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Figure 5. Detection of hiPSCs spiked into human neurons on
the culture system using laminin-521 and Essential 8 medium.
Morphologies of forming colonies derived from 253G1 cells spiked into
human neurons are shown (images in the left). 253G1 cells (1%, 1000
cells; 0.1%, 100 cells; 0.01%, 10 cells; 0%, O cells) were spiked into
human neurons (100,000 cells) and co-cultured on [aminin-521-coated
welis in 12-well plates in Essential 8 medium for 6 days. Forming
colonies were stained with anti TRA-1-60 antibody (images in the right).
HNs, human neurons. Scale bars, 500 pm.
doi:10.1371/journal.pone.0110496.g005

hMSCs, we next tested colony formation of hiPSCs spiked into
primary human neurons. Spiked 253G1 cells were co-cultured
with human neurons on laminin-521 in Essential 8 medium and
clearly formed colonies (Figure 5), which is consistent with the
observation using hiPSCs spiked into hMSCs. We detected 170,
26 and 3 colonies that were positive for TRA-1-60 when 253G1
cells were spiked into 1x10® human neurons at the ratio of 1, 0.1
and 0.01%, respectively. There was no colony when only human
neurons were cultured on our system. These results suggest that
this culture system is also useful for detection of trace amounts of
hiPSCs not only in hMSCs but also in other types of cells such as
human neurons. We also confirmed that no colonies were formed
on the well that was not coated with laminin-521 even when
human neurons containing 10% hiPSCs were plated (data not
shown), indicating that formation of the colonies derived from
hiPSCs in human neurons is dependent on laminin-521.

Culture system using laminin-521 and Essential 8
medium has a capacity for direct detection of residual
undifferentiated cells contained in differentiating hiPSC
cultures

Finally, we examined whether this culture system using laminin-
521 and Essential 8 medium is applicable in direct detection of
residual hiPSCs contained in differentiated cells derived from
hiPSCs. We attempted to differentiate 253G 1 cells into MSCs as
described in Materials and Methods (Figure 6A). Using this
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protocol, we observed attached cells with fibroblast-like morphol-
ogy at the stage of passage 0 MSCs. We confirmed that
approximately 20% of these attached cells were positive for
staining with anti-CD105 antibody, a MSC marker antibody
(Figure S5). During the differentiation process of 253G1 cells into
MSCs, we examined the expression levels of residual pluripotency
markers in the cell cultures. qRT-PCR analysis revealed that
expression of OCT3/4, NANOG and LIN28 mRNA were clearly
decreased in a time-dependent manner, however, expression levels
at the same time point varied markedly among those genes
(Figure 6B). In the cells at day 6 of differentiation, mRINA levels of
0CT3/4, NANOG and LIN28 were 7.3%, 4.8% and 86.4% of the
control at day I, respectively (Figure 6B). At day 14 of
differentiation, although OCT3/4 and LIN28 were still at
detectable levels of 2.6% and 17.2% of control cells, respectively,
NANOG expression was not detected. These results indicate that
the population of residual hiPSCs in differentiating cells, when
estimated by the qRT-PCR data, greatly varies and depends on
the pluripotency marker gene employed for the estimation. In
addition, it is also possible that all the qRT-PCR signals were
derived from partially differentiated cells, not from fully undiffer-
entiated cells. To examine colony formation of residual undiffer-
entiated cells in differentiating cell culture, cells at day 6 were
dissociated into single cells and replated on laminin-521 m
Essential 8 medium. Small cell clusters began to emerge 4 days
after plating, rapidly expanded and formed colonies on laminin-
521 in Essential 8, while other types of cells gradually decreased
their numbers (Figure 6D). After 8 days of culture, 9.5 colonies
(the mean of duplicate measurements) were formed from
differentiating cells (5x10% (Figure 6C) and they were all positive
for TRA-1-60 (Figure 6D), indicating that the colonies were
derived from residual undifferentiated cells in the differentiating
cell cultures. These results suggest that the culture method using a
combination of laminin-521 and Essential 8 directly detects
residual undifferentiated cells by highly efficient cell amplification.
Based on our finding that approximately 0.3 and 6.7 colonies were
formed from 1 x10* MSCs containing 0.01% and 0.1% of 253G 1
cells, respectively, in this culture system (Figure S4), and assuming
that the sensitivity of the system for hPSCs in EBs are comparable
to that in MSGCs, the population of the undifferentiated cells in the
differentiating cell cultures on day 6 (1.9 colonies/10* cells) was
estimated to be in between 0.01% and 0.1%. When we tested
colony formation using cell cultures on day 14 of differentiation,
no colonies were detected on laminin-521 in Essential 8 medium
(Figure 6C and data not shown), suggesting that the population of
the residual hiPSCs was less than 0.01%.

Discussion

A method to detect residual undifferentiated hPSCs contained
in CTPs is required to evaluate product quality during manufac-
turing processes. In the present study, we propose a novel method
to detect a trace amount of undifferentiated hPSCs by highly
efficient amplification of those cells i vifro. We showed that
Essential 8 medium significantly promotes cell growth of hiPSCs
dissociated into single cells on laminin-521 compared with the
conventional medium, mTeSR1. In addition, Essential 8 medium
allowed robust proliferation of hiPSCs even at low cell density on
laminin-521. We also demonstrated that 0.001%-0.01% hiPSCs
spiked into primary hMSCs were clearly detected and formed
colonies on laminin-521 in Essential 8. Similarly, we confirmed
that 0.01% hiPSGCs spiked into primary human neurons were also
detectable on this system. Moreover, we showed that residual
undifferentiated hiPSCs contained in differentiating cells were
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Figure 6. Detection of residual undifferentiated cells contained in differentiating cell cultures. (A) Differentiation scheme of 253G1 cells
into MSCs is shown. (B) Expression levels of undifferentiated cell markers (OCT3/4, NANOG and LIN28) in each cell culture were determined using qRT-
PCR. Relative mRNA expression levels are presented as ratios to the level of that in 253G1 cells at Day 1. Results are the mean = SD (n=3). (Q)
Numbers of the forming colonies derived from residual undifferentiated cells in differentiating cell culture at Day 6 or Day 14 are shown. Experiments
were carried out in duplicate. Data are present as raw data in each well (shown by plots) or the mean of well 1 and well 2 (shown by bar graphs). (D)
Phase contrast images of forming colonies derived from residual undifferentiated cells are shown. Cells at Day 6 of differentiation (EBs) were
dissociated into single cells by Accutase and cultured on laminin-521-coated wells in Essential 8 medium (5x10%well). After 4 days of culture, small
clusters emerged and then started to grow rapidly. Finally, they formed colonies that were positive for TRA-1-60 (shown by immunofluorescence
staining, green). Arrowheads indicate a colony derived from same origin. Scale bars, 500 um.

doi:10.1371/journal.pone.0110496.9006
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detectable by forming colonies on laminin-521 in Essential 8 in the
process of hMSC differentiation. These results indicate that a
culture system utilizing a combination of laminin-521 and
Essential 8 medium provides a direct and highly sensitive method
for detecting undifferentiated hPSCs. To our knowledge, this is the
first report to show a dircct and highly-sensitive in vitro method
for detecting undifferentiated hPSCs as impurities in C'TPs.

In this study, highly eflicient amplification of undifferentiated
hPSCs has been uniquely applied to quality control of CTPs.
Amplified hPSC colonies were visible using phase-contrast
microscopy and also immunofluorescence staining using pluripo-
tency antibodies, which enabled direct detection of hPSCs
contaminating CTPs. Our method distinguished between undif-
ferentiated cells and other cells in wvilro, and overcame the
disadvantage of other in vitro methods such as flow cytometry and
gRT-PCR. The flow cytometry analysis detects known marker
molecules expressed in undifferentiated hPSCs using antibodies
and proteins. Signals originating from non-specific detection
commonly aflect sensitivity of the assay as background. Our in
vitro method can lower the background arising from non-specific
detection and is expected to specifically detect resicual undiffer-
entiated hPSCs in CTPs. The ¢RT-PCR method is highly
sensitive and can rapidly quantify undifferentiated cell contami-
nation in C'TPs. However, in the present study, gene expression
levels of pluripotency markers during the differentiation process of
hiPSCs into MSCs varied markedly among those marker genes
(Figure 6B). Morcover, there remains a possibility that expression
signals of marker genes were not derived from totally undifferen-
tiated hPSCs, but from partially differentiated cells. Indeed, the
expression level of LIN28 did not decrease so much during the
differentiation as those of the other genes, which was not obviously
associated with the differentiation status of the cells in EBs on Day
6 (Figure 6B), although we have previously reported that LIN28
was a useful marker for monitoring the level of residual hiPSCs in
RPE cells derived from hiPSCs [3]. Thus, it is difficult to
determine the presence of residual hiPSCs simply by gRT-PCRs.
In contrast, direct detection method using the highly efficient
amplification system can clearly detect the presence of intact
undifferentiated cells. Based on the result from direct detection of
residual hiPSCs when tested the cells on Day 6 of differentiation
(approximately 0.01%—0.1%) (Figure 6C-D), it is conceivable that
the gRT-PCR signals for the pluripotency marker genes
(Figure 6B) are partly derived from residual hiPSCs but mainly
derived from partially differentiated cells. Similarly, in the case of
the cells at Day 14 of differentiation, the majority of the qRT-PCR
signals of OCT3/4 and LIN28 (Figure 6B) are considered to be
attributable to partially differentiating cells but not to intact
hiPSCs. Combination of the #n vitro methods including our cell
culture method would mutually support useful quality assessment
of CTPs to detect undifferentiated hPSCs.

In addition to the detection of undifferentiated cells, this culture
system using laminin-521 and Essential 8 medium allows further
characterization of the undifferentiated cells if they are maintained
in vitro or inoculated into immunodeficient animals. Analyses for
the properties of the residual undifferentiated cells would be
necessary not only for the quality assessment of C'TPs, but also for
improvement of quality specifications of hPSCs as a raw/
intermediate material for production of CTPs.

Here, we showed that our culture system is able to detect 0.01%
of 409B2 hiPSCs and 0.001% of 253G1 hiPSCs, both of which
were spiked into hMSCs (Figure 4). The detection sensitivity for
hiPSCs spiked into hMSCs was different between the two hiPSC
lines, although such a difference in cell growth on laminin-521 was
not found between these two cell lines (Figure 3). This difference

PLOS ONE | www.plosone.org

Direct Detection of Pluripotent Cellular impurities

may be attributable to the difference in the growth potential of
hPSCs in the specific environment provided by CTPs. Kanemura
et al. have recently demonstrated that hiPSCs co-cultured with
iPSC-derived RPE undergo apoptosis by pigment epithelium-
derived factor (PEDI) secreted from hiPSC-derived RPE [15],
showing that CTPs themselves have the potential to affect cell
growth of hPSCs. In the present study, the influence of the co-
culture system with hMSCs to the proliferation of hiPSCs might
have been different between the two cell lines.

The mechanism by which laminin-521 and Essential 8 medium
enhance hiPSCs cell proliferation remains unclear. Rodin et al.
have recently shown that addition of E-cadherin to laminin-521
permitted the efficient clonal expansion of hESCs [7]. E-cadherin
is known to be the primary cell-cell adhesion molecule and
essential for hESC survival [16]. We observed that anti-E-cadherin
antibody decreased growth potential of hiPSCs under our
experimental conditions (data not shown). Therefore, E-cadherin
signaling may play some important roles in the rapid cell growth
on laminin-521 in Essential 8 medium.

Tumorigenicity is one of the major safety concerns for CTPs
derived from hPSCs that are transplanted into patients. However,
testing strategies for the tumorigenicity of hPSC-derived CTPs
have not yet been established. Here, we introduced a novel testing
method for directly detecting a trace amount of undifferentiated
hPSCs in vitro. The ability of each tumorigenicity-associated test
should be taken into consideration to evaluate tumorigenicity of
residual undifferentiated hPSCs as impurities in products. In vivo
tumorigenicity tests using immunodeficient animals can detect
tumorigenic cells including undifferentiated hPSCs, but this
method is costly and time-consuming. The flow cytometry analysis
and qRT-PCR are rapid, but these methods indirectly detect
tumorigenic cells depending on marker molecules. Risk of
tumorigenicity in hPSCs-derived CTPs should be assessed, based
on the results from an appropriate combination of these
tumorigenicity-associated tests. Our novel method will contribute
to establishment of the testing strategies for tumorigenicity in
products, following evaluation of the quality of CTPs derived from
hPSCs for the future regenerative medicine/cell therapy.

Supporting Information

Figure S1 (A) Quantification of the number of dissociated
201B7 cells expanded on laminin-521 or Matrigel in Essential 8 or
mTeSR1 medium. Data are presented as the mean * standard
deviation (SD) of three independent experiments (**P<0.01, two-
way ANOVA followed by a Bonferroni post-hoc test). LN521,
laminin-521. MG, Matrigel. (B) Quantification of the number of
dissociated 201B7 cells expanded on laminin-521 or LM511-E8 in
Essential 8 or mTeSR1 medium. Results are presented as the
mean *£SD (n=3) (***P<0.001, two-way ANOVA followed by a
Bonferroni post-hoc test).

(TIF)

Figure S2 (A-B) Expression levels of undifferentiated markers
(OCT3/4, NANOG, SOX2 and LIN2S) in 201B7 cells (A) and
409B2 cells (B) subcultured on laminin-521 in Essential 8 were
determined using gRT-PCR. Relative mRNA expression levels
are presented as ratios to the level of that in control cells
subcultured on Matrigel in mTeSR1 medium by colony passage.
Results are presented as the mean & SD (n = 3). (C-D) Expression
levels of markers for the differentiation of embryoid bodies (EBs)
derived from 201B7 cells (C) and 409B2 cells (D): endoderm
(GATA6, SOX17), mesoderm (CDHS5, FOXFI), and ectoderm
(SOX1, PAX6). Relative mRINA expression levels are presented as
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ratios to the level of that in control cells (EBs at day 10). Results
are presented as the mean = SD (n=3).

(TIF)
Figure S3 Quantification of the number of 253Gl cells
expanded on laminin-521 in Essential 8 or mTeSR1

medium. Cell numbers were counted at day 6, 9, and 12 after
plating at 8.0x10° cells/cm? or 8.0x10? cells/ cm?.

(TTF)

Figure S4 Morphologies of forming colonies derived
from 253G1 cells spiked into hMSCs are shown (images
in the left). 253G1 cells (1%, 300 cells; 0.1%, 30 cells; 0.01%, 3
cells; 0%, O cells) were spiked into hMSCs (30,000 cells) and co-
cultured on 12-well plates coated with laminin-521 in Essential 8
medium for 9 days. Expression of the undifferentiated cell marker,
TRA-1-60, in these colonies was assessed using immunofluores-
cence staining (images to the right). Each experiment was carried
out in duplicate.

(TIF)
Figure S5 Phase contrast images of the cells at day 18 of
differentiation (at the stage of passage 0 MSCs) are
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Chapter 14

In Vitro Detection of Residual Undifferentiated Cells
in Retinal Pigment Epithelial Cells Derived from Human
Induced Pluripotent Stem Cells

Takuya Kuroda, Satoshi Yasuda, and Yoji Sato

Abstract

Human pluripotent stem cells (hPSCs) such as human embryonic stem cells (hESCs) and human induced
pluripotent stem cells (hiPSCs) are a leading candidate for regenerative medicine/cell therapies because of
their capacity for pluripotency and unlimited self-renewal. However, there are significant obstacles pre-
venting the clinical use of hPSCs. A significant safety issues is the presence of residual undifferentiated cells
that have the potential to form tumors in vivo. Here, we describe the highly sensitive gRT-PCR methods
for detection of residual undifferentiated cells in retinal pigment epithelial (RPE) cells derived from hiP-
SCs. qQRT-PCR using probes and primers targeting LIN28A (LIN28) transcripts can detect residual undif-
ferentiated cell levels as low as 0.002 % in hiPSC-derived RPE cells. We expect this method to contribute
to process validation and quality control of hiPSC-derived cell therapy product.

Key words Human induced pluripotent stem cells, Retinal pigment epithelial cells, Tumorigenicity,
LIN28, qRT-PCR

1 Introduction

Pluripotent stem cells such as human embryonic stem cells (hESCs)
and human induced pluripotent stem cells (hiPSCs) are pluripo-
tent and have the ability to self-renew. Pluripotency is the ability to
differentiate into a variety of cells and self-renewal is the ability
to undergo numerous cell division cycles while maintaining cellular
identity. Because of these two characteristics, it has been expected
that these cell types will provide new sources for robust and con-
tinuous production of a variety of cells and tissues for regenerative
medicine/cell therapy. Additionally, hiPSCs provide a possible
solution to the ethical problems and the immune rejection of
hESC-derived cells, thus raising novel avenues for patient-specific
cell therapy. As previously reported [1, 2], many attempts are cur-
rently under way to differentiate hESCs and hiPSCs into various
tissues. Cell therapy using hESCs or iPSCs has already entered

Chrissa Kioussi (ed.), Stem Cells and Tissue Repair: Methods and Protocols, Methods in Molecular Biology, vol. 1210,
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the scope of clinical application. Indeed, a clinical trial using
hESC-derived-RPE cells for Stargardt’s disease and the dry type of
age-related macular degeneration (dry AMD) have been initiated [3].
Clinical research using autologous hiPSC-derived RPE for the wet
type of age-related macular degeneration (wet AMD) is also being
planned in Japan.

One of the most important issues in the development of a safe
pharmaceutical or medical device derived from hPSCs is ensuring
that the final product does not form tumors after implantation [4].
There are two primary concerns. First, the pluripotent stem cell-
based product may be unstable and transform to produce a tumor
under some specific environment though the genomic stability
of differentiated cells derived from hESCs/hiPSCs is currently
unclear. Second, the product derived from human pluripotent
stem cells might contain residual undifferentiated stem cells that
would eventually proliferate and form a teratoma [5]. To address
this second concern, it is critical to develop highly sensitive assays
for detection of residual undifferentiated stem cells in the final
products, and to determine their lower limit of detection (LLOD).
An evaluation study of the in vivo tumorigenicity assay using severe
combined immunodeficiency (SCID) mice has shown that 245
undifferentiated hESCs spiked into 106 feeder fibroblasts produce
a teratoma [6]. However, some in vitro assays, such as quantitative
real-time polymerase chain reaction (qQRT-PCR), flow cytometry,
and immunohistochemistry, have been used to indicate the undif-
ferentiated state of stem cells with various markers (such as POU5F1
(OCT3/4), NANOG, SOX2, LIN28, MYC (C-MYC), REXI,
KLF4, TRA-1-60, TRA-1-81, SSEA-3, and SSEA-4) [7, 8]. We have
demonstrated that the QRT-PCR assay can successfully detect as
low as 0.002 % residual undifferentiated hiPSCs in hiPSC-induced
RPE cells using LIN28 as a target gene (designated as the LIN28/
qRT-PCR method) [9]. To the best of our knowledge, the LIN28/
qRT-PCR method is the most sensitive of the previously reported
other methods in detecting undifferentiated PSCs. In this chapter,
the LIN28/qRT-PCR protocol used in our laboratories is described
in detail.

2 Materials

. Pipetman (2, 10, 20, 200, and 1,000 pL).
. Incubator, humidified, 37 °C, 5 % CO,.

. Sterile biosafety cabinet.

. Liquid disposal system for aspiration.

. Centrifuge.

(o N 2 B N N S

. Sampling tubes (1.5 mL).
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2.1 Maintenance
and Culture of hiPS,
RPE Cell, and SNL Cell

2.2 Cell Culture
2.2.1 SNL Culture

222 hiPSC Culture

2.2.3 Primary PRE
Cell Culture

7.
8.
9.
10.

1.

N Ul W W N

Sterile serological pipets (5, 10, and 25 mL).
Sterile conical tubes (15 and 50 mL).

Cell culture plates (60 and 100 mm).

Tips (10, 20, 200, and 1,000 pL).

The hiPSC line 201B7 induced by transducing OCT3/4,
SOX2, KLF4, and C-MYC (RIKEN Cell Bank).

. Normal human retinal pigment ecpithelial cells (Lonza

Biologics, 00194987).

. SNL cells (a mouse fibroblast STO cell line expressing the

neomycin-resistance gene cassette and LIF, CELL BIOLABS,
CBA-316).

. Dulbecco’s modified Eagle medium (DMEM).

. Phosphate-buffered saline (PBS), calcium free, magnesium free.
. Fetal bovine serum (FBS).

. L-Glutamine.

. Penicillin/streptomycin.

. Gelatin: To make 0.1 % gelatin solution, dissolve 1.0 g of

gelatin powder in 1,000 mL of distilled water, autoclave, and
store at 4 °C.

. SNL medium, 500 mL: Mix 500 mL DMEM, 38.5 mL FBS,

5.5 mL r-glutamine, and 3 mL penicillin/streptomycin.

8. 0.25 % Trypsin/EDTA solution.

\O

O 0o N O »n AR I N

B W N~

. Mitomycin C.

. Primate ES Cell medium (ReproCELL, RCHEMDO0O1).

. Penicillin/streptomycin.

. Recombinant human FGF basic 146 aa (bFGF).

. hiPSC medium, 500 mL: Mix 500 mL primate ES cell medium

and 2.5 mL penicillin /streptomycin. Add 4 ng/mL bFGF into
the medium before use. Store at 4 °C for up to 2 weeks.

. PBS (see Subheading. 2.2.1).

. CTK solution (ReproCELL, RCHETP002).
. StemPro EZPassage.

. Cell scraper.

. 100 pm cell strainer.

. RtEBM Bullet Kit (RtEBM medium; Lonza).
. PBS (see Subheading 2.2.1).

. 0.25 % Trypsin/EDTA solution.

. FBS (contained in RtEBM Bullet Kit).
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2.3 Total RNA 1. RNeasy Mini Kit.
Extraction 2. QIAshredder.

3. RNase-free DNase set.

4. Cell scraper.

2.4 gRT-PCR 1. QuantiTect Probe one-step RT-PCR Kit.

2. 96-Well PCR plate.

3. Dual-labeled probe and primer.

4. TagMan GAPDH control reagents, human.

5. Applied Biosystems 7300 Real Time PCR systems.

3 Methods

3.1 Cell Culture 1. Add 3 or 5 mL of gelatin solution into a 60 or a 100 mm dish

311 MMC-Treated and incubate for 30 min.

SNL Cells 2. Aspirate gelatin solution and use this dish as gelatin-coated
dish.

3. Thaw quickly the 1x10° cells of cryopreserved SNL cells in
water bath at 37 °C and suspend with 9 mL of SNL medium
ina 15 mL tube.

4. Centrifuge the 15 mL tube a 170xy4 for 5 min and aspirate
supernatant.

5. Suspend SNL cell pellet with 10 mL of SNL medium and
transfer into a gelatin-coated 10 cm dish.

6. Culture in a humidified atmosphere of 95 % air with 5 % CO,
at 37 °C (see Note 1).

7. When SNL cells reach confluence, add 12 pg/mL MMC and
incubate for 2 h and 30 min.

8. Wash the MMC-treated SNL cells twice with 10 mL of PBS.

9. Detach the cells with 1 mL of 0.25 % trypsin/EDTA solution,
add 10 mL of SNL medium, and then transfer into 15 mL
tube.

10. Centrifuge the 15 mL tube at 170 g for 5 min and aspirate
supernatant.

11. Suspend the cell pellet with 10 mL SNL medium, transfer the
cell suspension to a 60 mm dish (5x 10° cells/dish), and incu-
bate in a humidified atmosphere of 95 % air with 5 % CO, at
37 °C for 1 day.

3.1.2  hiPSC Culture 1. Culture hiPSC colonies in 60 mm dish (pre-seeded with

on Feeder Cells

MMC-SNL feeder cells) until colonies reach 70-80 % conflu-
ency. Aspirate the medium, and wash twice the cells with 5 mL
of PBS per dish.
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Remove PBS completely, add 0.5 mL CTK solution, and
incubate at 37 °C for 3 min (see Note 2).

. Aspirate CTK solution, and wash twice with 5 mL of PBS.
. Remove PBS completely and add 5 mL of hiPSC medium.
. Cut hiPSC colonies using EZPassage (see Note 3).

. Detach hiPSC colonies using a cell scraper.

. Resuspend the cell clump in 5 mL of hiPSC medium and

through 100 pm cell strainer.

. Transfer the cell clump suspension to a 15 mL tube. Centrifuge

at 100 x g for 5 min, and then aspirate the supernatant.

. Resuspend the cell clump in 5 mL of hiPSC medium and

transfer the cell clump suspension onto a 60 mm dish that is
pre-seeded with MMC-SNL feeder cells.

Incubate at 37 °C and 5 % CO2 until cells reach 70-80% con-
fluency (see Note 4).

. Culture primary RPE cells in 100 mm dish for 14 days.
. Aspirate the medium, and wash the cells with 10 mL PBS.
. Remove PBS completely, add 0.5 mL 0.25 % trypsin/EDTA

solution, and incubate at 37 °C for 10 min. Add 10 mL RtEBM
medium (with 2 % FBS), and then transfer the cell suspension
to a 15 mL tube.

. Centrifuge at 200xg for 5 min, and then discard the

supernatant.
Resuspend the cell in 5 mL of RtEBM medium (with 2 % FBS).
Seed 1x10° cells into a 60 mm dish (see Note 5).

The procedure for differentiating hiPSCs into RPE cells was per-
formed as previously described [9, 10].

. Extract total RNA using the RNeasy Mini Kit, according to the

manufacturer’s instructions (see Note 6).

. The lysate was homogenized using a QIAshredder and on-

column DNase digestion was performed according to the
manufacturer’s instructions.

. The RNA quantity and quality were determined by measuring

the absorbance at 260 and 280 nm using NanoDrop. The
RNA concentration was calculated and the RNA samples were
stored at -80 °C.

. PCR primers and dual-labeled probes are listed in Table 1.

. Preparation of a reaction mix using the QuantiTect Probe

RT-PCR kit. The primer and probe concentrations were



Table 1
qRT-PCR probes and primers [9]

TGCTGAGGCCTTCTGCGTCACACG - CTCAGCTACAAACAGGTGAAGAC ~ TCCCTGGTGGTAGGAAGAGTAAA

 CGCATGGGGTTCGGCTTCCTGTCC 'CACGGTGCGGGCATCTG - CCTICCATGTGCAGCTTACTC

TTGTTCCTCCTCAGAGTCGCTGCTGGT ~ GCTCCATGAGGAGACACCG ~ CCACAGAAACAACATCGATTTCTTC

KLF4  ACCTGCGAACCCACACAGGTGAGAAAC ~ CCTACACAAAGAGTTCCCATCICA  CCGTCCCAGTCACAGTGGTA

88l
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3.5 Quantification

3.6 Detection
of Undifferentiated
hiPSCs Using qRT-PCR

3.6.1 [Identification
of Highly Selective Markers
for Undifferentiated hiPSCs

3.6.2 hiPSC-Spiked
Sample Analyzed Using
the Lin28/qRT-PCR Method

100
g 10
@
Q 1
=
£ o4
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\§\ O{b O+ V\@O ng' ‘&\, ng\

Fig. 1 The relative mRNA expressions in primary RPE cells of LIN28, OCT3/4,
SOX2, NANOG, REX1, KLF4, and C-MYC were determined by qRT-PCR analysis
[9]. All values are expressed as mRNA levels relative to those in undifferentiated
hiPSCs. Results are means x standard deviation (n=3)

determined to be 400 nM and 100 nM, respectively, in a final
reaction volume of 25 pl. 250 ng of total RNA (5 pL of 50 ng/
pL total RNA) was used as template (see Note 7). Prior to
amplification, the contents of each reaction were mixed by
spinning the plate for 2 min at 700xg. The optimal thermal
cycling conditions were 50 °C for 30 min and 95 °C for 15 min
followed by 45 cycles of 94 °C for 15 s and 60 °C for 1 min.

Data analysis based on a standard curve method: A 201B7 total
RNA dilution series (10, 3, 1, 0.3, 0.1, 0.03, 0.01, 0.003, and
0.001 ng/ulL) was prepared as a standard curve.

Target gene expression levels were normalized to those of the
GAPDH transcript, which were quantified using TagMan human
GAPDH control reagents.

To identify highly selective markers for undifferentiated hiPSCs, we
compared the OCT3/4, KLF4, C-MYC, SOX2, NANOG, LIN28,
and REXI mRNA levels in hiPSCs and primary RPE cells (Fig. 1).
Primary RPE cells were found to endogenously express C-MYC at
25.49 % of the levels observed in hiPSC, which was consistent with
the previous finding that MEF expressed C-MYC at approximately
20 % of levels observed in mouse ES cells [11]. KLF4 and REX1
expression levels in primary RPE cells were 3.51 % and 2.23 %,
respectively, compared with hiPSCs. However, there was more than
a 1,000-fold difference in NANOG (0.07 %), SOX2 (0.06 %),
OCT3/4 (0.01 %), and LIN28 (not detected) gene expression
between primary RPE cells and hiPSCs. These results suggested
that the latter four genes are useful in detecting hiPSCs in RPE cells.

We then conducted two sets of gRT-PCR assays to evaluate the
utility of these marker genes to detect spiked hiPSCs in primary
RPE cells. We first measured NANOG, OCT3/4, and LIN28
mRNA levels in five lots of primary RPE cells (the negative control)
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Fig. 2 qRT-PCR analysis of hiPSCs spiked into primary RPE cells and five lots of
primary RPE cells [9]. Single-cell hiPSCs were spiked into primary RPE cells, and
total RNA was isolated from the mixed cells. The mRNA levels of NANOG, OCT3/4,
and LIN28 are shown as a relative expression. Limit of detection was calculated
as the mean plus 3.3-fold the standard deviation of the measurement of the five
lots of primary RPE cells. All values are expressed as mRNA levels relative to
those in undifferentiated hiPSCs. Results are means + standard deviation (n=3)

to determine the LLOD. Limit of detection was calculated as the
mean plus 3.3-fold the standard deviation of the measurement of
the five lots of primary RPE cells [12]. The LLOD for NANOG
and OCT3/4 mRNA was 0.45 % and 0.04 %, respectively, com-
pared with hiPSCs (Fig. 2). The LLOD for LIN28 could not be
calculated because no fluorescent signal for LIN28 expression was
detectable in the primary RPE cells. These results along with
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3.6.3 hiPSC-Derived RPE
Analyzed Using the LIN28/
qRT-PCR Method
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Fig. 3 LIN28 expression of hiPSCs differentiating into RPE and purified hiPSC-
derived RPE cells (passages 3 and 4) [9]. All values are expressed as mRNA
levels relative to those in undifferentiated hiPSCs. Results are means = standard
deviation (n=3)

experiments spiking 2.5x10* (1 %), 2.5x10° (0.1 %), and 2.5 x 10?
(0.01 %) hiPSCs into 2.5 x 10° primary RPE cells (Fig. 2) indicated
that measuring NANOG, OCT3/4, and LIN28 expression using
qRT-PCRs detected at least 1 %, 0.1 %, and 0.01 % contamination
of residual undifferentiated hiPSCs in RPE cells, respectively.

We examined whether qRT-PCR analysis of LIN28 was able to
detect residual undifferentiated cells in differentiated RPE cells
from hiPSCs. Total RNA extracted from the differentiating cells
(days 5, 20, and 40) and purified hiPSC-derived RPE cells (pas-
sages 3 and 4) underwent qRT-PCR analysis. The LIN28 mRNA
level was continuously downregulated during the differentiation
process, being 0.02 % that of hiPSCs at day 40. In early passage
culture (passage 3) after purification, LIN28 was still significantly
expressed at a level 0.002 % that of hiPSCs. From passage 4 onward,
however, there was no detectable level of LIN28 expression
observed in hiPSC-derived RPE cells (Fig. 3). These results suggest
that the LIN28/qRT-PCR method detects 0.002 % of residual
undifferentiated hiPSCs in hiPSC-induced RPE cells, which indi-
cates that a single hiPSC in 5.0 x 10* RPE cells is detectable.

4 Notes

1. Change the medium every 3 days until the next passage step.

2. To prevent inactivation of CTK, do not warm 37 °C before use.
Make sure that feeder cells are dissociated, while hiPS colonies
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remain attached on the plate. Then, remove CTK solution as
soon as possible to maintain good viability of the harvested cell.

. Cuts hiPS§ colonies into uniform-sized pieces for reproducible

and optimal passaging.

. Change the medium every day until the next passage step.
. Next day, make sure that RPE cells are attached on plate, and

change the medium with RtEBM medium (without FBS).
Change the medium every 2—-3 days until the next passage step.

. In the spiking study, 201B7 and RPE cells were mixed at a

defined cell number, before total RNA extraction.

. If sufficient total RNA sample were not available, it is possible

to use 50 ng total RNA as qRT-PCR template.
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