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Abstract

The most stringent criterion for evaluating pluripotency is generation of chimeric animals with germline transmission ability.
Because the quality of induced pluripotent stem cell (iPSC) lines is heterogeneous, an easy and accurate system to evaluate
these abilities would be useful. In this study, we describe a simple but comprehensive system for generating and evaluating
iPSCs by single transfection of multiple piggyBac (PB) plasmid vectors encoding Tet-inducible polycistronic reprogramming
factors, a pluripotent-cell-specific reporter, a constitutively active reporter, and a sperm-specific reporter. Using this system,
we reprogrammed 129 and NOD mouse embryonic fibroblasts into iPSCs, and then evaluated the molecular and functional
properties of the resultant iPSCs by quantitative RT-PCR analysis and chimera formation assays. The iPSCs contributed
extensively to chimeras, as indicated by the constitutively active TagRFP reporter, and also differentiated into sperm, as
indicated by the late-spermatogenesis—specific Acr (acrosin)-EGFP reporter. Next, we established secondary MEFs from E13.5
chimeric embryos and efficiently generated secondary iPSCs by simple addition of doxycycline. Finally, we applied this
system to establishment and evaluation of rat iPSCs and production of rat sperm in mouse-rat interspecific chimeras. By
monitoring the fluorescence of Acr-EGFP reporter, we could easily detect seminiferous tubules containing rat iPSC-derived
spermatids and sperm. And, we succeeded to obtain viable offspring by intracytoplasmic sperm injection (ICSI) using these
haploid male germ cells. We propose that this system will enable robust strategies for induction and evaluation of iPSCs, not
only in rodents but also in other mammals. Such strategies will be especially valuable in non-rodent species, in which
verification of germline transmission by mating is inefficient and time-consuming.
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Introduction ming factors: Oct3/4, Sox2, Klf4, and c-Myc [1]. The quality of
the resultant iPSC lines is heterogeneous, and only some cell lines
are germline-competent [2,3]. Therefore, it would be valuable to
develop a method for evaluating the germline competency of
iPSCs more easily and accurately than is currently possible using
conventional methods. Because the piggyBac (PB) system enables
simultaneous and highly efficient insertion of multiple exogenous
genes into a genome, use of this system allows reprogramming

factors and additional reporter systems to be introduced into cells

about 3 mor'ltllls - mouse, and longe'r mn othe.r .ammals. at the same time [4-7]. PB transposition takes place in DNA
Furthermore, it is difficult to confirm germline transmission when

the contribution ratio to the germline is low. To date, there has

To evaluate the characteristics and qualities of pluripotent stem
cells, such as embryonic stem cells (ESCs) and induced pluripotent
stem cells (1IPSCs), several assays are used in combination. Among
these assays, the most precise is verification of germline
transmission by mating, because pluripotent stem cells are often
utilized to generate genetically modified animal lines. However,
this assay requires considerable effort and time: the process takes

regions flanked by terminal repeat sequences; therefore, inserted
! ) DNAs tend to contain full sequences. By contrast, portions of
been no formal evidence that non-rodent pluripotent stem cells exogenous DNA sequences are often lost in transgenic animals

can contribute to the germline. Therefore, an easy and accurate produced by conventional methods that involve plasmid injection

system for assaying germline competency without mating would into embryos. Although viral vector systems, such as lentiviral
provide a valuable tool for evaluation of the characteristics and systems, also can transfer full sequences flanked by terminal
qualities of iPSC lines in non-rodent specics. repeats, such methods require special equipment and techniques.

iPSCs are generated from somatic cells by transient transduc- Because the PB system is a non-viral system based on a DNA
tion of four defined transcription factors, termed the reprogram- transposon mechanism, no special methods are necessary. Instead,
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Figure 1. Reprogramming of mouse somatic cells and establishment of iPSCs. (A) Construction of PB vectors used in this study. (B) Timeline
for the establishment of iPSC lines. (C) Morphology of donor MEFs. Scale bar, 50 pm. (D and E) Numbers of primary iPSC colonies. (F) Morphology of
primary iPSC colonies. Scale bar, 50 um. (G) Morphology of iPSC cell lines. Scale bar, 50 um. (H and I) Endogenous expression levels of the four
reprogramming factors, transgenes, and ESC-specific genes in MEFs and iPSCs.

doi:10.1371/journal.pone.0092973.g001

the PB system requires only a simple procedure consisting of a
single transfection with multiple plasmids. Previously, we described
a simple and efficient method for generating iPSCs by piggyBac
transposition [8]. In this study, we modified our previous method
to design a comprehensive and non-invasive system for generation
and evaluation of iPSCs using simultaneous piggyBac transposi-
tions of reprogramming factors and multiple fluorescent reporters.
The multiple-reporter system has three components: an EOS
(early transposon promoter and Oct3/4 and Sox2 enhancers)-EGFP
reporter [8,9] to detect pluripotent stem cells, a constitutively
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active CAG-TagRFP reporter [8,10] to detect iPSC-derived cells
in chimeric animals, and an acrosin reporter [11] to detect iPSC-
derived spermatid and sperm in chimeric animals. Acrosin is
expressed specifically in late spermatogenesis, and accumulates in
acrosomes in spermatids and sperm [12]. The acrosin reporter
construct encodes an acrosin N-terminal signal peptide fused to
EGFP, controlled by the acrosin promoter (Acr-EGFP) [11]. This
reporter enables detection of intact, living, mature male germ cells
under a fluorescence microscope and recovery of these cells for
applications such as intracytoplasmic sperm injection (IGSI).
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Several groups have developed an efficient reprogramming
system, called the secondary reprogramming system, consisting of
somatic cells derived from chimeric mice using tetracycline (Tet)-
inducible iPSCs [13-15]. In this system, the donor cells for iPSC
induction already contain Tet-inducible genes encoding the
reprogramming factors. Therefore, iPSCs can be generated by
simple addition of doxycycline (Dox, a member of the tetracycline
antibiotics group) to the culture media. Our system also contains
Tet-inducible reprogramming factors, enabling establishment of a
secondary reprogramming system.

Finally, we generated rat iPSCs from native rat embryonic
fibroblasts and evaluated their ability to contribute to mouse
development. Recently, two groups succeeded in generating rat—
mouse chimeras and demonstrating that rat iPSCs were able to
rescue a genetic deficiency in the host mouse blastocysts, resulting
in rat organs that appeared normal by functional complementa-
tion criteria [16,17]. In particular, Isotani et al. confirmed the
contribution of rat ESCs to spermatogenesis in testes of mouse-rat
chimeras, as revealed by their characteristic morphology [17]. To
date, however, no report has demonstrated germline contribution
of iPSCs in mouse-rat interspecific chimeras. This is the first
report to form functional sperm from rat iPSCs in mouse-rat
interspecific chimeras.

In this paper, we demonstrate that our system can generate
germline-competent iPSCs in mouse and rat, and that we can
evaluate the formation of iPSC-derived male germ cells in the
testes of chimeric animals using the Acr-EGFP reporter.

Results

Generation and evaluation of mouse iPSCs

In order to effectively generate and evaluate iPSCs, we first
constructed a series of new vectors (Fig. 1A). The pCAG-hyPBase
vector expresses a hyperactive piggyBac transposase under the
control of the CAG promoter [18]. The PB-(CAG-Tet3G; EOS-
C(3+)-EGFP-IRES-puro”) vector expresses a reverse trans-activa-
tor (rtTA) under the control of the CAG promoter, and also
contains an EOS-EGFP reporter and a puromycin-resistance gene
as markers for pluripotency. The PB-TRE3G-OKS and PB-
TRE3G-c-Myc vectors express the reprogramming factors (Oct3/
4, Klf4, Sox2, and c-Myc) under the control of a Tet-inducible
promoter. The PB-(CAG-TagRFP-IRES-hyg; Acr-EGFP) vector
expresses TagRIP and a hygromycin resistance gene under the
control of a constitutively active CAG promoter in most types of
cells, as well as a spermatid- and spermatozoa-specific EGFP
reporter under the control of the acrosin gene promoter.

NOD and 129 mouse embryonic fibroblasts (MEFs) were
transfected with all of these vectors simultaneously and cultured in
FBS/GMEM containing Dox (Fig. 1B, C). Four days after Dox
addition, 5x10° cells were reseeded on an SNL feeder layer, and
the medium was replaced with the LIF medium the next day. Ten
days after Dox addition, Dox was withdrawn, and the medium was
replaced with the LIF/2i medium. After an additional 8 days of
culture without Dox, a large number of EOS-GFP—positive ES-
like colonies appeared (Fig. 1D, E, F). EOS-GFP- and CAG-
TagRFP-positive colonies were picked and reseeded on feeder
cells. After one passage, the cells were cultured without feeders.
We efficiently established iPSC lines from MEFs from both the
129 and NOD strains. These iPSC lines co-expressed CAG-
TagRFP and EOS-EGFP (Fig. 1G). Quantitative real-time RT-
PCR analysis showed that these iPSCs expressed undifferentiated
ESC—specific genes, including Oct3/4, Kif4, Sox2, Kif2, Rex1, Nanog,
Daxl, Kifd, Fgf4, Tvx3, Esmb, Cdhl, and Lrhi (Fig. 1H, I). This

analysis showed that exogenous expression of the reprogramming
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factors in these iPSCs was efficiently downregulated to background
levels following Dox withdrawal (Fig. 1H, I).

To evaluate the ability of these iPSC lines to contribute to
chimeric animals, we injected 129 and NOD iPSCis into CD-1 and
C57BL/6 mouse blastocysts, respectively, and visualized the
contribution of donor cells to the resultant chimeric embryos by
monitoring CAG-TagRFP fluorescence at embryonic day (E) 13.5
(Fig. 2A). Embryos (20 from 129 iPSCs, and 48 from NOD iPSCs)
were transferred into pseudopregnant mice. From those implan-
tations, 19 live 129 embryos and 10 live NOD embryos were
obtained from two psecudopregnant mice at E13.5. Eleven of the
129 embryos and seven of the NOD embryos were chimeras, as
determined by their RFP fluorescence and eye color. The coat
color of adult chimeras also demonstrated the ability of these
iPSCs to contribute to chimeric animals (Fig. 2B). In order to
assess the germline competency of these iPSC lines, we examined
the testes of chimeras at 7 weeks of age (Iig. 2C). The acrosomes of
spermatids and spermatozoa derived from donor iPSCs could be
specifically distinguished by monitoring fluorescence from the Acr-
EGFP reporter (Fig. 2D).

We then collected these chimeric embryos and trypsinized
them. After several passages under hygromycin selection to isolate
donor-derived cells, we obtained secondary MEFs containing the
previously transfected vectors (Fig. 3A) [13-15]. Using these
secondary MEFs, we could efficiently generate secondary iPSCs by
Dox addition alone, without additional transfection (Fig. 3B, C,
D). The secondary iPSC lines expressed both TagRFP and EOS-
EGFP (Fig. 3E). Quantitative real-time RT-PCR analysis showed
that the expression levels of the exogenous reprogramming factors
were efficiently downregulated in these secondary iPSCs in the
absence of Dox compared to the expression levels of endogenous
transcription factors, and these cells expressed many undifferen-
tiated ESC—specific genes, including Oct3/4, Kif4, Sox2, Klf2, Rex1,
Nanog, Dax1, Tbx3, Fgf4, Kifd, Esrb, Cdhl, and Lihl (Fig. 3F, G).

Generation and evaluation of rat iPSCs

Using the same system, we established rat iPSCs from rat
embryonic fibroblasts (REFs) (Fig. 4A, B). These rat iPSCs
expressed TagRFP and EOS-EGFP (Fig. 4C). In these rat iPSCs,
the expression levels of the exogenous reprogramming factors were
efficiently downregulated in the absence of Dox compared to the
expression revels of the endogenous transcription factors, and
these cells expressed many undifferentiated ESC—specific genes,
including Oct3/4, Klf4, Sox2, Klf2, Rexl, Tbx3, Nanog, Cdhl, KIf5,
Fgf4, and Esrb (Fig. 4D). Unexpectedly, Dax! and Lihl were not
expressed in these cells (Fig. 4D).

To examine the ability of these rat iPSCs to contribute to
chimeric animals, we generated mouse-rat chimeric animals by
injection of rat iPSCs into mouse blastocysts. Forty-four embryos
were transferred into pseudopregnant mice, resulting in four
chimeras, as determined by their coat color (Fig. 4E).

To evaluate the ability of the rat iPSCs to contribute to the
germline, we examined the testes of mouse-rat chimeras at 8
weeks of age. Although the chimeric ratio was not high, as
determined by coat color (approximately 10-15%), EGFP-positive
seminiferous tubules were easily detected (Fig. 4F). Of six testes we
examined, two had EGFP-positive seminiferous tubules. In these
seminiferous tubules, only rat-iPSC—derived spermatogenic cells
expressed EGFP (Fig. 4G). We were able to distinguish rat and
mouse sperm based on morphological differences of the sperm
heads (Fig. 4G). Unexpectedly, however, mouse acrosin-EGIFP
fusion protein did not accumulate in the acrosomes of the rat
haploid germ cells. Finally, to examine the ability of these rat
sperm to produce pups, we performed ICSI and injected the
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Figure 2. Evaluation of established mouse iPSC lines. (A) Contribution of iPSCs to mouse embryonic development. Embryos were analyzed by
fluorescence microscopy at E13.5. (B) Coat color of adult chimeras at 7 weeks old. (C) Contribution of iPSCs to mouse testes. (D) EGFP-positive sperm

and spermatids. Scale bar, 5 um.
doi:10.1371/journal.pone.0092973.g002

sperm heads into 41 oocytes. The experiments demonstrated that
four viable rat offspring with red fluorescence could be obtained
from 29 transferred eggs (Fig. 4H). Genomic PCR analysis also
showed the presence of vector-derived EGFP gene and OKS gene
in three of the four offspring, as expected from the hemizygosity of
the transgenes (Fig. 41).

Discussion

In this paper, we describe a simple but comprehensive system
for generating and evaluating iPSCs by a single transfection of
multiple PB plasmid vectors. This system enables us to evaluate
iPSCs for their pluripotency, establish secondary iPSC-generation
systems, and verify the ability of iPSCs to contribute to chimeras
and to transmit their genes through the germline, accurately and
without needing to check the coat color of F1 offspring. The
multiple reporters used in this system allow the abilities of iPSCs to
be evaluated in several ways. First, we can evaluate iPSCs by
checking their morphology after Dox withdrawal. After Dox
withdrawal, expression of transgenes is eliminated; therefore, only
cells proliferating without the support of transgenes can form
colonies. Second, we can easily identify iPSCs by monitoring
fluorescence of the EOS-GIFP-reporter [9]. In our system, the
EOS reporter and rtTA are on the same vector; therefore, all cells
in colonies that emerge during the reprogramming process are
expected to harbor at least one EOS reporter. Third, we can
evaluate the differentiation capacity of iPSCs by monitoring the
fluorescence of the TagRIP reporter in chimeras. This enables us
to evaluate these cells’ ability to contribute to chimeras at early
time points of gestation. Our results show that we could easily
identify chimeric embryos based on their bright red fluorescence
during embryogenesis. Although the contribution ratio of NOD
iPSCs to chimeras was high, that of 129 iPSCs was relatively low,
possibly due to differences in the mouse strains used as blastocyst
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hosts. Finally, we can evaluate the ability of iPSCs to differentiate
into germ cells by monitoring the fluorescence of the acrosin-
EGFP-reporter [11]. iPSC-derived mouse and rat sperm could be
easily distinguished from host cells by their EGFP fluorescence,
even when the contribution ratio was low. The expression of
EGFP was limited to spermatogenetic cells and sperm acrosomes,
indicating that the specificity of this PB reporter system was
comparable to that of conventional transgenic-reporter mouse
strains [11,19].

In general, production of transgenic animals via plasmid
injection into male pronuclei of fertilized eggs often yields animals
that lack portions of vector sequences. Here, we applied the PB
system to introduce full sequences of reporter transgene into
somatic cells, and reproducibly succeeded in obtaining reporter-
transgenic iPSCs that recapitulated endogenous gene expression in
chimeric animals. This result indicates that our system can
efficiently and accurately produce reporter-transgenic cells and
animals.

In many studies of iPSC reprogramming, transgenic cell lines
that already harbored pluripotency-specific reporters such as
Oct3/4-GFP, Nanog-GFP, or Sox2-GFP have been used as donor
cells in order to allow detection of successfully reprogrammed cells
[2,14,20,21]. By contrast, in this study we were able to easily
establish 1PSC lines from fibroblasts not previously subjected to
genetic manipulation, not only in mice but also in rats. Because it
Is time-consuming and costly to produce transgenic animals and
prepare transgenic cell lines, our strategy should be especially
useful in large mammals.

In this study, we were able to establish secondary MEFs and
establish secondary iPSC lines from these cells. In our system,
secondary donor cell-derived embryonic fibroblasts can be
collected easily using hygromycin selection, because a hygro-
mycin-resistance gene is introduced into cells along with TagRTP.
Therefore, this system enables establishment of secondary
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Figure 3. Establishment of secondary MEFs and secondary iPSCs. (A) Morphology of secondary MEFs. Scale bar, 10 um. (B and C) Numbers of
secondary iPSC colonies. (D) Morphology of secondary iPSC colonies. Scale bar, 50 um. (E) Morphology of secondary iPSC cell lines. Scale bar, 10 pm.
(F and G) Comparison of endogenous expressions of the four reprogramming factors, transgenes, and ESC-specific genes between primary and

secondary iPSCs.
doi:10.1371/journal.pone.0092973.g003

embryonic fibroblasts, even if the contribution ratio is quite low.
To date, secondary reprogramming systems have been reported
only in mice and humans [13-15,22,23]. We propose that our
system will be useful for establishing secondary system in a range
of mammalian species.

Finally, we were able to generate rat iPSCs by using the same
system. These rat iPSCs contributed to the mouse-rat interspecific
chimeras, including their germline. We were able to detect and
isolate donor-derived sperm easily, although only spermatogenic
cells expressed EGFP, whereas sperm did not exhibit EGIFP
fluorescence. This result indicates that localization of EGFP to
acrosomes did not occur, even though EGFP was expressed
accurately under the control of the acrosin promoter. This
problem might be overcome by using the signal peptide and N-
terminal peptide of rat proacrosin. Recently, Hanna’s group
reported derivation of human ground-state naive pluripotent stem
cells [24]; their approach may enable establishment of naive
pluripotent stem cells in various mammalian species. Because
germline transmission is inefficient, time-consuming, and costly in
non-rodent animals, we propose that this system will be useful for

PLOS ONE | www.plosone.org

applications in larger mammals. Furthermore, in the case of
interspecific chimeras, mating is difficult, so this strategy may be
useful for germ-cell production from interspecific chimeric
animals. Previously, we reported i vitro reconstitution of primor-
dial germ cell (PGC) fate specification process from pluripotent
epiblast [25]. Although i vitro production of sperm from PGCs has
not been reported, it has been possible to produce sperm from
spermatogonia in i vitro cultures of neonatal mouse testes [26].
Therefore, iPSCs harboring the Acr-EGFP reporter will be useful
in studies of i vitro germ-cell development, and should allow non-
mvasive evaluation of @ vitro haploid male germ-cell formation
from somatic cells.

Materials and Methods

Vector construction

To generate PB-TRE3G-OKS and PB-TRE3G-c-Myc,
pITRE3G-IRES (Clontech) was amplified by PCR and cloned
into PB-hCMV*1-cHApA [27,28] to yield PB-TRE3G-cHApA,
and then inserts from PB-TET-OKS [8,29] and PB-TET-c-Myc
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were introduced into PB-TRE3G-cHApA. To generate PB-(CAG-
Tet3G; EOS-C(3+)-EGIFP-IRES-puro), inserts from pCMV-
Tet3G (Clontech) and PB-EOS-C(3+)-EiP [8,9] were cloned into
PB-CAG-rtTA_Adv [8,29]. To generate PB-(CAG-TagRFP-
IRES-hyg; Acr-EGFP), inserts from pAcr3-EGFP [11] was
introduced into empty PB vector, and the resultant vector (PB-
Acr-EGIP) was amplified by PCR and introduced into PB-CAG-
cHA-IRES-hyg to yield PB-(CAG-cHA-IRES-hyg; Acr-EGFP);
next, an insert from pTagRFP-N1 (Evrogen) was introduced into
PB-(CAG-cHA-IRES-hyg; Acr-EGFP). To generate pCAG-hyP-
Base, pCMV-hyPBase [18] was cloned into blunt-ended pCAGGS
[10]. Primer sequences are shown in Table S1.

Cell culture

To obtain MEFs and REFs, we purchased 129/Sv mice and
wistar rats from CLEA Japan, Inc. and Japan SLC, Inc.,
respectively. Embryos were collected at E13.5 and E13.5,
respectively. After removal of heads and visceral tissues, the
remaining bodies were washed in fresh PBS and trypsinized, and
the isolated cells were maintained in Dulbecco’s modified eagle
medium (DMEM, Invitrogen) containing 10% fetal bovine serum
(FBS, JRH Biosciences), penicillin, streptomycin (Invitrogen), and
primocin (Invivogen).

To establish mouse or rat iPSC lines, 1x10°> MEFs or REFs
were simultaneously transfected with 1 pg PB-TRE3G-OKS, 1 ng
PB-TRE3G-c-Myc, 1 pg PB-(CAG-Tet3G; EOS-C(3+)-EGFP-
IRES-puro), 1 pg PB-(CAG-TagRFP-IRES-hyg; Acr-EGFP),
and 1 pg pCAG-hyPBase. Transfected cells were cultured in
DMEM supplemented with 10% FBS. One day after transfection,
the medium was replaced with Glasgow minimum essential
medium (GMEM, Sigma) supplemented with 10% FBS, 1 mM
sodium pyruvate (Invitrogen), 1 xMEM non-essential amino acids
(NEAA, Invitrogen), 0.1 mM 2-mercaptoethanol (2-ME, Milli-
pore), 2 mM L-glutamine, penicillin, and streptomycin (FBS/
GMEM) containing 1.5 pg/ml doxycycline (Dox, Sigma). Four
days after Dox addition, 5x10° cells were reseeded on an SNL
feeder layer, and the medium was replaced the next day with
GMEM supplemented with 15% Knockout Serum Replacement
(KSR, Invitrogen), 0.3% FBS, 1 mM sodium pyruvate, 1 XNEAA,
0.1 mM 2-ME, 2 mM L-glutamine, penicillin, streptomycin, and
1000 U/ml leukemia inhibitory factor (LIF, Millipore) (LIF
medium) containing 200 pg/ml hygromycin (Sigma). In the case
of secondary iPSC induction, 1x10° transfected cells were
reseeded on an SNL feeder layer, but hygromycin was not added
to the medium. Ten days after Dox addition, Dox was withdrawn
and the medium was replaced with 50% Neurobasal medium
(Invitrogen) and 50% DMEM/F12 (Invitrogen) supplemented
with 0.5 xN2 (Invitrogen), 0.5 xB27 (Invitrogen), 1% KSR, 0.05%
BSA (Sigma), 0.15 mM I-thioglycerol (Sigma), 2 mM L-gluta-
mine, penicillin, streptomycin, 1000 U/ml LIF, 1 pM
PD0325901, and 3 uM CHIR99021 (2i [30], Stemgent) (LIF/2i
medium) containing 200 pg/ml hygromycin. After an additional 8
days of culture without Dox, CAG-TagRFP- and EOS-EGFP-
double-positive primary colonies were picked, chemically dissoci-
ated, and transferred onto fresh SNL feeder layers in 48-well
plates. For mouse iPSC generation, cells were cultured on human
plasma fibronectin (Millipore) following passage. For rat iPSC
generation, cells were maintained on SNL feeder layers on human
plasma fibronectin or Matrigel (BD).
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Quantitative real-time RT-PCR

Total RNA was extracted from cells using RNeasy Mini kits
(QIAGEN). For reverse transcription, ReverTra Ace (Toyobo) and
oligo (dT)gp primer were used according to the manufacturer’s
instructions. For real-time PCR, Power SYBR Green PCR Master
Mix (Applied Biosystems) was used. Transcription levels were
determined in triplicate reactions and normalized to Gapdh. Primer
sequences are shown in Table S1.

Chimera production

To generate chimeric animals, mouse or rat iPSCs were injected
into mouse embryos at the blastocyst stage. iPSCs from strain 129
were injected into CD-1 blastocysts. NOD and rat iPSCs were
injected into C57BL/6 blastocysts. Blastocysts were transferred
mto the uterine horns of five pseudopregnant mice. Chimerism of
live embryos and pups was judged by RFP fluorescence, eye color,
and coat color. The contribution of Acr-EGFP-positive cells into
the lumina of seminiferous tubules was analyzed on an inverted
fluorescence microscope (Olympus).

ICSI

Rat ICSI was performed according to the method described
previously [31]. Briefly, oocytes were harvested from superovulat-
ed 4-week-old female rats (Slc:SD). The sperm heads were injected
into oocytes in Hepes-mR1ECM medium using micromanipula-
tors (Narishige) and a piezo impact-driving unit (Prime Tech). The
ICSI oocytes were cultured in 100-pl microdrops of mR1ECM/
BSA medium and were transferred into the oviducts of 14-week-
old pseudopregnant recipient rat (Crlj:WI). The presence of
TagRFP gene in the offspring was examined by fluorescence and
the presence of EGFP gene and OKS gene were examined by
genomic PCR. Primer sequences are shown in Table SI.
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(XLSX)

Acknowledgments

We are grateful to Dr. Hitoshi Niwa (RIKEN Center for Developmental
Biology) for invaluable comments and advice on this work. We thank the
following people for kindly providing materials for this study: Dr. Hitoshi
Niwa for the empty PB vector and PB-CAG-cHA-IRES-hyg, Dr. Allan
Bradley (Sanger Institute) for SNL feeder cells and Dr. Keisuke Yusa
(Sanger Institute) for the pCMV-hyPBase vector.

Author Contributions

Conceived and designed the experiments: TT YO. Performed the
experiments: TT YO MK HN. Analyzed the data: TT YO. Wrote the
paper: TT YO.

2. Okita K, Ichisaka T, Yamanaka S (2007) Generation of germline-competent
induced pluripotent stem cells. Nature 448: 313-317. doi:10.1038/nature05934.

March 2014 | Volume 9 | Issue 3 | 92973



. Hayashi K, Ohta H, Kurimoto K, Aramaki S, Saitou M (2011) Reconstitution of

the mouse germ cell specification pathway in culture by pluripotent stem cells.

Cell 146: 519-532. doi:10.1016/j.cell.2011.06.052.

. Ding S, Wu X, Li G, Han M, Zhuang Y, et al. (2005) Efficient transposition of

the piggyBac (PB) transposon in mammalian cells and mice. Cell 122: 473-483.
doi:10.1016/j.cell.2005.07.013.

. Wu SC-Y, Meir Y-JJ, Coates CJ, Handler AM, Pelczar P, et al. (2006) piggyBac

is a flexible and highly active transposon as compared to sleeping beauty, Tol2,
and Mosl in mammalian cells. Proc Natl Acad Sci U S A 103: 15008-15013.
doi:10.1073/pnas.0606979103.

. Cadinanos J, Bradley A (2007) Generation of an inducible and optimized

piggyBac transposon system. Nucleic Acids Res 35: e87. doi:10.1093/nar/
gkm446.

. Wang W, Lin C, Lu D, Ning Z, Cox T, et al. (2008) Chromosomal transposition

of PiggyBac in mouse embryonic stem cells. Proc Natl Acad Sci U S A 105:
9290-9295. doi:10.1073/pnas.0801017105.

. Tsukiyama T, Asano R, Kawaguchi T, Kim N, Yamada M, et al. (2011) Simple

and efficient method for generation of induced pluripotent stem cells using
piggyBac transposition of doxycycline-inducible factors and an EOS reporter
system. Genes Cells 16: 815-825. doi:10.1111/j.1365-2443.2011.01528.x.

. Hotta A, Cheung AYL, Farra N, Vijayaragavan K, Séguin CA, et al. (2009)

Isolation of human iPS cells using EOS lentiviral vectors to select for
pluripotency. Nat Methods 6: 370-376. doi:10.1038/nmeth.1325.

. Niwa H, Yamamura K, Miyazaki J (1991) Efficient selection for high-expression

transfectants with a novel eukaryotic vector. Gene 108: 193-199.

. Nakanishi T, Ikawa M, Yamada S, Parvinen M, Baba T, et al. (1999) Real-time

observation of acrosomal dispersal from mouse sperm using GFP as a marker
protein. FEBS Lett 449: 277-283.

. Kashiwabara S, Arai Y, Kodaira K, Baba T (1990) Acrosin biosynthesis in

meiotic and postmeiotic spermatogenic cells. Biochem Biophys Res Commun
173: 240-245.

. Brambrink T, Foreman R, Welstead GG, Lengner CJ, Wernig M, et al. (2008)

Sequential expression of pluripotency markers during direct reprogramming of
mouse somatic cells. Cell Stem Cell 2: 151-159. doi:10.1016/
j-stem.2008.01.004.

Stadtfeld M, Maherali N, Breault DT, Hochedlinger K (2008) Defining
molecular cornerstones during fibroblast to iPS cell reprogramming in mouse.
Cell Stem Cell 2: 230-240. doi:10.1016/j.stem.2008.02.001.

. Wernig M, Lengner CJ, Hanna J, Lodato M a, Steine E, et al. (2008) A drug-

inducible transgenic system for direct reprogramming of multiple somatic cell

types. Nat Biotechnol 26: 916-924. doi:10.1038/nbt1483.

. Kobayashi T, Yamaguchi T, Hamanaka S, Kato-Itoh M, Yamazaki Y, et al.

(2010) Generation of rat pancreas in mouse by interspecific blastocyst injection
of pluripotent stem cells. Cell 142: 787-799. doi:10.1016/j.cell.2010.07.039.

PLOS ONE | www.plosone.org

20.

21.

22.

26.

27.

28.

A System for Generation and Evaluation of iPSCs

. Isotani A, Hatayama H, Kaseda K, Ikawa M, Okabe M (2011) Formation of a

thymus from rat ES cells in xenogeneic nude mouse<srat ES chimeras. Genes

Jells 16: 397-405. doi:10.1111/j.1365-2443.2011.01495.x.

. Yusa K, Zhou L, Li MA, Bradley A, Craig NL (2011) A hyperactive piggyBac

transposase for mammalian applications. Proc Natl Acad Sci U S A 108: 1531~
1536. doi:10.1073/pnas.1008322108.

. Hasuwa H, Muro Y, Ikawa M, Kato N, Tsujimoto Y, et al. (2010) Transgenic

mouse sperm that have green acrosome and red mitochondria allow
visualization of sperm and their acrosome reaction in vivo. Exp Anim 59:
105-107.

Mabherali N, Sridharan R, Xie W, Utikal J, Eminli S, et al. (2007) Directly
reprogrammed fibroblasts show global epigenetic remodeling and widespread
tissue contribution. Cell Stem Cell 1: 55-70. doi:10.1016/j.stem.2007.05.014.
Wernig M, Meissner A, Foreman R, Brambrink T, Ku M, et al. (2007) In vitro
reprogramming of fibroblasts into a pluripotent ES-cell-like state. Nature 448:
318-324. doi:10.1038/nature05944.

Hockemeyer D, Soldner F, Cook EG, Gao Q, Mitalipova M, et al. (2008) A
drug-inducible system for direct reprogramming of human somatic cells to
pluripotency. Cell Stem Cell 3: 346-353. doi:10.1016/j.5stem.2008.08.014.

. Mabherali N, Ahfeldt T, Rigamonti A, Utikal J, Cowan C, et al. (2008) A high-

efficiency system for the generation and study of human induced pluripotent
stem cells. Cell Stem Cell 3: 340-345. doi:10.1016/j.stem.2008.08.003.

Gafni O, Weinberger L, Mansour AA, Manor YS, Chomsky E, et al. (2013)
Derivation of novel human ground state naive pluripotent stem cells. Nature.
doi:10.1038/nature12745.

. Ohinata Y, Ohta H, Shigeta M, Yamanaka K, Wakayama T, et al. (2009) A

signaling principle for the specification of the germ cell lineage in mice. Cell 137:
571-584. doi:10.1016/j.cell.2009.03.014.

Sato T, Katagiri K, Gohbara A, Inoue K, Ogonuki N, et al. (2011) In vitro
production of functional sperm in cultured neonatal mouse testes. Nature 471:
504-507. doi:10.1038/nature09850.

Loew R, Heinz N, Hampf M, Bujard H, Gossen M (2010) Improved Tet-
responsive promoters with minimized background expression. BMC Biotechnol
10: 81. doi:10.1186/1472-6750-10-81.

Zhou X, Vink M, Klaver B, Berkhout B, Das AT (2006) Optimization of the
Tet-On system for regulated gene expression through viral evolution. Gene Ther
13: 1382-1390. doi:10.1038/sj.gt.3302780.

. Wolgien K, Michael IP, Mohseni P, Desai R, Mileikovsky M, et al. (2009)

piggyBac transposition reprograms fibroblasts to induced pluripotent stem cells.
Nature 458: 766-770. doi:10.1038/nature07863.

. Ying Q-L, Wray J, Nichols J, Batlle-Morera L, Doble B, et al. (2008) The ground

state of embryonic stem cell self-renewal. Nature 453: 519-523. doi:10.1038/
naturec06968.

. Hirabayash M, Kato M, Aoto T, Sekimoto A, Ueda M, et al. (2002) Offspring

derived from intracytoplasmic injection of transgenic rat sperm. Transgenic Res

11: 221-228.

March 2014 | Volume 9 | Issue 3 | 92973



