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Figure 1. Generation of a new temperature-sensitive Sendai virus vector, TS12KOS. (a) Comparison of
schematic structures among the newly constructed Sendai virus (SeV) vector, TS12KOS, and previous
vectors, The TS12KOS vector contains three point mutations in the RNA polymerase-related gene (P) and
carries the coding sequences of KLF4 (K), OCT3/4 (0), and SOX2 (S) in the KOS direction. In comparison,
the HNL/TS15 ¢-Myc vector carries two additional mutations, L1361C and L1558, in the large polymerase (1)
gene and an exogenous c-MYC cDNA sequence inserted between the hemagglutinin-neuraminidase (HN)
and L genes, and the conventional vectors individually carry three reprogramming factors as indicated. (b) iPS
cell generation from human skin-derived fibroblasts. The efficiency of iPS cell generation was significantly
higher using the TS12KOS vector than with the conventional vectors at all multiplicities of infection (MOI)
tested. iPSC colonies were identified on day 28 of induction by the appearance of alkaline phosphatase-
positive (AP") colonies with embryonic stem (ES) cell-like colony morphology. N1, N2, and N3 represent
individual healthy volunteers. Experiments were conducted in triplicate (mean + SD), *P<0.01, TS12KOS
vector versus conventional vectors, Student's t-test. (¢) Temperature shift from 37°C to 36°C for the indicated
periods in iPSC generation. Data are means -+ SD of three independent experiments. #P=0.05, Experiment
2, 3 and 4 versus Experiment 1. Student’s t-test. (d) Nested RT-PCR analysis of SeV vector elimination after
the temperature shift from 37°C to 38°C in human fibroblast-derived iPSCs. The elimination of TS§12KOS
vector was faster than the conventional vectors.

doi:10.1371/journal.pone.0113052.9001

Based on previous findings that L-MYC is safer than c-MYC due to a lower
incidence of tumorigenicity, we next examined the effect of replacing the c-MYC
c¢DNA sequences with L-MYC cDNA sequences in the HNL/TS15 ¢-MYC SeV
vector (Fig. S1a) [25]. The frequency of colonies with ALP+ and ESC-like
morphology was lower using the L-MYC vector than with the original HNL/TS15
c-MYC vector (Fig. S1b), despite the L-MYC gene showing higher expression
levels (data not shown).

Because Glisl can enhance iPSC generation, we also constructed and tested
various SeV vectors carrying GLISI sequences (Fig. Sia, ¢) [26]. Unexpectedly,
Glisl expression did not augment the colony formation from human skin-derived
fibroblasts with or without c-Myc, suggesting that Glisl does not play a part in
iPSC induction with SeV vector (Fig. Slc).

Characterization of human iPS cells generated with new virus
vector

Our ultimate goal is to develop safe and efficient vectors to generate iPSCs from
both human and primate peripheral blood cells. When we stimulated human
peripheral T lymphocytes with both anti-CD3 antibody and interleukin 2, and
then infected them with SeV vectors, iPSC generation was significantly more
efficient using the TS12KOS vector than with the conventional SeV vectors (
Fig. 2a). In conventional SeV infections, temperature shifts from 37°C to 38°C at
passages 1 and 2 induced no elimination of virus from the iPSC clones (Fig. 2b).
In contrast, when TS12KOS vector was used under the same conditions, 65% and
47%, respectively, of the clones were negative for viral genome (Fig. 2b).
Therefore, similar to the results obtained with fibroblasts, the elimination of
TS12KOS vector from iPS-like cells derived from peripheral T lymphocytes was
faster than that observed for the conventional SeV vectors.

The iPSC lines derived from skin fibroblasts and peripheral T lymphocytes
induced by TS12KOS vector exhibited a typically ESC-like morphology and
expressed a set of typical markers for pluripotency (Fig. 2¢, d). These iPSC lines
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Figure 2. Characterization of human iPSCs generated by the TS12KOS vector. (a) iPSC generation from human peripheral blood cells. Experiments
were conducted in triplicate (mean -+ SD). N1, N2, and N3 indicate individual healthy volunteers. *P<20.01, TS12KOS vector versus conventional vectors,
Student's t-test. (b) Nested RT-PCR analysis of the elimination of SeV vectors after the temperature shift from 37°C to 38°C. (¢) Phase contrast images,
immunofluorescence for pluripotency markers, and alkaline phosphatase (AP) staining of iPSC lines. The IPSC lines N2-1 and BN2-1 and BN2-2 were

derived from the skin-derived fibroblasts and blood cells of N2 healthy volunteer, respectively. Scale bars, 200 pm. (d) RT-PCR analysis of Sendai virus and
human ES cell markers. SeV, first RT-PCR for SeV, nested, nested RT-PCR for SeV; 20187, control human iPSC line; SeV(+), Day 7 SeV-infected human
fibroblasts. (e) Chromosomal analyses of iPSC lines generated with the TS12KOS vector. (f) Tissue morphology of a representative teratoma derived from
iPSC lines generated with the TS12KOS vector. G, glandular structure (endoderm); C, cartilage (mesoderm); MP, melanin pigment (ectoderm). Scale bars,

100 pm.

doi:10.1371/journal.pone.0113052.9002

had a normal 46 XY karyotype even after the temperature upshift and culturing
for more than 10 passages (Fig. 2e). To confirm the pluripotency of the clonal
lines, we transplanted the lines into the testis of immunodeficient mice. Twelve
weeks after injection, the iPSC lines tested formed teratomas that contained
derivatives of all three germ layers (Fig. 2f). Based on these findings, we conclude
that the iPSC lines generated with TS12KOS vector meet the criteria of iPSCs.

Establishment of chimpanzee iPS cells

Next we used the TS12KOS vector to establish iPSC lines from the blood cells of
two chimpanzee individuals, with the ultimate goal of overcoming the limited
availability of chimpanzee skin-fibroblasts for human medical use. Using the same
protocol as for human blood cells, we could establish chimpanzee blood cell-
derived iPSCs (Fig. 3a). However, the frequency was relatively low and only one
cell line that carries the normal karyotype could be established (Experiment 1 in
Fig. 3a). To optimize the induction conditions, we conducted in vitro human T
lymphocyte stimulations with anti-CD3, Phytohaemagglutinin (PHA), or
Concanavalin A (Con A), and similarly generated iPSCs from human peripheral
mononuclear cells (PMNCs) using all three agents, with PHA stimulation the
most efficient (Fig. 3b). The morphology of iPSC colonies derived from the anti-
CD3- and PHA-stimulated PMNCs was distinct from colonies derived from the
Con A-stimulated PMNGCs (Fig 3c), which produced flat colonies with clearer and
sharper edges than those derived from CD3- and PHA-stimulated PMNCs. In
addition, many of the iPSC colonies derived from CD3- and PHA-stimulated
PMNCs contained AP" cells in the center only (Fig. 3¢). Together, these results
suggested that colonies derived from Con A-stimulated PMNCs most closely
fulfill the accepted criteria of iPSCs. Therefore, Con A was used in the following
experiment 2 and 3 (Fig. 3a).

In addition, we changed the virus titer for infection from MOI 10 to 30 and the
fibroblast growth factor 2 (FGF2) concentration from 5 ng/ml to 30 ng/ml during
the iPSC induction (Fig. 2). The FGF2 change was based on a study of common
marmosets, another nonhuman primate, which used 20 ng/ml FGF2 and treated
the cultures with sodium butyrate (NaB) during reprogramming to enhance the
iPSC colony number [7,27]. In human blood cells, the efficiency of iPSC
generation with 30 ng/ml FGF2 is slightly but not significantly lower than that
with 5 ng/ml FGF2 (Fig. $3). Interestingly, these modifications improved the
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Figure 3. Generation of chimpanzee iPSCs with the TS12KOS vector. (a) Summary of chimpanzee iPSC
generation. iPSCs were generated from the blood cells of two chimpanzee individuals with TS12KOS or the
conventional SeV vectors. (b) Effect of the T lymphocyte stimulation on iPSC generation. Experiments were
conducted in triplicate (mean + SD). *P<0.01, PHA versus anti-CD3 antibody or Con A stimulations,
Student's t-test. (¢) Colony morphology and AP staining of iPSCs from stimulated T lymphocytes. (d) Phase
contrast images, immunofluorescence for pluripotency markers, and alkaline phosphatase (AP) staining of
chimpanzee IPSC lines. C101, C201, C205, and C402 are described in Fig. 3a. Scale bars, 200 ym. (e) RT-
PCR analysis of SeV and human ES cell markers. SeV, first RT-PCR for SeV; nested, nested RT-PCR for
SeV; 20187, control human iPSC line; SeV(+), Day 7 SeV-infected human fibroblasts. (f) PCR products with
primers that can distinguish chimpanzee and human genomes. Chimpanzee PCR products; 782, 472 and 504
bps, Human PCR products; 203, 245, 278 bps. (g) Chromosomal analyses of chimpanzee iPSC lines
generated with the TS12KOS vector. (h) TCR gene recombination. Genes from the chimpanzee iPSC lines
were digested with the indicated enzymes and hybridized with the TCR probes by Southern blotting. Arrows
indicate the germ bands of TCR genes. Hel.a and 20187: human cell lines, MT4: human T cell line, HSP-239:
chimpanzee T cell line.

doi:10.1371/journal.pone.0113052.g003

colony frequency and provided many more iPSC colonies during the second
round of iPSC induction (Experiment 2 in Fig. 3a). However, the efficiency of
iPSC generation from chimpanzee PMNCs was still lower than that from human
blood cells (0.32% vs. 2%, Fig. 3a). We tried picking up the colonies again and
expanded them, before shifting the culturing temperature to 38°C for three days at
passage 1 to eliminate the Sendai virus (Fig. 3a). The rate of virus elimination
from the chimpanzee iPSCs was similar to that from human iPSCs (65.2% vs.
58.6%).

We then compared the efficiency of iPSC generation with TS12KOS vector to
that with the conventional SeV vectors (Experiment 3 in Fig. 3a). Although a high
titer (MOI 30) of the conventional SeV vectors could generate chimpanzee iPSCs,
TS12KOS vector showed a higher efficiency of iPSC generation (0.073% for the
conventional vectors vs. 0.32%, Fig. 3a). Similarly, the elimination rate of SeV was
lower than that observed with the conventional vectors, suggesting that our new
vector could more efficiently generate the transgene-free iPSCs from chimpanzee
blood cells than the conventional SeV vectors.

The chimpanzee iPSC lines exhibited ESC-like morphology and expressed a set
of pluripotent markers (Fig. 3d, ¢), with nested RT-PCR analysis determining that
the iPSC lines were negative for SeV genomic material (Fig. 3e). To confirm that
these cells were truly derived from chimpanzee, we also performed genomic PCR
using chimpanzee-specific primers (Fig. 3f), with different PCR product sizes
allowing us to easily distinguish between chimpanzee and human genes and
confirming that the chimpanzee-derived samples contained no human DNA
fragments [28]. Karyotype analyses showed that the iPSC lines had a normal
karyotype, 48XX, further confirming that the iPSC lines were derived from
chimpanzee (Fig. 3g).

To investigate the cellular origin of the chimpanzee iPSCs, we performed
Southern blot analyses with probes specific for T cell receptor (TCR) DNA (
Fig, 3h) [29]. Rearranged bands were detected in all iPSC lines, indicating that
they were derived from the chimpanzee T lymphocytes.
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clustering of chimpanzee iPSCs, human iPSCs and ESCs. The data sets of all genes investigated were clustered according to Euclidean distance metrics.
The data sets of chimpanzee iPSCs, human ESC and IPSC lines, and various human tissues were classified into separate branches. The datasets of
human ESCs and various tissues referred for Gene Expression Omnibus datasets, GSE22167 and GSE33846, respectively.

doi:10.1371/journal.pone.0113052.9004

Characterization of chimpanzee iPSC lines

Finally, we investigated the differentiation potential of the chimpanzee iPSCs lines
by evaluating in vitro differentiation and teratoma formation (Fig. 4a, b). The
appropriate culture conditions induced differentiation into cells representing all
three germ layers, ectoderm (BIII-tubulin-positive), mesoderm (BRACHYURY-
positive), and endoderm (SOX17-positive) (Fig. 4a). Consistent with this finding,
histological analysis revealed that formed teratomas contained descendant
markers of all three germ cell layers such as cuboidal epithelia, melanin pigment,
cartilage, muscle, and various glandular structures (Fig. 4b). Taken together, the
chimpanzee-derived iPSC lines fulfilled the criteria for iPSCs.

We used microarray analysis to further characterize the chimpanzee iPSC lines.
The patterns of global gene expression of three chimpanzee iPSC lines were
similar to those of human iPSC lines (Fig. 4c). Principal component analysis
(PCA) and hierarchical clustering of all genes was conducted to determine overall
differences in transcription levels between chimpanzee- and human-derived iPSC
lines. Data from human ESCs, iPSCs, fibroblasts, and various tissues were
analyzed together with those from chimpanzee iPSCs. Although the chimpanzee
iPSC lines were derived from different individuals, their data were grouped by
PCA and placed close to those of human ESCs and iPSCs (Fig. 4c). The gene-
expression profiles of chimpanzee iPSCs were grouped closely to human ESCs and
iPSCs in the same branch, and distinctly separated from the branch containing
gene profiles of various human tissues (Fig. 4d). These results suggested that the
global gene expression patterns of chimpanzee iPSC lines are generally similar to
those of human ESCs and iPSCs.

Discussion

We developed a new temperature-sensitive SeV vector, TS12KOS, and herein
demonstrated it to be an efficient tool for generating iPSCs from both human skin
fibroblasts and peripheral blood cells. Using this vector, we also generated
chimpanzee iPSC lines from peripheral blood cells.

The iPSCs established with our TS12KOS vector could be made virus-free
simply by shifting the temperature from 37°C to 38°C for 3 days, and transgene-
free iPSCs could be generated within a week of isolating the iPSC colonies. Unlike
previous techniques that don’t use SeV vectors, this system does not require
multiple cycles of infection. Furthermore, the efficiency of iPSC generation
achieved was 20~100 times higher than that obtained using techniques such as
retrovirus, lentivirus, or plasmid vectors [5, 15,21].
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Consideration of the cell source is important when applying iPSC technology to
clinical medicine. Although skin fibroblasts are the most common cell type used
for generating iPSCs, we consider that peripheral blood cells are preferable
because collection is less invasive and is suitable for children and patients with
skin or coagulopathy disorders. Here, we demonstrated that the TS12KOS vector
generates iPSCs from both skin fibroblasts (~4%) and peripheral blood cells
(~29%) with high efficiency.

Overexpression of the four ‘reprogramming’ factors needed to generate iPSCs
was initially mediated by lentivirus and retrovirus vectors in human skin-derived
fibroblasts [5, 15]. Although these gene expression systems are stable, they have
two potential problems in that the genes encoding the four factors are integrated
into the host genome and remain in the resultant iPSCs, and there is a risk of
insertional mutagenesis, which can facilitate tumorigenesis in vivo [30]. The
development of efficient and safe reprograming methods based on using Cre/loxP
recombination systems, adenovirus vector, piggyback transposons, microRNA,
and protein has suffered from a low frequency of iPSC colony generation, a need
for repetitive induction, and retention of a short length of foreign DNA in the
host genome [16-18,31,32]. A recent study showed that episomal plasmid
vectors, which rarely integrate into the host genome, can be used to generate
iPSCs from blood cells; however, the efficiency was low (~0.1%) and factors such
as p53 knock-down and the transient expression of Epstein-Barr virus nuclear
antigen (EBNA) were required in addition to the four reprogramming factors
[21]. To overcome these remaining iPSC issues, in this study we developed a new
type of SeV vector that can easily and efficiently provide transgene-free iPSC lines
from human and chimpanzee blood cells. SeV vectors are minus-strand RNA
viruses that express a gene of interest without integration into the host genome
[33]. Thus, our vector can overcome the obstacles described above.

The iPSCs derived from nonhuman primates are useful tools for regenerative
medicine research because of the similarities in anatomy and physiology between
those mammalian species and human, and chimpanzee is a particularly useful
such model [9, 10]. Chimpanzee and human share much of their genomic DNA
sequences, with only ~1.2% difference [34]. To this end, we also generated
transgene-free iPSC lines from chimpanzee blood cells using the new SeV vector.
The efficiency of iPSC generation from chimpanzee blood was lower than that
from human blood. Stimulation methods of T lymphocytes and human-derived
reprogramming factors may affect the efficiency. Nevertheless, further studies are
necessary to improve the efficiency of iPSC generation from chimpanzee blood.
Recently, other group established the chimpanzee iPSC lines from skin-derived
fibroblasts with the retrovirus vector [35]. However, it is difficult in collecting
many chimpanzee-derived fibroblasts because of breeding limitation for medical
use. Our new vector can easily provide the transgene-free iPSCs from the
chimpanzee blood cells that is less limited than other tissues.

The chimpanzee iPSC lines established here showed the requisite pluripotency
and other features of established iPSCs and thus could provide us with alternative
and highly valuable tools. First, they could be used to generate fresh chimpanzee
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cells, which are valuable cell models and difficult to derive from the animal itself
due to breeding limitations. For example, neural cells derived from chimpanzee
iPSCs could permit us to study neural development and function, and thus
facilitate discovery and increased understanding of the substantial neurological
differences between human and chimpanzee despite the largely identical genomes.

Furthermore, the technology used herein could be applied to generate iPSCs
from nonhuman primates other than chimpanzees. SeV can infect the blood cells
of rhesus monkeys, Macaca fascicularis and marmosets, suggesting that our new
vector could also easily induce cell reprogramming and iPSC generation from
their blood cells [36, 37]. These approaches are expected to improve our ability to
better understand and interrogate the distinguishing traits of human and
potentially open up a new field in studying the development of human capacity
during evolution.

Methods
iPSC Generation and maintenance

All experimental procedures of human samples were approved by the ethics
committees, “ Ethics committee for Epidemiological and General Research at the
Faculty of Life Science, Kumamoto University”, “Ethics committee for Human
genome and Gene analysis Research at the Faculty of Life Sciences, Kumamoto
University” and “Ethics committee for clinical research and advanced medical
technology, Kumamoto University” (approval numbers 318, 153 and 1018,
respectively) and conformed to the human sample use guidelines of the ethics
committees. After explaining our study, the volunteers agreed with our study and
signed the sheets of written informed consent.

Human skin biopsies and peripheral blood were collected from healthy
volunteers following informed consent under protocols approved by the ethics
committee assigning authors. For human fibroblast generation, skin samples were
minced and cultured in Dulbecco’s modified essential medium (DMEM, Life
Technologies) supplemented with 10% fetal bovine serum (FBS). The subsequent
fibroblast cultures were expanded for iPS cell induction.

The use of the chimpanzees during the experimental period adhered to the
Guidelines for Care and Use of Nonhuman Primates (2010) of the Primate
Research Institute of Kyoto University. The ethical committee of the Primate
Research Institute of Kyoto University approved the protocols of experimental
procedures in this study (Permit Number: 2012-134). Blood samples were
obtained from two individuals, Puchi (GAIN-ID:0436) and Ai (GAIN-ID:0434),
for routine veterinary and microbiological examination under ketamine
anesthesia, and all efforts were made to minimize suffering.

To generate iPS cells from peripheral blood cells, mononuclear cells (MNCs)
were isolated by Ficoll gradient method. To stimulate T lymphocytes, MNCs were
cultured on anti-CD3 antibody-coated dishes in KBM502 medium (KOHJIN
BIO) or RPMI-1640 medium (Invitrogen) supplemented with 10% FBS and IL-2
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for five days. In some experiments, instead of anti-CD3 antibody (eBioScience),
10 pg/ml Phytohemagglutinin (PHA, SIGMA) or 1 ug/ml Concanavalin A (Con
A, SIGMA) were used for the stimulation.

iPSCs were generated from human skin-derived fibroblasts and human- and
chimpanzee-stimulated T lymphocytes as described previously [20]. Briefly,
1 x 10° of the MNCs per well of 48-well plate and 5 x 10 cells of the fibroblasts
per well of 6-well plate were seeded one day before infection and then were
infected with Sendai virus (SeV) vectors at various multiplicity of infection (MOI)
including three, ten and thirty. After two-day culturing for blood cells and seven-
day culturing for fibroblasts, the cells infected were harvested by trypsin and re-
plated at 5 x 10* cells per 60 mm dish on the mitomycin C (MMC)-treated mouse
embryonic fibroblast (MEF) feeder cells. Next day, the medium was replaced in
human iPS cell medium. The cultures with new Sendai virus infection were
incubated at 36 °C for one week. From 18 to 25 days after infection, colonies were
picked up and re-cultured again in the iPS cell medium. In some experiments,
FGF2 concentration was modified from 5 ng/ml to 30 ng/ml and NaB was added
on day 2 in the iPSC induction. To remove Sendai virus, the temperature of
culture shifts from 37°C to 38°C for three days at passage 1 or 2 of iPSCs.

Human and chimpanzee iPSC lines were maintained on MMC-treated MEF
feeder cells in the iPS medium containing DMEM/F12 (SIGMA) supplemented
with 20% KNOCKOUT serum replacement (KSR, Invitrogen), 2 mM L-
glutamine (Life technologies), 0.1 mM nonessential amino acids (NEAA,
SIGMA), 0.1 mM 2-mercaptoethanol (2ME, SIGMA), 0.5% penicillin and
streptomycin (Nacalai Tesque, Japan) and 5 ng/ml or 30 ng/ml basic fibroblast
growth factor (bFGF, WAKO, Japan).

Chimpanzee rearing

At the Primate Research Institute of Kyoto University, the subject chimpanzees
lived in two mixed-sex groups in an outdoor enclosure that connected to several
inside rooms. The outdoor enclosure was separated into two compartments: one
was a 700-m? outdoor compound with 15-m-high climbing frames, a small
stream and numerous trees; the other was a 250-m? outdoor compound with
climbing frames and two small streams. Chimpanzees could freely access the
outdoor enclosure and inside room at all times. The chimpanzees were fed
seasonal fruits and vegetables, along with monkey pellets three times per day and
were provided feeding-enrichment items between meals on a few occasions.

Generation of Sendai virus (SeV) vectors

Generation and production of temperature-sensitive Sendai virus vectors were
performed as described previously [22]. The conventional type of SeV vectors
carrying Oct3/4, Sox2, KIf4 and c-Myc were also generated as described previously
[22]. To generate TS12 vector, three mutations including D433A, R434A and
K437A were introduced into the polymerase-related gene P. For TS15 vector
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generation, three other mutations, Y942H, L1361C, and L1558, were inserted
into polymerase-related genes L of TS12. For “three-in-one” vector, human KLF4,
OCT3/4 and SOX2 genes were inserted between P and M gene-encoding region in
order as described in Fig. 1A. Each gene was sandwiched by E (End), I
(Intervening) and S (Start) sequences.

Karyotype analysis

G band analyses of chromosome were performed by Nihon Gene Research
Laboratories. Inc. (Sendai, Japan), according to the manufacturer’s protocol.

DNA and RNA Isolations and PCR

Genomic DNA was extracted from chimpanzee iPSC lines as described previously
[38]. Total RNA was purified with Sepasol Super G reagent (Nacalai Tesque,
Japan). Total RNA was transcribed to DNA with Superscript I1I (Invitrogen) and
randam primers (Invitrogen). Genomic PCR and RT-PCR was performed with
QuickTaq (TOYOBO, Japan) as described previously [24, 38]. Primers used for
Oct3/4, Sox2, KIf4 and c-Myc were designed to detect the expressions of
endogenous genes, but not of transgenes. To detect SeV genome, nested RT-PCR
was performed. The sequences of primers and amplification conditions are listed
in Table S1.

Cell staining and Immunocytochemistry

Alkaline phosphatase staining was performed using the Leukocyte Alkaline
Phosphatase kit (SIGMA). For immunocytochemistry, cells were fixed with PBS
containing 4% paraformaldehyde for 30 min at 4°C. For the molecules localized
in nucleus, samples were treated with 0.2% Triton X-100 for 15 min at room
temperature (RT). The cells were washed three times with PBS containing 2% FBS
and then incubated overnight at 4°C in PBS containing 2% FBS with primary
antibodies. The list of the primary and secondary antibodies is described in Table
S2.

Southern blotting

TCR probe was amplified by PCR as described previously using cDNA of human
peripheral blood mononuclear cells and labeled with o*P-dCTP by BcaBEST
labeling Kit (Takara Bio Co. Ltd). Commercially available membranes—Hybond-
N" (GE Healthcare) were used and hybridization was performed as described
previously [38].

Differentiation into three germ layer cells

Mesoderm-like cell cultures were specified based upon a previously described
protocol [39]. For the embryoid body (EB) formation, iPSC clusters were
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transferred to low attachment dishes in DMEM/F12 (SIGMA) supplemented with
20% KSR (Invitrogen) and 10 ng/ml BMP4 (R & D). Next day, the formed EBs
were transferred to collagen IV-coated tissue culture plates (BD) in the medoserm
induction medium containing alpha-MEM supplemented with 10% FBS, 0.1 mM
2ME, 3 ng/ml Activin (R & D) 10 ng/ml BMP4 and 5 ng/ml bFGF (WAKO). On
day 4, the cells were harvested and analyzed for BRACHYURY expression. For
endoderm-like cell induction, the culture medium of semi-confluent human iPS
cells were switched from the iPS medium to the definitive endoderm
differentiation medium containing RPMI1640 supplemented with 2% B27 (Life
technologies), 100 ng/ml Activin A (R & D) and 1 mM Sodium butyrate (NaB,
SIGMA). The NaB concentration is changed in 0.5 mM on day 2. On day4, the
cells were stained with anti-SOX17 antibody.

For neural cell induction, the iPSC clusters were plated onto Geltrex plates (Life
Technologies). 24 hours later, the culture medium was switched from the iPSC
medium to PSC Neural Induction Medium (Life Technologies) containing
Neurobasal medium and PSC neural induction supplement [40]. On day 7, the
cells were dissociated with TrypLE express (Life Technologies) and re-seeded onto
Geltrex-coated plates in NSC expansion medium containing 50% Neurobasal
medium, 50% Advanced DMEM/F12, neural induction supplement and 5 pM
Rock inhibitor, Y-27632. On day 14, the cells were stained with anti-betalll
tubulin antibody.

Teratoma formation

Human and chimpanzee iPSC lines grown on MEF feeder layers were collected by
collagenase IV treatment and injected into the testis of NOD-SCID immunode-
ficient mice. Palpable tumors were observed about 12-16 weeks after injection.
Tumor samples were collected, fixed in 10% formalin, and processed for paraffin-
embedding and hematoxylin-eosin staining following standard procedures.

Microarray analysis

Two hundred fifty ng of total RNA from the chimpanzee iPSCs were labeled with
biotin and fragmented according to the manufacturer’s protocol (3" IVT Express
kit, Affymetrix). Then, samples were hybridized to a GeneChip Human Genome
U133 Plus 2.0 (Affymetrix) Arrays were scanned with a GeneChip Scanner
3000(Affymetrix). Data were analyzed using GeneSpring GX 12.5 software
(Agilent technologies). Each chip is normalized to the median of the
measurements.

Supporting Information

Figure S1. iPS cell generation with SeV vector carrying L-Myc and Glisl. (a)
Schematic structure of Sendai virus (SeV) vectors carrying L-Myc and Glisl. The
exogenous L-Myc cDNA is inserted between HN and L positions in TS15 vector.
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Glisl ¢cDNA were inserted between HN and L positions in conventional and TS15
SeV vectors, HNL/TS Glisl and HNL/TS15 Glisl. We also generated other two
vectors, +18/TS Glisl and +18/TS15 Glis1, which carry Glisl in the downstreams
of Leader in conventional and TS15 SeV vectors. (b) Efficiency of iPS cell
generation with Myc vectors. The efficiency of iPS cell generation is much lower
by L-Myc SeV vector than by ¢-Myc SeV vector. iPS cell colonies were identified
on day 28 of induction by the appearance of alkaline phosphatase-positive (AP+)
colonies with ES cell-like colony morphology. Colony number (right picture)
were counted and summarized in left graph. MOIL: multiplicity of infection. (c)
Efficiency of iPS cell generation with various Glis1 vectors. iPS cells were
generated with the three factors (K, O, S) plus GlisI in the presence (left graph)
and absence (right graph) of c-Myc. Both cases showed that GlisI in SeV vectors
did not enhance the efficiency of iPS cell generation.

doi:10.137 /journal.pone.0113052.5001 (TIF)

Figure S2. Experimental design of iPSC induction from chimpanzee blood cells.
After collecting mononuclear cells (MNCs) from the chimpanzee blood, MNCs
were stimulated with anti-CD3 antibody (Exp. 1) or Con A (Exp. 2 and 3) for five
days. One day later after the infection of the sendai virus carrying OCT3/4, KLF4,
SOX2 and ¢MYC, the cells were transferred on the MEFs with 5 ng/ml (Exp. 1) or
30 ng/ml (Exp.2 and 3) FGF2.

doi:10.1371/journal.pone.0113052.5002 (TIF)

Figure $3. Comparing the chimpanzee with human conditions in iPSC
generation. Using human blood cells from two volunteers (volunteer 4 and 5), the
condition of chimpanzee with 30 ng/ml FGF2 is compared with that of human
with 5 ng/ml in iPSC generation. The efficiency of iPSC generation with 30 ng/ml
FGF is slightly but not significantly lower than that with 5 ng/ml FGF2.
doi:10.137 1/journal.pone.0113052.5003 (TIF)

Table S1. Sequences and PCR conditions of primers sets for PCR.
doi:10.1371/journal.pone.0113052.5004 (DOCX)

Table S2. List of antibodies and their conditions for staining.
doi:10.1371/journal.pone.0113052.5005 ((DOCX))
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Regulation of MKL1 via actin cytoskeleton dynamics
drives adipocyte differentiation
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Cellular differentiation is regulated through activation and repression of defined transcription
factors. A hallmark of differentiation is a pronounced change in cell shape, which is
determined by dynamics of the actin cytoskeleton. Here we show that regulation of the
transcriptional coactivator MKL1 (megakaryoblastic leukemia 1) by actin cytoskeleton
dynamics drives adipocyte differentiation mediated by peroxisome proliferator-activated
receptor ¥ (PPARY), a master transcriptional regulator of adipogenesis. Induction of adipocyte
differentiation results in disruption of actin stress fibres through downregulation of
RhoA-ROCK signalling. The consequent rapid increase in monomeric G-actin leads to the
interaction of G-actin with MKL1, which prevents nuclear translocation of MKL1 and allows
expression of PPARy followed by adipogenic differentiation. Moreover, we found that MKL1
and PPARy act in a mutually antagonistic manner in the adipocytic differentiation programme.
Our findings thus provide new mechanistic insight into the relation between the dynamics of
cell shape and transcriptional regulation during cellular differentiation.
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ctivation and repression of defined transcription factors
are essential for the commitment of progenitors to a
pecific differentiation lineage, setting the stage for a gene
expression pattern characteristic of each mature cell type!™.
Adipocyte differentiation is regulated by multiple transcription
factors, with PPARy and members of the CCAAT/enhancer-
binding protein (C/EBP) family having central roles. Cooperative
interactions among these transcription factors drive the
expression of downstream target genes that are necessary for
the generation and maintenance of adipocyte characteristics such
as lipid accumulation and insulin sensitivity’. The key role
of PPARy in the commitment of mesenchymal precursors to
the adipocytic differentiation programme is evident from the
observation that forced expression of this protein stimulates
adipogenesis in nonadipogenic fibroblastic cell lines, such as NIH
3T3 and 3T3-C2 (refs 5,6). PPARy is thus thought to function
as an adipocyte-specific master switch in acquisition of the
adipocytic phenotype’.

The adipocytic differentiation of fibroblastic preadipocytes is
accompanied by the adoption of a rounded morphology that is
characteristic of mature adipocytes and allows for maximal lipid
storage®. Cell morphology is determined primarily by the actin
cytoskeleton?, Adipocyte differentiation is thus associated with
a shift in the structures formed by filamentous (F) actin from
stress fibres to cortical fibres!™!, The relation between such
reorganization of the actin cytoskeleton and the PPARy-mediated
adipocytic differentiation programme has remained unclear,
however.

We have previously established a preadipocyte cell line
derived from mouse dedifferentiated fat (DFAT) cells and
which possesses a higher potential to differentiate into
adipocytes compared with the mouse preadipocyte cell line
3T3-L1 (ref. 12). Unlike 3T3-L1 cells, these DFAT cells do not
undergo spontaneous adipogenesis, with the adipocytic
differentiation of DFAT cells thus being more tightly
controlled than that of 3T3-L1 cells'>!®. Here, we examine the
roles of actin cytoskeleton remodelling in adipocytic
differentiation by using DFAT cells. We show that the rapid
disruption of actin stress fibres through downregulation of
RhoA-ROCK signalling and the consequent increase in
monomeric G-actin levels are observed before adipocyte
differentiation. We also found that interaction of monomeric
G-actin with the transcriptional coactivator MKLI1 is the key
event for initiating PPARy expression. Moreover, MKL]
and PPARy were shown to act in a mutually antagonistic
manner in the adipocytic differentiation programme. Our
findings provide a new insight into the regulatory mechanism
of adipocyte differentiation.

Results

Adipogenesis requires disruption of actin stress fibres. We
first examined the changes in the actin cytoskeleton and PPARy
expression during adipogenesis with the use of an established
DFAT cell line. Before induction of adipogenesis, DFAT cells
manifest a fibroblastic morphology with well-developed actin
stress fibres (Fig. la). At 24h after the induction of adipocytic
differentiation with the combination of 3-isobutyl-1-methyl-
xanthine (IBMX), dexamethasone and insulin, the cells exhibit a
well-spread morphology associated with the disruption of most
stress fibres (Fig. la,c; Supplementary Movie 1). The upregulation
of PPARy expression at both mRNA and protein levels is evident
at 48 h (Fig. 1a,b), at which time the cell morphology has become
stellate and the cortical actin structures characteristic of adipo-
cytes are evident (Fig. 1a). The expression of perilipin (a marker
of terminal adipocyte differentiation) and the accumulation of
lipid droplets are observed from 60h, at which time the cell
morphology has become more rounded (Fig. 1a). Together, these
results thus suggested that disruption of actin stress fibres pre-
cedes the induction of PPARy expression during adipocyte
differentiation.

Previous studies have shown that actin cytoskeleton dynamics
associated with cell rounding in response to mechanical or
physical stimuli (such as matrix stiffness and cytoskeletal tension)
result in adipogenic differentiation of 3T3-F442A preadipocytes
or mesenchymal stem cells by a mechanism that involves
RhoA-ROCK (Rho-kinase) signaﬂing”“lg, which regulates the
formation of actin stress fibres and focal adhesions'?*%. On the
other hand, ectopic expression of PPARY in mesenchymal stem
cells or NIH 3T3 fibroblasts has been found to induce not only
expression of adipose-specific genes but also morphological
differentiation, including the accumulation of triglyceride
droplets®*!=24, It has remained unknown, however, whether the
pathways underlying the induction of adipogenesis either by
PPARy or by changes in cell shape operate independently of each
other or in an interdependent manner. To address this question,
we tested the effects both of RNA interference (RNAi)-mediated
depletion of cofilinl, a protein that promotes the disassembly
of actin filaments®®, and of phalloidin (a cytoskeletal fixative)
on PPARy expression during adipocyte differentiation. Either
knockdown of cofilinl with specific small interfering RNAs
(siRNAs) or treatment with phalloidin blocked the disruption
of actin stress fibres as well as markedly inhibited both the
upregulation of PPARy and PPARy target gene expression and
the accumulation of lipid droplets elicited by inducers of
adipocyte differentiation in DFAT cells and 3T3-L1 pre-
adipocytes (Fig. 1d,e; Supplementary Fig. 1). These data thus
indicated that the disruption of actin stress fibres is required

Figure 1| Disruption of actin stress fibres is required for adipocyte differentiation. (a) Fluorescence microscopy of the actin cytoskeleton (stained with
phalloidin) as well as of PPARy or perilipin expression during adipogenesis in DFAT cells. Nuclei were stained with Hoechst 33342 (blue fluorescence).
Scale bars, 20 um. (b) Relative abundance of Pparg mRNA during adipocytic differentiation in DFAT cells (left panel). (a-f) P<0.05, Tukey's honest
significant difference test. A nuclear fraction prepared from the cells was also subjected to immunoblot analysis of PPARy and lamin C (loading control)
(right panel). (¢) Time-lapse imaging of DFAT cells expressing red fluorescent protein (RFP)-tagged actin at the indicated times (hours:minutes). Scale bars,
50 pm. (d) 3T3-L1 preadipocytes transfected with cofilin (siCfl1-a) or control (siControl) siRNAs were exposed to inducers of differentiation for 96 h.
They were then subjected to fluorescence microscopic analysis of the actin cytoskeleton and PPARy expression. Nuclei were stained with Hoechst 33342,
Scale bars, 50 um. Relative abundance of Pparg, Cebpa, Fabp4, Sic2a4 and PlinT mRNAs. *P < 0.05, Student's t-test. (e) Qil red O (ORO) staining of cells
treated as in d. Bars, 100 um. The absorbance at 510 nm (Asio) of dye extracted from the stained cells was also determined. *P<0.05, Student’s t-test.
(f) Immunoblot analysis of active and total forms of Rho proteins during adipocyte differentiation in DFAT cells (left panels). GAPDH was examined as
a loading control. Quantification of the immunoblotting data was performed using densitometry. Data were normalized to the amount of total Rho
(right panel). *P<0.05, Student's t-test. n.s., not significant. (g) Fluorescence microscopy of the actin cytoskeleton as well as of PPARy or perilipin
expression in DFAT cells expressing HA-tagged RhoAV14 or RhoAN19 and exposed for 96 h to inducers of differentiation in the absence or presence

of Y-27632 (30 uM) or CytD (0.2 uM). Nuclei were stained with Hoechst 33342. Scale bars, 20 um. At least 50 HA-positive cells were scored for
determination of the percentage of those expressing PPARy. *P<0.05, Student's t-test. All quantitative data are means £ s.d. (n=3 experiments fibres).
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for the induction of PPARy expression during adipocyte adipogenic differentiation dependent on the disruption of actin
differentiation. stress fibres in DFAT cells. The GTP-bound (active) form of Rho

proteins was detected at a high level before adipogenic induction
RhoA-ROCK signalling regulates adipogenesis. We next and was markedly reduced in abundance within 24h after
investigated whether RhoA-ROCK signalling plays a role in exposure of the cells to inducers of adipocyte differentiation
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(Fig. 1f). We transiently transfected DFAT cells with plasmids
encoding hemagglutinin epitope (HA)-tagged dominant active
(RhoAV14) or dominant negative (RhoAN19) mutants of RhoA
and then exposed the cells to inducers of adipocytic differentia-
tion for 96 h. Expression of RhoAV 14 inhibited both remodelling
of the actin cytoskeleton as well as the induction of PPARy and
perilipin expression, and these inhibitory effects were prevented
by treatment with the ROCK inhibitor Y-27632 (Fig. 1g). We also
determined whether the effects of ROCK inhibition in RhoAV14-
expressing cells were mimicked by the actin-depolymerizing
agent cytochalasin D (CytD). The addition of CytD indeed
restored remodelling of the actin cytoskeleton as well as the
expression of PPARy and perilipin in RhoAV14-expressing cells
to levels similar to those apparent in RhoAV14-expressing cells
treated with Y-27632 or in cells expressing RhoAN19 (Fig. 1g).
These results thus indicated that RhoA-ROCK signalling reg-
ulates adipocyte differentiation through control of remodelling of
the actin cytoskeleton.

G-actin induces adipogenesis by controling MKL1 localization.
Recent studies have identified mechanisms by which actin
dynamics directly affect gene transcription®®, Monomeric G-actin
binds to the transcriptional coactivator MKL1 (also known as
MAL or MRTF-A) and prevents it from translocating to the
nucleus and activating transcription®”?®,  Furthermore, in
multipotent mesenchymal stem cells, Med23 functions as a
molecular switch between ELK1 and MKL1 that controls
differentiation into adipocytes or smooth muscle cells?,
suggesting links between MKL1 and adipogenesis. To explore
whether the control of MKL1 translocation by cellular G-actin
contributes to the regulation of PPARY expression and adipocyte
differentiation, we established DFAT cells expressing mCherry
fused to MKL1 (mCherry-MKL1; Supplementary Fig. 2a) and
investigated G-actin levels and mCherry-MKL1 localization
before and after the induction of adipocyte differentiation.
F-actin was rapidly depolymerized to monomeric G-actin after
the induction of adipocyte differentiation, with the increase in
cellular G-actin concentration (Fig. 2a). mCherry-MKL1 was
detected exclusively in the nucleus before adipogenic induction
but was predominantly pancellular and/or cytoplasmic after the
induction of adipogenesis (Fig. 2a). PPARy expression was
detected in cells having the cytoplasmic localization of mCherry-
MKL1 (Supplementary Fig. 2b).

We next tested whether actin-depolymerizing agents latrun-
culin A (LatA), which increases monomeric G-actin?”39, or
swinholide A (SwinA), which increases dimeric actin that does
not interact with MKLI1 (refs 27,30,31), might mimic the effects
of inducers of adipogenesis on dynamics of the actin
cytoskeleton and MKLI localization in DFAT cells expressing
mCherry-MKL1. Indeed, LatA or SwinA induced disruption of
actin stress fibres and increased the cellular abundance of G-actin
monomers or dimers, respectively (Fig. 2b; Supplementary

Fig. 2c). LatA treatment caused the cytoplasmic sequestration
of mCherry-MKLL, whereas SwinA ftreatment resulted in the
nuclear localization (Fig. 2b). Furthermore, LatA alone induced
a significant increase in the expression of PPARy and
PPARY target genes unlike SwinA (Fig. 2c,d). These results
suggested that monomeric G-actin formation leads to adipocyte
differentiation by blocking the nuclear import of MKLI, but
not by other consequences of disruption of actin stress
fibres. Similarly to LatA, treatment with Y-27632, elicited
disruption of actin  stress fibres and the cytoplasmic
sequestration of MKLI, resulting in a marked increase in the
expression of PPARy and PPARy-target genes as well as in the
accumulation of lipid droplets in DFAT cells and 3T3-L1
preadipocytes (Supplementary Fig. 3).

Adipogenesis requires interaction between G-actin and MKL1.
We also asked whether the interaction between G-actin and
MKL1 and the consequent cytoplasmic sequestration of MKLI
contribute to adipocyte differentiation. To address this issue,
we established DFAT cells and 3T3-L1 preadipocytes that express
a FLAG epitope-tagged fusion protein of the oestrogen receptor
(ER) and either MKLI or a deletion mutant of MKL1 (MKL1-
N100) that lacks the 100 NH,-terminal amino acids of the
full-length protein and therefore does not contain the RPEL
actin-binding domain®** (Supplementary Fig. 4a). Exposure of
these cells to the ER agonist 4-hydroxytamoxifen (TAM) induced
the nuclear translocation of each fusion protein (Fig. 3a). The
nuclear translocation of ER-MKL1 was accompanied by a marked
decrease in the expression of PPARy and PPARy target genes
as well as in the accumulation of lipid droplets in cells also
exposed to inducers of adipocytic differentiation (Fig. 3b-d;
Supplementary Fig. 4b-d). Moreover, expression of ER-MKL1-
N100, which fails to bind G-actin and a substantial proportion of
which was localized to the nucleus even in the absence of TAM
(Fig. 3b; Supplementary Fig. 4b), resulted in marked suppression
of adipogenesis in the absence or presence of TAM compared
with that apparent in cells expressing ER-MKL1 (Fig. 3b-d;
Supplementary Fig. 4b-d). We also tested if ER-MKL1-N100
reverts the effects elicited by treatment with LatA in DFAT cells
and 3T3-L1 preadipocytes. The expression of ER-MKL1-N100,
which was predominantly localized to the nucleus even after
treatment with LatA and remarkably impaired the expression of
PPARy and PPARy target genes compared with that of ER-MKL1
(Fig. 3e,f; Supplementary Fig. 4e,f). These findings significantly
strengthen our conclusion that the increase in the cytoplasmic
abundance of G-actin triggers adipocyte differentiation via
regulation of the subcellular localization of MKLI.

Loss of MKL1 drives adipocyte differentiation. We further
assessed whether RNAi-mediated depletion of MKL1 alone might
induce PPARY expression and adipocyte differentiation in the
absence of an adipogenic cocktail. In both DFAT cells and 3T3-L1

Figure 2 | The increase of G-actin accumulation resulting from disruption of actin stress fibres is involved in the cytoplasmic sequestration of
MKL1 and adipocyte differentiation in DFAT cells. (a) Immunofluorescence analysis of mCherry and G-actin (stained with DNase 1) in cells stably
expressing mCherry-MKL1 at O or 48 h after the induction of adipogenesis(upper panels). Nuclei were stained with Hoechst 33342. Scale bars, 100 pm.
At least 300 cells per coverslip were scored for determination of the percentage of the subcellular localization of MKL1 (lower panel). N, nuclear;

N/C, comparable intensity in nucleus and cytoplasm; C, cytoplasmic. (b) Immunofluorescence analysis of mCherry and G-actin in mCherry-MKL1-
expressing cells exposed to Lat A (0.4 pM), Swin A (0.1uM) or dimethy! sulfoxide (DMSO, control) for 6h in growth medium without an adipogenic
cocktail (upper panels). Nuclei were stained with Hoechst 33342, Scale bars, 50 pm. Quantitation of immunofluorescence microscopy; localization

of the indicated mCherry-MKL1 was scored in 300 cells as in panel a (lower panel). (¢) Relative abundance of Pparg, Cebpa, Fabp4, Slc2a4, and Plin1
mRNAs in cells treated as in b. ND, not detected. (d) Cells treated as in b were cultured for an additional 18 h (total of 24 h) and then subjected to
immunofluorescence analysis of mCherry and PPARy expression. Nuclei were stained with Hoechst 33342. Scale bars, 50 um. All quantitative data

are means ts.d. (n=3 experiments). *P<0.05, Student's t-test.
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