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Introduction

Pigs have attracted attention as large experimental animals
capable of providing valuable information that is highly extra-
polatable to humans due to their anatomical, physiological, and
hematological features [1-5]. To date, pig models of various
human diseases, such as cystic fibrosis [6], diabetes mellitus {7,8],
Alzheimer’s disease [9], and retinitis pigmentosa [10], have been
created. In addition, research on the use of genetically modified
pigs as organ/tissue donors for xenotransplantation into humans is
advancing [11,12]. In fact, encapsulated porcine islets of
Langerhans have been transplanted into humans and are now
under clinical trials to assess their safety and efficacy for curing
type I diabetes mellitus {13].

The knockout (KO) of endogenous genes is a useful tool for
analyses of gene function and the production of animal models
that mimic human diseases. A variety of gene KO mice have been
generated using embryonic stem (ES) cells genetically modified by
homologous recombination (HR). As authentic ES cells are not
available in pigs, HR using somatic cells has been employed to
generate gene KO pigs in combination with somatic cell nuclear
transfer (SCNT) technology. However, the low efficiency (fre-
quency, 107 o 107% of HR for mammalian cultured cells
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hinders the generation of KO pigs [14-16], and the generation of
KO pigs through HR therefore remains limited.

One new technique uses zinc finger nucleases (ZFNs) to knock
out endogenous genes and is expected to overcome the inefficiency
and complexity of HR in mammals [17]. Engineered ZFNs are
artificial restriction enzymes comprised of a zinc finger DNA-
binding domain and a DNA cleavage domain [18]. We previously
were the first to demonstrate that gene KO in primary porcine
fetal fibroblasts in vitro was possible using ZFNs [19], and somatic
cells that were genetically modified by ZFNs were shown to be
capable of producing gene KO pigs after SCNT [20-23]. In these
studies, the ZFN-encoding plasmid DNA was introduced into
somatic cells or the nuclear donor cells for SCNT. However,
plasmid DNA can also be integrated into the genome of cells,
which may result in the disruption of endogenous genes and the
constitutive expression of ZFNs. This drawback of plasmid DNA
can be eliminated by the use of ZFN-encoding mRNA, which
cannot be inserted into the host genome. Gene KO using ZFN-
encoding mRNAs in rodents has been performed via direct
injection into the fertilized eggs [24-26], although the generation
of KO piglets using ZIN-encoding mRNA has yet to be reported.

The present study sought to investigate whether ZFN-encoding
mRNAs can be used to generate gene KO pigs. We chose the
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interleukin-2 receptor gamma (/LZRG) gene on the X-chromo-
some of male cells as a target gene to be knocked out. IL2RG
encodes the common gamma chain (y.), and mutations in /L2RG
lead to X-linked severe combined immunodeficiency (XSCID),
which is characterized by profound defects in cellular and humoral
immunity in humans [27,28]. Furthermore, knockout of IL2RG
was previously shown to give rise to the XSCID phenotype in male
pigs [29]. We therefore applied ZFN-encoding mRINA to knock
out IL2RG in male porcine fibroblast cells, which are capable of
supporting the development to live offspring after SCNT. Here,
we show that an endogenous gene in porcine primary cultured
cells could be knocked out using ZFN-encoding mRNAs, thereby
allowing the efficient production of a gene KO pig by means of
somatic cell cloning.

Results

Design of ZFNs and isolation of /L2RG KO cells

Similar to IL2RG in humans, mice, and rats, porcine [L2RG is
found on the X chromosome and consists of 8 exons [30]. In this
study, we constructed a ZFN that targets exon 1 of porcine /L2RG.
This pair (right and left) of ZFNs contains 4 zinc finger proteins
each, and both the right and left ZFNs recognize a target sequence
of 24 bp (Figure 1A). IL2RG KO cells were generated via the
electroporation of ZFN-encoding mRNAs into porcine male fetal
fibroblasts with transient cold shock treatment at 32°C for 3 d
[31]. No visible morphological abnormalities were detected in the
fetal fibroblasts following the introduction of mRNA and transient
cold shock treatment. Of the 192 single cell-derived cell lines
obtained by limiting dilution, 1 cell line (1/192, 0.5%) with a ZFN-
induced mutation was established, and this cell line (#98,
Figure 1B) was used as the nuclear donor for SCNT. DNA
sequence analyses showed that these cells carried both a 3-bp
substitution and an 86-bp deletion spanning the major transcrip-
tion start point and the start codon (ATG) of porcine IL2RG,
indicating that this mutation was likely to disrupt IZL2RG function.
Sufficient numbers of KO cells were prepared for SCNT after
culture for 3 weeks.

Production and analysis of IL2RG KO cloned pigs

First, the developmental competence of the SCNT embryos
reconstructed with the JL2RG KO cells was examined iz vitro. Of
the 403 SCNT embryos produced in duplicated experiments, 237
(58.8%) developed into blastocysts (Table 1).” This blastocyst
formation rate was comparable to those reported in our previous
studies [32]. Second, 199 blastocysts (Figure 2A) obtained by
SCNT were subjected to transfer to 2 estrus synchronized
recipient gilts (P177 and P178; Table 1). Pregnancy was confirmed
in both gilts at 39 d of gestation. On day 113 of gestation, 4 male
cloned pigs were obtained from 1 recipient (P177) via cesarean
section (Figure 2B). The body weight and length of the 4 piglets
ranged from 0.56 to 1.16 kg and 22 to 28 cm, respectively. The
other recipient (P178) miscarried at 46 d of gestation.

PCR genotyping and DNA sequence analyses of the 4 cloned
pigs showed that all 4 pigs had the same mutation as the nuclear
donor cells (3-bp substitution and 86-bp deletion; Figure 2C and
D). Western blot analyses further showed that all 4 pigs lacked the
IL2RG protein (Figure 2E).

Phenotypic characterization of IL2RG KO pigs

Gross anatomical analysis revealed that all 4 IL2RG KO pigs
completely lacked thymuses (Figure 3A, B). Histological analysis of
the spleens clearly showed the presence of lymphocytes in the
white pulp of the peripheral lymphoid sheath tissue (PALS) in
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wild-type (WT) pigs (Figure 3C), whereas the [L2RG KO pigs
showed very few or no lymphocytes in the PALS (Figure 3D).
Embryonic hematopoiesis in the red pulp was strong in both WT
and IL2RG KO pigs (data not shown). The lymphocyte counts in
the peripheral blood of the WT and IL2ZRG KO pigs were
15.7+2.2%10%/ pl and 6.5+3.0x10%/ pl, respectively, indicating
a significant reduction in the lymphocyte number in IL2RG KO
pigs (P<<0.01; Figure 3E).

Flow cytometric analyses of the peripheral blood (Figure 4A)
showed that the number of CD3" T cells in IL2RG KO pigs
(0.3%*0.1%) was drastically lower than that in WT pigs
(74.0% *+10.2%; P<<0.0001). In addition, JL2RG KO pigs lacked
CD3*CD4" and CD3*CD8" T cells. The number of NK cells
(monocyte/granulocyte”, CD37, and CD16") was also notably
lower in IL2RG KO pigs than WT pigs (ILZRG KO, 0.9%%0.2%
vs. WT, 8.1%4.5%; P=0.004), although the B cell population
(CD3™ and CD45RA™) in IL2RG KO pigs was observed to be the
same as that in WT pigs. As observed in the peripheral blood, the
numbers of splenic T cells (/L2RG KO, 0.2%*0.1% vs. WT,
28.1%*+10.9%; P<0.0001) and NK cells (/LZRG KO,
0.8%+0.3% vs. WT, 3.9%*0.8%; P=0.0001) were significantly
reduced in IL2RG KO pigs (Figure 4B). Thus, an almost complete
lack of T and NK cells was observed in the JL2RG KO pigs, which
is similar to human XSCID patients.

Discussion

In rodents, the microinjection of ZFN-encoding mRNA into
fertilized eggs has been used for the creation of gene KO animals,
mainly due to its simplicity. However, the drawbacks of this
microinjection method include inefliciency and the occurrence of
mutation mosaicism [24]. The transfer of mRNA-injected eggs
into recipient fernales gives rise to both non-mutant and mutant
offspring, and the generation of mutants results in undesired
mutations that are meaningless with regard to the traits of the gene
KO animals. Mutation mosaicism can result from sustained ZFN
activity during later embryogenesis or the re-cleavage of the
already-modified alleles [33,34]. Individuals with the desired
mutation can be selected after crossbreeding with WT animals.
Such a breeding process, however, requires enormous time, labor,
and costs in large animals such as pigs, which have longer
gestation intervals than rodents. We therefore applied the gene
KO procedure using SCNT for the generation of IL2RG KO pigs
in the present study. With this method, nuclear donor cells could
be examined i vitro for the induced mutations prior to the
production of cloned animals by SCNT [2]. Thus, the wasteful
production of undesired animals can be avoided. To our
knowledge, this study is the first to demonstrate the generation
of cloned pigs from gene KO cells prepared using ZFN-encoding
mRNA.

For the generation of gene KO pigs by somatic cell cloning, HR
has traditionally been used to knock out a target gene in nuclear
donor cells [11,12,29]. In HR, an antibiotic-based cell selection is
performed to obtain KO cells; however, several issues arise,
including (1) the insertion of an antibiotic cassette into the host
genome using targeting vectors, (2) the senescence or exhaustion of
nuclear donor cells caused by the prolonged culture associated
with antibiotic selection, and (3) the unavoidable contamination of
non-targeted cells despite the positive-negative screening [29,35—
37]. Therefore, a re-cloning process, namely repeated nuclear
transfer, is often necessary to obtain KO offspring [38,39]. In the
re-cloning process, fetuses are collected after the first round of
SCNT and embryo transfer, and these first-round cloned fetuses
can be analyzed for gene KO status. The establishment of primary
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Figure 1. Design of ZFNs targeting the pig /L2RG gene and isolation of nuclear donor cells. (A) Schematic representation of ZFNs binding
to pig IL2RG. The coding and untranslated regions are indicated by gray and white boxes, respectively. A ZFN consists of a nuclease domain (Fok 1)
and a DNA-binding domain (zinc finger proteins), and the recognition sequences of the zinc finger proteins are underlined. (B) Flow chart for the
isolation of nuclear donor cells (clone #98) for SCNT. (C) ZFN-induced mutation in cell clone #98. The upper and lower sequences represent the WT
and clone #98 sequence of IL2RG, respectively. The deletion mutation and nucleotide substitution in clone #98 are indicated by a hyphen and black
box, respectively. The initiation codon of IL2RG is shown in a dotted box. The ZFN-binding and ZFN-cleavage sites are double-underlined and boxed,
respectively. The major transcription initiation site is indicated with a circle.

doi:10.1371/journal.pone.0076478.g001

culture cells from the gene KO fetus requires obtaining excised, provided that the proper site-specific recombinase
rejuvenated nuclear donor cells for the next round of SCNT. technology, such as Cre-loxP recombination, was incorporated
Using these rejuvenated cells, the antibiotic cassette can be [40].
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Figure 2. Generation and analysis of /L2RG KO pigs. (A) Cloned blastocysts transferred to recipient gilts. (B) Cloned IL2RG KO pig delivered by
cesarean section at 113 d of gestation. (C) PCR genotyping for the 4 cloned piglets obtained. M: DNA marker. (D) The DNA sequence analysis of IL2RG
in a cloned pig. The arrows and boxes indicate the same mutation as that of the nuclear donor cell (clone #98). (E) Western blot for IL2RG protein in
the spleens of IL2RG KO pigs. B-actin was used as a loading control. M: protein standard marker.

doi:10.1371/journal.pone.0076478.g002
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Table 1. in vitro development of SCNT embryos and
production of IL2RG KO pigs.

in vitro development of reconstructed SCNT embryos

SCNT embryos reconstructed 403
Normally cleaved embryos on day 2 151 (71.9%)
Blastocyst-stage embryos on day 5 237 (58.8%)
Production of IL2RG KO pigs
Recipient P177 P178
Blastocysts transferred® 100 99
Pregnancy + +
Cloned fetuses obtained 4 (4.0%) - (miscarried)®

?Day 5-6 embryos.
46 d of gestation.
doi:10.1371/journal.pone.0076478.t001

In contrast, ZFN-encoding mRINAs can generate gene KO cells
without antibiotic selection. In fact, sufficient numbers of nuclear
donor cells for SCNT can be obtained in a short period of time
(approximately 3 weeks). Moreover, the IL2RG-KO cells gener-
ated by the ZFN-encoding mRNAs in this study allowed for the
direct production of full-term cloned fetuses without rejuvenation
of the nuclear donor cells and subsequent re-cloning. As a result,
we obtained full-term cloned fetuses within 6 months, including
the period spent establishing the KO cells, whereas the HR
method requires an average of 12 to 18 months to obtain KO
animals. An additional advantage of ZFN-encoding mRNAs is
transient ZFN expression, which reduces the incidence of off-
target mutations [41]. Off-target events are a potential limitation
of the ZFN technique [26,42,43], although the introduction of
ZFN-encoding mRNAs leads to the immediate translation of
ZFNs in the cytoplasm without the risk of genomic integration,
which could disrupt endogenous genes. Carlson et al. recently

WT IL2RG-KO
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generated KO pigs using TALEN-encoding mRNA [44]. Based
on these collective results, we believe that it is important to
compare the efficiencies of ZFN- and TALEN-mRNA in
generating KO pigs.

A marked decrease in the number of T and B cells has been
reported in XSCID mice [45,46] and rats [24]. In human XSCID
patients, although the number of T and NK cells is significantly
decreased, the number of B cells remains normal or is occasionally
increased [28,47]. Thus, the phenotypes of rodent XSCID models
do not necessarily mimic the conditions of human XSCID. In
contrast, the JL2RG KO pigs obtained in this study lacked T and
NK cells but showed normal B cell populations, and identical
phenotypic characteristics were shown in a previous report in
which XSCID pigs were generated through HR [29]. Thus,
IL2RG KO pigs are considered to be an accurate model that
mimics human XSCID.

Opportunistic infections in XSCID animals after birth are
unavoidable under conventional housing conditions. We therefore
used the full-term /LZRG KO pig fetuses recovered via cesarean
section (113 d of gestation) for our analyses to avoid any changes
due to infections.

In conclusion, this study presents a simple, non-integrating
strategy for generating KO pigs using ZFN-encoding mRINA,
which successfully generated ILZRG KO pigs via the SCNT
method in a short period of time. The combination of ZFN-
encoding mRNA with SCNT provides a robust method for
generating KO pigs without genomic integration. Moreover, the
resulting ZL2RG KO pigs showed a phenotype similar to that of
human XSCID. Although further characterization is required,
these findings represent the first step toward developing a porcine
SCID model, and we believe that this /L2RG KO pig model will
greatly contribute not only to cancer and stem cell research but
also to preclinical evaluations of the transplantation of pluripotent
stem cells, such as iPS cells.

- e N
[~ T ] (=

Lymphocyte (10%/ul)
(3,

o

WT IL2RG-KO

Figure 3. Phenotypes of /L2RG KO pigs. (A, B) The thymic phenotype in WT and /L2RG KO pigs. The white arrowheads indicate normal thymuses
in WT pigs. (C, D) Histological analysis of the spleens of WT and /L2RG KO pigs. The white pulp of the spleen is indicated by a dotted white circle.
Bar=100 um. (E) The proportion of lymphocytes in the peripheral blood (PB) of WT and /L2RG KO pigs. The data represent the means *+ SD values for
4 pigs. The asterisk indicates a statistically significant difference (P<<0.01) between the values for WT and IL2RG KO pigs (n=4).
doi:10.1371/journal.pone.0076478.g003
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Figure 4. Flow cytometric analysis of mononuclear cells in /L2RG KO pigs. (A) Flow cytometric analysis of T, B, and NK cells in the peripheral
blood of IL2RG KO pigs. The dot plots show CD3, CD4, and CD8 cells for the demarcation of T cell subpopulations and CD3, CD45RA, and CD16 (in the
non-myeloid fraction, i.e., monocyte/granulocyte (M/G)-negative) cells for the differentiation of T cell, B cell, and NK cell subpopulations in the
peripheral blood, respectively. (B) The proportion of T (CD3*) and NK (M/G™, CD3~, CD16") cells among the mononuclear cells in the spleens of IL2RG
KO pigs. The data represent the mean = SD values of the 4 pigs obtained.

doi:10.1371/journal.pone.0076478.g004

Materials and Methods

Animal care and chemicals

All of the animal experiments in this study were approved by the
Institutional Animal Care and Use Committee of Meiji University
(IACUC10-0004). All chemicals were purchased from the Sigma-
Aldrich Chemical Co. (MO, USA) unless otherwise indicated.

Design of ZFNs and mRNA preparation

Custom ZFN plasmids for pig IL2RG were obtained from
Toolgen Inc. The design and validation of these ZFNs was
performed by Toolgen Inc (Seoul, South Korea). The constructed
ZFNs were designed to target the sequence of exon 1 in the pig
IL2RG gene. Each of the ZFNs had 4 zinc finger domains
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recognizing 12 bases (Figure 1). For the production of ZFN-
encoding mRNA, each of the ZFN plasmids was digested with the
restriction enzyme Xho I. The linearized plasmids were then
purified with phenol/chloroform to generate a high-quality DNA
template for i wtro transcription. Capped ZFN mRNA was
produced from the linearized DNA template via m uwitro
transcription using a MessageMAX T7 ARCA-Capped Message
Transcription Kit (Cambio, Cambridge, UK). A poly(A) tail was
then added to each mRNA by polyadenylation using the Poly(A)
Polymerase Tailing Kit (Cambio). The poly(A)-tailed ZFN-
encoding mRNA was then purified using a spin column with the
MEGAclear Kit (Life Technologies, CA, USA) and finally
resuspended in RINase-free water at 400 ng/ pl.
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Isolation of IL2RG KO cells and culture conditions

A primary culture of porcine fetal fibroblast cells (male line) was
used as the progenitor line for the isolation of IL2RG KO cells.
The fibroblast cells and their derivatives (KO cells) were seeded
onto type I collagen-coated dishes or plates (Asahi Glass, Tokyo,
Japan) and cultured in MEMa (Life Technologies) supplemented
with 15% FBS (Nichirei Bioscience, Tokyo, Japan) and 1x
antibiotic-antimycotic solution (Life Technologies) in a humidified
atmosphere containing 5% COy at 37°C. The fetal fibroblasts
were cultured to 70-90% confluence, washed twice with D-
PBS(—) (Life Technologies), and treated with 0.05% trypsin-
EDTA (Life Technologies) to isolate and collect the cells. The cells
(4x10°) were then suspended in 40 pl of R buffer (supplied as part
of the Neon Transfection System, Life Technologies), and 2 ul of
ZFN-encoding mRNA solution (400 ng/ pl) was added. The cells
were then electroporated under the following conditions: pulse
voltage, 1,100 V; pulse width, 30 ms; and pulse number, 1
(program #6). Following electroporation, the cells were cultured
at 32°C for 3 d (transient cold shock) first without antibiotics in the
medium described above for 24 h and then with antibiotics in the
medium [31]. For recovery after the transient cold shock
treatment, the cells were cultured at 37°C until they approached
confluence, and then limiting dilution was performed to obtain
single cell-derived clones in five 96-well plates. At 12 d after
limiting dilution, cells at relatively high confluency (>>50%) in each
well were selected and divided for further culture and mutation
analysis. The cells at low confluency (~50%) after limiting dilution
were not used in further experiments.

Analysis of ZFN-induced mutations in nuclear donor cells

and cloned fetuses

The target region of IL2RG-ZFNs was amplified by direct PCR
from the cell clones using MightyAmp DNA polymerase (Takara
Bio, Shiga, Japan) and the corresponding primers (5'-
ATAGTGGTGTCAGTGTGATTGAGC and 5'-TACGAACT-
GACTTATGACTTACC). Nested PCR was then performed
using PrimeSTAR HS DNA polymerase (Takara Bio) and the
appropriate primers (5'-ATACCCAGCTTTCGTCTCTGC and
5'-TTCCAGAATTCTATACGACC). Subsequently, the PCR
fragment including the ZFN target region was examined using
the sequencing primer 5-AGCCTGTGTCATAGCATAC, the
BigDye Terminator Cycle Sequencing Kit, and an ABI PRISM
3100 Genetic Analyzer (Life Technologies). For analysis of the
mutation in cloned fetuses, genomic DNA was extracted from the
tail biopsies of fetuses using a DNeasy Tissue and Blood Kit
(QIAGEN, Hilden, Germany), and then PCR genotyping and
DNA sequencing were performed as described above. All new
sequence data is deposited in DDBJ/EMBL/GenBank
(AB846644-AB846648).

SCNT and embryo transfer

SCNT was performed as described previously with slight
modifications [32]. Briefly, in witro-matured oocytes containing
the first polar body were enucleated via the gentle aspiration of the
polar body and the adjacent cytoplasm using a beveled pipette in
10 mM HEPES-buffered Tyrode lactose medium containing 0.3%
(w/v) polyvinylpyrrolidone (PVP), 0.1 ug/ml demecolcine, 5 pg/
ml cytochalasin B (CB), and 10% FBS. Fibroblasts (clone #098)
were used as nuclear donors following cell cycle synchronization
via serum starvation for 2 d. A single donor cell was inserted into
the perivitelline space of an enucleated oocyte. The donor cell-
oocyte complexes were placed in a solution of 280 mM mannitol
(Nacalai Tesque, Kyoto, Japan) (pH 7.2) containing 0.15 mM
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MgSO,, 0.01% (w/v) PVA, and 0.5 mM HEPES and were held
between 2 electrode needles. Membrane fusion was induced with a
somatic hybridizer (LF201; NEPA GENE, Chiba, Japan) by
applying a single direct-current (DC) pulse (200 V/mm, 20 us)
and a pre- and post-pulse alternating current (AC) field of 5 V at
I MHz for 5s. The reconstructed embryos were cultured in
NCSU23 medium supplemented with 4 mg/ml BSA for 1 to
1.5 h, followed by electrical activation. The reconstructed embryos
were then washed twice in an activation solution containing
280 mM mannitol, 0.05 mM CaCl,, 0.1 mM MgSO,, and 0.01%
(w/v) PVA and were aligned between 2 wire electrodes (1.0 mm
apart) of a fusion chamber slide filled with the activation solution.
A single DC pulse of 150 V/mm was applied for 100 ps using an
electrical pulsing machine (Multiporator; Eppendorf, Hamburg,
Germany). After activation, the reconstructed embryos were
transferred into PZM5 supplemented with 5 pg/ml CB and
500 nM Scriptaid for 3 h. The embryos were then transferred into
PZM5 supplemented with Scriptaid and further cultured for 12 to
14 h. After incubation, the embryos were further cultured in
PZM5, and the dish was maintained under a humidified
atmosphere of 5% COs, 5% Og, and 90% Ny at 38.5°C. Beyond
the morula stage, the embryos were cultured in PZMS5 supple-
mented with 10% FBS.

Crossbred (Large White/Landrace x Duroc) prepubertal gilts
weighing 100 to 105 kg were used as recipients of the SCNT
embryos. The gilts were given a single intramuscular injection of
1,000 IU of eCG to induce estrus. Ovulation was induced by an
intramuscular injection of 1,500 IU of hCG (Kawasaki Pharma-
ceutical, Kanagawa, Japan) that was given 66 h after the injection
of eCG. The SCNT embryos cultured for 5 to 6 d were surgically
transferred into the oviducts of the recipients approximately 146 h
after hCG injection.

Western blot analysis

After the IL2RG KO and age-matched WT pigs were sacrificed,
their dissected spleens were homogenized in RIPA buffer (Thermo
Scientific, MA, USA) with a protease inhibitor cocktail (Nacalai
Tesque) and subjected to centrifugation, and the supernatants
were collected. The protein concentrations of the samples were
quantified using a DC protein assay (Bio-Rad, CA, USA) based on
the Lowry method. Approximately 40 pg of protein from the
spleen extracts was subjected to 10% SDS-PAGE and transferred
by electroblotting to a Hybond-P PVDF membrane (GE
Healthcare Bio-Sciences, NJ, USA). The membranes were blocked
for 30 min at room temperature with Blocking One (Nacalai
Tesque). After blocking, the membranes were incubated with an
anti-IL2RG antibody (1:200 dilution; Santa Cruz Biotechnology,
CA, USA) for 1 h at room temperature and were subsequently
incubated with HRP-conjugated anti-rabbit IgG antibody (1:5,000
dilution; Santa Cruz Biotechnology) for 1 h at room temperature.
The blot was developed using ECL. Western Blotting Detection
Reagents (GE Healthcare Bio-Sciences). The signal was detected
and imaged with an ImageQuant LAS-4000 system (GE
Healthcare Bio-Sciences).

Flow cytometric analysis

Peripheral blood mononuclear cells were harvested from the
whole blood and spleens of IL2RG KO pigs using the erythrocyte
lysis solution PharmLyse (Becton Dickinson, BD, NJ, USA), and
1x10° cells were incubated with mouse anti-pig CD3e (Abcam,
Cambridge, UK), CD4a (BD), CD8a (BD), CD16 (AbDSerotec,
NC, USA), CD45RA (AbDSerotec), and monocyte and granulo-
cyte (M/G, Abcam) antibodies for 30 min at room temperature.
After incubation, the cell suspension was washed and resuspended
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with PBS (=) supplemented with 1% FBS (w/v). The cell
populations isolated from the peripheral blood and spleens of
IL2RG-KO pigs were evaluated using a FACSCalibur flow
cytometer (BD) equipped with a 488-nm argon laser. The cell
debris and aggregates were gated out of the analysis using
bivariate, forward/side scatter (FSC/SSC) parameters. In all
analyses, the virtual lymphocyte population was gated, and the
gated 1x10* events per sample were acquired and analyzed using
CELLQuest Pro software (BD).

Histological analysis
After the IL2RG KO and age-matched WT pigs were sacrificed,
their dissected spleens were fixed in 10% neutral buffered formalin

References

1. Aigner B, Renner S, Kessler B, Klymiuk N, Kurome M, et al. (2010) Transgenic
pigs as models for translational biomedical research. ] Mol Med 88: 653-664.

2. Kues WA, Niemann H (2004) The contribution of farm animals to human
health. Trends Biotechnol 22: 286-294.

3. Vajta G, Gjerris M (2006) Science and technology of farm animal cloning: state
of the art. Anim Reprod Sci 92: 211-230.

4. Lunney JK (2007) Advances in swine biomedical model genomics. Int J Biol Sci
3: 179-184.

5. Matsunari H, Nagashima H (2009) Application of genetically modified and
cloned pigs in translational rescarch. J Reprod Dev 55: 225-230.

6. Rogers CS, Stoltz DA, Meyerholz DK, Ostedgaard LS, Rokhlina T, et al. (2008)
Disruption of the CFTR gene produces a model of cystic fibrosis in newborn
pigs. Science 321: 1837-1841.

7. Umeyama K, Watanabe M, Saito H, Kurome M, Tohi S, et al. (2009)
Dominant-negative mutant hepatocyte nuclear factor lalpha induces diabetes in
transgenic-cloned pigs. Transgenic Res 18: 697-706.

8. Renner S, Fehlings C, Herbach N, Hofmann A, von Waldthausen DC, et al.
(2010) Glucose intolerance and reduced proliferation of pancreatic beta-cells in
transgenic pigs with impaired glucose-dependent insulinotropic polypeptide
function. Diabetes 59: 1228-1238.

9. Kragh PM, Nielsen AL, Ii ], Du Y, Lin L, et al. (2009) Hemizygous minipigs
produced by random gene insertion and handmade cloning express the
Alzheimer’s discase-causing dominant mutation APPsw. Transgenic Res 18:
545-558.

10. Ross JW, Fernandez de Castro JP, Zhao J, Samuel M, Walters E, et al. (2012)
Generation of an inbred miniature pig model of retinitis pigmentosa. Invest
Ophthalmol Vis Sci 53: 501-507.

11. Dai Y, Vaught TD, Boone J, Chen SH, Phelps CJ, et al. (2002) Targeted
disruption of the alphal,3-galactosyltransferase gene in cloned pigs. Nat
Biotechnol 20: 251-255.

12. Lai L, Kolber-Simonds D, Park KW, Cheong HT, Greenstein JL, et al. (2002)
Production of alpha-1,3-galactosyltransferase knockout pigs by nuclear transfer
cloning. Science 295: 1089-1092.

13. Elliott RB, Escobar L, Tan PL, Muzina M, Zwain S, et al. (2007) Live
encapsulated porcine islets from a type 1 diabetic patient 9.5 yr after
xenotransplantation. Xenotransplantation 14: 157-161.

14. Porter AC, Itzhaki JE (1993) Gene targeting in human somatic cells. Complete
inactivation of an interferon-inducible gene. Eur J Biochem 218: 273-281.

15. Brown JP, Wei W, Sedivy JM (1997) Bypass of senescence after disruption of
p21CIP1/WAF1 gene in normal diploid human fibroblasts. Science 277: 831-
834.

16. van Nierop GP, de Vries AA, Holkers M, Vrijsen KR, Goncalves MA (2009)
Stimulation of homology-directed gene targeting at an endogenous human locus
by a nicking endonuclease. Nucleic Acids Res 37: 5725-5736.

17. Geurts AM, Cost GJ, Freyvert Y, Zeitler B, Miller JC, et al. (2009) Knockout
rats via embryo microinjection of zinc-finger nucleases. Science 325: 433.

18. Kim YG, Cha J, Chandrasegaran S (1996) Hybrid restriction enzymes: zinc
finger fusions to Fok I cleavage domain. Proc Natl Acad Sci U S A 93: 1156~
1160.

19. Watanabe M, Umeyama K, Matsunari H, Takayanagi S, Haruyama E, et al.
(2010) Knockout of exogenous EGFP gene in porcine somatic cells using zinc-
finger nucleases. Biochem Biophys Res Commun 402: 14-18.

20. Whyte JJ, Zhao J, Wells KD, Samuel MS, Whitworth KM, et al. (2011) Gene
targeting with zinc finger nucleases to produce cloned eGFP knockout pigs. Mol
Reprod Dev 78: 2.

21. Hauschild J, Petersen B, Santiago Y, Queisser AL, Carnwath JW, et al. (2011)
Efficient generation of a biallelic knockout in pigs using zinc-finger nucleases.
Proc Natl Acad Sci U S A 108: 12013-12017.

22. Li P, Estrada JL, Burlak C, Tector AJ (2012) Biallelic knockout of the alpha-1,3
galactosyltransferase gene in porcine liver-derived cells using zinc finger
nucleases. J Surg Res 181: €39-45.

PLOS ONE | www.plosone.org

Generation of IL2RG Knockout Pig by ZFN-mRNAs

solution (Wako Pure Chemical Industries, Osaka, Japan), embed-
ded in paraffin, sectioned, and stained with hematoxylin and eosin
using standard methods.

Acknowledgments
We acknowledge Mr. Hiroshi Kadoi (Kadoi Ltd.) for technical help.

Author Contributions

Conceived and designed the experiments: HN. Performed the experiments:
MW KN HM TM MM TK M. Kobayashi YM RS M. Kuramoto GH Y.
Asano ST Y. Arai. Analyzed the data: MW KN KU. Wrote the paper:
MW MN HN. Final approval of the manuscript: MN YH HN.

23. Yang D, Yang H, Li W, Zhao B, Ouyang Z, et al. (2011) Generation of
PPARgamma mono-allelic knockout pigs via zinc-finger nucleases and nuclear
transfer cloning. Cell Res 21: 979-982.

24. Mashimo T, Takizawa A, Voigt B, Yoshimi K, Hiai H, et al. (2010) Generation
of knockout rats with X-linked severe combined immunodeficiency (X-SCID)
using zinc-finger nucleases. PLoS One 5: e8870.

25. Carbery ID, Ji D, Harrington A, Brown V, Weinstein EJ, et al. (2010) Targeted
genome modification in mice using zinc-finger nucleases. Genetics 186: 451~
459.

26. Cui X, Ji D, Fisher DA, Wu Y, Briner DM, et al. (2011) Targeted integration in
rat and mouse embryos with zinc-finger nucleases. Nat Biotechnol 29: 64-67.

27. Noguchi M, Yi H, Rosenblatt HM, Filipovich AH, Adelstein S, et al. (1993)
Interleukin-2 receptor gamma chain mutation results in X-linked severe
combined immunodeficiency in humans. Cell 73: 147-157.

28. Buckley RH (2004) Molecular defects in human severe combined immunode-
ficiency and approaches to immune reconstitution. Annu Rev Immunol 22: 625—
655.

29. Suzuki S, Iwamoto M, Saito Y, Fuchimoto D, Sembon S, et al. (2012) I2rg
Gene-Targeted Severe Combined Immunodeficiency Pigs. Cell Stem Cell 10:
753-758.

30. Honma D, Uenishi H, Hiraiwa H, Watanabe S, Tang W, et al. (2003) Cloning
and characterization of porcine common gamma chain gene. | Interferon
Cytokine Res 23: 101-111.

31. Doyon Y, Choi VM, Xia DF, Vo TD, Gregory PD, et al. (2010) Transient cold
shock enhances zinc-finger nuclease-mediated gene disruption. Nat Methods 7:
459-460.

32. Matsunari H, Watanabe M, Umeyama K, Nakano K, lkezawa Y, et al. (2012)
Cloning of homozygous al,3-galactosyltransferase gene knock-out pigs by
somatic cell nuclear transfer. In: Miyagawa S, editor.Xenotransplantation.
Rijeka, Croatia: InTech. pp. 37-54.

33. Tesson L, Usal G, Menoret S, Leung E, Niles BJ, et al. (2011) Knockout rats
generated by embryo microinjection of TALENSs. Nat Biotechnol 29: 695-696.

34. Sung YH, Back IJ, Kim DH, Jeon J, Lee J, et al. (2013) Knockout mice created
by TALEN-mediated gene targeting. Nat Biotechnol 31: 23-24.

35. Forsberg EJ, Strelchenko NS, Augenstein ML, Betthauser JM, Childs LA, et al.
(2002) Production of cloned cattle from in vitro systems. Biol Reprod 67: 327—
333.

36. Iguma LT, Lisauskas SF, Melo EO, Franco MM, Pivato I, et al. (2005)
Development of bovine embryos reconstructed by nuclear transfer of transfected
and non-transfected adult fibroblast cells. Genet Mol Res 4: 55-66.

37. Zakhartchenko V, Mueller S, Alberio R, Schernthaner W, Stojkovic M, et al.
(2001) Nuclear transfer in cattle with non-transfected and transfected fetal or
cloned transgenic fetal and postnatal fibroblasts. Mol Reprod Dev 60: 362-369.

38. Matsunari H, Onodera M, Tada N, Mochizuki H, Karasawa S, et al. {2008)
Transgenic-cloned pigs systemically expressing red fluorescent protein, Kusa-
bira-Orange. Cloning Stem Cells 10: 313-323.

39. Fujimura T, Murakami H, Kurome M, Takahagi Y, Shigehisa T, et al. (2008)
Effects of recloning on the efficiency of production of alpha I,3-galactosyl-
transferase knockout pigs. J Reprod Dev 54: 58-62.

40. Sternberg N, Hamilton D (1981) Bacteriophage Pl site-specific recombination.
I. Recombination between loxP sites. ] Mol Biol 150: 467-486.

41. Whyte JJ, Prather RS (2012) Cell Biology Symposium: Zinc finger nucleases to
create custom-designed modifications in the swine (Sus scrofa) genome. J Anim
Sci 90: 1111-1117.

42. Miller JC, Holmes MC, Wang J, Guschin DY, Lee YL, et al. (2007) An
improved zinc-finger nuclease architecture for highly specific genome editing.
Nat Biotechnol 25: 778-785.

43. Szczepek M, Brondani V, Buchel ], Serrano L, Segal DJ, et al. (2007) Structure-
based redesign of the dimerization interface reduces the toxicity of zinc-finger
nucleases. Nat Biotechnol 25: 786-793.

44. Carlson DF, Tan W, Lillico SG, Stverakova D, Proudfoot C, et al. (2012)
Efficient TALEN-mediated gene knockoutnin livestock. Proc Natl Acad Sci U S A
109: 17382-17387.

October 2013 | Volume 8 | Issue 10 | 76478



Generation of IL2RG Knockout Pig by ZFN-mRNAs

45. Cao X, Shores EW, Hu-Li J, Anver MR, Kelsall BL, et al. (1995) Defective 47. Sugamura K, Asao H, Kondo M, Tanaka N, Ishii N, et al. (1996) The

lymphoid development in mice lacking expression of the common cytokine interleukin-2 receptor gamma chain: its role in the multiple cytokine receptor
receptor gamma chain. Immunity 2: 223-238. complexes and T cell development in XSCID. Annu Rev Immunol 14: 179—
46. DiSanto JP, Muller W, Guy-Grand D, Fischer A, Rajewsky K (1995) Lymphoid 205.

development in mice with a targeted deletion of the interleukin 2 receptor
gamma chain. Proc Natl Acad Sci U S A 92: 377-381.

PLOS ONE | www.plosone.org October 2013 | Volume 8 | Issue 10 | e76478



€ 2013 FERXMRIEMY S PHEHES

[k b MEs 24 (4) - 396~401, 2013

EEDFARA—ITICLDMMEOHERE

v A

*1.2
A

In vivo imaging and thrombus formation

Satoshi NISHIMURA*"*

QOEFO

FEFLISETT 5.

EETE > L /NSRS EVIVMRZE, —T, SEEEERLFD. LarL, X0
FHETHE, B—IUMRZEFEANTHRILT 2 I LN TEY, FETOMBIZE THLEEAY S, o7
o, —HTFHRES - TRTFL -V -BBBELHEOCA (£ T4 A D VT 2HBEICH
L, MBIELZBCHETIEFEFERICIT 7o —F L TE L FFREAOTERAD MR
BREOFMEAL T, iPSHROATI/MROBERTETREL &> T 5. AEATOM
AMROEEACEE & Mg b e, oI BAAREBRRLOELDIZHLT, FM7 o -

Key words: &5 F4 A — ¥ v 2, Mg, MUIMR, 1&HRE, FERAEREEM

1. BUBIC
A A-T2TEIE

BT DMFRIZEL D, OAEECHEF L E DR
FHEhsxa2K) 9y yFa—isE@ERER
HEICE ISR 5 5 Z L R EN TS, A
a8y vy Fu—aTid, BEFERE, AN
RERENG - N - W E OSMYEER O A FRRE
I ->TWBZ L3, L OEKT— 25
SMLNTHB. Lirl, BHKEZTDLEDDE
REHARIATH B Z &5, HEEREBIINT SR
L RBEBTEERES, ZTHhCfES REEERR
RBIZDWTIE, L DEFEREBZELEVECEL
HATWEDNRERRTHS. 7 LT, WNERBD
7=i2id, 1BMRECHE S EERNTOMBIED
B BICRENEO BT TOEBRNIEEIZ DN

T, BEREFCL THMRAB2 I LBV ETH S
LEAB.

T4z, MBEICERL: [(EE3T4 A—-D Y
sFE] &, =7, EELZZEHEEICEGL,
AARY w2y Fu—LDRKEIZT T —F%
fToTER ARTIE, BADERA XDV
KDL NI -7, MREEGERIZ DV TOM
RERBIT Lz,

2. £HROHEBOTRIE
EEPFARX - TORE

BIAREE(L D K 5 ICIE R ELEFEDIFIZ L 57
B2 T, MifgE, BEexaR) v ooy
Fo =2k Td, MBPMEBEE Vo728
HWADE 4+ 3y 7Bk, MEEOEIZET

UHRAFERZERERERSBNR (T 113-0853 EEEHCEX AH 7-3-1)
Department of Cardiovascular Medicine, The University of Tokyo

HERAE Y AT AFEBRAEREIEIC & B R EREN R R
Translational Systems Biology and Medicine Initiative, The University of Tokyo

(7-3-1, Hongo, Bunkyo-ku, Tokyo 123-0853, Japan)

Tel: 03-3815-5411 Fax: 03-3814-0021 e-mail: snishi-tky@umin.ac.jp



TR B EESTFA A=V Ik B0

THAVADRKERE AL S T &3 TRe G 4K
AAFTFA A=V Vv I ENIIERICERTSH 5. #
SDEBNERTIE, BRI IBRVIES X
AR O MMESR A VW RS EICT DR TE
7=, EEORFEER - HET 0 - T ORI
k0, MEWHEE ML —H—E LT, EENER
RAAREREA % H T 3RS E LD LT
FERBOMFBARE TR -7 (K1)". B
R - RS L TRIEBRICEE L, MlRNINEE
VAL TORAAREE &2 5T b, 2%k
BOEEILFH T — ZRTFERAA =DV I
BEICITDODNBE LD E - T 5.

3. B Xx—Y L IFE
TERERLLELT

FlcHR L [EERS3 T4 2 -V V7] FE
RS 5. BUE, HEEEOESICHED, BF
L — - HAESBEME A T, MROT R EF
FIZ T B ICE A A A bY THEREE L,
BHMICMENLEZ L 2286 HN 5 /R100EK - B0
B M/MRICE 4 7 + — 7 A e BbE TEENT
el (A1, 2). MEAOHIEIRELZHS
PIZT BB, RLdFIIEHEOE Y F—- %
B4 3MB4sEEEER I TEELEET 5=
ReoRoOEERI=y b (BEAEH, CSU X1),
RO, YV oL —ATHEBE ATy VT2V
+ v ABUEERILES Y 27 4 (Nikon AIR) ##
BEDETHWSZ LIZLD, BEAX -V VT
Eff-Tw5, RADY AT 4 TIE, ZRBEE
IHIZIFENTIRAE Ota W TERRT 251, B
t, BATHBOIIBEEIRE > T13) IZBk
ITELTHED, 7L 7L —4(512X512 ¥4 )
TEMI0 I, RAK4GOEBIENTETH
3. THTIC & B EGEIE TR AEKRESROEER
EBTRETH D, FRINOMIRERE (B, 5
DI, a0 E)EE) &L OuHRLICE
RINL T\ 5.

BERERICERL T, BED¥ERME LTI, M
Towy 2Ic#EEREFRESEE L, BESN
AR - BT 5. BIRSMN2AEAREAKCK
DB 22, BIREBERY, v 2 EAHLHER
EEICEOTERBEEE2TS. BB -7+

YOIV — bERWTEEREE 37T EBICRD. AF
BICXDESBERAL S —HF TS50 25 100 3
suViRE, T TIRRA Imm OB THll
M - MRS HRICERTETHS. b —H—
LT, MREERMEAFITCTFA IV
PREHR> BN E T2 Z LIk DRk R
3. SFE 150,000 BEDF* X b 7 VIiTMES
RT3 2 i<, MEAICE &0 MERek
SEARALE NS, BRAeDERTIIHRMERD L%
57, BMMEEEER LA, oHNSERZE2 3
s a VB O /MR IC AR Eh T 3.
—%, FTRTI00FBEDOFF R 5 ViETAR
PICEEICBTL, PRV A XOSGFEDENLT
F2PF VERAOTMESBEETMTEILE
WEETH B, FMEKE, ~FAL, THUVUA
UV?&UU—YSV&Dot&Q@@?%%%
BELTHbEhs. WTho@a®d, EHOK
WHREE T, o K ERAOHIEOK AR S
{KE#EhB. oI, MiaEHER~—7—IZBL
HESGE VS Z &Ik D, FEMaE
HE4AEATEERTIZI NI THS. FlA
iE, /MR ERRE 2B CD4L Bk, i
GPIb A% &£ 5H 545 Z LI & D BH—1l/Mi
LAEKN T TAILEh T a (b)), 1
BREICH L TE, MENEEROEHICHER
ICREATAEEER L s F U EHWSE I LT, £
HRATHERZHBICHEL T 5 L83 TRETS
5. FLT, KGFA 2= v FERISIEHER
FiTRaL, BESH - ITRE - BRE CGREkG &
) B REBLALET) HE, SFIFEE
BIESCISATEETH 0, IRSFI0ET - Miagfg s
B EBTHI L AL > T3,

4. M/MRIEBEDEZA A -T2 T %
Au/=mR1k

FIOFERD L% HD B0 - L&A XY b
DL IFMEOHIRBAME(LEERL LT
3. flziE, MgetER (779 — A0 T
BIEMAIEREA R U BIRBICEDOER
&, FRICEIEHWTREI S, HE (770 -—
L) DOBFENIRREZRICEE TH 5. BRI
B, M/MRUSEEL SR, /MR



AL ANt
T IR A

Atk

FoE Fis

adipocyte

macrophage v 077—>

adipocyte GEEYE: Ll
endothelium me
erythrocyte FrMmER

Endothelium

Macrophage </ Q77—

platelet /h iR
leukocyte B mEk
endothelium mERNE
=1

-~

leukocyte [=ingsd

platelet it
erythrocyte 7Rk
endothelium mE

[Eth4 2= V7] THRBENOHIET)E

Ttk 4 2 —¥ v 2] TIRFICES & 5 ISHISHEUNERIC 31 A MO BREHIROTI 2 230 5. FERFENZI DL TRIALHS
AR IRk, AIOER, OUMR, MR, v U7y — UABRINCREL, YAFH T - TEhThOMRE R T

ZEMTRETH B, (d) DOHMEHER

GFP: /iR
Hoechsti &
Dextran:m i

® 2 AEFICBT 5 IMRIERAETE
L —H—BsH X DR S AR OTEEBOATRE. EikA
A=T v —F—HELAAEDESZ I EILD, BRK
DEMMTIZ T, MREHFEL, MBRIERIZHFSTHH—
M/AMRETTHRALT 5 Z EATRRIZ A >z b—H—MgGHI KD
MR A FEEL T 3.

Ty
e |

iPSHFEMm/NMR, BEXT XA
MEe

3 AEHAIZHT B iPS BB ALIMREO ke EGRE
L —F —Bghc & 0 R X iPS B A LIIVIMR O iz B
AGETE.

20 B L — # —HBGHZ & 0 ATMUMR % & & MR A3 78
3L MAEESRMLL T 3.



TR 8 AESFA A - Ik B MO TR

REhbfh, ZEREHEEIEETS. Lrl,
BRI L E OB BRI DEEITEIT T 55
HEThD, EERIIZINDS % ex vivo, in vilro T
BET3ZEBARARETH » 7=, EBRIZ, Thb
—EOBBITIZM/IMRO AL 6§, SFEREMEM
B, MNEMIEE Z0EE, BTOnmEesE
It (MFRE T PBEboTHh3E, ZDEKS
B 6 BB BMRELTDE A F I AN
MEMREORBETH D, Ihb 2L ENTHRE
T 3RS, mREROLETRYOEATNS. £
OB & TRC L =DM L2 DT L7z [E K5
FARX—V VT FHETDHS.

M/#R % FITC-F % X b 7 ¥ R UHI CD41 it
FIzk D ERL L& 2 5, EHEREIZE VT,
MBIAR - &R Tl IS ESLEE ISR > TH/MR
FEEL T —F, WEOEWEHMED L
POV, /MRS AR & AR U T [stop
and go] EZ#EDELTEHD, MIIZHTE-> TEERE
BHLTWBAERTRILENE 612, v—¥—
BASt - (B LAY D Z L TIRRER *FR
L, EEATORE—IM/IMREIRA L2 5, MRk
D A S = X LADFMNTRI I (®2)77,

FAalx, V-F—{EEIZKD ROSEAEMESD
MigHEREFLEEERA X -V v 72 lAED
, M/IRASEEIC BE & ok 3 S EEEFUEEY
Ik B MRHRGRRE 2B L, AEATOIMm/
WiBgae L OBBAB S MLz, RADETALT
B & - 2RO A R L Th
D, —F, MENROEEIIHR-N T RIE
MHHA P HIA YD) 9T IIYTR, FATT
Y ADBIHORER, TNF-2 21EC LT3 RIE
P4 b A A VA, ROSHIE T TO vWE RFD
MENEEENOERLIZEHD > TS LS
M7 E5IZ, IL-1, IL-6 FORFEM
BREFEELTED, ZThLDREESA I A
VIRIMEARIERL, 41 v T ) vy sFuk
WEL T, MEORENMIZFS L Tl 56k,
REL MOV TR EREREICID ZOBE
AREE N T8, AREEATIC K D METEKETE
DS5%H, MENRIZKTBEEEYA LD
R VBRI D > TWB Z L AUR
.

B4 OMBEREFILTIE, 3L —¥ 04

12 D EMBREROEEMER S TmENEICI
MRS E 4 5. EEERITOE R ERE
%, 794 TI/MEFD von Willebrand K+ %,
WRafEEm el g5, —F, EHERILm
AINRIZ & EE/ER U, P-selectin, GPIIbllla &
Vo ZEEEEADSI/MREREICGEEI NS, TOD
R, MEANKD von Willebrand [AF & I/h R
£ED GPIb G L, MeLFERENE. 20
#%, MMRIZZORAEP LEA LD, MENE
MU U, MR OFRITEL 5. &I,
FRIER, & U<, AMmERIC KD MERHAZEYT 5.
Fc OETFLPFEHO O, MEREROERTE
BEAHTHERDLD, ERMICRE D TR
Ll HEABRBETHIILTHE. KET
LT L — ¥ —BE IR F S L /b
W AR A 5 T L2 &k - TIAETEEEE & PAREICE
BUBETH 5. HROEHRIIK T 2 EIEEE
EFICHIT B IR & B EAZERERE & & 3\ iHBY
ERLTEY, EERAOM/IMIBEEE % R THE
IR T3 EEZIONDE. TNETTEL,
PESED (LMD R TIZ D2 5 b > 7z, Mg
ERoZRESTHRILENTEY, BZFRED
RBRNEDBBICHEARIFL TS 2 2R »
2T B2 EMNTED.
FLIZAFELHA N, Lk WO 7474 —%
FNCEE UTEREED /2. Lok ZMBRREHIE
OMFIZEELEATH 528, BERLER - /MRS
LRELTEH, TOBBEIAHTH /. H
BREWZ 212, Lok ORBL = BIZFRESHY T
1, WA ORRE MM A ERO 5 FI24 5
I BDH S TRM AR ST, &L A LM A
WL THD, Lok ORIBAIM/IMRIEEE I E %
E-6 L TWBEEZ-. BRSHEETOERL
Lok ¥ A9y 2EHAG, KA XD VT
XD IMRTEBOBRABR L2 A, MEKRT
D& Lnk BKRIBLLnk F AT ATV —
W —{EEIC X 0 /MR8 M A AR A E
T5E00, MRIZERELETMFICAHAEA, I
IMRIMAEDFENAE S TS AR
hi-. Tabb, Lok SRR OREIZE
ELTWB IR Ehi. FTFERFNER L
LTi3 ) VBt L 7= Lok #, C-Sre, Fyn &%
BLTA YTy yOysF ) v FIZB5 L Tw



BAMRIE M FEEE

B24% B4EH

72. BlE& D, Lok BEEAIEOEE - REL
I2FS5 L Wb Z L MBEEICR 7.

EHI Lok DEREFEREI L MW TIE,
% IME - MRS TE R B REERE IR % 5] & i
IFTZEEBE A TWS, ZIME T/ MRE
MY 2400, M/MKEEEIZETL W32
M%<, S, Lnk /v 2T I FRYATHD
NERRANC X b GEWEE X, Lok OIL/MR
BEI- BT B3 EEMS Y 22T, kB RS
BWTERINTWAS,

S5, X HICRRA RIVIMBEEICRE L RT
SBIEFREEYI T 5 MRTEEGETE - fiMRE)
RABRTAZ LI2&y, [ERROMBIERD
ZBFRIZk 1T 58T - WEOBSE ] A5 »IC
kbLBEbh5.

5. iPS HRATI/MRDBER A X -2 2T

WD, Zrettgfifa (ES, iPS) OZEOE
iz kb, HilREEZ SO BAERE TORWHEE
TOBEKISHBEFEEhTHS. LrL, Thb
DORHIAE A& P 22 FEERT R A EBRRBIS I B Y 5 /-
WIZIE, in vitro TORIR A2 AR E LW
FIZGHAT BRI, ERCHKBRENTIER L =M
fans, EEOME (v 2 ROKEH) OFTE
DESITHEELTWED, EDOXSITREICEHL
MPEBALPIZTBIEBMETHS. LirL, &
FTIh6 iPS HEDSLFEEMEDAERNTD
WRaEE 4 RETT 2 FHREITFEL o2 BA
X, RERKE PSS MR RIS S — 4 &
DOHFEZEOMER, iPSHlR4FEETLDICHE
AU EAFOFRD c-Myc DREBRE=IT Y bu—
L$ BT LIk, REMN»DHFEMIC, kb
iPS kD AL/ MR AER T 2 FEEMELL
7= RAIIEERA AV ERANT, T50LT
Bohk b iPS HRII/MRDEAEIED T
LEfT- 7. BRIZAWAERERE2Y X (NOG
v A) OENTIE, iPS HRATL/MRO M
BIENHEZ 5 (R 3). iPS HRIL/MRA <
Y ZAENETEBL TSI TEL, L—¥—1&
FIZ X DFER SN MRS IIC BV TEER R
b MR &IPS ESRI/MR S EEER L &2 5
MmesERT2EERBEERENZ 20, [A

T MUISAARETERL, MieeE52] 2 &HEE
X NAbUITHE. ZDLIIZ, FAA-VF
i3 iPS LM % F O 7 MR R O B K
JGHICENT T, ReM - FRMEZFMET S LT
DO THAESEVWFEEEAS . &6, &
WTIE, ATM/MROVER % RIBAIZSET 55
FAHZXLBEDHESELIZEDDDOHD, BIR
HLEWEEFELI NS,

6. HhUIL RERDIA-T2T RY
ERESTREE AT

ELARSETEIIRIA LV - —HESH —
KT DM AA DY CEIERE LT > TE /-,
Ua L, BEBERS - e omEICBI L T
b TE T, BEFHEELAHTH . £HEHD
HIERAE T TOMIER - BRIZERFE 2L 0M
SMITAHDICE, BRREEEL 2HAEDY
7D HA A=V v I NESBRBBIZE D EEL
bhd. FlAE, BEFRESHYEHWEET
BEEDONIC K AN E, “kF7246 1BV -
HF—eBHAF vV SHERY 2T LTITH &
WHIEDTHY, BRIZEZ L OAEKNEROMES
BohTnd, XTIz LaEEKA A -V Y
I DOWTIE, RO A =Dy 0k
7L, ZhUADBESTOMRBIZOWTIESED
MEINTIEP-=DEEETHS. LirL,
SIS FREROR B S B OWE - B
DEE - oo T IR T EOMmLE, FEREY
27 LOfHEREO—RL, ¥ T v — TORREUR,
DREMIZET EE X o h, FILEDIHRETE,
INEDFENSHRUBIC A EEL TS,

Disclosure of Conflict of Interest
The author indicated no potential conflict of interest.

X ®

1) Nishimura S, Manabe I, Nagasaki M, Seo K, Yamashita H,
Hosoya Y, Ohsugi M, Tobe K, Kadowaki T, Nagai R, & Sugiura
S : In vivo imaging in mice reveals local cell dynamics and in-
flammation in obese adipose tissue. J Clin Invest 118(2) @ 710-
721, 2008.

2) Nishimura S, Manabe I, Nagasaki M, Kakuta S, Iwakura Y,
Takayama N, Ooehara J, Otsu M, Kamiya A, Petrich B, Urano T,
Kadono T, Sato S, Aiba A, Yamashita H, Sugiura S, Kadowaki



Pt

W ERSTFA X — Dy Ik B0k

3

=

T, Nakauchi H, Eto K, Nagai R ® In vive imaging visualizes
discoid platelet aggregations without endothelium disruption and
implicates contribution of inflammatory cytokine and integrin
signaling. Blood 119 (8) : e45-56, 2012.

Nishimura S, Takizawa H, Takayama N, Oda A, Nishikii H,
Morita Y, Kakinuma S, Yamazaki S, Okamura S, Tamura N,
Goto S, Sawaguchi A, Manabe I, Takatsu K, Nakauchi H, Takaki
S, Eto K : Lnk/Sh2b3 regulates integrin alpha-IIb-beta3

4

=

outside-in signaling in platelets leading to stabilization of devel-
oping thrombus in vive. J Clin Invest 120(1) : 179-190, 2010.
Takayama N, Nishimura S, Nakamura S, Shimizu T, Ohnishi
R, Endo H, Yamaguchi T, Otsu M, Nishimura K, Nakanishi M,
Sawaguchi A, Nagai R, Takahashi K, Yamanaka S, Nakauchi H,
Eto K : Transient activation of c-MYC expression is critifal
for efficient platelet generation from human induced pluripotent
stem cells. J Exp Med 207 (13) : 2817-2830, 2010.



© 2013 Wiley Periodicals, Inc.

genesis 51:763-776 (2013)

ARTICLE

DNA Methylation Profiles Provide a Viable Index for Porcine

Pluripotent Stem Cells

Yoshikazu Arai," Jun Ohgane,?* Shuh-hei Fujishiro,> Kazuaki Nakano, Hitomi Matsunari,’*
Masahito Watanabe,"“ Kazuhiro Umeyama,'** Dai Azuma,”? Naomi Uchida,? Nozomu Sakamoto,?

Tomohiro Makino,? Shintaro Yagi,® Kunio Shiota,® Yutaka Hanazono,>® and Hiroshi Nagashima

1.4%

"Department of Life Sciences, Laboratory of Developmental Engineering, School of Agriculture, Meiji University, Kanagawa,

Japan

2Department of Life Sciences, Laboratory of Genomic Function Engineering, School of Agriculture, Meiji University,

Kanagawa, Japan

3Division of Regenerative Medicine, Center for Molecular Medicine, Jichi Medical University, Tochigi, Japan

“Meiji University International Institute for Bio-Resource Research (MUIIBR), Kanagawa, Japan

SLaboratory of Cellular Biochemistry, Animal Resource Sciences/Veterinary Medical Sciences, The University of Tokyo,

Tokyo, Japan

8CREST, Japan Science and Technology Agency, Tokyo, Japan

Received 18 December 2012; Revised 25 July 2013; Accepted 27 July 2013

Summary: Porcine induced pluripotent stem cells (iPSCs)
provide useful information for translational research. The
quality of iPSCs can be assessed by their ability to differ-
entiate into various cell types after chimera formation.
However, analysis of chimera formation in pigs is a labor-
intensive and costly process, necessitating a simple eval-
uation method for porcine iPSCs. Our previous study
identified mouse embryonic stem cell (ESC)-specific
hypomethylated loci (EShypo-T-DMRs), and, in this study,
36 genes selected from these were used to evaluate por-
cine iPSC lines. Based on the methylation profiles of the
36 genes, the iPSC line, Porco Rosso-4, was found clos-
est to mouse pluripotent stem cells among 5 porcine
iPSCs. Moreover, Porco Rosso-4 more efficiently contrib-
uted to the inner cell mass (ICM) of blastocysts than the
iPSC line showing the lowest reprogramming of the 36
genes (Porco Rosso-622-14), indicating that the DNA
methylation profile correlates with efficiency of ICM con-
tribution. Furthermore, factors known to enhance iPSC
quality (serum-free medium with PD0325901 and
CHIR99021) improved the methylation status at the 36
genes. Thus, the DNA methylation profile of these 36
genes is a viable index for evaluation of porcine iPSCs.
genesis 51:763-776. © 2013 Wiley Periodicals, Inc.

Key words: epigenetics; induced pluripotent stem cells;
translational research

INTRODUCTION

The use of induced pluripotent stem cells (iPSCs) is
expected to dramatically accelerate advances in medical
care (Okita and Yamanaka, 2011; Takahashi and Yama-
naka, 2006; Takahashi et al., 2007). In particular, iPSCs
may offer novel therapies for previously intractable
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conditions, and a wide range of possible applications
has been investigated including exploration of the path-
ogenic mechanisms of refractory diseases and the devel-
opment of new drugs (Ebert er al., 2009; Imaizumi
et al., 2012; Inoue and Yamanaka, 2011), cell therapy
(Montserrat et al., 2011; Zhou et al., 2011), production
of organs and tissues (Kobayashi et al., 2010; Usui
et al., 2012), and generation of germ cells (Hayashi
etal., 2011, 2012).

Before iPSCs can be used for clinical applications, it
is essential that appropriate experiments using animal
models are carried out to ensure their effectiveness and
safety. In addition to the use of standard laboratory ani-
mals such as rodents, investigation of larger animal spe-
cies, with closer physiological resemblance to humans,
will significantly benefit translational research. The pig
is one such species and has many similarities in anat-
omy and physiology to humans (van der Spoel et al.,
2011; Zhao and Prather, 2011); pigs have often been
used in biomedical studies as a large experimental
model, which can produce data that can be easily
applied to humans (Lunney, 2007; Petters, 1994;
Prather et al., 2003). Therefore, the generation and eval-
uation of porcine iPSCs will provide useful information
that could help promote clinical application of human
iPSCs (Ezashi et al., 2009; Fujishiro et al., 2013; Mon-
tserrat et al., 2011; West et al., 2010; Wu et al., 2009).

The pluripotency of porcine iPSCs can be evaluated
by determining their ability to form chimeras (Fujishiro
et al., 2013; West et al., 2010). However, the produc-
tion of chimeric fetuses and piglets is a labor-intensive
and costly process that requires embryo manipulation
and transfer. Indeed, few studies have used chimera-
forming ability as a means of confirming the pluripo-
tency of porcine iPSCs (Fujishiro et al., 2013; West
et al., 2010, 2011). Therefore, it is essential to develop
new methods, either for evaluating the pluripotency of
porcine iPSCs, or for pre-screening iPSC lines for use in
chimera formation experiments.

Epigenetic regulation, including DNA methylation
and histone modifications, is fundamental to tissue-
and/or cell-type specific gene expression (Golob et al.,
2008; Ikegami et al., 2009; Lieb et al., 2006; Shiota
et al., 2004). There are a large number of tissue-
dependent differentially methylated regions (T-DMRs)
in the mammalian genome (Shiota et al., 2002; Yagi
et al., 2008). The DNA methylation status of TDMRs is
determined during embryonic development, and the
DNA methylation profile of T-DMRs is distinctive in
each cell type (Sakamoto et al., 2007; Shiota et al.,
2002). Mouse ESCs, which are known to be pluripotent
stem cells, exhibit unique DNA methylation profiles at
T-DMRs. Genes involved in the establishment and main-
tenance of the pluripotent state, including Oct3/4
(Pou5f1), are hypomethylated in mouse ESCs (Hattori
et al., 2004; Imamura et al., 2006). Genome-wide DNA

methylation analyses have identified several hundred
mouse  ESC-specifically hypomethylated TDMRs
(EShypo-T-DMRs; Sato et al., 2010). Furthermore, it has
been shown that the DNA methylation profiles of
EShypo-T-DMRs in mouse iPSCs with a high efficiency
of chimera formation are similar to those of ESCs (Aoi
et al., 2008; Sato et al., 2010). These results indicate
that the DNA methylation profile of EShypo-T-DMRs
provide a viable index for screening high-quality iPSCs.

We recently generated naive-like porcine iPSC lines
using the four Yamanaka factors (Oct3/4, Sox2, Kif4,
and c-Myc; Fujishiro et al., 2013); these factors are also
used to generate mouse iPSCs. These porcine iPSC lines
exhibit LIF-dependent proliferation abilities similar to
those of mouse ESCs/iPSCs (Fujishiro et al., 2013); how-
ever, the lines also show different characteristics.

In this study, we sought to determine whether the
DNA methylation index for mouse EShypo-T-DMRs
could be used to evaluate porcine iPSC lines. If this
approach is feasible for the evaluation of porcine iPSCs,
then the same strategy could be applied to quality
enhancement of iPSCs from a wide range of domesti-
cated animal species and ultimately for human iPSCs.

RESULTS

DNA Methylation Profile of 36 Genes Known to be
Specifically Hypomethylated in Mouse ESCs in
Porcine iPSCs

To analyze DNA methylation profiles of porcine
iPSCs, we selected 36 genes that are hypomethylated
specifically in mouse ESCs (EShypo-T-DMRs; Sato et al.,
2010). The 36-gene set was categorized into three
groups; those targeted by Oct3/4 (Oct3/4-targets); Kif4,
Sox2, or c-Myc (KSM-targets); and genes, which are
not targets of these four factors (non-targets; Fig. 1a). In
the course of iPSC establishment, activation of target
genes of the four Yamanaka factors is required after
introduction into somatic cells. Among the four factors,
Oct3/4 is of utmost importance since iPSC lines have
not been established without Oct3/4 introduction to
date. Thus, target genes of Oct3/4, such as Sall4 (Tsu-
booka et al., 2009), are thought to have crucial roles in
iPSC establishment, and the Oct3/4 target genes (Oct3/
4-targets) were separated from the target genes of the
other three Yamanaka factors (KSM-targets). Although
“non-targets” are genes that are not directly bound by
the four Yamanaka factors, their methylation levels in
mouse ESCs were lower than those in differentiated tis-
sues/cells (Sato et al., 2010), suggesting that the DNA
methylation statuses of non-targets can also be useful as
an index for evaluation of porcine iPSCs. The classifica-
tion of target genes was based on ChIP-seq data for sev-
eral transcription factors, including the four Yamanaka
factors (Chen et al., 2008). We initially selected 56
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FIG. 1. DNA methylation profiles of porcine iPSCs. {a) The 36-gene set analyzed for DNA methylation profiling of porcine iPSCs. The
genes were retrieved from EShypo-T-DMRs previously determined in mouse ESCs, and were categorized into three groups: Oct3/4-targets,
KSM-targets, and non-targets. (b) DNA methylation status of the 36-gene set in five iPSC lines (Porco Rosso-4, Epistem-like B9-2-5, Porco
Rosso-6, Porco Rosso0-622-14, and Porco Clawn) and porcine fetal fibroblast (PFF) by COBRA assay. The methylation level is represented
as a heatmap (left panel). Based on the methylation level determined by COBRA assay, differentiated cell or tissues (brain, liver, kidney, and
PFF) and five porcine iPSC lines were clustered according to the similarity of their DNA methylation profiles at the 36 selected genes using
the Euclidean distance (right panel). (¢) Sum of pluripotency scores of the 36 genes for porcine naive-like iPSCs and PFF. Depending on per-
centage difference in methylation levels between blastocysts and iPSCs, pluripotency scores for each gene were classified into five catego-
ries: < 20%, 20-40%, 40-60%, 60-80%, or > 80%, with pluripotency scores of 5, 4, 3, 2, or 1, respectively. Total scores of the 36-gene set
are plotted. Statistical comparison was performed by Wilcoxon test. *P < 0.05; **P < 0.01. (d) Pluripotency scores of porcine iPSCs and
PFF for each of the three gene-groups. Total scores of the genes belonging to each group (Oct3/4-targets, KSM-targets, and non-targets)
are plotted.
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porcine genes orthologous to mouse genes with
EShypo-T-DMRs, whose DNA methylation levels were
low in mouse ESCs but 30% or more higher in differenti-
ated tissues/cells (Sato et al., 2010). However, 16 of
these were found to be hypomethylated in porcine
somatic tissues, and further, four genes were hyperme-
thylated in porcine blastocysts, consisting of pluripo-
tent cells (Supporting Information Fig. 1). Therefore,
these 20 genes were excluded, and the remaining 36
were used for DNA methylation analyses. Among these
36 genes, several are known to be hypomethylated in
mouse ESCs, but to be in a poised state of transcrip-
tional activation, rather than actively expressed. This
type of epigenetic regulation has been reported in
H3K4me3/H3K27me3-enriched bivalent regions (Meiss-
ner et al., 2008; Xu et al., 2007).

We performed DNA methylation analyses of the 36
selected genes in five porcine iPSC lines; Porco Rosso-4,
—6, —622-14, Epistem-ike B9-2-5, and Porco Clawn.
Epistem-like B9-2-5 was cultured in typical non-mouse
ESC/iPSC media containing bFGF (Fujishiro et al.,
2013), and its colony shape and gene expression pat-
terns were similar to those of mouse epiblast stem cells
(EpiSCs; Brons et al., 2007; Tesar et al., 2007). The
other four cell lines were cultured with porcine LIE and
their colony shape was similar to that of mouse ESCs
(Fujishiro et al., 2013). DNA methylation levels of the
36 genes were examined by combined bisulfite restric-
tion analysis (COBRA) assay (Xiong and Laird, 1997) in
iPSCs and porcine fetal fibroblast (PFF) used to produce
the iPSC lines (Fig. 1b, left panel). Hierarchical cluster-
ing of DNA methylation status was performed on the
basis of the 36-gene set for somatic cells/tissues and iPSC
lines (Fig. 1b, right panel). Somatic tissues (brain, liver,
and kidney) and PFF clustered together, whereas the five
iPSC lines clustered separately, indicating that the DNA
methylation profile of the 36-gene set could distinguish
between differentiated cells/tissues and iPSCs.

Next, we determined a “Pluripotency score” based on
comparison of methylation levels of the 36 genes
between blastocysts consisting of pluripotent cells and
the four naive-like iPSC lines. Since Epistem-like B9-2-5
is distinguishable from naive-like iPSC lines based on the
mouse EpiSC-ike colony shape and bFGF-dependent
proliferation (Fujishiro ef al., 2013), Epistem-like B9-2-5
was excluded in the following experiments. Scoring was
performed for each gene, and the sum of the scores of
the 36 genes was plotted (Fig. 1¢). In this way, high plu-
ripotency scores are awarded to iPSC lines with DNA
methylation profiles close to those of pluripotent cells.
Among the four iPSC lines examined, Porco Rosso-4
showed the highest pluripotency score, which was stat-
istically significant when compared with PFE Porco
Ross0-622-14, and Porco Clawn. We further examined
the pluripotency score depending on the gene groups
(Oct3/4-targets, KSM-targets, or non-targets; Fig. 1d).

The Oct3/4-target genes had higher pluripotency scores
in the Porco Rosso-4 cell line (36) than the other three
cell lines and PFF (22-27). This tendency was also
observed for non-target genes. By contrast, the score of
KSM-target genes in Porco Rosso-4 was similar to that of
Porco Rosso-6. Thus, among the four iPSC lines exam-
ined, the DNA methylation profile of Porco Rosso-4 is
most similar to that of pluripotent cells. This was con-
sistent with the results of the hierarchical clustering
analysis, where the Porco Rosso-4 line was separate
from the Epistem-like B9-2-5 line.

We confirmed the DNA methylation status of six gene
loci (Ctnnbl, Sall4, Tle4, DIl1, Encl, and Nebl), whose
DNA methylation level was clearly different among the
examined iPSC lines (Fig. 1b, left panel), by bisulfite
sequencing. All 6 gene loci were hypermethylated in
PFF and liver, whereas hypomethylated status was
observed in blastocysts (Fig. 2). DNA methylation levels
of the Oct3/4-target genes, Ctnnbl and Sall4, were 24
and 2%, respectively in the Porco Rosso-4 line, which
had the highest pluripotency score among the four
iPSC lines. However, Porco Rosso0-622-14, which had
the lowest pluripotency score, exhibited hypermethyl-
ation at the Ctnnbl (65%) and Sall4 (61%) loci. This
indicates that Cinnbl and Sall4 are highly demethy-
lated in Porco Rosso-4 but not in Porco Rosso-622-14
cells. At the other four gene loci, partial demethylation
was also observed in Porco Rosso-4 but not Porco
Rosso-622-14. These bisulfite sequencing results con-
firm that, in Porco Rosso-4 iPSC line, DNA methylation
patterns of the 6 genes, we analyzed changed to the
expected direction as pluripotent cells, and Oct3/4-tar-
get genes, Sall4 and Ctnnbl, especially underwent
demethylation within the entire sequenced regions in
the majority of the cell population.

Contribution of Porcine iPSCs to the Inner Cell
Mass (ICM) of Blastocysts

Established iPSC lines are intended for use in trans-
plantation and complementation experiments. Consid-
ering that the naive-like iPSC lines do not differ greatly
in terms of morphology and marker gene expression
(Fujishiro et al., 2013), it is more appropriate to select
candidate iPSC lines using different indices. We next
investigated contribution of the iPSC lines to the ICM of
blastocysts using the aggregation method (Fig. 3a). We
performed two independent experiments (Exps. 1 and
2), and found that Porco Rosso-4 cells contributed better
to the ICM compared with Porco Rosso-622-14 in both
experiments (Fig. 3b). In Exps. 1 and 2, the number of
embryos that exhibited ICM contribution of iPSCs statis-
tically differed between Porco Rosso-4 (14/57, 24.6%)
and Porco Rosso-622-14 (2/51, 3.9%; Fig. 3¢). The sum
of pluripotency scores (105) for the three gene groups
(Oct3/4-targets, KSM-targets, and non-targets) for Porco



DNA METHYLATION PROI

Sall4 Tle

Ctnnbl

Porco Rosso-4

S,

FILING OF PIG IPSCS

Dlll

4 Nebl
v

1L

48% (16/33) 55% (48/88) 54% (13/24)
OO —
Porco Rosso- S ?; $ %
_(—-—-1"»—
622-14 s =t
70% (19/27) 96% (26/27)
68% (65/95)
100% (24/24) 86% (54/63) 75% (18/24)
Liver ﬁ E % E
67% (14/21) 80% (43/56) 88% (21/24)
Q S oS a1 05 93:S
ool , S oto B e Re'e
Blastocy st :'o' ::go"vo-o'-'o §Z§=§=§3§:§8§I§
LXILXIIATFLLLIY -0
Sl cesnommt Sed

0% (0/35) 2% (1/42)

0% (0/24)

3% (3/88) 0% (0/48) 10% (2/21)

FIG. 2. DNA methylation status of EShypo-T-DMRs in iPSCs (Porco Rosso-4 and Porco Rosso-622-14) analyzed by sodium bisulfite
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Rosso-4 was higher than that of Porco Rosso-622-14
(76), indicating that a higher pluripotency score coin-
cides with higher efficiency of incorporation of iPSCs
into the ICM. Thus, the pluripotency score based on the
DNA methylation status of the 36 genes provides a feasi-
ble index for evaluating porcine iPSCs.

DNA Methylation Analysis in huKO-Negative Cells

We previously reported that approximately 5% of the
cell population in Porco Rosso-4 became negative for
humanized Kusabira-Orange (huKO) fluorescence
(huKO-negative cells), and their characteristics were
closer to those of the expected pluripotent cells (Fujish-
iro et al., 2013). This implies that high-quality porcine
iPSCs were enriched in huKO-negative fraction. To con-
firm whether the DNA methylation profile of EShypo-T-
DMRs is a useful index for screening porcine iPSCs, we
analyzed the DNA methylation status of huKO-negative
cells. The huKO-negative cells in Porco Rosso-4 were
collected by cell sorting, together with cells with high
expression of huKO (huKO positive; Fig. 4a). EShypo-T-
DMRs (DIl and Encl) were analyzed by bisulfite
sequencing, because approximately half of the sequenced
clones exhibited obvious hypomethylation in Porco

—97

Rosso-4 (Figs. 2 and 4), suggesting that Porco Rosso-4 con-
tains a certain proportion of the cells properly demethy-
lated at these two loci. Based on the bisulfite sequence
data (Fig. 4b), the percentage of the cells hypomethylated
at these two loci in Porco Rosso4 was calculated on the
basis of the number of unmethylated CpGs in the
sequenced clones before and after sorting (Fig. 4¢). Before
sorting, the percentages of hypomethylated cells at the
D1 and Encl loci were estimated as 36% and 50%,
respectively. In huKO-negative fraction, 67-80% of the
cells were considered as hypomethylated, whereas the
proportion of hypomethylated cells in the huKO-positive
fraction were lower than that of the cells before sorting,
indicating that huKO-negative cells were hypomethylated
at these EShypo-T-DMRs as expected from the DNA meth-
ylation patterns in mouse ESCs. Thus, the DNA methyla-
tion profile based on the EShypo-T-DMRs reflects the
characteristics of the expected cells.

Improvement of Pluripotency Scores of Porcine
iPSCs by SF + 2i Treatment

It is known that treatment with two signal-
transduction inhibitors (2i) of PD0325901, an inhibitor
of mitogen-activated protein kinase/extracellular signal-
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FIG. 3. Contribution of iPSCs to the ICM of blastocysts. (a) Porcine iPSCs (Porco Rosso-4 and Porco Rosso-622-14) were aggregated
with porcine parthenogenetic 4- to 8-cell-, or morula-stage embryos. After in vitro culture, contribution of iPSCs to blastocysts was ana-
lyzed by fluorescence of the transgene, humanized Kusabira-Orange (huKO). Scale bar = 50 um. (b) The percentage of ICM contribution of
Porco Rosso-4 and Porco Rosso-622-14. Aggregation experiments using porcine iPSCs (Porco Rosso-4 and Porco Rosso-622-14) were
performed twice independently (Exps. 1 and 2). (¢) Summary of the contribution of iPSCs to the ICM of blastocysts. Using the ICM cells dis-
sociated from blastocysts as donor cells, most aggregated embryos developed into blastocysts, and donor ICM cells could contribute effi-
ciently to the ICM of the host blastocyst, confirming the contribution of pluripotent cells to the ICM. Statistical comparison was performed

by chi-square test.

regulated kinase (ERK) kinase (MEK), and CHIR99021,
an inhibitor of GSK3, is effective for establishment of a
naive state in iPSCs from rodent and human (Buehr
et al., 2008; Hanna et al., 2009; Li et al., 2008). Addition-
ally, 2i treatment has been shown to improve the charac-
teristics of porcine iPSCs (Rodriguez et al., 2012). We
examined whether the DNA methylation profile of the
36 selected genes is a useful index for evaluation of the
changes in characteristics of porcine iPSCs after 2i treat-
ment. We analyzed the DNA methylation status of Porco
Clawn cultured in medium with FBS, or in serum-free
(SF) or in SF+2i medium, by COBRA assay (Fig. S5a, left
panel). Cells treated with 5-aza-2’-deoxycytidine (5-aza-
dC), an inhibitor of DNA methyltransferase 1, were also
analyzed for DNA methylation status.

In the course of mouse iPSC establishment, pro-
moter regions of pluripotency-related genes, including
EShypo-T-DMRs become demethylated (Okita et al.,
2007; Sato et al., 2010; Takahashi and Yamanaka,
20006). In this study, we observed that porcine iPSCs
cultured under SF conditions exhibited effective deme-
thylation of the Oct3/4-target genes compared with
FBS-cultured cells (Fig. 5a, right panel). In addition,
the number of demethylated and reprogrammed genes
was greatly increased under the SF+2i condition.
These tendencies were also observed in the KSM-target
and non-target gene groups, suggesting that SF+2i con-
dition induced demethylation of the 36 selected genes.
However, 5-aza-dC treatment was not effective, and the
number of hypomethylated Oct3/4-target genes



