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When we consider the risk of radiation caused by the
Fukushima Daiichi Nuclear Plant accident, we may feel the
situation to be much like the formation of rain spots on a
car. The dirty spots are difficult to tolerate by the owner of
a brand-new car but can be accepted by a used car owner
who does not clean his or her car frequently. In the course
of collecting information to prepare a webpage concerning
radiation risk on the Japanese Environmental Mutagen
Society (JEMS) homepage following the Fukushima acci-
dent, | have learned that we have already unconsciously
been exposed to an unexpected level of radiation. There-
fore, our body is not like that brand-new car affected by
rain spots or, in this case, radioactive contamination. We
are internally exposed to 4%K radiation through the foods
we eat on a daily basis, and we have already been exposed
to the 1,000-10,000 times higher background of the
nuclear fallout that occurred during the 1960s because of
world-wide nuclear bomb experiments. It is important to
know these facts to consider the excess risk derived from
the Fukushima accident and thereby learn to be more cau-
tious. Obtaining a proper answer scientifically about the
health effects of low-level radiation exposure is very
difficult when using available data on radiation biology. In-
creasing risk awareness and communication is also im-
portant together with proving the real risk of low-level radi-
ation. Radiation risk should be considered in a relative
manner by comparing it with other confounding factors,
which together can be treated as a total risk. The increased
risk posed by radiation exposure can be traded-off by
reducing other risk factors affecting our lifestyle. The most
important task for us is to transfer available scientific
knowledge to the public such that the information is more
understandable to help people make their own decisions
on how to face radiation risk.

Key words: radiation risk, risk communication, risk assess-
ment, Fukushima nuclear accident, low dose radiation

Introduction

Following the accident at the Fukushima Daiichi
Nuclear Plant on March 11, 2011, public concern was
focused on radiation risk. Because of the tragedies of
Hiroshima/Nagasaki and Chernobyl, people fear the
invisible risk of radiation. The pacifying comments
(hiding of truth) provided by radiation specialists re-

© The Japanese Environmental Mutagen Society

63

garding the safety of nuclear plants after the accident
compromised their reliability. In addition, there is a
conflict even among radiation biologists regarding the’
estimation of the radiation risk caused by the accident.
Therefore, an important task for scientists is to explain
the level of radiation risk that actually exists in a more
understandable manner.

When the accident occurred, I was a member of the
public relation office of the Japanese Environmental
Mutagen Society (JEMS). I then decided to create a
webpage on the risk of radiation to provide useful infor-
mation to the public. Throughout the course of prepar-
ing the page, I have learned many important facts about
radiation exposure that I did not know before because I
am not a radiation biologist. The most striking piece of
information for me was the high background of the
nuclear fallout that occurred during the 1960s.

Unconscious External Exposure

During the late 1950s to early 1960s, many nuclear
bomb experiments were carried out worldwide by the
US, the Soviet Union, and the UK, followed by France
and China. The experiments were initially performed in
the atmosphere and released an enormous amount of
radioactive nuclides all over the world. In Tokyo, the
nuclear fallout level reached its maximum in 1963,
which was 1,000-10,000 times higher than the normal
background before the Fukushima accident. The high
fallout level has gradually decreased but has persisted
over the decades.

Data on the environmental radiation level in the past
and present are available at the Japan Chemical Analy-
sis Center, which is directed by the Nuclear Regulation
Authority (1). Although the species of nuclear fallouts
from the nuclear bomb or the nuclear plant accident are
different, Cs-137 (**’Cs) is a common concern for a long-
lived radioactivity. Figure 1 shows the annual changes
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Fig. 1.

(Color online) Annual changes in monthly nuclear fallout (13’Cs) level in Tokyo. The graph was created at the database site of the Nuclear

Regulation Authority at http:/search.kankyo-hoshano.go.jp/servlet/search.top (on June 5, 2013). Data are available for the period 1957-2012.
Peaks in radioactivity are shown to have occurred in 1963 (atmospheric nuclear bomb experiments), 1986 (Chernobyl accident), and 2011

(Fukushima accident).

in the monthly nuclear fallout (**’Cs) from 1957 to 2011
in Tokyo. The data show that the peak after the Cher-
nobyl accident (1986) is very similar to that in 1963,
when the fallout from nuclear bomb experiments
reached its maximum. However, after the Fukushima
accident in 2011, the peak reached a level more than 10
times higher. Therefore, we have been exposed to the
highest level of fallout in history in the wake of the
Fukushima accident. This fact should have been an-
nounced at the time of the accident to reduce outdoor
exposure as much as possible, especially during rain.
Although the same data for Fukushima in 2011 were not
available on the website of the Japan Chemical Analysis
Center, the fallout level is considered to be at least
higher than that in Tokyo. Fallout in Fukushima has
nearly stopped now but the high level of fallout has al-
ready settled down in the area surrounding the nuclear
plant, making it difficult for residents living within 20
km of the plant to return to their homes. Removing
these sedimented radioactive nuclides remains an im-
portant task for the Japanese government.

I was born in 1962, when the nuclear fallout reached
its maximum level. Therefore, I grew up under the high
background radio contamination during the so-called
sensitive younger generation. At that time, unfortunate-
ly, environmental pollution from industries was much
worse than it is now in Japan. Thus, our generation has
grown up in a dangerous environment but without any
apparent health defects, such as increased incidence of
cancer. There is a chance that a careful epidemiological
survey according to annual birth groups to compare
health defects in relation to radiation exposure may pro-
vide informative data on the effects of nuclear fallout in
future.
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In addition to artificial nuclear fallouts, we are also
exposed externally to natural radiation sources such as
radon, radium, and potassium from the ground and
cosmic radiation from space. People believe that hot
springs containing radon or radium are-good for their
health, but these springs exhibit a' certain level of
radioactivity (0.1-10 uSv/h). Annually, we are exposed
to 0.48 mSv of radiation from the ground (natural
rock). The radiation background is high at the Japanese
parliament building due to the potassium-rich feldspar
containing granite used for its construction. A trans-
continental flight by aircraft causes approximately 0.1
mSv of exposure. In total, ordinary people are exposed
externally to 2.1 mSv of radiation annually (world
average), which exceeds the recommended maximum
annual additional exposure level of 1 mSv set by the In-
ternational Commission on Radiological Protection
(ICRP) (2). Residents living in the high-radiation-
background area in Kerala, India, are exposed to up to 5
mSv of radiation annually, but there is no evidence for
increased incidence of cancer among the residents.

In addition, we are exposed to radiation when under-
going X-ray and computed tomography (CT) scans. A
single chest CT scan causes 6.9 mSv of radiation and an
average medical exposure in Japan is about 4 mSv,
which is far beyond the recommended maximum annual
exposure limit. The risk of medical radiation exposure
should be a greater public concern because the dose level
is relatively high.

Unconscious Internal Exposure

In addition to external exposure, we are exposed in-
ternally to natural sources of radiation. Potassium is a
one of the essential elements for humans and one of



three of the most important nutrients for plants. There-
fore, virtually every food contains potassium. Im-
portantly, potassium has a radioactive isotope, potassi-
um-40 (*°K), that is found naturally with an incidence of
0.0117%. Generally, we take more than 1 g of potassi-
um from everyday foods, and a standard adult weighing
60 kg has approximately 4,000 Bq of radioactivity due

SN Radiation
e emitted
- throughout
our body

Fig. 2. (Color online) An illustration of gamma rays released
throughout the human body. Because of internal exposure of “K,
4000 Bq radiation in human body (60 kg) is releasing. Among them,
approximately 10% (400 Bq) is the yray which passes and released
from the body as illustrated although they are not visible.

Unconscious Exposure to Radiation

to “K in his or her body, where the unit Bq denotes
nuclear decay events per second; therefore, we are ex-
posed to 4,000 “K decays every second. Approximately
899% of “K forms *“’Ca by beta decay, and the remaining
11% decays to “°Ar by electron capture and the emission
of gamma rays (Fig. 2). Therefore, our body is always
internally exposed to a certain level of radiation.

In addition to natural sources of radiation, we have
been exposed to artificial radiation through foods
contaminated by nuclear fallout. Data regarding the
radioactivity of foods are available at the same Nuclear
Regulation Authority Database site (http:/search.
kankyo-hoshano.go.jp/food). When the annual
changes in the radioactivity (*Cs) of tea leaves in
Shizuoka is plotted (Fig. 3), for example, it is clearly
seen that the level of radioactivity was high when the
level of nuclear fallout was high. It exceeded the current
food regulation level of 100 Bq/kg for '¥’Cs in 1963,
which is similar to the levels observed in the aftermath
of the Chernobyl and Fukushima accidents. In contrast,
the radioactivity of “K has been constant at approxi-
mately 100 Bq/kg. It is more difficult to suppress the
radioactivity level in dried food by per kg unit than in
normal foods. Considerations should be made based on
the amount of food consumed.

In conclusion, we are exposed internally to “K radia-
tion through everyday foods.

Relative Risk

In my presentation at the JEMS open symposium,
2013, I introduced an antique wine glass composed of
what is called ‘‘uranium glass’® as an example of
familiar radiation sources. The glass contains uranium,
which fluoresces under UV light (Fig. 4). Uranium glass
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(Color online) Annual changes in '¥’Cs in tea leaves in Shizuoka. The graph was created at the database site of the Nuclear Regulation

Authority at http:#search.kankyo-hoshano.go.jp/servlet/search.top (on June 5, 2013). Data are available for the period 1963-2011.
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Fig. 4. (Color online) Uranium glass which illuminating fluorescence
under UV light exposure.

{Air Counter §, S.T. Corporation}

| (Gelger Fukushima, Eigyoshientai)

Fig. 5. (Color online) Portable radiation counters: (left) photodiode
type (Air Counter S, S.T. Corporation) and (right) Geiger type
(Geiger Fukushima, Eigyoshientai). '

is popular among antique collectors and has been used
frequently in the past. Uranium itself presents a real
hazard by releasing beta and gamma rays. Using urani-
um glass does not pose a great risk because the amount
of uranium contained in the glass is small (0.1%) and
only beta rays are mainly released, which can be detect-
ed by a Geiger radiation detector (Geiger Fukushima,
Eigyoshientai) but not by a photodiode-based detector
(Air Counter S, S.T. Corporation) (Fig. 5). These port-
able detectors are useful for the residents in Fukushima
to make the invisible threat of radiation visible and as-
sessable. The measurements should be free from any
miss-operation and be adjusted by the standards.
When I demonstrated the fluorescence of the uranium
glass, I used UV (black) light as the illumination source
and said that ‘‘the risk posed by this uranium glass is
much lower than that posed by UV light”’. I had been
involved in research using transgenic mouse mutation
assays and understand that UV is a more powerful in-
ducer of gene mutations than X-rays. Ono et al. report-
ed on the mutagenicity of X-ray and UVB radiation in
the transgenic MutaMouse (3). An increased mutation
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Fig. 6. (Color online) LacZ mutant frequency in skin of MutaMouse
after X-ray (8 Gy) or UVB (10 kJ/m?) radiation. The mutant fre-
quency of lacZ gene was analyzed 1 week after exposure. The graph
was adopted from data obtained by Ono et al. (3).

frequency (MF) (a few times) was observed in skin after
applying a lethal dose (8 Gy) of X-ray radiation;
however, an approximately 6-fold increase in MF was
observed in skin after applying 10 kJ/m? of UVB radia-
tion (Fig. 6), a dose level easily achieved by sunlight ex-
posure for a few hours in summer. Therefore, the gene
mutations induced by UVB light is much higher than
that induced by X-ray radiation. However, not much at-
tention is paid to the risk for the genotoxicity posed by
UV light compared with that posed by X-ray radiation.
The risk of low dose levels is more understandable when
compared with other risks (relative risk) than as an
absolute value, such as 0.1% excess risk for cancer.

Way of Considering Risk
After understanding the limitation of the current level
of science in making a conclusion about the real risk of
low-level radiation, I feel that specialists in risk assess-
ment and communication or regulatory science are more
important than radiation biologists in solving the
difficult problems concerning radio contamination in
Fukushima. The level of concern about the same risk
should vary among individuals in different situations
and with different manners of thinking. The most im-
portant task for us is to transfer available scientific
knowledge to the public such that the information is
more understandable. Excessive fear of radiation is a
greater risk than that actually posed by low-level radia-
tion. Balancing the risk is important (4), and radiation
risk should be properly assessed to prevent people from
making misinformed decisions, for example,
¢ A previous non-smoker who has started smoking
after the accident due to stress caused by the per-
ceived radiation risk;
e Pregnant women who choose to have abortions be-
cause of a fear of birth defects;
o Hospitalized patients in a serious condition who are
forced to move away from the contaminated area.
Because the population in Fukushima is approximately



2 million, 2000 deaths are expected if an excess risk of
mortality is 0.1% (although it is impossible to prove
scientifically). If the risk is considered in this manner,
the excess risk may not be considered acceptable. It is
recommended that the situation be thought in a different
way: 0.1% excess risk of mortality, for example, short-
ens the lifespan of a 40-year-old person by 2 weeks on
average (although it may still not acceptable for a part
of persons). The risk should be considered together with
other risk factors. Therefore, the way in which risk is
considered and communicated is important. In addi-
tion, the importance of risk education should be empha-
sized. We do not learn about the basics of radiation risk
and biology at school. Thus, we are not good at con-
sidering and managing risk. The real risk of low-level
radiation should be taught in school to be able to
manage radiation risk in the future.

After the accident, I was embarrassed to see an article
in a weekly magazine titled ‘‘20 years later in Japan,
cancers, malformations, strange diseases, and mental
retardations’’. Mass media in Japan has frequently
overemphasized radiation risk and causing anxiety
among citizens. Sohei Kondo said in his book (5) about
the problem in mass media of aggravating the perceived
risk of radiation, ‘“However, I do not agree to punish
the mass media for their exaggerated reports that caused
a radiation phobia. The primary cause of the radiation
phobia is a concept ‘lowest level of radiation still has
toxicity,” which got to be a common sense. This is a fun-
damental thinking for a specialist for radiation protec-
tion, for which mass media broadcasts extravagantly.
Radiation specialists are lacking their efforts on telling
exposed residents that there is no scientific evidence on
the miss-concept and real information on the safety of
the low level radiation by a plain and precise manner’’.

Unresolved Questions on Radiation Risk

What level of radiation risk was posed to those
who grew up in the 1960s?: Evidence shows that
there was no apparent adverse effect among children due
to the global nuclear fallout, but an excess incidence of
cancer was reported for residents living near the Nevada
test site (6). Although the incidence of leukemia, which
can be detected early, did not clearly show an increase
due to the global nuclear fallout, solid cancers, which
are late-onset, can only be analyzed among individuals
who were exposed to the higher background during their
childhood in the 1960s because they will enter cancer-
prone ages in the coming years. The results of such anal-
ysis may provide a scientific basis for conducting a risk
assessment of low-dose radiation in relation to the
Fukushima accident.

It has also been recently reported that there was a 12
% excess relative risk of childhood leukemia per mil-
lisievert of cumulative red bone marrow dose from gam-
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ma radiation (including radon) in a control case study of
natural background radiation in Great Britain (7).

What is the scientific evidence that supports the
ICRP recommendation of 1 mSv as the acceptable
annual effective dose for radiation exposure?: A
Japanese regulatory decision against radiation protec-
tion was made based on the recommendation of the
ICRP. The recommendation was made based on availa-
ble scientific data. However, it should be noted that
there is scientific uncertainty involved, such as that asso-
ciated with the linear non-threshold model (LNT). Peo-
ple tend to believe the value to be an absolute and
authoritative one, but the scientific uncertainty involved
should be explained and resolved. This is an important
task for regulatory scientists.

When a resident in Fukushima develops cancer,
can we say that it has no relation to the excess radia-
tion cause by the accident?: Because the incidence
of cancer in normal Japanese is approximately 50%,
one out of two persons in Fukushima develops cancer.
Even if the involvement of excess radiation dosage is
very low, it is impossible to be considered zero. It seems
natural that residents in Fukushima feel that the radia-
tion caused their cancer. We need to have a scientific
tool to determine the involvement of radiation in the
development of their tumors, such as a molecular signa-
ture of radiation damage such as a specific gain of chro-
mosome band 7q11 (8), or sequence specific deletions.

Concluding Remarks

¢ A paradigm shift in risk assessment from ‘‘zero’’ to
“‘acceptable’’ risk is necessary.

» Radiation risk should not be considered alone but as a
total risk involving several factors.

o Relief and safety are independent. The concept of ac-
ceptable risk varies among individuals. Therefore,
relief is more desired than safety.

* We should consider the unconscious exposure to radi-
ation mentioned in this article.

» The most important task for us is to transfer available
scientific knowledge to the public such that the infor-
mation provided is more understandable and provides
people the opportunity to make their own decisions.

e Within the 10-km area surrounding the nuclear plant,
the ambient radiation dose is 10- to 100-fold higher
than it was before the accident, with the area showing
hot spots 1,000 times higher in intensity (June 2014).
Continuous efforts should be undertaken to reduce
ground contamination, possibly by inverting soil or
covering it with concrete.
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Quality of Pluripotent Stem Cells as Substrates Used
for Production of Cell-Processed Therapeutic Products
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Abstract

Pluripotent stem cells (PSCs), including embryonic stem cells and induced pluripotent stem cells,
have opened new avenues for regenerative medicine/cell therapy. PSCs are expected to be new
materials used for production of cell-processed therapeutic products (CTPs), especially for the treat-
ment of serious or life-threatening diseases/conditions, for which no adequate therapy is currently
available. At present, many attempts are being made to develop various types of PSC-derived CTPs.
The most ideal base camp in the stable manufacture of a CTP is a cell bank that has been well-char-
acterized, is stable, possesses the ability to propagate, can be regenerated and has a stable supply,
and finally can differentiate into the desired cells. In most cases of the manufacture of PSC-derived
CTPs, PSC bank systems are developed to supply substrates for stable production of the final prod-
ucts with reproducible quality. To establish quality management systems for ensuring quality, safety
and efficacy of CTPs, it is necessary to well understand the quality of the cell banks/substrates,
which have significant impacts on the characteristics of the final products. From a view point of
manufacturing biologics, based on the concept of ICH Harmonized Tripartite Guideline Q5D (ICH-
Q5D), this minireview provides a perspective on the meaning and specification method of the quality
of pluripotent stem cells as cell banks/substrates for production of CTPs.
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Pigment Epithelium-Derived Factor
Secreted from Retinal Pigment Epithelium
Facilitates Apoptotic Cell Death of iPSC
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We show that pigment epithelium-derived factor (PEDF), which is secreted from primary or iPSC-derived
retinal pigment epithelium (RPE), dramatically inhibits the growth of iPSCs. PEDF is detected abundantly
in culture supernatants of primary or iPSC-derived RPE. Apoptotic cell death is induced in iPSC when
co-cultured with RPE, a process that is significantly blocked by addition of antibody against PEDF. Indeed,
addition of recombinant PEDF to the iPSC cell culture induces apoptotic cell death in iPSCs, but the
expression of pluripotency related-genes is maintained, suggesting that PEDF causes cell death, not
differentiation, of iPSCs. To recapitulate this event in vivo, we examined tumor formation in NOG mice
after subcutaneous injection of iPSCs with or without an iPSC-derived RPE sheet (2.5 X 10° RPE cells). We
observed that the tumor forming potential of iPSCs was significantly suppressed by simultaneous
transplantation with an iPSC-derived RPE sheet.

4 ell therapy using embryonic stem cells (ESC) or induced pluripotent stem cells (iPSC) has already entered
the scope of clinical application. Indeed, a clinical trial using ESC derived-RPE cells for Stargardt’s disease

"t and the dry type of age-related macular degeneration (dry AMD) has been initiated’. Clinical trials using
autologous iPSC-derived RPE for the wet type of age-related macular degeneration (wet AMD) are also being
planned by several groups®.

However, tumor formation from residual undifferentiated iPSCs or ESCs is an issue to be evaluated carefully in
the transplantation of pluripotent stem cell-derived tissue products. This issue becomes more serious in the case
of transplanting autologous iPSC-derived cells or tissues at sites lacking an immune barrier. The tumor forming
potential of the remaining undifferentiated iPSCs in iPSC derived-cell products should be examined by taking
into account the number of iPSC-derived cells to be transplanted, and the micro-environment of the transplanta-
tion site. The method and its sensitivity to detect the remaining iPSCs are also key issues to assure the safety of
transplantation of iPSC-derived cell products. ‘

We recently reported a method that was highly sensitive for the detection of residual iPSCs in iPSC-derived
retinal pigment epithelium (RPE). It relied on qRT-PCR using primers for the LIN28A transcript’. With this
method, we could theoretically detect iPSCs equivalent to 0.01% of the total cell product. Considering the fact that
we plan to transplant 4 — 8 X 10*iPSC-derived RPE cells in a clinical setting, we should be able to detect the few
residual iPSCs in the iPSC-derived RPE prior to transplant. Apart from the development of a sensitive residual
iPSC detection method, it is important to explore the paracrine effects originating from differentiated iPSCs and/
or host tissues on residual iPSCs. Secreted factors could have profound effects on iPSCs and their derived products
after transplant. For example, RPE is known to secrete a variety of cytokines, connective tissue proteins, extra-
cellular matrix proteins, complement factors, proteases, and protease inhibitors®. In this report, we studied the
non-autonomous trans-effects of RPE on iPSCs and discuss the safety concerns for tumor formation from
residual iPSCs in iPSC-derived RPE.

Results

Differentiation of iPSC into RPE cells. In an effort to establish a robust differentiation protocol for pluripotent
stem cells into retinal pigment epithelium (RPE), the differentiation protocol shown in Figure 1A was used. In this
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Figure 1 | Characterization of pigment epithelial cells derived from iPSC. (A) Protocol for differentiation to RPE from iPSC clone. (B) Phase contrast
images of primary RPE (left panel) and iPSC clone 253G1-derived RPE (right panel). Scale bar = 50 pm. (C) Expression of pluripotency-related

undifferentiated marker genes (LIN28A and POUS5FI) and RPE-specific genes (RPE65, RLPBI, and BESTI) detected by qRT-PCR. GAPDH was used for
internal gene expression control. (D) Immunofluorescence staining of tight junction protein ZO-1. Secondary antibody Alexa 488 was used to visualize

the staining. Scale bar = 50 pm.

report, we used a commercially available iPSC clone 253G1° (Riken
Bio Resource Center, Tsukuba Japan) as a cell source for RPE
differentiation to present a reproducible profile of iPSC-derived
RPE. RPEs are sporadically pigmented, polygonal in shape, and
grow in monolayers when cultured in dishes. iPSC clone 253Gl
derived-RPE and primary RPE showed the same morphology in
microscopic observation (Fig. 1B). To determine whether iPSC-
derived RPE cells possessed the characteristic gene expression of
primary RPE, the expression of RPE65, RLPBI, and BESTI1 was
analysed by RT-PCR. 253Gl-derived RPE cells expressed the
RPE65, RLPBI, and BESTI messages, but not pluripotency-related
genes such as LIN28A and POUS5FI (Fig. 1C). Tight junction specific
protein, ZO-1 was also detected both in 253G1-derived RPE and
primary RPE by immunofluorescent staining (Fig. 1D).

Cell growth of iPS cells co-cultured with iPSC-derived RPE was
drastically perturbed. To explore the effect of factors secreted by
iPSC-derived RPE on iPSCs in vitro, we conducted co-culture
experiments (Fig. 2A). iPSCs seeded on Matrigel-coated culture
(Transwell) inserts were co-cultured with iPSC-derived RPE
seeded on CELL start-coated dishes in iPS medium (ReproFF2
supplemented with bEGEF). The iPSCs in the culture insert were
harvested every four days and the cell number was scored. We
found that the proliferation of iPSC was significantly inhibited by
co-culturing with iPSC-derived RPE (Fig. 2B,C). It is notable that a
similar trans-effect was observed when iPSCs were co-cultured with
primary RPE (Supplementary Fig. 1A-C). Marked inhibition of the
growth of iPSCs co-cultured with iPSC-derived RPE was, at least
partly, mediated by apoptotic cell death, as shown by the presence
of TUNEL-positive cells (Fig. 2D, E). Furthermore, immunostaining
and qRT-PCR study of the remaining iPSCs in co-culture showed
that the expression of pluripotent-related genes (such as LIN28A,
POUSFI, and NANOG) was markedly reduced, suggesting that the
conditioned medium from iPSC-derived RPE induced cell death and
at the same time promoted differentiation of iPSCs (Fig. 2E,G).

This observation prompted us to explore the factors from iPSC-
derived RPE and primary RPE that had a trans-effect on iPSC cell
proliferation. We performed microarray analysis with the GeneChip®
system (Affymetrix), studying primary RPE, the 253G1-derived RPE
and the parent iPSC clone 253G1. Several secreted factors were iden-
tified, with high message expression in both primary RPE and iPSC-
derived RPE but only low/no expression in iPSC. For example,
pigment epithelium-derived factor (PEDF), vascular endothelium
growth factor (VEGF), bone morphogenetic protein 4 (BMP4),
microsomal glutathione S-transferase (MGST), and glutathione S-
transferase mu3 (GSTM3) showed high levels of message [Supple-
mentary Table 1 and Data Set in GEO http://www.ncbi.nlm.nih.gov/
gds (GEO number: GSE43257)]. Among those molecules, PEDF,
VEGF, BMP4 have been reported to affect differentiation, prolifera-
tion, migration, and apoptosis®®'! Thus, they were extracted and
examined for a trans-effect on iPSCs.

Apoptotic cell death of iPSC is partly mediated by PEDF. Using a
specific anti-PEDF antibody, PEDF protein (with a size of 50 kDa)
was detected by Western blotting (Fig. 3A) in the conditioned
medium of iPSC-derived RPE, and in cell lysates of both iPSC and
iPSC-derived RPE. Fresh iPSC medium (medium without co-
culturing) was used as a control sample. The amount of PEDF
present after 24 h of cell culture (24 hours after changing with
fresh medium) was measured by ELISA. The conditioned media
from both primary RPE and iPSC-derived RPE contained a
considerable amount of PEDF (more than 1 pug/mlL) (Figure 3B).
VEGF and BMP4 in the conditioned media from primary RPE or
iPSC-derived RPE cell cultures were detected by ELISA (Supplemen-
tary Fig. 2A,B). However, addition of 0.1 pg/mL, 5 pg/mL, or 20 pg/
mL of recombinant VEGF (xVEGF, Peprotech), or 0.02 pg/mL,
1 pg/mL, or 4 ug/mL of rBMP4 (Peprotech) failed to alter cell
growth markedly (Supplementary Fig. 2C). Then, we examined the
effect of PEDF on the growth of iPSCs. To address this, a specific
neutralizing antibody for PEDF (BioProducts, MD) was added to the
co-culturing system and the proliferation of iPSCs in the culture
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alone (w/o co-culture) or co-cultured with 253G1-derived RPE. Mean results (with SD) from four independent experiments. *¥, P < 0.005, compared as
indicated. (F) 253Gl cells co-cultured with 253G1-derived RPE markedly lost the expression of undifferentiated marker Oct3/4 (POUSF1) after six days of
culture. Cells were stained with antibody for Oct3/4 (POUSF1), and then visualized with secondary antibody Alexa 488 (green, right panels). Nuclei were
stained with DAPI (blue, left panels). Scale bar = 200 um. (G) Fold-decrease of indicated mRNAs in iPSC resulting from co-culturing with iPSC-derived
RPE. mRNA levels of LIN28A, POU5SFI or NANOG in 235G1 were measured by quantitative RT-PCR. GAPDH was used as an internal control to

normalize the mRNA levels of these genes. Mean results (with SD) derived from three independent experiments. **, P < 0.005, compared as indicated.

| 3:2334 | DOI: 10.1038/srep02334 3



(gl PEDF jn sulttire mdeim

18

+ PEDF P SUSSS——— - .
1.PSCH [ - F———— . - -
: @ A € 267 [ RE— NS

. 28351 dariven 108 con iyt g B, %,%

0 7416 %% <«

the prssinen of contral G

e

PSE contl
iz

funing wilth IPHT detived- RPE i

wie go-cukiute
wit snagpat

DARL TUNEL agsey
- - T
E 0
. WG O RRG  akis th
i v teagent | with lgG «-PEDF Al

co-tultgre with
RPE with IgG

% TUNEL useay positive cells
oo-ulture il h ol
REE vt
«PEOF A

il
1

DAPE Oeria

. : ol S mm
i i S . 2o Wt - otiiie s odLatiie Wik
wiogo-cullure amianmaa e Sl B i ieagan | WhIGG W REDF A
wio reagent g 5
3 el A Fold-decronie by RT-qPCR mHMA

B woio co o and v eagoent

i oguhi g adh igG

{3 eocvinsto and with @ PEUF Ab

co-critire willy o 5 -
‘ 5 : i -
Regwith | i - .
PEOF AL . : El % :
: N RO [

Figure 3 | Addition of antibody against PEDF blocked apoptotic cell death in iPSC induced by co-culture with RPE.. (A) Western blot of iPS fresh culture
medium, 253Gl sup, 253G1-derived RPE sup and recombinant PEDF, or cell lysates of 253G1 and 253G1-derived RPE using an anti-PEDF specific
antibody. Detection of actin was used as a loading control for cell lysates. (B) Quantitation of PEDF in iPSC fresh culture medium, 253G1 sup, primary RPE
or 253G1-derived RPE conditioned medium by ELISA. Mean results of three independent experiments (with SD). (C) Phase contrast images of 235G1 co-
cultured with 253G1-derived RPE in the presence of control IgG1 or anti-PEDF antibody on the designated day of culture. Scale bar = 500 pm. (D) Fold-
change in the number of 253G1 cells co-cultured with 253G1-derived RPE in the presence of IgG1 or anti-PEDF antibody after six days of incubation. Cell
counts were compared to 253G1 cultured alone without reagent. Mean results of four independent experiments (with SD). *, P < 0.05. (E) 235Gl co-
cultured with 253G1-derived RPE in the presence of control IgG1 or anti-PEDF antibody after six days of culture were examined by TUNEL assay visualized
as white spots. 253G1 cultured alone without reagent was used as the control. Scale bar = 200 pum. (F) Ratio of TUNEL assay-positive 253Gl cells to DAPI
positive cells when 253G1 cells were co-cultured with 253G1-derived RPE in the presence of control IgG1 or anti-PEDF antibody after six days of incubation.
Mean results (with SD) from four independent experiments. *, P < 0.05, compared as indicated. (G) 253Gl cells co-cultured with 253G1-derived RPE
markedly lost the expression of undifferentiated marker Oct3/4 (POUSF1) after six days of incubation. Cells were stained with antibody for Oct3/4, and then
visualized with secondary antibody Alexa 488. Nuclei were stained with DAPL. Scale bar = 200 pm. (H) Fold-decrease of indicated mRNAs in iPSC resulting
from co-culturing with 253G1-derived RPE. mRNA levels of LIN28A, POUS5FI and NANOG were measured by quantitative RT-PCR. GAPDH was used as
an internal control to normalize the mRNA expression levels. Mean results of three independent experiments (with SD). **, P < 0.005.
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inserts was examined. Growth inhibition of 253G1 cells co-cultured
with 253G1-derived RPE was observed in the presence of control
IgG. However, growth inhibition was efficiently blocked by anti-
PEDF antibody (Fig. 3C). Almost half of the iPSCs were rescued
by addition of 5 pig/mL polyclonal anti-PEDF neutralizing antibody
(Fig. 3D). Specifically, it appeared that neutralizing antibody against
PEDF reduced apoptotic death of iPSCs (Fig. 3E, 3F). Based on this
experiment, we concluded that PEDF induced cell death of iPSCs.

Next, we examined whether PEDF could promote differentiation
of iPSCs as well as induce cell death. iPSCs co-cultured with RPE in
the presence of control IgG initiated differentiation as evidenced by a
decrease of LIN28A, POU5F1 and NANOG message levels. This
message reduction was not attenuated by the addition of anti-
PEDF antibody (Fig. 3G, 3H), suggesting that PEDF contributed to
the induction of iPSC death but not to iPSC differentiation. VEGF
and BMP4, known to induce pluripotent stem cell differentiation,
were also detected in the RPE-conditioned medium by ELISA
(Supplementary Fig. 2 A, B). We hypothesize that those factors could
contribute to the differentiation of iPSCs. However, most iPSCs are
subject to cell death by PEDF in RPE-conditioned medium (Fig. 2B,
C). Thus, the differentiation of the remaining iPSCs induced by these
factors, if any, might well be masked.

To directly address the effects of PEDF on the growth of iPSC, we
used recombinant PEDF protein (fPEDF, Millipore). The biological
activity of procured rPEDF was titered with human umbilical vein
endothelial cells (HUVEC), as PEDF reportedly has anti-angiogenic
function'? Indeed, the conditioned medium from RPE showed a cell
growth inhibitory effect on HUVEC (Supplementary Fig. 3A). Thus,
we examined several doses of rPEDF (Supplementary Fig. 3B) for its
growth inhibitory effect on HUVEC. We found that 50 pig/mL PEDF
possessed a biological effect on HUVEC comparable to that of 1/4
volume of conditioned medium mixed with HUVEC medium (M-
200 supplemented with LSGS). There was no cell growth inhjbitory
effect under 50 pg/mL of rPEDF. Therefore, we used 50 pg/mL of
rPEDF for further examination of the effect of rPEDF. At 50 pg/mL
rPEDF, we observed increased apoptosis in HUVECs (Supplemen-
tary Fig 3C), as well as a growth inhibitory effect (Supplementary Fig
3D). To rule out the possibility that the high dose of recombinant
protein contained various non-specific factors that might have non-
specifically induced cell death, neuroblastoma SK-N-BE (2) and
primary RPE cells were cultured with 50 pg/mL of rPEDF. We found
that 50 pg/mL rPEDF did not change either the morphology or
reduce the number of neuroblastoma cells (Supplementary Fig. 3E)
or primary RPE (Supplementary Fig. 3F).

One plausible explanation for the marked gap in dosage between
the amount of PEDF in the conditioned medium and the biologically
relevant dose of rPEDF would be low biological activity of rPEDF due
to altered post-transcriptional modification of PEDF when it is pro-
duced in Baby Hamster Kidney cells. Fifty pg/mL rPEDF inhibited
cell growth of iPSC (Fig. 4A,B) and induced apoptotic cell death as
evidenced by TUNEL assay (Fig. 4C,D). It is interesting to note that
50 pg/mL of rPEDF also induced apoptotic cell death in human ES
cells (khESO1) (Supplementary Fig.4). The morphology of the
remaining iPSCs after rPEDF addition was the same as untreated
iPSC (Fig. 4A). Moreover, reductions in the messages of pluripotency
related-genes LIN28A, POU5F1, and NANOG in the remaining cells
were not observed (Fig. 4E). The cell number counted by scoring
DAPI-positive cells after rPEDF treatment was not constant. That
may account for the up-regulation of message of pluripotency
related-genes after addition of rPEDF.

We next explored the PEDF-mediated signal pathway leading to
apoptosis in iPSCs. Western blotting detected phosphorylation of
p38 mitogen-activated protein kinase (MAPK) and cleaved cas-
pase-3 after rPEDF stimulation of iPSC (Fig. 4F,G). Taken together,
it is conceivable that PEDF induced the apoptotic death of iPSC, but
did not induce differentiation of iPSC.

RPE cell sheet suppressed tumor formation potential of iPSC
when co-transplanted in vivo. We plan to transplant a cell sheet
of RPE to the retinas of patients who suffer from aged macular
degeneration. Specifically, we will use one to two RPE cell sheets
(1.3 mm X 3 mm), consisting of approximately 2 — 5 X 10* RPE
cells. The RPE sheet is prepared on a collagen gel [Kamao H, et al.
manuscript submitted]. The possibility of tumor formation from
residual undifferentiated iPSCs or incompletely differentiated cells
in an iPSC-derived product after transplant remains an issue. To
evaluate the trans-effect of RPE on the remaining iPSCs after
transplant to the retina, we set up a series of iPSC “spike tests” in
the presence of RPE sheets using immunosuppressed animals. We
tested the tumor formation potential in several immunosuppressed
animals by injecting several doses of iPSCs either subcutaneously or
in the retina. Recipient animals included rat (nude rat: F344/NJcl-
rnu/rnu) and mouse (Nude: BALB/cA, JCl-nu/nu; SCID: C.B-17/
Icr-scid/scid; Jcl; NOD-SCID: NOD/ShiJic-scid, Jcl; NOG: NOD/
Shific-scid, IL-2Ry KO Jic). We found the NOG mouse was the
most sensitive animal in terms of tumor formation from iPSCs and
HeLa cells when injected subcutaneously with Matrigel (BD), in
agreement with a previous report’®. Then, 10% 10°, or 10* iPSCs
(clone 253G1 or 454E2) were co-transplanted into NOG mice
subcutaneously without or' with iPSC clone 253Gl or a 454E2
derived-RPE sheet consisting of approximately 2.5 X 10° RPE
cells. The mice were monitored for tumor development at the site
of injection for 30 weeks. Three-way ANOV A (factors: dose of iPSCs,
clone of iPSCs, presence of RPE cell sheet) and the post-hoc Student-
Neuman-Keuls test for latency of tumor formation indicated that
tumors appeared significantly earlier in the groups inoculated with
10* or 10* iPSCs, compared with that inoculated with 10? iPSCs.
(Fig. 5, P < 0.001). More importantly, the statistical analysis indi-
cated a significant difference between the groups with and without
RPE sheet (P < 0.01), whereas there was no difference between the
iPSC clones.

Discussion
In this report, we demonstrated that both primary and iPSC-derived
RPE secreted PEDF that induced apoptosis in iPSC.

To elucidate the mechanism by which the tumor (teratoma) form-
ing capacity of iPSCs was suppressed when the RPE cell sheet was
co-transplanted, additional studies are required. It is possible that
nonspecific effects of the transplanted RPE sheet could compete with
the tumor for endogenous growth substrates. Alternatively, it might
induce the host immune system to attack co-transplanted cells or
reduce the size of the tumor through an anti-angiogenic effect of
PEDF as reported'®"”. However, we have some suggestive data per-
tinent to this issue. Effect of PEDF on cell growth in vitro varies
depending on cell type. Indeed, reduction of HeLa cell number was
not drastic compared with that of iPSC cell number after the RPE
conditioned medium treatment (Supplementary Fig. 5A). In this
context, HeLa cells formed tumors when as few as one hundred cells
were injected into the retinas of nude rats (TPDsq = 32). In contrast,
injection of as many as one thousand hiPSCs into nude rat retinas did
not generate teratomas (TPDsy = 31623) (Supplementary Fig. 5B).
These experiments suggested that a non-autonomous effect of RPE
in vivo, if any, is cell-type specific, and that RPE selectively suppress
the growth of iPSCs when iPSCs are transplanted in RPE or co-
transplanted with RPE.

Considering the fact that we plan to transplant 4 — 8 X 10*iPSC-
derived RPE cells in a clinical setting and have developed a highly
sensitive iPSCs detection system using gqRT-PCR? (theoretically cap-
able of detecting iPSCs in RPE cells when iPSCs constitute only
0.01% of the total cell product), the chances of a tumor formation
from the undetectably low number of residual iPSCs in iPSC-derived
RPE cell sheet following the transplantation should be extremely low
in the presence of PEDF secreted from RPE.
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Figure 4 | Recombinant PEDF (rPEDF) induced apoptotic death in iPSCs. (A) Phase-contrast images of iPSC clone 253G1 without or with rPEDF
(50 pg/mL) after four days of culture. Scale bar = 200 pm. (B) Fold-change in the number 0f 253G1 cells cultured with rPEDF (50 pg/mL) after four days
of culture, compared with the number of 253G1 cells cultured without rPEDF. Mean results of three independent experiments (with SD). *, P < 0.05,
compared as indicated. (C) Apoptotic death of 253G1 cells was examined by the TUNEL assay and visualized as white spots (right) after four days of
culture. Nuclear staining with DAPI is shown on the left. Scale bar = 200 pm. (D) Ratio of TUNEL positive cells to DAPI positive cells, as a percentage,
when cultured with or without recombinant PEDF. Mean results of three independent experiments (with SD). *, P < 0.05, compared as indicated. (E)
mRNA levels of LIN28A, POU5F1 and NANOG in 253G1 cells after four days of culture without or with rPEDF (50 pig/mL) were measured by gRT-PCR.
GAPDH was used as an internal control to normalize mRNA expression levels. Fold-decrease or increase of respective mRNAs in iPSC. Mean results of
three independent experiments (with SD). (F) Left panels: phosphorylated p38 MAPK (P-p38) or p38 MAPK (p38) after six hr serum starvation of iPSCs
(—), and five min (5 min) or 15 min (15 min) after addition of PEDF (50 pg/mL) [PEDE(+)]. Proteins were detected by Western blotting with specific
antibody. p38 was used as an internal control. Right panels: phosphorylated p38 MAPK (P-p38) in serum starved iPSCs (-), 10 min after addition of
PEDF (50 pg/mL) in the absence (PEDF + DMSO) or presence of p38 inhibitor SB203580 (PEDF + SB203580). Proteins were detected by Western
blotting. (G) Cleaved Caspase-3 after six hr serum starvation of iPSCs [—], or ten min after addition of PEDF (50 pg/mL) [PEDF(+)] was detected by
Western blotting with specific antibody.

PEDF is a 50 kDa secreted protein that is also known as serpin
F1'!%, PEDF is reported to possess various biological functions
including inhibition of endothelial proliferation® and angiogen-
esis'®!’, as well as neurophilic functions'®!** and induction of apop-
tosis®?, after binding to its receptor®. PEDF enhances gamma
secretase activities leading to cleavage of VEGF receptor-1** and
VEGF receptor-2%, and induces an anti-angiogenic protein, throm-
bospondin®. With regard to angiogenesis and endothelial cell pro-
liferation, RPE secretes both counter-acting PEDF and VEGF. RPE,
however, maintains the microenvironment and the structure of the
retina by secreting these factors into a different side of the retinal

membrane. These facts necessitate RPE sheet transplantation in the
proper orientation rather than as single RPE cells to ensure the
function of retina. PEDF is reported to promote the differentiation
of primitive retinal cells’’and retinoblastoma cells'’, but the effect of
PEDF on iPSC seems to be limited to induction of apoptotic cell
death, not neural differentiation of iPSC.

PEDF reportedly stimulates several signal pathways: including
activation of Ras, NF-kB', FAS/FASL'?, PPAR-gamma, and the
p53-mediated pathway”. The p38 MAPK-mediated cleavage of
caspases is also reported in endothelial cells®. In this study, we
showed the activation of p38 and cleavage of caspase-3 after
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Figure 5 | iPSC clones 253G1 or 454E2 (10% 10° and 10* cells) were subcutaneously transplanted to NOG mice (three per group) without or with a
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mice without tumor formation are shown as symbols below the X-axis.

rPEDF stimulation in iPSC (Fig. 4F). Therefore, it is conceivable that
p38 MAPK-dependent cleavage of multiple caspases could lead to
apoptosis in iPSC after PEDF stimulation. Recently, it was reported
that PEDF activated ERK1/2 and maintained growth of hESC?. They
used 100 ng/mL rPEDF to show activation of ERK1/2 in serum-
starved hESC, and ERK1/2 inhibitor PD98059 inhibited growth of
hESC. Based on these experiments, they concluded that PEDF main-
tained cell growth of hESC via ERK1/2 activation. ERK1/2, key signal
molecules, activate multiple signals leading to various biological res-
ponses. Blocking ERK1/2 activities will inevitably suppress multiple
critical cellular responses and not necessarily address a PEDF spe-
cific-signal event. In our experiments, we did not observe a biological
process resulting from rPEDF stimulation below 50 pg/mL
(Supplementary Fig. 3B). Thus, we believe 100 ng/mL rPEDF might
be enough to initiate ERK1/2 signaling, but not enough to initiate
cellular events in hiPSC or hESC.

In summary, we showed a novel effect of PEDF on the survival of
remaining iPSCs in iPSC-derived RPE and suggest further applica-
tion of PEDF in pluripotent stem cell-based cell therapy in the future.

Methods

All the experiments using human samples and animal studies were approved by the
IRB of the Foundation for Biomedical Research and Innovation (FBRI) and Riken
Center for Developmental Biology (Riken CDB), and the committee for animal
experiments of the FBRI.

Cell culture. Human primary retinal pigment epithelium (RPE, Lonza) was
maintained in Retinal Pigment Epithelial Cell Basal Medium (Lonza Biologics, Basel,
Switzerland) containing supplements (L-glutamine, GA-1000, and bFGF; Lonza).
Human iPS cell (iPSC) lines 253G1° [Riken Bio Resource Center (Tsukuba, Japan)]
and 454E2¢ were maintained on feeder cell SNL in human ES cell culture medium
and 5 ng/mL bFGF (Peprotech). iPSCs were cultured in ReproFF2 (ReproCELL)
supplemented with 5 ng/mL bFGF medium. iPSC-derived RPE*® was maintained in
RPE maintenance medium [DMEM:F12 (7 :3) (Sigma-Aldrich) containing B-27
supplement (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.5 mM SB431542
(Sigma-Aldrich) and 10 ng/mL bFGF (Wako)] . HUVECs (BD™) were maintained

in M-200 supplemented with LSGS and neuroblastoma cells (SK-N-BE (2), ATCC)
were cultured in DMEM containing 10% FBS.

Cell growth of iPSCs, HUVECs and neuroblastoma cells in the absence or presence
of recombinant PEDF or anti-PEDF antibody. 253G1 cells were seeded in Matrigel
(BD Bioscience)-coated 12-well Transwell cell culture inserts with an 8 pum pore size
(BD). They were co-cultured with primary RPE or 253G1 derived-RPE seeded on the
bottom of dishes in ReproFF2 medium supplemented with bFGF in the absence or
presence of one to 50 pg/mL rPEDF (Millipore, cat # GF134 lot: DAM 1821182) or
5 ug/mL polyclonal anti-PEDF blocking antibody (cat # AB-PEDF1, BioProducts
MD)*#*%2 or 5 pg/mL non-functional control rabbit IgG (Santa Cruz). Cell growth
of 253G1, HUVEC, neuroblastoma and primary RPE in the absence and presence of
50 pg/mL rPEDF was evaluated after four to 6 days of culture (without co-culture).

Chip analysis. Total RNA from 253G1 or 253G1-derived RPE was isolated with a
RNeasy Plus Mini Kit (Qiagen) in accordance with the manufacturer’s instruction
and hybridized with Gene Chip Human Genome U133 Plus ver. 2.0 (Affymetrix).
Hybridized microarray data were scanned with a GeneChip Scanner 3000 7 G.
Analyzed data can be retrieved from the GEO http://www.ncbi.nlm.nih.gov/gds/. Our
GEO data set number is GSE43257.

ELISA. Levels of PEDF, VEGF or BMP4 in primary RPE or iPSC (253G1)-derived
RPE culture medium (conditioned medium) collected after 24 h of culture were
determined with human ELISA kits (PEDF, BioVendor; VEGF, eBioscience; BMP4,
RayBiotech) in accordance with the manufacturers’ instructions.

gRT-PCR. Total RNA was isolated with the RNeasy plus Mini Kit (Qiagen) in
accordance with the manufacturer’s instructions. Contaminating genomic DNA was
removed using a gDNA Eliminator spin column. cDNA was generated from one pg of
total RNA using PrimeScript RT Master Mix (Takara Bio) and PrimeSTAR MAX
DNA Polymerase (TaKaRa Bio). Real-time PCR was then performed with an ABI
7000 Sequence Detection System (Applied-Biosystems) and SYBR-green in
accordance with the manufacturer’s instruction. The primers designed for real-time
PCR were as follows: for LIN28A, forward primer, 5- CTGTCCAAATGCAA
GTGAGG-3, reverse primer, 5-GCAGGTTGTAGGGTGATTCC-3’; for POUSFI,
forward primer, 5'- GAAGGTATTCAGCCAAACGAC-3’, reverse primer, 5'- GTT
ACAGAACCACACTCGGA-3’; for NANOG, forward primer, 5'- CTCAGCTACA
AACAGGTGAAGAC-3', reverse primer, 5'- TCCCTGGTGGTAGGAAGAG
TAAA-3'; for RPE65, forward primer, 5'- ATGGACTTGGCTTGAATCACTT-3’,
reverse primer, 5 -GAACAGTCCATGAAAGGTGACA-3'; for BESTI, forward
primer, 5'-ATCAGAGGCCAGGCTACTACAG-3’, reverse primer, 5'-TCCACAG
TTTTCCTCCTCACTT-3'; for RLPBI, forward primer, 5'-GACTGGGG
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