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ESCs derived from CM have been established by us and others
[15-17]. However, the growth factors used in the culture medium
are different among reports [15,17-21]. Thus, the most appropriate
growth factor and its downstream pathway for maintaining the
self-renewal of CM ESCs still remain to be determined.

In the present study, we characterized two CM ESC cell lines,
Cj11 and CM40, and found that CM ESCs were more similar to hu-
man ESCs rather than mouse ESCs in terms of their growth factor
requirement and molecular signaling pathways for self-renewal.

2. Materials and methods
2.1. CM ESC culture on mouse embryonic fibroblasts (MEFs)

CM ESC lines, CM40 and Cj11, were maintained in CM ESC med-
ium as described before [15] with or without 1:1000 LIF (Wako, Osa-
ka, Japan), 5 ng/ml bFGF (PeproTech, NJ, USA), 5 uM PD0325901
(MEK inhibitor, Wako) or 10 M LY294002 (PI3K inhibitor, Santa
Cruz Biotechnology, CA, USA). CM40 cell line was established in
our laboratory [15], and Cj11 cell line was obtained from WiCell Re-
search Institute [16]. MEFs were prepared from 13.5 dpc embryos
from ICR mice (Charles River, Japan) using established procedures
[22].

2.2. CM ESC culture under feeder-free conditions

CM40 and Cj11 ESC lines were cultured on Matrigel (BD Biosci-
ences, CA, USA)-coated dishes in Essential 8 medium (Life Technol-
ogies, NY, USA) or Essential 6 medium (Life Technologies) with or
without 1:1000 LIF (Wako), 100 ng/ml bFGF (PeproTech), 2 ng/ml
TGFB (PeproTech), 5uM PD0325901 (MEK inhibitor, Wako),
10 pM LY294002 (Santa Cruz Biotechnology).

2.3. CM ESC differentiation

Undifferentiated ESCs were detached from the feeder cells by
treatment with 0.25% trypsin (NacalaiTesque, Kyoto, Japan) for
1 min. The collected colonies were processed for embryoid body
(EB) formation assay in CM ESC medium on low cell-binding 12-
well plates (Nalge Nunc International KK, Japan) for 4 or 8 days.
Detailed protocols to differentiate CM ESCs into three germ layers
are described in “Supplementary Materials and Methods”.

2.4. Immunocytochemistry

Cells were fixed in 4% paraformaldehyde (PFA)/phosphate-buf-
fered saline (PBS) (NacalaiTesque), permeabilized with 0.3% Triton
X-100/PBS, blocked with staining buffer (2% fetal bovine serum
(FBS)/PBS). The primary antibodies used are shown in Supplemen-
tary Table 1. Nuclei were counterstained with DAPIL Images were ob-
tained under a fluorescence microscope (Axiovert 135M; Carl Zeiss,
Germany, or BZ-9000; Keyence) and then analyzed by Axiovert soft-
ware (Carl Zeiss) or BZ-Analyzer software (Keyence).

2.5. Flow cytometry (FCM)

CM ESCs were fixed in 4% PFA/PBS, permeabilized with 0.3% Tri-
ton X-100/PBS, blocked with staining buffer (2% FBS/PBS), and then
incubated with an anti-OCT3/4 antibody (Santa Cruz Biotechnol-
ogy, sc-5279 or sc-8628). The cells were detected on a FACSVerse
flow cytometer (Becton Dickinson, USA), followed by data analysis
using Flow]o software (Tomy Digital Biology, Japan).

2.6. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated using an RNeasy Mini Kit (Qiagen, USA),
and cDNA was synthesized using Superscript III reverse

transcriptase (Life Technologies). Then PCR was carried out using
the synthesized cDNA as templates and gene-specific primers
(see Supplemental Table 2). The primers were designed based on
different exons to span the intervening intron and avoid amplifica-
tion of contaminating genomic DNA.

2.7. Western blotting

Cells were incubated on ice with RIPA buffer containing prote-
ase inhibitors (Complete Mini, EDTA-free; Roche, Basel, Switzer-
land) and a phosphatase inhibitor cocktail (NacalaiTesque). The
cell lysates were then resolved by SDS-polyacrylamide gel electro-
phoresis, followed by immunoblotting. The primary antibodies
used are shown in Supplementary Table 3. The signals were de-
tected using a LAS3000 (Fujifilm, Japan). Band intensities were
measured by Image] software (NIH).

2.8. Statistical analysis

Unless otherwise noted, inter-group differences were analyzed
using analysis of variance (ANOVA) followed by the Tukey’s post-
hoc test with GraphPad Prism 5 (GraphPad Software, CA, USA).

3. Results
3.1. bFGF promotes self-renewal of CM ESCs on feeder cells

bFGF and LIF have been reported to be essential for the mainte-
nance of human and mouse ESCs, respectively [3,12-14,23-27],
and either or both of these growth factors were considered to be
required for the maintenance of CM ESCs. To determine the opti-
mal condition for culturing CM ESCs, we first examined the expres-
sion of receptors for bFGF (FGFR1, FGFR2, FGFR3, and FGFR4) and
LIF (LIFR and gp130). RT-PCR analysis demonstrated that all of
these receptors were expressed in the CM ESCs (Fig. 1A), suggest-
ing that both growth factors play important roles in the biology
of CM ESCs.

In culture, ESCs are generally known to spontaneously differenti-
ate. However, the addition of appropriate growth factors inhibits
such spontaneous differentiation. To evaluate the effects of bFGF
and LIF on the proliferation and differentiation of CM ESCs in vitro,
we passaged CM ESCs at a ratio of 1:3 every three days for three pas-
sages, and then counted the numbers of undifferentiated OCT3/4"
cells. We found that the proportion of OCT3/4" cells was unchanged
regardless of the addition of bFGF or LIF (Fig. 1B). However, the num-
bers of OCT3/4" cells were significantly increased by the addition of
bFGF, but not LIF, compared with those of controls cultured without
bFGF and LIF (Fig. 1C). Similar results were obtained when the cells
were cultured for more than ten passages (Supplementary Fig. S1
and data not shown). The above experiments were performed using
CM40 cell line, and similar results were obtained with Cj11 cell line
(Supplementary Fig. S2). These results strongly suggest that bFGF
promotes the proliferation of CM ESCs rather than maintaining the
undifferentiated state of CM ESCs.

3.2. bFGF-PI3K-AKT pathway supports self-renewal of CM ESCs on
feeder cells

bFGF and its downstream PI3K-AKT and MEK-ERK pathways are
important for the self-renewal of human ESCs [2,3,5,6]. We there-
fore examined whether these pathways were activated by bFGF for
CM ESC self-renewal on feeder cells. CM ESCs were cultured over-
night in medium lacking knockout serum replacement (KSR) and
any growth factors. Then, we added bFGF (5 ng/ml), and examined
the activation of AKT and ERK1/2 in the cells by Western blotting.
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Fig. 1. bFGF promotes self-renewal of CM ESCs in the presence of feeder support. (A) RT-PCR analysis showing the expression of FGFR1, FGFR2, FGFR3, FGFR4, LIFR, and gp130
genes in CM ESCs (CM40). (B) No effect of bFGF on the proportion of OCT3/4" cells. CM ESCs (CM40; 1.4 x 10°) were seeded on mitomycin C (MMC)-treated MEFs and cultured
with LIF (open square), bFGF (open circle), or without growth factors (control; open triangle). The percentage of OCT3/4" cells was determined by FCM. (C) Enhancement of
undifferentiated CM ESC growth by bFGF. CM ESCs (CM40; 1.4 x 10°) were seeded on mitomycin C (MMC)-treated MEFs and cultured with LIF (open square), bFGF (open
circle), or without growth factors (control; open triangle). The number of cells was then counted by trypan blue exclusion. The number of OCT3/4" cells was determined by
multiplying the number of cells by the percentage of OCT3/4" cells and the passage ratio together. Data are shown as the mean + SD (n = 4). **P < 0.01 (bFGF vs. control) and '
P <0.01 (bFGF vs. LIF). Note that all of PCR in (A) was performed with 30 cycles, and no bands were detected for FGFR expression in MEFs in (A), however, they were faintly

done when PCR was performed with 40 cycles.

The results showed that the band intensity of phosphorylated AKT
was significantly increased after the treatment with bFGF, while
that of phosphorylated ERK1/2 was not changed (Fig. 2A and B).
These data suggested that PI3K-AKT, but not MEK-ERK, pathway
was activated by bFGF in CM ESCs under feeder-dependent culture
condition.

Next, to examine whether bFGF-PI3K-AKT pathway plays any
roles in the maintenance of self-renewal of CM ESCs, the cells were
cultured in medium containing bFGF in the presence or absence of
the PI3K inhibitor, LY294002. We found that the proportion of
OCT3/4" cells was maintained at approximately 90% for at least
three passages when the cells were cultured without LY294002,
whereas it was gradually decreased when the cells were cultured
with LY294002 (dayO, 96.75+2.83% vs. day9, 57.97 +16.76%,
Fig. 2C). In addition, OCT3/4" cell proliferation was inhibited in
the presence of LY294002 (day9, bFGF, 7.61 = 1.59x10° cells vs.
bFGF+LY294002, 2.36 + 1.25x10° cells, Fig. 2D). Additionally, even
when bFGF was not added, the proportion of OCT3/4" cells was sig-
nificantly reduced by the treatment with LY294002 (Fig. 2C), indi-
cating that PI3K-AKT pathway is activated by unknown factors
from MEFs and play roles for self-renewal of CM ESCs. Overall,
these results strongly suggest that bFGF-PI3K-AKT pathway is
essential for the self-renewal of CM ESCs under feeder-dependent
culture condition.

To examine the expression of OCT3/4, we used an antibody
against amino acids 1-134 of human OCT3/4 (monoclonal
OCT3/4 antibody, sc-5279) that was known to be useful for
detecting the expression of CM OCT3/4 [28]. And recent study re-
ported that another antibody raised against amino acids 1-19 of
human OCT3/4 (polyclonal OCT3/4 antibody, sc-8628) was more
useful to detect ESC-specific OCT3/4 [29]. Thus we performed

immunocytochemistry and FCM analysis using sc-8628, and
obtained the similar results (Supplementary Fig. S3).

3.3. bFGF and TGFp signaling cooperate to maintain the
undifferentiated state of CM ESCs under feeder-free conditions

All of the experiments described above were performed with
feeder support. Thus, the various secreted factors including cyto-
kines and adhesion molecules might have affected the results. To
examine the dependency of CM ESCs on feeder cells, CM ESCs were
cultured on a high or low density of feeder cells, and then the
undifferentiated state was examined by immunocytochemistry
using an anti-NANOG antibody (Supplementary Fig. S1). We found
that CM ESCs on low-density feeder cells lost their expression of
NANOG after four passages, whereas those on high-density feeder
cells maintained NANOG expression even after ten passages
(Supplementary Fig. S1). Therefore, it is conceivable that the
self-renewal of CM ESCs is maintained by unknown factors derived
from feeder cells.

Chen et al. showed that Essential 8 medium (Dulbecco’s modi-
fied Eagle’s medium/F12 supplemented with r-ascorbic acid-2-
phosphate magnesium, insulin, transferrin, sodium selenium,
NaHCOs3, bFGF, and TGFB) supports the self-renewal of human ESCs
and iPSCs under feeder-free conditions [30]. To clarify the essential
growth factors required for maintaining the undifferentiated state
of CM ESCs, CM ESCs were cultured under feeder-free condition.
We found that CM ESCs could be cultured on Matrigel in Essential
8 medium without feeder support, although they could not be
maintained for more than three passages (data not shown). Next,
we cultured CM ESCs on Matrigel in Essential 6 medium lacking
bFGF and TGFB overnight, and then the activation of signaling
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Fig. 2. bFGF-PI3K-AKT pathway supports self-renewal of CM ESCs. (A) Western blot analysis showing the activation of AKT by bFGF in CM ESCs. CM40 cells were starved of
bFGF and KSR overnight, and then stimulated with 5 ng/ml of bFGF for the indicated durations. AKT, ERK1/2 and o-Tubulin are shown as loading controls. The relative band
intensities of p-AKT/AKT and p-ERK/ERK are shown in (B). Band intensities were measured by Image] software. Data are shown as the mean + SD. The Student’s t-test was
used to test inter-group differences. **P < 0.01. (C) Inhibition of self-renewal by LY294002. CM ESCs (CM40; 1.4 x 10°) were seeded on MMC-treated MEFs and cultured in
medium containing bFGF (open circle), control medium (open triangle), bFGF+LY294002 (closed circle) or LY294002 (closed triangle). The percentage of OCT3/4" cells was
then determined by FCM at the indicated day as shown in (C). The number of live cells was counted by trypan blue exclusion. Growth curves were generated by multiplying
the number of live cells by the percentage of OCT3/4" cells and passage ratio together as shown in (D). Data are shown as the mean + SD. bFGF, n = 4; control, n=4;
bFGF+LY294002, n = 3; LY294002, n = 3; *P < 0.05, **P < 0.01, and ***P < 0.005, bFGF vs. control; /P < 0.01 and ""P < 0.005, bFGF+LY294002 or LY294002 vs. control.

pathways known to maintain mouse and human ESCs (bFGF-PI3K-
AKT, bFGF-MEK-ERK, TGFB-SMAD2/3, and LIF-JAK-STAT3 path-
ways) were analyzed by Western blotting after the addition of
bFGF, TGFB, or LIF to the medium. We found that phosphorylation
of AKT and ERK was increased by the addition of bFGF, while it was
decreased by the treatment with LY294002 or PD0325901, sug-
gesting that both of AKT and ERK ‘were activated downstream of
bFGF under feeder-free condition (Fig. 3A and B). And the addition
of TGFB resulted in an increase of phosphorylated SMAD2/3
(Fig. 3A and B), suggesting that SMAD2/3 was activated down-
stream of TGFB. Moreover, the addition of LIF resulted in an in-
crease of phosphorylated STAT3, suggesting that STAT3 was
activated downstream of LIF (Supplementary Figs. S4B and D).
These results suggested that bFGF-PI3K-AKT, bFGF-MEK-ERK,
TGFB-SMAD2/3 and LIF-JAK-STAT3 pathways known to regulate
self-renewal of human or mouse ESCs were activated in CM ESCs
under feeder-free condition. It should be noted that ERK was not
activated by 5 ng/ml of bFGF that was used for the culture on fee-
der cells as described in Fig. 2A and B (Supplementary Fig. S4B), but
it was remarkably activated by 100 ng/ml of bFGF generally used
for feeder-free culture of human ESCs (Fig. 3A and B) [30].

Next, to determine the growth factors maintaining the undiffer-
entiated state of CM ESCs under feeder-free condition, CM ESCs
were cultured in the feeder-free system with various combinations
of growth factors, followed by analysis of their undifferentiated
state morphologically and immunocytochemically. Most of the col-
onies cultured in Essential 6 medium with bFGF, bFGF+TGFp,
DFGF+LIF, or bFGF+TGFB+LIF showed a well-packed appearance,
and a majority of the cells expressed NANOG (Fig. 3C). In contrast,
most of the colonies cultured in Essential 6 medium with TGF, LIF,
or TGFB+LIF showed an unpacked appearance, and a majority of the
cells did not express NANOG (Fig. 3C). Moreover, NANOG" and
well-packed colonies were found at the highest proportion

(98.00+0.88%) when the cells were cultured in the presence
of TGFB+bFGF (Fig. 3D). In addition, almost all of the colonies
were positive for OCT3/4, SOX2, SSEA-4, TRA1-60 and TRA1-81
(Supplementary Fig. S3), and these colony forming cells kept the
capability of differentiating three lineages (Supplementary
Fig. S5). This observation indicates that the addition of both TGFp
and bFGF is the most appropriate growth factor combination for
maintenance of the undifferentiated state of CM ESCs under
feeder-free condition, which is similar to a characteristic of
human ESCs [2,6,9-11].

3.4. CM ESCs show phenotypes similar to those of human ESCs and
mouse EpiSCs

Human ESCs and mouse EpiSCs share a number of similar phe-
notypes as shown in Table 1 [7,8]. CM ESCs formed flattened colo-
nies and expressed NANOG as well as markers for both mouse
EpiSCs and human ESCs, such as T, CER1, EOMES, FOXA2, GATAS6,
and SOX17 (Supplementary Figs. S1 and S6A) [7]. Moreover, bFGF
and TGFp signalings play crucial roles in maintaining the undiffer-
entiated state of human ESCs and mouse EpiSCs [2,7,8,11,30], and
the same roles of these signaling pathways were also found in CM
ESCs (Fig. 3C and D).

Previous reports have shown that apoptosis of human ESCs and
mouse EpiSCs is induced by culturing after complete dissociation
[31,32]. Watanabe et al. showed that dissociation-induced apoptosis
of human ESCs is suppressed by treatment with the Rho-associated
kinase (ROCK) inhibitor Y27632 [33]. To examine whether dissocia-
tion-induced apoptosis of human ESCs and mouse EpiSCs was simi-
larly found in CM ESCs, colonies of CM ESCs were dissociated into
single cells by trypsinization, and then the cells were plated on
Matrigel-coated dishes with or without Y27632. Compared with un-
treated controls, we found that Y27632-treated CM ESCs produced
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significantly more colonies, suggesting that dissociation-induced 4. Discussion

apoptosis of CM ESCs occurred and was suppressed by Y27632

(Supplementary Figs. S6B and S6C). Thus, we concluded that CM Recent advances in the field of basic research for pluripotent
ESCs are similar to human ESCs and mouse EpiSCs. stem cells such as the generation of ESCs, iPSCs and stimulus-trig-



218 T. Nii et al./FEBS Open Bio 4 (2014) 213-219

Table 1
The characters of mouse EpiSCs and mouse, human and CM ESCs.
Mouse ESCs Mouse EpiSCs Human ESCs CM ESCs
Morphology of colony Small, dome Large, flat Large, flat Large, flat
Growth factor dependency LIF + - — —
bFGF - + + +
TGFB/activin - + + +
Marker expression NANOG + + + +
0CT3/4 + + + +
T (brachyury) - * + +
CER1 * + +
EOMES - + + +
FOXA2 - + + +
GATA6 - + + +
SOX17 + + +
Tolerance to single cell dissociation # = - =
Contribution in chimera + - N/D N/D

N/D = not determined.

gered acquisition of pluripotency (STAP) cells have given us realis-
tic expectations for human regenerative medicine [22,34-38]. And
the need for the development of methods to test new therapeutic
approach using such cells is increasing. CM is a useful experimental
animal that can suit such needs, and therefore, the characterization
of CM ESCs is important. In this study, we investigated essential
signaling pathways for the self-renewal of CM ESCs under feeder-
dependent and feeder-free culture conditions.

LIF has been widely used to establish and maintain non-human
primate ESCs [15,17,18,39-42], although some researchers claim
that LIF cannot maintain the self-renewal capacity of these cells
[16,41-43]. We found that LIF did not affect the capacity for
self-renewal of CM ESCs (Figs. 1 and 3), although it activated the
JAK-STAT3 pathway (Supplementary Fig. S3). More extensive stud-
ies are needed to further explore the roles of the LIF-JAK-STAT3
pathway in CM ESCs. In our previous report, the expression of LIFR
was not found in undifferentiated CM ESCs [15], but it was found in
this study after repetitive experiments (Fig. 1A). This discrepancy
was considered to be caused by the detection threshold of
RT-PCR under different conditions, particularly PCR primers used
in our previous report were human LIFR sequence-originated
because there were no available marmoset genomic sequence data.

We also found that the self-renewal of CM ESCs cultured on fee-
der cells was remarkably promoted by bFGF, which is similar to the
characteristic of human ESCs (Fig. 1). However, even in the absence
of bFGF, most CM ESCs could be maintained in an undifferentiated
state by culture on feeder cells, although they showed slower
growth compared to those cultured in bFGF containing medium
(Fig. 1B and C). This observation indicates that growth factors se-
creted from feeder cells such as activin, noggin and bFGF, maintain
the undifferentiated state of CM ESCs [44,45]. Indeed, CM ESC col-
onies cultured on low-density feeder cells differentiated within
four passages (Supplementary Fig. S1).

Previous studies have demonstrated the critical roles of PI3K-
AKT and MEK-ERK pathways in the self-renewal of human ESCs
[2-6]. Our results showed that AKT, but not ERK1/2, was activated
by the addition of bFGF (5 ng/ml), while ERK1/2 was continuously
activated even in the absence of bFGF on feeder support (Fig. 2A).
Moreover, inhibition of either MEK-ERK or PI3K-AKT pathways re-
sulted in reduced self-renewal of CM ESCs (Fig. 2 and Supplemen-
tary Fig. S7). Therefore, activation of the PI3K-AKT pathway
downstream of bFGF as well as the MEK-ERK pathway by unknown
mechanisms is required for self-renewal of CM ESCs on feeder sup-
port. On the other hand, both AKT and ERK1/2 were activated by
the addition of bFGF (100 ng/ml) under feeder-free condition
(Fig. 3A and B). And treatment with LY294002 resulted in the
elevated expression of endoderm and mesoderm markers, and

treatment with PD0325901 caused the reduced expression of these
markers, indicating that modulation of these pathways affects
the differentiation process in CM ESCs (Supplementary Fig. S8).
We are now extensively investigating the effect of these inhibitors
on the differentiation process of CM ESCs induced by the treatment
with specific cytokines and EB formation assay.

Several studies have demonstrated differences in the mecha-
nisms of ESC self-renewal between mice and humans. Mouse ESCs
require LIF for their self-renewal, whereas human ESCs require
bFGF and TGFB. Mouse EpiSCs originating from post-implantation
embryos depend on bFGF and TGFB, and show characteristics sim-
ilar to those of human ESCs originating from the inner cells mass of
blastocysts as shown in Table 1 [7,8,10]. Mouse EpiSCs are there-
fore considered to be the counterpart of human ESCs. In this study,
we demonstrated that CM ESCs were very similar to human ESCs
and mouse EpiSCs in terms of their morphology, gene expression,
growth factor dependency for self-renewal, and vulnerability to
single cell dissociation.

Our findings strongly suggest that CM ESCs are phenotypically
similar to human ESCs. Therefore, CM ESCs may facilitate the
development of valuable preclinical experimental systems to test
new therapeutic modalities for incurable human diseases, particu-
larly in the field of regenerative medicine.
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I he development of a technology to generate iPSCs from
differentiated somatic cells by the transduction of a set of

Recent generation of induced pluripotent stem (iPSCs) has made a significant
impact on the field of human regenerative medicine. Prior to the clinical applica-
tion of iPSCs, testing of their safety and usefulness must be carried out using reli-
able animal models of various diseases. In order to generate iPSCs from common
marmoset (CM; Callithrix jacchus), one of the most useful experimental animals,
we have lentivirally transduced reprogramming factors, including POU5F1 (also
known as OCT3/4), SOX2, KLF4, and c-MYC into CM fibroblasts. The cells formed
round colonies expressing embryonic stem cell markers, however, they showed
an abnormal karyotype denoted as 46, X, del(4q), +mar, and formed human dys-
germinoma-like tumors in SCID mice, indicating that the transduction of repro-
gramming factors caused unexpected tumorigenesis of CM cells. Moreover, CM
dysgerminoma-like tumors were highly sensitive to DNA-damaging agents, irradi-
ation, and fibroblast growth factor receptor inhibitor, and their growth was
dependent on ¢-MYC expression. These results indicate that DNA-damaging
agents, irradiation, fibroblast growth factor receptor inhibitor, and c-MYC-tar-
geted therapies might represent effective treatment strategies for unexpected
tumors in patients receiving iPSC-based therapy.

of OSK without M,® non-viral vectors,® other molecules

such as mRNA or miRNA,” and chemicals,® tumor forma-
tion in recipients remains a major concern.”’ Despite these

transcription factors, OSKM, made a significant impact in the
field of basic research for regenerative medicine, in light of
their potential use as a cell source for transplantation therapy
for various kinds of incurable diseases."?

However, the low efficiency of iPSC generation, the need to
induce their efficient differentiation into specific cell types,
and the risk of tumor formation in recipients transplanted with
iPSC-derived functional cells have hindered the clinical appli-
cation of iPSCs.® The transduction of transcription factors,
including the oncogene c¢-MYC, insertional mutation of the
genome caused by virus vectors, and genomic instability due
to the stress of long-term culture for reprogramming, might
contribute to tumor development when iPSC-derived func-
tional cells are applied to clinical practice.® Although the
technology used to generate iPSCs has improved with the use
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issues, reprogramming factor-related tumor cells have not been
well-characterized to date.

The CM (Callithrix jacchus) has several advantages as an
experimental laboratory primate, including ease of handling,
being inexgensive to house and feed, and a high reproduc-
tive rate.!®) Therefore, CM and CM-derived iPSCs represent
useful experimental tools for testing the clinical utility of
iPSC-based regenerative medicine in vivo and in vitro.

In this study, we attempted to generate iPSCs from CM fi-
broblasts, and inadvertently produced immature malignant
tumor cells. We therefore analyzed the biological characteris-
tics of these cells in vitro and in vivo. The results may provide
useful information for the development of strategies to deal
with tumors unexpectedly formed in patients treated with
iPSC-based therapies.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Materials and Methods

Cell culture, induction of reprogramming, and proliferation
assay. Common marmoset ARCs, CM ESCs, and iPS A cells
derived from fetal liver cells (provided by Erika Sasaki,
KEIO-REKEN Research Center for Human Cognition, Keio
University, Tokyo, Japan) were maintained in DMEM/F12
(Sigma-Aldrich, St. Louis, MO, USA) containing 20% Knock-
out Serum Replacement (Gibco, Carlsbad, CA, USA), 0.1 mM
non-essential amino acid (Gibco), 1 mM L-glutamine (Nacalai
Tesque, Kyoto, Japan), 1% antibiotic-antimycotics (Nacalai
Tesque), 0.4 mM 2-mercaptoethanol (Sigma Aldrich), and
0.12% sodium hydroxide (Nacalai Tesque). The CM DGs were
maintained in DMEM/F12 containing 10% FBS at 37°C in a
5% humidified CO, atmosphere. Detailed descriptions of the
cell culture, reprogramming method, and proliferation assay
are provided in Figures 1 and 5.

Plasmids and lentiviral vector production. Human OCT3/4,
SOX2, KLF4, or c-MYC was inserted into CSIV-CMV-MCS-
IRES2-Venus lentiviral vectors (kindly provided by Hiroyuki
Miyoshi, Riken, Tsukuba, Japan). Short hairpin RNAs target-
ing OCT3/4, SOX2, and c-MYC were obtained from Addgene
(Cambridge, MA, USA), and shRNA targeting KLF4 was
obtained from Applied Biological Materials (Richmond, BC,
Canada). Lentiviruses were produced as previously
described.'"

Microarray analysis. Total RNA from AGM fibroblasts,
ARCs, and iPS A cells were isolated using the RNeasy Mini
Kit (Qiagen, Valencia, CA, USA). RNA was reverse-tran-
scribed, biotin-labeled, and hybridized for 16 h to a marmoset
genome oligonucleotide custom array Marmo2 (in prepara-
tion),'? which was subsequently washed and stained in a Fluid-
ics Station 450 (Affymetrix, Santa Clara, CA, USA) according
to the manufacturer’s instructions. Detailed protocols of micro-
array analysis are provided in Figures 2 and SS5.

DNA-damaging treatments. The CM DGs were treated with
1 pg/mL MMC (Kyowa Hakko Kirin, Tokyo, Japan) or 10 pg
/mL cisplatin (Sigma-Aldrich) for 1 h at 37°C. For irradiation,
CM DGs were irradiated (20 Gy) using Gammacell 40
(Atomic Energy, Chalk River, Ontario, Canada). At 24 h after
treatment, the cells were stained with propidium iodide (Naca-
lai Tesque), and the proportion of dead cells was analyzed as
the sub-G; population by flow cytometry (FACSCalibur; BD
Biosciences, San Jose, CA, USA).

Statistical analysis. Statistical analyses were carried out with
the GrapHPAD Prism 5.0d software package (GraphPad Soft-
ware, La Jolla, CA, USA). Statistical analyses were carried out
using a two-tailed unpaired Student’s f-test or one-way ANOVA
followed by Tukey’s multiple comparison test. P < 0.05 was
considered statistically significant.

Additional information is provided in Supporting informa-
tion.

Results

Characteristic of aorta-gonado-mesonephros fibroblast-derived
colonies formed by transduction of reprogramming factors. To
generate CM-derived iPSCs, reprogramming factors (OSKM)
were transduced into AGM fibroblasts using lentiviral vectors
(Fig. 1la). Then OSKM-transduced cells were transferred to
mouse embryonic fibroblast feeder cells on day 7 post-infec-
tion, and cultured in medium for CM ESCs. We found that the
cells formed sphere-like structures on day 17 post-infection
(Fig. 1b). Moreover, these colonies showed AP activity
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Fig. 1. Characterization of aorta-gonado-mesonephros (AGM) fibro-
blast-derived colonies formed by transduction of reprogramming fac-
tors. Representative phase-contrast images of (a) AGM fibroblasts and
(b) abnormally reprogrammed cells (ARCs) forming round-shaped col-
onies. (c) Representative image showing expression of alkaline phos-
phatase (AP) activity in ARCs. (d) Immunocytochemical staining
showing expression of TRA1-60 in ARCs. Bar = 100 um.

(Fig. 1c), and expressed ESC markers such as TRAI-60,
SALLI, LIN28, and DPPA4 (Figs 1d, S1). These results sug-
gested that the reprogrammed AGM fibroblasts formed imma-
ture, round iPSC-like colonies.

Chromosome abnormality and tumor-forming ability in abnor-
mally reprogrammed cells. Given that KLF4 and c-MYC are
well-known oncogenes, "' transduction with OSKM tran-
scription factors may cause cell transformation and chromo-
some instability.!> We carried out karyotype analysis of the
colony-forming cells to determine if OSKM-transduced AGM
fibroblasts exhibited chromosome instability. The normal
karyotype of CM cells is 44 autosomes and two sex chromo-
somes (46, XX or 46, XY)."'® However, the round colony-
forming cells contained 44 autosomes, one X chromosome,
and an abnormal marker chromosome (mar), with deletions of
chromosome 4q, and were therefore denoted as 46, X, del
(4q), +mar (Fig. 2a, right panel). The karyotype of the parental
AGM fibroblasts was 46, X, +mar (Fig. 2a, left panel). These
results suggested that the reprogramming stress induced by
OSKM might have caused the deletion of 4q, although the
possibility that the stress of long-term in vitro culture might
have resulted in chromosome instability could not be excluded.
These colony-forming cells were named ARCs.

To examine the ability of ARCs to differentiate into three
germ layers like ESCs, we carried out an in vitro differentia-
tion assa;l based on the protocol for human ESC differentia-
tion."”'® Unlike human ESCs, ARCs did not differentiate
into neural progenitors, cardiomyocytes, or hepatic cells (Fig.
S2, Video S1).

We carried out in vivo differentiation assays by injecting
ARCs into the testes of SCID mice. Approximately 6 weeks
after injection, 11 of 18 mice injected with ARCs showed

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 2. Chromosome abnormality and tumor-forming ability in abnor-
mally reprogrammed cells (ARCs). (a) Karyotype analyses of aorta-gonado-
mesonephros (AGM) fibroblasts (left panel) and ARCs (right panel). Arrows
indicate marker chromosome. Blue outline indicates the deletion of 4q.
Mar, marker chromosome. (b) Representative photograph of dysgermino-
ma-like tumor (arrow) formed by transplantation of ARCs into SCID mice.
(c) Hematoxylin-eosin staining of dysgerminoma-like tumor tissues. Arrows
in right panel indicate mitotic figures in tumor cells. Bar = 100 um.
(d) Microarray analysis. Gene expressions in AGM fibroblasts, ARCs, and
normal induced pluripotent stem (iPS) A cells were analyzed by unsuper-
vised hierarchical clustering. A heat map using probes showing differential
expression levels in each cell line is shown. Red indicates upregulation;
green indicates downregulation. The black bar on the right side of the
heat map shows candidate differentially expressed probes in ARCs.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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tumor formation (Fig. 2b), whereas no mice injected with
AGM fibroblasts showed tumor formation (0/3, data not
shown). Staining with H&E revealed that the tumors were rela-
tively homogenous, with high cellular density, necrosis, and
pleomorphism, indicating their malignant phenotype (Fig. 2c).
In addition, tumors were composed of nests and sheets of
uniform round or polygonal cells with abundant, clear to
faintly eosinophilic cytoplasm with well-demarcated cytoplas-
mic borders and a delicate network of thin-walled blood ves-
sels in the tumor nests (Fig. 2c, right panel). Furthermore,
immunohistochemical analyses revealed that the tumor cells
were focally and weakly immunopositive for vimentin, and im-
munonegative for the differentiation markers cytokeratin,
S100, desmin, o-smooth muscle actin, and neuron-specific eno-
lase (data not shown). Tumor tissues also expressed c-KIT, but
not CD30 or CD45 (Fig. S3). These molecular expression pro-
files implied that the tumor was equivalent to human malignant
dysgerminoma, rather than other types of immature tumors
such as embryonal carcinoma, yolk sac tumor, or tera-
toma."??? The tumor was named CM DG.

We next carried out soft agar assays to determine if ARCs
were transformed and showed anchorage-independent growth as
a result of ectopic expression of reprogramming factors. The
ARCs were cultured in 0.5% agarose-containing medium for
20 days, and the number of colonies was counted. The ARCs
formed many colonies, compared with parental AGM fibroblasts
(Fig. S4a and data not shown). These results strongly suggested
that ARCs were transformed during reprogramming, and
acquired the capacity for anchorage-independent growth. To
clarify the contribution of reprogramming factors that could
transform AGM fibroblasts, we transduced various combinations
of these factors into AGM fibroblasts, and examined if the trans-
duced cells were transformed by the colony formation assay on
mouse embryonic fibroblasts, AP staining assay, and soft agar
assay. The iPSC-like colonies were found in OSKM- and OSM-
transduced cells (OSKM, 30 + 3/5000; OSM, 6 + 0/5000),
but they were not found at all when OSK, OS, OM, SM, O, S,
K, or M were transduced (Fig. S4b). AP activity was found in
both OSKM- and OSM-transduced cells, although OSM-trans-
duced cells showed weaker AP activity than OSKM-transduced
cells (Fig. S4c). In soft agar assay, the anchorage-independent
growth was found in both OSKM- and OSM-transduced cells
(Fig. S4d; OSKM, 160 + 23/1000; OSM, 163 + 10/1000).
These results indicated that the simultaneous expression of
OCT3/4, SOX2, and c-MYC was at least required for the trans-
formation of AGM fibroblasts, while KLF4 did not play a major
role in the transformation of AGM fibroblasts.

Tomioka et al. reported the establishment of CM iPSCs (iPS
A cells) showing normal karyotype.’? To characterize the
gene expression in ARCs, we carried out microarray analyses
using mRNA from ARCs, iPS A cells, and AGM fibroblasts.
According to the clustering pattern and the heat map, 171
probes that showed higher expression levels in ARCs as com-
pared to other cells were selected as candidate differentially
expressed genes in ARCs (Fig. 2d). Moreover, we focused on
the genes specifically highly expressed in ARCs compared to
those in iPS A cells, and the top seven genes highly expressed
in ARCs were selected (ZFHX4, PCDHI19, NFIX, HOXCS,
STMN2, SERPINA3, and CXORF67). Then we validated these
data by semiquantitative RT-PCR analyses, and five genes
(ZFHX4, NFIX, HOXCS8, STMN2, and CXORF67) were con-
firmed to be more expressed in ARCs than those in controls
(Fig. S5). The high expression of these five genes might be
characteristics of ARCs.

Cancer Sci | April 2014 | vol. 105 | no.4 | 404
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Characteristic of CM DGs. We then surgically removed CM
DGs and cultured them in vitro to examine their biological
characteristics. The CM DGs could grow infinitely in a semi-
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Fig. 3. Characterization of common marmoset dysgerminoma-like
(CM DG) cells in culture. (a) Representative phase-contrast image of
CM DGs. (b) Immunofluorescent image of Venus expression in CM
DGs. Bar = 100 pm. (c) Western blot analysis showing expression of
reprogramming factors in CM DG cell lines. (d) RT-PCR analysis show-
ing the expression of endogenous or exogenous reprogramming fac-
tors in CM DGs. Cj11 (CM embryonic stem cell line) was used as
control.
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floating state in the culture dish, and showed continuous
expression of Venus fluorescent protein (Fig. 3a,b). We gener-
ated five CM DG cell lines (CMY401, CMY402a, CMY402b,
CMY403a, and CMY403b) from five independent tumors
formed by the injection of ARCs into SCID mice, and found
that all four transduced reprogramming factors were integrated
into their genomes (Fig. S6a). Both endogenous and exogenous
reprogramming factors were expressed in these cell lines
(Fig. 3c,d).

Effects of DNA-damaging agents and irradiation on CM
DGs. Dysgerminomas are generally sensitive to cisplatin and
irradiation.*"*? We therefore examined the effects of DNA-
damaging agents such as MMC and cisplatin on CM DGs.
Three CM DG cell lines (CMY402a, CMY402b, and
CMY403a) were treated with MMC for 1 h, and the proportion
of dead cells was analyzed by flow cytometry at 24 h after
treatment. The percentage of cells with a sub-G; DNA content
was taken as a measure of dead cells in the population. The
proportion of dead cells in MMC-treated CM DG cultures was
significantly higher than that in controls (MMC-treated AGM
fibroblasts) (Figs 4a, S7). Similar results were obtained when
these three cell lines were treated with cisplatin or irradiation
(Figs 4b,c, S8, S9). These results suggested that CM DGs were
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Fig. 4. Effects of DNA-damaging agents and irradiation on common
marmoset dysgerminoma-like cells (CM DGs). The cells were treated
with (a) mitomycin C (MMC), (b) cisplatin, or (c) irradiation, and the
proportions of sub-G; populations in aorta-gonado-mesonephros
(AGM) fibroblasts or CM DG cell lines were analyzed by FACS. Results
are shown as means + SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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