissolved extracellular ma-
trix components, human laminin-111 (L4544; Sigma), human lami-
nin-322 (ECHEOT004; ReproCELL), human secreted protein, acidic
and rich in cysteine (SPARC) (941-SP-050; R&D), human Glypican 2
(2304-GP-050; R&D), human Glypican 4 (ATGEN ATGP2616), hu-
man Thioredoxin-1 (1970-TX-500; R&D), human cellular repressor
of E1A-stimulated genes 1 (CREG1) (2380-CR-025; R&D), human
collagen IV (354245; Corning), human nidogen (2570-ND; R&D),
or mouse heparan sulfate proteoglycan (HSPG) (H4777; Sigma)
(data not shown). We reduced the number of proteins that had the
potential to promote the cellular adhesion of MEF-secreted hiPSCs
by subtracting the protein components expressed by hiPSCs29 from
the protein components expressed by MEF.30 Furthermore, commer-
cially available recombinant proteins that had the possibility of pro-
moting cell adhesion were selected using the ExPASy (Expert Protein
Analysis System) proteomics server protein database (https://www.
expasy.org/). Finally, we found that the milk fat globule-EGF factor
8 protein (MFG-E8) was one such component. Supplementation of
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Figure 1. Effectiveness of MEF-CM and MFG-E8 in Stimulating hiPSC Adhesion

(A) Cell proliferation assay. The number of viable hiPSCs (409B2) was counted after 4 days in the absence or presence of MEF-CM and the absence or presence of a Matrigel

coat. n = 3. Data represent mean ± SD. *p < 0.05; **p < 0.01. (B) hiPSCs (409B2) after 4 days of culture in the absence or presence of MEF-CM and the absence or presence

of a Matrigel coat; optical microscope images are shown. Scale bar, 100 mm. (C) Electrochemical impedance measurements of hiPSCs (409B2) after 30 hr of culture in the

absence or presence of MEF-CM and the absence or presence of a Matrigel coat. The online data of measurements are displayed as lines, and the data sampled offline are

displayed as the measured. n = 3. Data represent mean ± SD. *p < 0.05; **p < 0.01. (D) hiPSCs (409B2) cultured using MEF-CM on a Matrigel coat for 10 passages. Left

panels: immunofluorescence and AP staining for pluripotency markers are shown. Scale bars, 100 mm. Right panel: an RT-PCR analysis of human embryonic stem cell

markers is shown. (E) Electrochemical impedance measurements of undifferentiated (normal) hiPSCs (409B2) and differentiated hiPSCs (409B2) after 72 hr of culture in the

absence or presence of MEF-CM and the absence or presence of a Matrigel coat. Left panels: the base of the electrode plate is shown in the image. Right panels: impedance

values (cell index) are shown. The online data of measurements are displayed as lines, and the data sampled offline are displayed as themeasured value. n = 3. Data represent

mean ± SD. *p < 0.05. (F) Cell growth and viability assays of hiPSCs (201B7) after 4 days of culture in the absence or presence of 2 mg/mL MFG-E8; the cells are stained for

AP. Colony areas per well weremeasured. The relative values are indicated. n = 3. Data represent mean ±SD. *p < 0.05. (G) Cell growth and viability assays of hiPSCs (201B7)

after 4 days of culture in the absence or presence of 0.0, 0.5, 1.0, 2.0, and 5.0 mg/mLMFG-E8; the cells are stained for AP. Colony areas per well weremeasured. The relative

values are indicated. n = 3. Data represent mean ± SD. *p < 0.05. (H) Electrochemical impedance measurements of hiPSCs (201B7) after 30 hr of culture in the absence or

presence of 2.5 mg/mL MFG-E8 and the absence or presence of an iMatrix-511 coat. The online data of measurements are displayed as lines, and the data sampled offline

are displayed as the measured value. n = 3. Data represent mean ± SD. *p < 0.05; **p < 0.01. (I) Assay of differentiation of myocardial cells from hiPSCs (201B7) after 10 days

of culture in the absence or presence of 1.0 mg/mLMFG-E8 and the absence or presence of aMatrigel coat. n = 3. Top panels: optical microscope images are shown. Bottom

panels: immunostaining for troponin T proteins is shown. Scale bar, 100 mm.
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Figure 2. Atorvastatin Reduces Cell Viability in hiPSC Cultures

(A) hiPSCs (201B7) after 48 hr of culture in the presence of 20 mMatorvastatin, fluvastatin, lovastatin, mevastatin, or simvastatin. Optical microscope images are shown. Scale

bar, 100 mm. (B) Electrochemical impedance measurements of hiPSCs (201B7) after 0–30 hr of culture in the presence of 10 mM atorvastatin, fluvastatin, lovastatin, me-

vastatin, or simvastatin. The online data of measurements are displayed as lines. n = 2. (C) Cell growth and viability assays of hiPSCs (201B7) after 48 hr of culture in the

presence of 1 mM atorvastatin, fluvastatin, lovastatin, mevastatin, or simvastatin. The cells are stained for AP. Colony numbers per well were measured. n = 4. Data represent

mean ± SD. *p < 0.05. (D) Cell growth and viability assays of hiPSCs (201B7) after 48 hr of culture in the presence of 20 mM atorvastatin, fluvastatin, lovastatin, mevastatin, or

simvastatin. The cells are stained for AP. Colony numbers per well were measured. n = 4. Data represent mean ± SD. *p < 0.05. (E) MTT cell count assays. hiPSCs were

analyzed after 48 hr of culture in the presence of 20 mM atorvastatin, fluvastatin, lovastatin, mevastatin, or simvastatin. Each measurement was obtained using a microplate

reader (n = 3). Data represent mean ± SD. *p < 0.05. (F) Cell growth and viability assays of hiPSCs (201B7) after 24 hr of culture in the presence of 30 mM Y-27632, 1 mM

LY-294002, or 10 mM atorvastatin. The cells were stained for AP. Colony areas per well were measured. The relative values are indicated. n = 3. Data represent mean ± SD.

*p < 0.05. (G) Atorvastatin prevents teratoma formation. H&E staining of teratomas is shown. After 10 weeks, the teratomas contained a mixture of well-differentiated tissues,

(legend continued on next page)
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the medium with >1 mg/mL MFG-E8 improved the cell growth
and viability of hiPSCs in uncoated dishes (Figures 1F and 1G) and
significantly increased electrical impedance measurements in the cul-
tures (Figure 1H). Furthermore, myocardial cell differentiation was
induced in cultures with medium supplemented with MFG-E8 in un-
coated wells (Figure 1I). This result shows that the electrochemical
impedance of hiPSC and hiPSC-induced myocardial cells can be
measured using MFG-E8-supplemented medium.

Atorvastatin Reduces the Survival of hiPSCs and Prevents

Teratoma Formation

The electrochemical impedance measurement method can be used to
rapidly screen the effects of drugs on hiPSCs and on cells that differen-
tiate fromhiPSCs.We found that atorvastatin (20mM� 48 hr) andflu-
vastatin (20 mM� 48 hr) reduced colony formation in hiPSC cultures
(Figure 2A). The effect on cell viability was evaluated as the electro-
chemical impedance. Among the statins tested, only atorvastatin
(10 mM � 30 hr) and fluvastatin (10 mM � 30 hr) showed a potent
inhibitory effect on the hiPSC survival (Figure 2B). Indeed, the number
of alkaline phosphatase (AP) staining-positive colonies significantly
decreased in the atorvastatin (1 mM � 48 hr)-treated cultures (Fig-
ure 2C), and AP-staining-positive colonies were not observed in ator-
vastatin (20mM� 48 hr)-treated cultures (Figure 2D). In order tomea-
sure the amount of living cells, we used an MTT Cell Count Kit
(Figure 2E) and Cell Count Reagent SF (Figure S3E) (formazan dye
stainswith dehydrogenase in the cell), a Cell CountingKit (Figure S3D)
(NADH in the cell stains WST-1), and an assay of the neutral red up-
take (Figure S3F) (pigment incorporated in living cells). We used the
Cytotoxicity LDH Assay kit (Figure S3G) (measuring the lactate dehy-
drogenase [LDH] activity released into the medium from the cells) to
determine the amount of dead cells. We then investigated the effect
of atorvastatin on iPSCs using LY294002,31 an inhibitor of phosphoi-
nositide 3-kinases (PI3Ks), andY-27632, aRho kinase/ROCKsignaling
inhibitor.24,32 LY-294002 at 1 mM reduced the viability of hiPSCs after
24 hr, but the survival activity of hiPSCs was partially improved by the
addition ofY-27632 at a concentration of 30mM.Atorvastatin at 10mM
reduced the survival activity of hiPSCs after 24 hr, but the addition of
Y-27632 at 30 mM did not improve the survival activity of hiPSCs
(Figure 2F). One possible reason for this is that atorvastatin may
affect the PI3K signaling pathways. Atorvastatin treatment resulted
in a loss of hiPSCs not only in the 201B7 and 253G1 cell lines (Fig-
ure S3A), but also in the 409B2 cell line (Figure S3B).

Teratomas did not occur in the testes of mice not injected with hiPSCs
(zero of five mice) and did occur in the testes of all mice injected with
including cartilage, columnar cells, and neurons in tissues from mice injected with hiPSC

formation did not occur in mice after transplantation of hiPSCs + 20 mM atorvastatin aft

residual state of undifferentiated iPSCs is involved in the effects of atorvastatin, fluvastat

hiPSCs that had been treated with PBS for 24 hr and hiPSCs that had been treated with

expression was calculated using the DDCt method. The expression of the target gene

performed to detect the undifferentiated marker. n = 4. The data represent the mean ±

culture in the presence of 20 mMatorvastatin and 25 mMY-27632 (left panel), and 20 mM

a microplate reader. The relative values are indicated. n = 5. The data represent the m
hiPSCs (four of four mice). Teratomas did not occur in the testes of
mice injected with hiPSCs cultured with 20 mM atorvastatin for
48 hr (zero of three mice) and did occur in the testes of all mice in-
jected with hiPSCs cultured with 20 mM fluvastatin for 48 hr (four
of four mice) (Figure 2G). This result shows that atorvastatin can effi-
ciently remove tumorigenic undifferentiated cells from hiPSC cul-
tures. These findings indicated that atorvastatin-treated stem cells
lost the capacity to initiate teratoma formation. We also conducted
an in vitro experiment to measure the amount of remaining undiffer-
entiated iPSCs. First, iPSCs were cultured in a test well (without
iPSCs), PBS, atorvastatin (20 mM � 48 hr), or fluvastatin (20 mM �
48 hr). Next, in the test groups, hiPSCs were seeded again on the
MEF feeder, and the colonies that were AP-positive on day 4 were
measured (n = 6). hiPSCs treated with atorvastatin or fluvastatin
did not colonize on MEF feeders (Figure S3C, left panel). In addition,
by measuring the Oct3/4 mRNA expression level in a real-time PCR,
we confirmed that hiPSCs treated with atorvastatin or fluvastatin did
not survive on the MEF feeder (Figure S3C, right panel).

Atorvastatin is the most potent statin used in this study. Thus, it is not
surprising that it showed an effect. However, fluvastatin has also been
shown to clearly reduce the electrochemical impedance values in
hiPSCs (Figure 2B). Simvastatin preferentially inhibited the mRNA
expression level of the hiPSC undifferentiated marker gene; however,
its effect was insufficient for lowering the mRNA expression level to
below the limit of PCR-based detection (Figure 2H). Fluvastatin
had the same effect as atorvastatin with regard to inhibiting the sur-
vival of hiPSCs in the presence of Y-27632 (Figure 2I). These results
show that both atorvastatin and fluvastatin are highly potent agents
for eliminating hiPSCs, which occurs by a homologous pharmacolog-
ical mechanism.

Measuring the Influence of Statins on Myocardial Cells

Differentiated from hiPSCs

Assays were performed using myocardial cells induced from
hiPSCs (Figures 5A–5D). Cell death assays showed that fluvastatin
increased the rate of cell death in myocardial precursor cells induced
from hiPSCs, while atorvastatin had no injurious effects compared
with the control agent (Figure 3A). Cell-death-inducing effects in
rat myocardial cells have been reported for fluvastatin,33 but not
atorvastatin.34

We next examined myocardial cells at different stages of induced
differentiation (Figure S5) from hiPSCs by measuring electrochemi-
cal impedance in mesendoderm (Figure 3B), cardiac mesoderm
s (201B7) or hiPSCs + 20 mM fluvastatin at 48 hr of culture (black arrows). Teratoma

er 48 hr of culture as with vehicle control-treated mice. Scale bars, 100 mm. (H) The

in, lovastatin, mevastatin, and simvastatin on hiPSCs. cDNA was synthesized using

20 mM atorvastatin, fluvastatin, lovastatin, mevastatin, and simvastatin for 24 hr. The

was corrected by the expression of the housekeeping gene. A real-time qPCR was

SD. **p < 0.01. (I) Cell viability assays (MTT assay) of hiPSCs (201B7) after 48 hr of

fluvastatin and 25 mMY-27632 (right panel). Each measurement was obtained using

ean ± SD. **p < 0.01.
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Figure 3. Effect of Statins on hiPSC-Derived

Myocardial Cells

(A) Cell death assay of myocardial precursor cells differ-

entiated from hiPSCs after 24 hr of culture in the presence

of 10 mM atorvastatin and fluvastatin. Left panels: live cells

are stained green, and dead cells are stained red. Right

panel: the ratio of the areas of dead cells to live cells was

measured. n = 3. Data represent mean ± SD. *p < 0.05;

**p < 0.01. (B) Electrochemical impedancemeasurements

of mesendoderm differentiated from hiPSCs after 0–30 hr

of culture in the presence of 10 mM atorvastatin, fluvas-

tatin, lovastatin, mevastatin, or simvastatin. The online

data of measurements are displayed as lines. n = 2.

(C) Electrochemical impedance measurements of cardiac

mesoderm differentiated from hiPSCs after 0–40 hr of

culture in the presence of 10 mM atorvastatin, fluvastatin,

lovastatin, mevastatin, or simvastatin. The online data of

measurements are displayed as lines. n = 2. (D) Fluvastatin

treatment reduces the impedance values of myocardial

precursor cells. Electrochemical impedance measure-

ments of myocardial precursor cells differentiated from

hiPSCs after 0–60 hr of culture in the presence of 10 mM

atorvastatin, fluvastatin, lovastatin, mevastatin, or simva-

statin. The online data of measurements are displayed as

lines. n = 2. (E) A real-time qPCR analysis of RhoA, Cyclin

D1, p21cip, p27kip, and OCT3/4 mRNA in myocardial

precursor cells and myocardial cells differentiated from

hiPSCs (201B7) after 24 hr of culture in the presence of

10 mM atorvastatin, fluvastatin, lovastatin, mevastatin, or

simvastatin. Data represent mean ± SD. *p < 0.05; **p <

0.01. (F) The residual state of undifferentiated iPSCs are

involved in the effect of atorvastatin on hiPSC-derived

myocardial cells. cDNA was synthesized using hiPSC-

derived myocardial cells that had been administered PBS

for 6 hr and hiPSC-derived myocardial cells that had been

administered 20 mM atorvastatin for 6 hr. The expression

was calculated using theDDCtmethod. The expression of

the target gene was corrected by the expression of the

housekeeping gene. A real-time qPCR analysis of the

undifferentiated marker is shown. n = 3. Data represent

the mean ± SD. *p < 0.05; **p < 0.01.
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(Figure 3C), and myocardial precursor cells (Figure 3D). Our results
indicated that fluvastatin, but not other statins, reduced the imped-
ance values in the myocardial precursor cells (Figures 3A and 3D).
Statins (20 mM) were allowed to act on myocardial cells differentiated
from hiPSCs for 48 hr, and the viable cell activity was measured by an
MTT assay. The results showed that neither atorvastatin nor fluvasta-
tin inhibited the viable cell activity of myocardial cells (Figure S8C).
Figures 3A and 3D show the results of experiments using myocardial
precursor cells and demonstrate that fluvastatin’s inhibition of viable
cell activity remains. Experiments using myocardial cells with a
higher stage of differentiation maturation showed that fluvastatin
did not suppress viable cell activity (Figure S8C). Atorvastatin
(20 mM) and fluvastatin (20 mM) were used for 48 hr in experiments
using ectoderm, mesoderm, and endoderm differentiated from
hiPSCs. The results of the MTT assay showed that atorvastatin and
fluvastatin significantly inhibited the live-cell activity of ectoderm,
mesoderm, and endoderm (Figure S8B). This result is consistent
1720 Molecular Therapy Vol. 26 No 7 July 2018
with the data obtained using electrochemical measurement methods
(Figure 3B). This result may indicate that the susceptibility of cellular
survival to atorvastatin differs during myocardial cell differentiation.
However, we demonstrated that undifferentiated iPSCs remained in
not onlymesendoderm, cardiac mesoderm, andmyocardial precursor
cells, but also in myocardial cells, and the expression of OCT3/4
mRNA was observed (Figure S5D). The reduction in the impedance
values of mesendoderm, cardiac mesoderm, and myocardial precur-
sor cells might have been caused by residual undifferentiated iPSCs.
Each statin (10 mM for 24 hr) was administered to myocardial precur-
sor cells and myocardial cells differentiated from hiPSCs. To investi-
gate the effect of statins on cell death of hiPSC-derived myocardial
cells, we investigated mRNA expression focusing on the cell cycle
of myocardial precursor cells and myocardial cell death. Myocardial
cells remain in the G0 phase, and the cell cycle has stopped.35 How-
ever, cell death occurs when the cell cycle is activated, such as by
expression of Cyclin D1 and reduction of p21cip to suppress Cyclin



Figure 4. The HIF1a-PPAR Axis Is Involved in the Effect of Atorvastatin on hiPSCs

(A–C) cDNA was synthesized using hiPSCs (201B7) administered PBS for 6 hr and hiPSCs (201B7) administered 20 mM atorvastatin for 6 hr. The expression was calculated

using theDDCtmethod. The expression of the target gene was corrected by the expression of the housekeeping gene. (A) A real-time qPCR analysis of the hypoxia response

(a qPCR array; GQH-HPX). n = 1. (B) A real-time qPCR analysis of HIF1 signaling (a qPCR array; GQH-HFT). n = 1. (C) hiPSCs (201B7) after 6 hr of culture in the absence

or presence of 20 mM atorvastatin. Optical microscope images are shown (top). Scale bar, 100 mm. A real-time qPCR analysis of undifferentiated marker is shown. n = 1.

(D) A real-time qPCR analysis of HIF1amRNA in hiPSCs (201B7) after 24 hr of culture in the presence of 10 mMatorvastatin, fluvastatin, lovastatin, mevastatin, or simvastatin.

Data represent mean ± SD. *p < 0.05. (E) A schematic diagram of the mechanism by which atorvastatin suppresses the survival activity of hiPSCs. The hiPSCs strengthen the

(legend continued on next page)
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D1. However, p21cip is reported not to function in hiPSCs.36 The Cy-
clin D1 mRNA expression level in myocardial precursor cells was
significantly increased by the effect of atorvastatin and fluvastatin
(10 mM for 24 hr) (data not shown). However, at the myocardial
cell stage of differentiation, atorvastatin and fluvastatin did not in-
crease the mRNA expression level of Cyclin D1 (Figure 3E). Atorvas-
tatin and fluvastatin (10 mM for 24 hr) increased the RhoA mRNA
expression level in hiPSC-derived myocardial precursor cells (Fig-
ure 3E). In an mRNA expression analysis of undifferentiated hiPSCs,
atorvastatin (10 mM for 24 hr) significantly inhibited the mRNA
expression level of p27 kip and OCT3/4 (Figure S3H). However, ator-
vastatin (10 mM for 24 hr) did not reduce the expression of p27 kip
mRNA in myocardial precursor cells (Figure 3E). The p21 cip
mRNA expression level was examined in myocardial precursor cells
to investigate the mechanism through which fluvastatin induced
cell death. The mRNA expression level of p21 cip of myocardial pre-
cursor cells was not only reduced by fluvastatin (10 mM for 24 hr), but
also by atorvastatin (10 mM for 24 hr) (Figure 3E). Thus, it cannot be
concluded that the forcible activation of the cell cycle by the increase
of Cyclin D1 and the decreased expression of p21 cip on myocardial
precursor cells is the major mechanism through which fluvastatin
promotes cell death (Figures 3A and 3D). Atorvastatin and fluvastatin
do not cause cell death in myocardial cells at an advanced stage of
maturation (Figure S8C). These results indicate that the effects of
atorvastatin and fluvastatin are not involved in the cell death
of hiPSC-derived myocardial cells. We added 20 mM atorvastatin to
the culture wells of the hiPSC-derived myocardial cells for 6 hr. We
then examined changes in the mRNA expression levels of OCT3/4,
SOX2, KLF4, C-MYC, NANOG, GDF3, REX1, DNMT3b, and
PI3K/AKT signal, which plays an important role in maintaining the survival through in
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LIN28 by a qPCR (Figure 3F). The results showed that atorvastatin
significantly reduced the OCT3/4, SOX2, NANOG, REX1, and
LIN28 mRNA expression levels of hiPSC-derived myocardial cells.
This result indirectly indicates that atorvastatin reduces the possibility
of teratoma formation remaining in hiPSC-derived myocardial cells.

Atorvastatin Suppresses HIF Signaling

To investigate the cause of the inhibition of p27 kip and OCT3/4 gene
expression by atorvastatin, we performed a gene expression analysis
on genes associated with hypoxia-inducible factor 1 (HIF1). The
effects of atorvastatin on the hypoxia response (a qPCR array;
GQH-HPX) (Figure 4A) and HIF1 signaling response (a qPCR array;
GQH-HFT) (Figure 4B) in undifferentiated hiPSCs were evaluated.
PI3K is an enzyme consisting of a 110-kDa catalytic subunit and an
85-kDa control subunit. The phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA), also called the p110a
protein, is a class of phosphatidylinositol 3-kinase (PI3K) catalytic
subunit.37,38 In recent years, PIK3CA has been reported to be a target
mutant gene in cancer cells, as well as a gene controlling glutamine cell
metabolism of cancer cells.39–41 Atorvastatin strongly inhibited
PIK3CA in undifferentiated hiPSCs (Figure S6), showing that atorvas-
tatin suppresses the PI3K/AKT signaling42 essential for the survival of
hiPSCs. When the expression level of PI3-Kinase p85a and p110a
protein were examined by western blotting, the amount of PI3-Kinase
p110a protein decreased in hiPSCs supplemented with 20 mM� 24 hr
of atorvastatin in the medium (Figures S4A–S4C). The expression of
PI3-Kinase p85a protein was examined. However, the PI3-Kinase
p85a protein could not be clearly detected in PBS-treated or atorvas-
tatin-treated samples by western blotting. PI3K is a heterodimer
tegrin and growth factor receptor. The intensity of the PI3K/AKT signal of hiPSCs

inhibits PIK3CA and RWDD3 of hiPSCs, and enhances EGLN3. Therefore, the PI3K/

he expression of HIF1a. HIF1a promotes insulin receptor expression. Therefore, the
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consisting of catalytic subunits (p110a, p110b, and p110d) and
regulatory subunits (p85a, p55a, p50a, p85b, and p55g). The catalytic
subunit p110a is encoded by PIK3CA, and the regulatory subunit
p85a is encoded by PIK3R1. The authors investigated the mRNA
expression levels of PIK3CA and PIK3R1 by a qPCR method, by add-
ing atorvastatin to the hiPSC medium after 24 hr (Figure S6). These
results showed that atorvastatin significantly suppressed the PIK3CA
and PIK3R1 mRNA expression levels of hiPSCs after 24 hr. RWD
domain-containing protein 3 (RWDD3) enhances the sumoylation
of several proteins including HIF1a and I-kappa-B, through direct
interaction with UBC9.43,44 Reduced expression of RWDD3 in hiPSCs
causes suppression of the transcription activity of HIF1a. Atorvastatin
increased the mRNA expression of HIF1a hydroxylase Egl 9 homolog
3 (EGLN3), an inhibitor of nuclear factor kB (NF-kB).45,46 The insulin
receptor (INSR) acts on the uptake of glucose into cells, and the very
low-density lipoprotein receptor (VLDLR) acts on the uptake of LDL
into cells. Atorvastatin strongly suppressed the INSR mRNA expres-
sion of hiPSCs and strongly promoted the VLDLR mRNA expression
(Figures 4A and 4B). In addition, atorvastatin suppressed the mRNA
expression of peroxisome proliferator-activated receptor (PPAR)
d and PPARa, a PPAR subtype (Figures 4A and 4B; Figure S6).
PPARa is a ligand-activated transcription factor belonging to PPARg
and PPARd. PPARd reportedly reduces the oxidative stress of cancer
cells and enhances the survival signaling response.47 mRNA expres-
sion analyses revealed that atorvastatin is involved in the hypoxia
response signal and HIF signal of hiPSCs.

Atorvastatin Attenuates the Expression of Undifferentiated

Markers

When atorvastatin 20 mM had been added to the serum- and albu-
min-free medium (Essential 8 medium) of hiPSCs for 6 hr, the margin
of the colony changed to a rough form (Figure 4C, top panels). The
expression of OCT3/4 and SOX2 was halved when the mRNA expres-
sion of an undifferentiated marker was examined. In addition, the
expression of KLF4, C-MYC, NANOG, REX1, and DNMT3b sharply
decreased (Figure 4C, lower panel). Certain metabolites of atorvasta-
tin are known to have pharmacological effects.48 When cytochrome
P450 3A4 (CYP3A4) was added to atorvastatin-treated serum- and
albumin-free medium, and atorvastatin is enzymatically differenti-
ated, the undifferentiated hiPSC AP-positive colony area was signifi-
cantly amplified. Experiments using CYP3A4 were conducted as a
model of the possible drug metabolism in vivo. This indicates that
non-metabolized atorvastatin has an inhibitory effect on hiPSCs
(Figure 4R).

HIF1a Has a Role in Maintaining the Survival of hiPSCs

Atorvastatin significantly reduced the expression of HIF1a, while
other statins caused a non-significant reduction in gene expression
(Figure 4D). The HIF1a inhibitors silibin (also called silybin or silibi-
nin), the main component of silymarin49–52 and chrysin53 were added
to the medium to investigate the effect of HIF1a on the suppression
by atorvastatin of the viability of hiPSCs. On adding 20 mM silibin
(Figure 4F) and 40 mM chrysin (Figure 4G) to serum- and albu-
min-free medium of hiPSCs for 48 hr, AP-staining-positive hiPSCs
disappeared from the culture plate. Increased expression of HIF1a
is characteristic of naive hiPSCs.54 HIF1 reportedly plays an impor-
tant role in the regulation of intracellular metabolism in the reprog-
ramming of human pluripotent cells.55

PPARg Has a Role in Maintaining the Survival of hiPSCs

We next focused on the effect of PPARs on the survival activity of
hiPSCs and studied the mechanism of action of atorvastatin. Fenofi-
brate (PPARa agonist) and bezafibrate (PPARd agonist) did not affect
the survival activity of hiPSCs (Figures 4P and 4Q). After adding pio-
glitazone, an agonist of PPARg, to serum- and albumin-free medium
at 25 mM, the survival activity of hiPSCs was significantly decreased,
and colonies positive for AP staining disappeared from the inside of
the plate after 48 hr (Figure 4H). This result shows that PPARg56 has
a role in the nucleus of hiPSCs.

Effect of Pioglitazone (PPARg Agonist) on the Survival Inhibition

of hiPSCs under Somatic Cell Culture Conditions

Human corneal epithelial cells and hiPSCs were mixed and cultured,
and the effect of pioglitazone was investigated. Pioglitazone exerted a
significant removal effect on hiPSCs at 3.2-fold the concentration of
medium added compared with hiPSCs alone (Figure 4I, left panel).
Under mixed culture conditions, when 80 mMpioglitazone was added
to human corneal epithelial cells and hiPSCs in DMEM containing
10% FBS as a typical cell culture medium, the colony area of undiffer-
entiated hiPSCs significantly decreased after 48 hr. Microscopic im-
ages after staining with AP showed colonies of undifferentiated
hiPSCs stained in blue (Figure 4I, right panels). Overall, pioglitazone
exerted a removal effect on hiPSCs, even under optimal culture con-
ditions for human corneal epithelial cells. In the three-dimensional
culture test using human corneal epithelial cells, the safety of the in-
gredients of eye drops was investigated. Pioglitazone at 160 mM did
not show any abnormalities as a component of eye drops (Figure 4J).
This result indicates that the corneal epithelial cells, which are mature
cells, do not promote the survival activity of hiPSCs.

We examined the presence (or absence) of factors that interfere with
the effects of five drugs (atorvastatin, liarozole, pioglitazone, silibin,
and chrysin) that were shown to suppress the survival of undifferen-
tiated hiPSCs in this study. If these drugs influence the metabolism of
hiPSCs, it is possible that the suppression of hiPSC survival may be
attenuated depending on the components of the medium. Even
when KnockOut Serum Replacement (KSR), a nutritional supple-
ment, was added to the hiPSCmedium, the five drugs significantly in-
hibited the survival of hiPSCs. These results indicate that the five
drugs have a sufficient effect, even when common iPSC medium is
used, or differentiation induction medium with serum replacement
or the addition of human albumin is used (Figure 4S). Next, we exam-
ined the effects of four types of drugs (liarozole, pioglitazone, silibin,
and chrysin) that suppressed the survival of hiPSCs with MEF condi-
tional medium (MEF-CM) (culture supernatant of MEF cultured
overnight) supplemented with KSR. As a result, due to the influence
of the components secreted by MEF, the effect of the four drugs
with regard to the suppression of hiPSC survival was remarkably
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decreased, and a significant effect was observed only with chrysin.
These results indicate that MEF-CM has an extremely strong effect
with regard to enhancing the survival of hiPSCs. Thus, the drugs
that we found to inhibit the survival of hiPSCs cannot exert their ef-
fects in culturing experiments with human or mouse fetal cells
(Figure 4T).

Sustained Metabolic Elimination of Cellular RA Maintains the

Survival of hiPSCs

PPARs and retinoic acid (RA) receptor (RAR) form a heterodimer
with the retinoid X receptor (RXR), which binds to the response
sequence of the promoter region (peroxisome proliferator response
sequence and RA response sequence) to induce expression of each
target gene.57,58 Surprisingly, the addition of 30 mM liarozole (inhib-
itor of CYP26 that acts on RA metabolism) in vitamin A-free and
serum- and albumin-free medium significantly reduced the survival
activity of hiPSCs (Figure 4M). This result shows that factors related
to cellular RA metabolism may be involved in the survival mainte-
nance in undifferentiated hiPSCs.

RXR Is a Nuclear Factor that Plays a Role in Maintaining the

Survival of hiPSCs

Next, the RAR was activated to investigate the survival activity of
undifferentiated hiPSCs. 13-cis RA of the precursor of all-trans RA,
a ligand of nuclear receptor RAR, was added to the medium at
30 mM (Figure 4N). In addition, 9-cis RA, a ligand of the nuclear re-
ceptor RXR, was added at a concentration of 30 mM to the medium
(Figure 4O). Liarozole appeared to enhance the activity of nuclear
receptor RAR and RXR of hiPSCs by inhibiting RA metabolism59

(Figure 4K). 13-cis RA was converted to all-trans RA in the body.
All-trans RA was then converted to 9-cis RA, and both 13-cis RA
and 9-cis RA shrank AP-positive hiPSC colonies. These findings sug-
gest that RXR plays an extremely important role in maintaining the
survival activity of hiPSCs.

The HIF1a-PPARg Axis Maintains the Survival of hiPSCs

RXR forms heterodimers with PPARg.60,61 Nuclear receptor co-
repressor binds to PPARg-RXR heterodimer, and the transcription
activity is suppressed. However, pioglitazone, which is a ligand
of PPARg, or 9-cis RA, which is a ligand of RXR, dissociates
the co-repressor bound to the dimer. The co-activator then com-
bines to form peroxisome proliferator response elements (PPREs)
(AGGTCA-n-AGGTCA direct repeat structure), which are subse-
quently transferred (Figure 4L). Previous studies have reported that
RXR-PPARg promotes p27kip expression,62,63 which is consistent
with our results using hiPSCs (Figure S3H). From the results of this
study, we conclude that the formation of the HIF1a-PPARg axis
and the related RXR-PPARg heterodimer with no bound ligand
have an important role in maintaining the survival activity of hiPSCs.

DISCUSSION
Several strategies have been suggested for the removal of residual
pluripotent cells from differentiated cultures: cell sorting of hPSCs us-
ing immunological targeting based on specific antigens for pluripo-
1724 Molecular Therapy Vol. 26 No 7 July 2018
tency;64–67 elimination using cytotoxic antibodies;68,69 genetic manip-
ulation of potential tumor progression genes in hPSCs;70,71 insertion
of genes to induce cell death after a specific signal,71–73 identification
of improved ways to separate hPSCs from differentiated cells in cul-
ture;74–76 synthesis of peptides to induce cell death by binding on
the surface AP on hiPSCs;77 elimination of residual hiPSCs targeting
CD30;78 and identification of compounds and/or treatments that spe-
cifically kill pluripotent cells in cultures after induced cell differentia-
tion.10,12,64,79,80 Although variousmethods have been developed to re-
move undifferentiated hPSCs, in general, they are difficult to combine
with clinical therapeuticmethods, and whether or not they completely
remove undifferentiated cells is often unclear. At present, clinical trials
using differentiated human embryonic stem cells (ESCs) strive to
achieve 100% differentiation through the use of agents such as bone
morphogenetic factors (BMPs) from the transforming growth factor
b (TGF-b) family of ligands. However, even with long-term differen-
tiation protocols, undifferentiated cells may still be present and be
capable of inducing tumor formation after injection into an animal
host.81–84 There is, therefore, considerable interest in the development
of consistently reliable methods to remove or kill undifferentiated
stem cells following the induction of cell differentiation.

Initially, we had to develop a way to identify survival inhibitors of
hiPSCs. The morphology of hiPSC colonies is a significant indicator
of important characteristics of cell culture, such as cell adhesion, cell
death, cell proliferation, and the undifferentiated state of adherent
hiPSCs.85,86 We then applied electrochemical impedance to investi-
gate agents that reduce the survival of pluripotent stem cells in med-
ical products. The drug concentration of statins used here, 10 mM, was
calculated as approximately 150 mg/day given to patients (assuming a
patient body weight of 75 kg and body fluid volume of 60%). The
Food and Drug Administration (FDA) recommended a maximum
dosage of 80 mg/day simvastatin.16,87,88 Therefore, with the current
dosage recommended by the FDA, it is difficult to completely elimi-
nate hiPSCs in vivo by killing undifferentiated hiPSCs in the body
through the ingestion of atorvastatin. In the present study, atorvasta-
tin (concentrations of 1–20 mM) showed a cell survival-inhibiting ef-
fect on hiPSCs in the culture medium (exposure time: 6–96 hr). This
cell survival-inhibiting effect involved a wide range of cellular reac-
tions, including cytotoxicity. It is known that serum contains various
antioxidants. Because silibin and chrysin are antioxidants, the antiox-
idant activity of silibin and chrysin, especially under serum-free cul-
ture conditions, may have a significant influence on the cell survival of
hiPSCs. Thus, when serum-free medium is used, the survival inhibi-
tory effect of silibin and chrysin on hiPSCs would likely be influenced
by a strong antioxidant mechanism that differs from the mechanism
of action exhibited by atorvastatin. However, in this paper, we showed
that HIF1a inhibitors could be used in internal medicine to eliminate
residual hiPSCs inside a patient’s body.

Atorvastatin eliminates hiPSCs mainly via the inhibition of PI3K/
AKT signaling. This signaling is responsible for integrin- and growth
factor-mediated signals using nutrients such as glucose and amino
acids.89 The cell attachment levels in hiPSC cultures affect the cell
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viability and are mediated through the Rho-ROCK signaling
pathway.24,32 Basically, statins prevent the geranylgeranylation
and farnesylation of small GTPases (e.g., geranylgeranylation of
RhoA)90 and inhibit integrin signaling, which can induce the death
of progenitor cells.91 Indeed, in addition to atorvastatin, fluvastatin,
lovastatin, mevastatin, and simvastatin were also found to have a
weak inhibitory effect on hiPSCs (Figures 2C and 2D). However,
we showed that the ROCK inhibitor (Y-27632) could not rescue
hiPSCs from the survival-suppressing effect of atorvastatin (Fig-
ure 2F) and fluvastatin (Figure 2I). With regard to the interpretation
of this result, Schmidmaier et al.92 reported that the suppression of
HMG-CoA signaling through farnesylated small G proteins (e.g.,
Ras) and geranylgeranylated small G proteins (e.g., Rho; inhibited
by Y-27632) is divided into two routes; our results suggested the pos-
sibility that atorvastatin might affect both the Rho and Ras pathways
in hiPSCs. A previous study found that atorvastatin caused the level of
AKT activity to fall below the threshold necessary to maintain other
types of cell survival.93 Different isoforms of AKTmay therefore have
overlapping roles,94,95 and LY-294002 and atorvastatin might act on
different AKT isoforms. The first generation of AKT inhibitors, such
as LY-294002, had serious side effects and high toxicity.96 Atorvasta-
tin may therefore represent a new AKT inhibitor for hiPSCs. We
believe that atorvastatin acts to reduce the hiPSC survival and induces
the loss of pluripotency via the PI3K/AKT pathway by stimulating in-
tegrin and growth factor signaling. The authors added atorvastatin
(20 mM � 24 hr) to the culture medium of hiPSCs and measured
the mRNA expression level using a qPCR. It was revealed that ator-
vastatin suppressed the mRNA expression of PIK3CA and PIK3R1,
which is a constituent of PI3K/AKT (Figure S6). This result implies
that atorvastatin and fluvastatin have an indirect effect of suppressing
the PI3K/AKT signaling of hiPSCs, which is unlike other statins.
However, the possibility that the results were observed because of
the cytopathic effects of atorvastatin and fluvastatin cannot be ruled
out. H2O2 stress, a common cause of cytotoxicity, affects many
signaling pathways, including the HIFs, PI3K, NF-kB, and MAPK.
It has also been reported that reactive oxygen species (ROS), a repre-
sentative antioxidant factor, control the self-renewal and differentia-
tion of stem cells.97 Thus, we recognize that it is necessary to carefully
consider the relationship between the results of this study and the
oxidative stress response.

Previous studies have shown that ESCs and iPSCs have only a few
mitochondria with immature morphologies98–103 and, upon differen-
tiation, acquire moremitochondria with mature features, such as fully
developed cristae, a denser matrix, and increased oxidative capac-
ity.101,103 Therefore, the mechanism underlying cellular metabolism
under hypoxic conditions is enhanced in hiPSCs. Furthermore, it
has been reported that HIFs promote the expression of hiPSC marker
genes.104 It is also known that HIF1a105 is involved in the PI3K
signaling pathway.106 Therefore, we inferred that atorvastatin in-
hibited the PI3K/AKT-HIF1a signaling of hiPSCs.

The existence of an HIF1a-PPARg axis has been debated. In cardio-
myocytes and cancer cells, HIF1a has been reported to activate
PPARg.107,108 In pulmonary vascular cells, PPARg is reportedly sub-
ject to HIF1-dependent and HIF1-independent adjustment.109 In
addition, negative feedback in which PPARg suppresses HIF1a has
been reported.110 A relationship has also been observed between
the cell cycle and PPARg in nerve cells.111 In this paper, we indicated
five agents (atorvastatin, liarozole, pioglitazone, silibin, and chrysin)
that attenuate the HIF1a-PPAR axis in hiPSCs. However, we also
admit that there is room for further discussion of this hypothesis.
We agree that the data to prove the hypothesis regarding the
HIF1A/PPAR axis signaling pathway of hiPSCs is inadequate. We
conducted additional experiments based on the interpretation of
the experimental results, which were speculative. First, the mRNA
expression of an undifferentiated marker expressed in hiPSCs was
examined by a qPCR after the addition of a drug (atorvastatin, LY
294002, silibin, chrysin, pioglitazone, liarozole) that had the effect
of suppressing the survival of the hiPSCs used in this experiment (Fig-
ures S7A and S7B). The expression of an undifferentiated marker of
hiPSCs was affected by various reagents; however, while there was
overall variation, a trend toward inhibition was observed in markers
other than C-MYC. This result indicates that although the selected
drug did not cause the action on the perfectly matched hiPSC
signaling pathway, it caused the inhibition of the undifferentiated
marker on similar hiPSCs. The similar action of various drugs against
hiPSCs suggested the presence of the HIFa-PPAR axis. It has already
been shown that atorvastatin reduces the HIFa mRNA expression of
hiPSCs (Figure 4D). Thus, the authors examined changes in the
mRNA expression levels of PI3K/AKT (PIK3CA and PIK3R1),
RWDD3, EGLN3, PPARa, PPARd, and PPARg (described in the hy-
pothetical diagram described in Figure 4E)43,45,63,108,112–117 using a
qPCR (Figure S6). This revealed that atorvastatin significantly
reduced the mRNA expression levels of hiPSC PIK3CA, PIK3R1,
RWDD3, EGLN3, PPARa, and PPARd after 24 hr. This result shows
that the presence of the HIF1a-PPAR axis maintains the survival ac-
tivity of hiPSCs. However, in the experimental data (Figure 4B), when
mRNA was sampled at 6 hr after the administration of atorvastatin,
the mRNA expression level of EGLN3 increased. We increased the
number of samples (n = 3) and performed a replacement test. Then
the EGLN3 mRNA expression of hiPSCs increased at 6 hr after the
administration of atorvastatin (data not shown). This result was
different from the results obtained at 24 hr after the administration
of atorvastatin (Figure S6). More detailed research on the influence
of hiPSCs on NF-kB signaling following the administration of ator-
vastatin should be performed in the future.

The survival activity inhibitory effect of these five drugs on hiPSCs
was highest under serum- and albumin-free medium conditions,
and the effect was attenuated in serum or serum replacement
(KSR). This result shows that it is difficult to completely inhibit the
survival of undifferentiated hiPSCs in vivo with drugs at the usual
dosage (Figure 4S). MEF-CM made with serum replacement such
as KSR markedly reduced the effect of the above drugs on inhibiting
the HIF1a-PPAR axis (Figure 4T). One reason for this is considered
to be that MEF feeder cells and MEF-CM strongly activate the PI3K/
AKT signal.112 However, there are reports that HIF1a is not required
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for the establishment of hiPSCs.118 This indicates that the survival ac-
tivity of hiPSCs may be maintained by both HIF1a-dependent and
HIF1a-independent signals when MEF feeder cells are used.

In conclusion, the HIF1a-PPAR axis contributes to the maintenance
of survival activity of major hiPSCs under serum- and albumin-free
culture conditions. Therefore, suppression of the survival activity of
hiPSCs cultured in serum- and albumin-free medium supplemented
with atorvastatin enhances the safety for producing human cell-based
medicine. The inhibitory effect of atorvastatin on hiPSC survival ac-
tivity may substantially reduce the potential risk for carcinogenesis af-
ter transplanting the product to patients.

MATERIALS AND METHODS
Reagents

DMEM, DMEM and nutrient mixture F-12 Ham 1:1 (DMEM-F12),
FBS, non-essential amino acid solution (100�), 2-mercaptoethanol,
Tris-buffered saline, Trizma hydrochloride solution, and methyl
acetate were obtained from Sigma-Aldrich (St. Louis, MO, USA).
KnockOut Serum Replacement (KSR), L-glutamine, collagenase type
IV, DMSO, and Essential 8 medium were obtained from Life Technol-
ogies (Carlsbad, CA, USA). Calcium chloride, gelatin, mitomycin C,
formaldehyde solution, Y-27632, and LY-294002 were purchased
from WAKO (Osaka, Japan). Recombinant human basic fibroblast
growth factor (bFGF) was obtained from ReproCELL (Kanagawa,
Japan). D-PBS(�) was obtained from Nacalai Tesque (Kyoto, Japan).
Trypsin and Growth Factor Reduced BD Matrigel were purchased
from Becton Dickinson (Franklin Lakes, NJ, USA). The PSdif-Cardio
and Cardiomyocyte Differentiation kit was obtained from StemRD
(Burlingame, CA, USA). The PSC Cardiomyocyte Differentiation Kit
was obtained from Thermo Fisher Scientific (Kanagawa, Japan). Re-
combinant humanMFG-E8 and aHumanPluripotent StemCell Func-
tional Identification Kit (SC027B) were purchased from R&D Systems
(Minneapolis, MN, USA). Atorvastatin, fluvastatin, lovastatin, mevas-
tatin, simvastatin, phlorizin hydrate, silibin (also called silybin or silibi-
nin), 13-cis-retinoic acid, bezafibrate, and fenofibrate were purchased
from Tokyo Chemical Industry (Tokyo, Japan). 9-cis-Retinoic acid
was purchased from LKT Laboratories (St. Paul, MN, USA). Chrysin
and CYP26A1 (F27 P6 A1) were obtained from Santa Cruz Biotech-
nology (SantaCruz, CA,USA). Liarozole hydrochloridewas purchased
fromTocris Bioscience (Bristol, UK). Anti-troponin T, cardiac isoform
Ab-1 (Clone 13-11) antibody was obtained from Thermo Fisher Scien-
tific (Kanagawa, Japan). Goat anti-mouse immunoglobulin M (IgM)
mu chain (Alexa Fluor 488) was obtained from Abcam (Cambridge,
UK), and goat anti-rabbit IgG (H+L) and HiLyte Fluor 488 from
AnaSpec (Fremont, CA, USA). Anti-PI3-kinase (p85a) monoclonal
antibody (mAb) was obtained fromMedical & Biological Laboratories
(Nagoya, Japan). PurifiedMouseAnti-PI3-Kinase p110a antibodywas
obtained from Becton, Dickinson (Franklin Lakes, NJ, USA). b-Actin
(C4) antibody was obtained from Santa Cruz Biotechnology (Dallas,
TX, USA). Anti-mouse IgG, horseradish peroxidase (HRP)-linked
antibody was from Cell Signaling Technology (Boston, MA, USA).
Blue Alkaline Phosphatase Substrate Kit was obtained from Vector
Laboratories (Cambridgeshire, UK). Permeabilization buffer (10�)
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was from eBioscience (Vienna, Austria). Cell characterization kits
were obtained from System Biosciences (Mountain View, CA, USA).
Plastic dishes were obtained from TPP (Trasadingen, Switzerland).
Other materials used were of the highest commercial grade.

Maintenance Culture of hiPSCs

The hiPSC lines 201B7, 253G1, and 409B2 were established by Shinya
Yamanaka (Kyoto University) and were obtained from RIKEN
BioResourceCenter (Ibaraki, Japan). The cellswere cultured ona feeder
layer of MEF cells (Oriental Yeast) that had been inactivated with
10 mg/mL mitomycin C and seeded at 1.5� 105 cells per 10-cm plate.
The cells were cultured in DMEM/F12 supplemented with 10% FBS,
2mML-glutamine, 0.1 mMnonessential amino acids, 5 ng/mL recom-
binant human bFGF, and 0.1 mM 2-mercaptoethanol under 3% CO2.
For passaging, hiPSCs colonies were treated with 0.25% trypsin and
0.1 mg/mL collagenase IV in PBS containing 20% KSR and 1 mM
CaCl2 at 37�C for 5 min, followed by tapping the cultures and flushing
them with a pipette. Two volumes of culture medium were added, and
the detached hiPSCs clumps were broken into smaller pieces by gentle
pipetting. The passages were performed using a 1:3 split ratio. For stor-
age, hiPSCs colonies were placed into human ESC/iPSC freezing me-
dium according to the manufacturer’s instructions (ReproCELL). To
prepare seeding hiPSCs for each cell assay, the hiPSCs were first de-
tached from the feeder layer and partially dissociated as described for
maintenance passage.Next, the contaminatingMEFcellswere removed
by incubating the cell suspension on a gelatin-coated plate at 37�C for
2 hr in Essential 8mediumwith 10mMY-27632 to ensure high purity of
the hiPSCs. The differentiated hiPSCs were cultured for 10 days, minus
passage on a feeder layer of MEF cells. The day on which hiPSCs were
seeded to start the dissociation culture was defined as day 0. Differen-
tiated hiPSCs were prepared using a medium that had been preserved
for 6 months or longer and whose protein components had been
degraded. Differentiation was selected by roughing of the colony
form as an index under microscopic observation.

Cell Differentiation Assays

Myocardial cells were induced to differentiate from hiPSCs cultured
to confluence in 96-well plates in Essential 8 medium (normal or
MEF-CM) using a PSdif-Cardio Cardiomyocyte Differentiation kit
(StemRD) and a PSC Cardiomyocyte Differentiation Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. These
myocardial cells differentiation induction kits were manufactured ac-
cording to the methods of previous studies.119,120 The wells were
coated or not coated with Growth Factor Reduced BD Matrigel.
iPSCs, mesendoderm, cardiac mesoderm, myocardial precursor cells,
and myocardial cells were regulated according to the manufacturer’s
instructions. Ectoderm, mesoderm, and endoderm were induced to
differentiate from hiPSCs cultured to confluence in 96-well plates us-
ing a Human Pluripotent Stem Cell Functional Identification Kit
(SC027B; StemRD) according to the manufacturer’s instructions.

Cell Proliferation Assays

Cell proliferation was measured using a Cell Counting Kit-8, Cell
Counting Kit (Dojindo, Kumamoto, Japan) and Cell Count Reagent
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SF and MTT Cell Count Kit (Nacalai Tesque) according to the man-
ufacturers’ instructions. In brief, the cells were seeded into 96-well
plates coated with 1.8 mL per cm2 of Growth Factor Reduced BDMa-
trigel. Each well received 2.5 � 105 cells/mL Essential 8 medium.
Absorbance was measured with a microplate reader at a wavelength
of 450–570 nm. A neutral red uptake assay was performed using
neutral red (Nacalai Tesque). In brief, 3 hr before the end of the incu-
bation period, the medium was aspirated from each well. Immedi-
ately, a working neutral red solution (0.05% of the neutral red stock
in cell culture medium without serum) was added to each well, and
the cells were incubated for 3 hr. At the end of the incubation period,
the neutral red solution was removed, and the wells were washed with
warm PBS (37�C). Subsequently, a fixative solution (150 mL) was
added to each well, and absorbance was measured at 450–570 nm
on a plate reader.

Cell Death Assays

hiPSC death was measured using the Cytotoxicity LDH Assay
kit (Dojindo) according to the manufacturer’s instructions. In
brief, the cells were seeded into 96-well plates coated with 1.8 mL
per cm2 Growth Factor Reduced BD Matrigel. Each well received
2.5 � 105 cells/mL Essential 8 medium. Absorbance was measured
with a microplate reader at a wavelength of 490 nm. Myocardial
cell death was assessed using a Live/Dead Cell Staining kit accord-
ing to the manufacturer’s instructions (PromoCell, Heidelberg, Ger-
many). Images were recorded using a DMI 4000B fluorescence
microscope (Leica, Wetzlar, Germany).

Cytotoxicity Assay

Human corneal epithelial cells were obtained from the KURABO
Bio-Medical department (Osaka, Japan). CM was prepared by
culturing human corneal epithelial cells (3 � 106 cells) with 10 mL
of 10% FBS-containing DMEM medium for 24 hr. The hiPSCs
(5 � 103 cells/mL/24 wells) were seeded in a colony state and co-
cultured against human corneal epithelial cells (1 � 104 cells/mL/24
wells). The human corneal three-dimensional model OCL-
200EIT121,122 (MatTek Corporation, Ashland, MA, USA) was used
according to the manufacturer’s instructions.

Measuring Electrochemical Impedance

Impedancemeasurement was performed with an xCELLigence RTCA
DP analyzer (ACEA Biosciences, San Diego, CA, USA), and readings
were taken every 5 min. Single-purpose measurement 16-well plates
were coated with 10 mL per well of Growth Factor Reduced BDMatri-
gel or 1 mg per well of iMatrix-511 (Nippi, Tokyo, Japan). Each well
was seeded with 2.5 � 105 hiPSCs/mL or confluent developing
myocardial cells and cultured in appropriate medium: Essential 8 me-
dium or MEF-CM Essential 8 medium. An experimental compound
was also added: 2.5mg/mLMFG-E8, 10mMatorvastatin, 10mMfluvas-
tatin, 10 mM lovastatin, 10 mM mevastatin, or 10 mM simvastatin.

Real-Time PCR and RT-PCR

Cells were cultured in 96-well plates in Essential 8 medium to approx-
imately 80% confluence. RNA was prepared using a SuperPrep Cell
Lysis and RT kit for qPCR according to the manufacturer’s instruc-
tions (Toyobo, Osaka, Japan). Real-time PCR analyses were per-
formed using a StepOnePlus system (Life Technologies) or a
LightCycler 96 Real-Time PCR system (Roche, Basel, Switzerland).
The Thunderbird SYBR qPCR Mix (Toyobo) and FastStart
Essential DNA Green Master (Roche) were used according to the
manufacturer’s instructions (Toyobo). An RT-PCR analysis was
performed using a GeneAtlas 322 thermal cycler (Astec, Fukuoka,
Japan). Images were recorded using an Atto AE-6932GXCF system
(Atto, Tokyo, Japan). The Quick Taq HS DyeMix was used ac-
cording to the manufacturer’s instructions (Toyobo). For the
design of primers other than the primers cited in other papers,
the gene names were retrieved from the US National Library of
Medicine NIH website (https://www.ncbi.nlm.nih.gov/pubmed/).
The primers were designed using the Primer 3 Plus application
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).
Human HIFa-1 primers (sc-35561-PR) were obtained from Santa
Cruz Biotechnology and were performed using primers listed in
Table 1. The other primers used for PCR have been described previ-
ously1,123,124 and were as follows:
human OCT3/4 forward, 50-GACAGGGGGAGGGGAGGAGC
TAGG-30,

human OCT3/4 reverse, 50-CTTCCCTCCAACCAGTTGCCC
CAAAC-30,

human SOX2 forward, 50-GGGAAATGGGAGGGGTGCAAAA
GAGG-30,

human SOX2 reverse, 50-TTGCGTGAGTGTGGATGGGATT
GGTG-30,

human KLF4 forward, 50-TGATTGTAGTGCTTTCTGGCTGG
GCTCC-30,

human KLF4 reverse, 50-ACGATCGTGGCCCCGGAAAAG-
GACC-30,

human c-MYC forward, 50-GCGTCCTGGGAAGGGAGATC
CGGAGC-30,

human c-MYC reverse, 50-TTGAGGGGCATCGTCGCGG-
GAGGCTG-30,

human NANOG forward, 50-CAGCCCCGATTCTTCCACC
AGTCCC-30,

human NANOG reverse, 50-CGGAAGATTCCCAGTCGGGTT
CACC-30,

human GDF3 forward, 50-CTTATGCTACGTAAAGGAGCT
GGG-30,

human GDF3 reverse, 50-GTGCCAACCCAGGTCCCGGAA
GTT-30,

human REX1 forward, 50-CAGATCCTAAACAGCTCGCAG
AAT-30,

human REX1 reverse, 50-GCGTACGCAAATTAAAGTCCAGA-30,
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Table 1. Primer Sequences for Real-Time qPCR

Genes Accession Number Sequences (50/30) Length (bp)

Human T brachyury NM_001270484
Forward: GCTGAACTCCTTGCATAAGTATGAG
Reverse: CATCTCTTTGTGATCACTTCTTTCC

211

Human KDR NM_002253
Forward: AAGTAGAGTTCGTTGTGCTGTTTCT

248
Reverse: TCAGGACAGATATGAGGGTATTCAT

Human ISL1 NM_002202
Forward: ATATGGTAGCAACACTGTGAAGACA

234
Reverse: CCATTCAGATTAGGATGGACTAGAA

Human NKX2.5 NM_001166175
Forward: GAAATTTTAAGTCACCGTCTGTCTC

221
Reverse: AGTAATGGTAAGGGATCCTCGTG

Human TNNT2 NM_000364
Forward: AAAGAAGAAGAAGATTCTGGCTGAG

166
Reverse: GATCTCATATTTCTGCTGCTTGAAC

Human CCND1 NM_053056
Forward: CCCCTTGATTTAAACACACAGATAC

235
Reverse: AGGTTGAGTACCCTAATTTTCCTTG

Human INSR NM_000208
Forward: CTGGATCCAATCTCAGTGTCTAACT

239
Reverse: GAATCCTCATACTCACTCTGGTTGT

Human PPARA NM_001001928
Forward: ATCCTCTCTCCAACTTCATACCTCT

220
Reverse: CAATACATGTGGTCAGTTCAGTCTC

Human PPARG NM_001330615
Forward: GATATCAAGCCCTTCACTACTGTTG

175
Reverse: TCTCAGAATAATAAGGTGGAGATGC

Human PPARD NM_001171818
Forward: TCCTCCTTTCTTATTCTGTGAGATG

210
Reverse: AGAGAGCTTAGTGTTTCTTTGGATG

Human EGLN3 NM_001308103
Forward: GTGTGTGGTACTTCATGTTTTCTTG

165
Reverse: GCTCCTAGGCTCTTCTCTTGATAGT

Human PIK3CA NM_006218
Forward: CTTTAAGAGAAGGCTGAAAGTTGTG

152
Reverse: CAG CTGTATTATTCTGTCACCAAGA

Human PIK3R1 NM_001242466
Forward: CCCAGTGTAGCATCCTAAAGATAAA

247
Reverse: CAACAACTACTGTGGATCTGTTTTG

Human RWDD3 NM_001128142
Forward: GATTTATGGATGCGGATATACCTCT
Reverse: CTCTCTGCTTGCTCAAGTAAATTCT

151
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human DNMT3b forward, 50-TGCTGCTCACAGGGCCCGA
TACTTC-30,

human DNMT3b reverse, 50-TCCTTTCGAGCTCAGTGCAC
CACAAAAC-30,

human LIN28 forward, 50-AGCCATATGGTAGCCTCATGT
CCGC-30,

human LIN28 reverse, 50-TCAATTCTGTGCCTCCGGGAGC
AGGGTAGG-30,

human RhoA forward, 50-CATCCGGAAGAAACTGGT-30,

human RhoA reverse, 50-TCCCACAAAGCCAACTC-30,

human Cyclin D1 forward, 50-CACACGGACTACAGGGG
AGT-30,

human Cyclin D1 reverse, 50-CACAGGACCTCGTGTTCCAT-30,

human Cyclin D1 forward, 50-CCCCTTGATTTA AAC ACACA
GATAC-30,
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human Cyclin D1 reverse, 50-AGGTTGAGTACCCTAATT
TTCCTTG-30,

human p21cip1 forward, 50-CACCGAGACACCACTGGAGG-30,

human p21cip1 reverse, 50-GAGAAGATCAGCCGGCGTTT-30,

human p65 forward, 50-GGGGACTACCACCTGAATG-30,

human p65 reverse, 50-GGGCACGATTGTCAAAGAT-30,

human p27kip1 forward, 50-TAATTGGGGCTCCGGCTA
ACT-30,

human p27kip1 reverse, 50-TTGCAGGTCGCTTCCTTA
TTC-30,

human GAPDH forward, 50-ACCACAGTCCATGCCATCAC-30,

human GAPDH reverse, 50-TCCACCACCCTGTTGCTGTA-30,

human b-actin forward, 50-CAACCGCGAGAAGATGAC-30, and

human b-actin reverse, 50-AGGAAGGCTGGAAGAGTG-30.
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The primers used for RT-PCR were as follows:

human OCT3/4 forward, 50-GACAGGGGGAGGGGAGGAGC
TAGG-30,

human OCT3/4 reverse, 50-CTTCCCTCCAACCAGTTGCCC
CAAAC-30,

human SOX2 forward, 50-GGGAAATGGGAGGGGTGCAAAA
GAGG-30,

human SOX2 reverse, 50-TTGCGTGAGTGTGGATGGGAT
TGGTG-30,

human KLF4 forward, 50-GATTACGCGGGCTGCGGCAAA
ACCTACACA-30,

human KLF4 reverse, 50-TGATTGTAGTGCTTTCTGGCTGGG
CTCC-30,

human c-MYC forward, 50-GCGTCCTGGGAAGGGAGAT
CCGGAGC-30,

human c-MYC reverse, 50-TTGAGGGGCATCGTCGCGGG
AGGCTG-30,

human NANOG forward, 50-CAGCCCCGATTCTTCCACCA
GTCCC-30,

human NANOG reverse, 50-CGGAAGATTCCCAGTCGGGTT
CACC-30,

human GDF3 forward, 50-CTTATGCTACGTAAAGGAGCT
GGG-30,

human GDF3 reverse, 50-GTGCCAACCCAGGTCCCGGAA
GTT-30,

human REX1 forward, 50-CAGATCCTAAACAGCTCGCAG
AAT-30,

human REX1 reverse, 50-GCGTACGCAAATTAAAGTCC
AGA-30,

human SAL4f forward, 50-AAACCCCAGCACATCAACTC-30,

human SAL4f reverse, 50-GTCATTCCCTGGGTGGTTC-30,

human DNMT3b forward, 50-TGCTGCTCACAGGGCCCGA
TACTTC-30,

human DNMT3b reverse, 50-TCCTTTCGAGCTCAGTGCAC
CACAAAAC-30,

human Nkx2.5 forward, 50-GCGATTATGCAGCGTGCAAT
GAGT-30,

human Nkx2.5 reverse, 50-AACATAAATACGGGTGGGTG
CGTG-30,

human Troponin T forward, 50-TTCACCAAAGATCTGCT
CCTCGCT-30,

human Troponin T reverse, 50-TTATTACTGGTGTGGAG
TGGGTGTGG-30,

human b-actin forward, 50-CAACCGCGAGAAGATGAC-30,
human b-actin reverse, 50-AGGAAGGCTGGAAGAGTG-30,

human b-actin forward, 50-TGGCACCCAGCACAATGAA-30,
and

human b-actin reverse, 50-CTAAGTCATAGTCCGCCTAG
AAGCA-30.

qPCR Array

For the mRNA expression analysis, a GeneQuery Human Hypoxia
Response qPCR Array Kit (GQH-HPX) and Human HIF1 Signaling
Response qPCR Array Kit (GQH-HFT) (ScienCell, Carlsbad, CA,
USA) were used. A qPCR array (GQH-HPX) was designed to facili-
tate the gene expression profiling of 88 key genes involved in the
cellular response to low-oxygen conditions. Brief examples of how
the included genes may be grouped according to response type are
as follows: cellular metabolism: ENO1, HK1, PFKFB3, PGK1, and
SLC2A1; inflammation: CXCL8, IL-1A, CCL2, IL-6, and THBD; vas-
orelaxation: AHSP and PTGIS; cell death or proliferation: BNIP3L,
NOS3, PIM1, and EPO; and angiogenesis: KDR, PDGFB, PLAU,
TEK, and FLT1. A qPCR array (GQH-HFT) was designed to facilitate
gene expression profiling of 88 key genes involved in HIF1 down-
stream signaling upon hypoxia-induced activation. HIF1 activity is
a major component of the human response to hypoxia. Brief examples
of how the included HIF1 downstream genes may be grouped accord-
ing to the regulatory functions are as follows: cell cycling: DHFR,
MAP3K5, POLE2, PRC1, and SKP2; extracellular matrix remodeling:
COL1A1, COL5A1, LOX, P4HA1, and PLOD1; angiogenesis:
HMOX1, MMP2, VEGFA, ANGPTL4, and PGF; and metabolism:
PKM, STC2, DHX35, DDX11, and ERO1A.

Immunofluorescence Staining Analysis

Immunofluorescence staining was performed using the human ES/
iPS Cell Characterization kit (System Biosciences). Permeabilization
buffer (10�; eBioscience, Vienna, Austria) was used instead of 0.1%
Triton X-100 in PBS. Immunofluorescence staining was achieved us-
ing specific antibodies for troponin T, cardiac isoform Ab-1 (Clone
13-11; Thermo Fisher Scientific, Kanagawa, Japan), goat anti-mouse
IgM mu chain (Alexa Fluor 488; Abcam), and goat anti-rabbit IgG
(H+L) (HiLyte Fluor 488; AnaSpec). Images were recorded using a
DMI 4000B fluorescence microscope (Leica).

Western Blot Analysis

Cells were cultured in 150-mm dishes in Essential 8 medium to�80%
confluence. Western blot analysis was performed using EzRIPA Lysis
kit, PAGE Ace Twin, myPower II 300, HorizeBLOT 2M-R, EzApply,
EzStandard PrestainBlue, c-PAGEL 10%, EzRun, P plus membranes,
Filter paper, EzFastBlot, EzBlock Chemi, EzTBS, EzWeatBlue, and
EzWestLumi One according to the manufacturer’s instructions
(ATTO, Tokyo, Japan). Blots were probed using specific anti-
bodies for PI3-Kinase p85a (Monoclonal mouse Anti-PI3-kinase
p85a; MD-06-3), PI3-Kinase p110a (Purified Mouse Anti-PI3-
Kinase p110a; BD 611398) or b-Actin (C4) (Santa Cruz Biotech-
nology; sc-47778), and anti-mouse IgG, HRP-linked antibody from
Cell Signaling Technology (7076S).
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AP Staining Analysis

AP staining was performed using a Blue Alkaline Phosphatase
Substrate kit according to the manufacturer’s instructions (Vector
Laboratories).

Animal Care

All experimental protocols were in accordance with the guidelines for
the care and use of laboratory animals set by the Graduate School of
the Institute of Health Biosciences, Tokushima University (Tokush-
ima, Japan). The experimental protocol was approved by the Com-
mittee on Animal Experiments of the Tokushima University (permit
number 14048). C.B-17 severe combined immunodeficiency (SCID)
(CB17/Icr-Prkdcscid/Cr1Cr1j) male mice (8 weeks old; Charles River
Laboratories Japan, Yokohama, Japan) were maintained under
controlled temperature (23�C ± 2�C) and light conditions (lights
on from 08:30–20:30), and fed standard rodent chow pellets (Oriental
Yeast, Tokyo, Japan) with water ad libitum. All efforts were made to
minimize the suffering of the animals.

Teratoma Formation Assay

Immunodeficient mice (C.B-17 SCID) at 8 weeks of age were used for
teratoma formation assays. hiPSCs were cultured with the medium
with each reagent for 48 hr before being injected into mice. In brief,
the teratoma formation mouse model was established by anesthetiz-
ing recipient mice with isoflurane inhalation (WAKO). For xeno-
transplantation of hiPSCs, 1 � 106 cells in 0.1 mL of cold Hank’s
balanced salt solution (HBSS) (Life Technologies) were injected
into the right-side testis using a Hamilton syringe (Sigma-Aldrich) af-
ter exteriorization of the testes through a hypogastric incision. The
mice were examined daily, and tumors were extracted at 10 weeks af-
ter surgery. Teratoma samples were resected and fixed with 4% para-
formaldehyde; the tissues were paraffin embedded and stained with
H&E according to standard procedures.

Statistical Analysis

Statistical analyses were performed using Student’s t test to compare
two sample means. The analyses of multiple groups (i.e., more than
two groups) were performed using one- and two-way ANOVAs
with the XLSTAT software program (Addinsoft, Paris, France)
and StatPlus software program (AnalystSoft, Walnut, CA, USA).
Statistical significance was set at *p < 0.05 or **p < 0.01 for all tests.
The data shown are representative examples of two independent
experiments.
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