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Abstract

Induced pluripotent stem cells (iPSCs) are a seminal breakthrough in stem cell research and are promising tools
for advanced regenerative therapies in humans and reproductive biotechnology in farm animals. iPSCs are
particularly valuable in species in which authentic embryonic stem cell (ESC) lines are yet not available. Here,
we describe a nonviral method for the derivation of bovine iPSCs employing Sleeping Beauty (SB) and
piggyBac (PB) transposon systems encoding different combinations of reprogramming factors, each separated
by self-cleaving peptide sequences and driven by the chimeric CAGGS promoter. One bovine iPSC line (biPS-
1) generated by a PB vector containing six reprogramming genes was analyzed in detail, including morphology,
alkaline phosphatase expression, and typical hallmarks of pluripotency, such as expression of pluripotency
markers and formation of mature teratomas in immunodeficient mice. Moreover, the biPS-1 line allowed a
second round of SB transposon-mediated gene transfer. These results are promising for derivation of germ line—

competent bovine iPSCs and will facilitate genetic modification of the bovine genome.

Introduction

HE RECENT REPROGRAMMING OF somatic cells into in-

duced pluripotent stem cells (iPSCs) (Takahashi and
Yamanaka, 2006; Takahashi et al., 2007) was a seminal
breakthrough in stem cell research and developmental bi-
ology. iPSCs were first derived from mouse fibroblasts by
overexpression of four reprogramming factors—Oct4, Sox2,
Klf4, and c-Myc—and subsequently from human fibroblasts
by overexpression of OCT4, SOX2, LIN28, and NANOG
(Takahashi and Yamanaka, 2006; Yu et al., 2007) after ret-
roviral transfection. Retroviral and lentiviral delivery of core
reprogramming factors allowed the derivation of iPSCs from
several other mammals, including rat (Liao et al., 2009), dog
(Shimada et al., 2010), pig (Esteban et al., 2009), rhesus
monkey (Liu et al., 2008), sheep (Bao et al., 2011), goat (Ren
et al., 2011), horse (Nagy et al., 2011), cattle (Han et al.,
2011), buffalo (Deng et al., 2012), and of iPS-like cells from

nonmammalian vertebrates (Rossello et al., 2013). iPSCs
derived from somatic tissue are particularly promising in
farm animals in which true, germline-competent embryonic
stem cells (ESCs) could not yet be derived (Kumar et al.,
2015). Previous approaches to derive bovine iPSCs employed
retroviral (Han et al., 2011; Sumer et al., 2011), or lentiviral
transduction (Cao et al., 2012) or plasmids (Huang et al.,
2011; Wang et al. 2013).

However, the commonly employed method of viral gene
delivery of the reprogramming factors is associated with
considerable risk of insertional mutagenesis and genotoxicity
(Wu and Dunbar, 2011). To overcome these risks, alternative
methods, such as nonintegrating adenoviral vectors (Stadtfeld
et al., 2008), plasmids (Yu et al., 2009), recombinant proteins
(Zhou et al., 2009), modified mRNAs (Warren et al., 2010),
and small molecules (Shi et al., 2008) were successfully used
for iPSC derivation. However, the efficiency of reprogram-
ming using these methods is significantly lower than that of
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retroviral or lentiviral vectors, and the alternative methods
may require repetitive treatments to maintain pluripotency
(Kumar et al., 2014).

Domestic cattle are an economically valuable livestock
species raised both for meat and milk production (Malaver-
Ortega et al., 2012). The availability of bovine pluripotent
stem cells could facilitate the application of advanced re-
productive technologies in this species. Numerous attempts
to establish bovine ESC lines have been undertaken; how-
ever, they have had limited success (Gong et al., 2010; Jin
et al., 2012; Maruotti et al., 2012; Saito et al., 1992; Saito
et al., 2003; Solter et al., 2000). Most ESC-like cultures
proliferated slowly, lost pluripotency markers, and ceased to
divide at early passages (Cao et al., 2009; Malaver-Ortega
et al., 2012; Maruotti et al., 2012; Munoz et al., 2008; Saito
et al., 1992).

Genetic modification in cattle is currently being accom-
plished by somatic cloning using mainly fibroblasts. Gene
targeting in somatic cells is difficult and relatively ineffi-
cient (Clark and Whitelaw, 2003; Garrels et al., 2012a; Kues
and Niemann, 2011; Velazquez et al., 2014). Recent ad-
vances in the development of programmable DNA nucleases
allow the targeted introduction of frameshift mutations of
livestock genomes (Carlson et al., 2013; Giin and Kues,
2014; Hauschild-Quintern et al., 2013; Tan et al., 2013).
Germ line—competent bovine iPSCs could be valuable for
improving reproduction traits and biotechnological appli-
cations, including gene targeting and genetic modifications
(Cao et al., 2012; Koh and Piedrahita, 2014). Bovine iPSCs
may enhance the ability to develop transgenic cattle for the
production of therapeutic proteins in milk and to introduce
disease resistance and other valuable traits (Plews et al.,
2012; Sumer et al., 2011).

Binary DNA transposon systems have a number of ad-
vantages over other vector systems used for iPSC derivation.
They can carry large cargo and show no or minimal bias for
integration into translated regions. A number of hyperactive
transposase variants are available that approach the effi-
ciency of retroviral or lentiviral gene transfer; the produc-
tion costs are low and transposons are safe because they are
noninfective and the removal of integrated transposons is
possible. Transposons, specifically Sleeping Beauty (SB)
and piggyBac (PB), have emerged as useful alternatives to
virus-mediated reprogramming of somatic cells from dif-
ferent species, including human (Davis et al., 2013; Woltjen
et al., 2009), murine (Grabundzija et al., 2013; Muenthai-
song et al., 2012; Talluri et al., 2014; Tsukiyama et al.,
2014), porcine (Kues et al., 2013), and equine somatic cells
(Nagy et al., 2011). Until now, there are no reports on
transposon-mediated reprogramming of bovine somatic
cells to pluripotent iPSCs.

Recently, we have reported the successful derivation of
iPSC lines from inbred and outbred mice, employing the SB
and PB transposon systems (Talluri et al., 2014). Here, we
assessed the PB transposon approach for the derivation of
iPSC lines from bovine fetal fibroblasts (BFFs).

Materials and Methods

Ethics statement

Animals were maintained and handled according to the
German laws for animal welfare and genetically modified
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organisms. The experiments were approved by an external
ethics committee (Niedersdchsisches Landesamt fiir Ver-
braucherschutz und Lebensmittelsicherheit, AZ 33.9-42502-
04-09/1718).

Transposon and helper plasmid constructs

The construct used in the present study was described re-
cently (Talluri et al., 2014). Briefly, the PB-reprogramming
transposon contains a CAGGS promoter-driven cassette
containing SOX2, OCT4, KLF4, c-MYC, NANOG, and LIN28
cDNAs, each separated by human sequences coding for self-
cleaving 2A peptides and flanked by PB-inverted terminal
repeats (ITR), i.e., PB-6F. A cDNA coding for a hyperactive
PB is driven by the cytomegalovirus (CMV) promoter on a
helper plasmid (Li et al., 2013). The transposon and trans-
posase plasmids were mixed in a 5:1 molar ratio and used
for electroporation of BFFs. From the PB-6F reprogram-
ming cassette, deletion clones were generated to produce
PB-4F (SOX2, OCT4, KLF4, c-MYC) and PB-3F (SOX2,
OCT4, KLF4). The SB reprogramming transposon carried
the murine cDNAs of Oct4, Sox2, KIf4, and cMyc, each
separated by sequences coding for self-cleaving 2A peptide.
The SB transposase (SB100X) helper plasmid has been
described before (Grabundzija et al., 2013; Ivics et al., 2014;
Kues et al., 2013; Talluri et al., 2014).

Isolation of BFFs and iPSC generation

Primary BFFs were prepared from a 2- to 3-month-old
fetus obtained from a local slaughterhouse. Fetal tissues
were trypsinized and seeded on tissue culture plates. BFFs
were cultured in high glucose Dulbecco’s Modified Eagle
Medium (DMEM), supplemented with 10% heat-inactivated
fetal calf serum (PAA), 2mM L-glutamine, 1 mM sodium
pyruvate, 1% nonessential amino acids, 0.05 mM mercap-
toethanol, 100 U/mL penicillin, and 100 pug/mL streptomy-
cin. The cells were passaged with 0.25% trypsin/0.1%
EDTA. Cells at passage 2 were electroporated with the
transposon system using single pulses at 250V (single pulse/
10 msec; BioRad Gene PulserXcell electroporator). Elec-
troporated BFFs were cultured in fibroblast medium, which
was later replaced by DMEM/nutrient mixture F-12, sup-
plemented with 20% knockout serum replacement (Milli-
pore), 1 mM L-glutamine, 0.1 mM nonessential amino acids,
0.1 mM mercaptoethanol, 100 U/mL penicillin, 100 ug/mL
streptomycin, and supplemented with basic fibroblast
growth factor (bFGF; 4 ng/mL or 8 ng/mL) and 1000 U/mL
human leukemia inhibitory factor (hLIF). Presumptive bo-
vine iPSC colonies were picked with a pipette under mi-
croscopic control and plated into individual wells of 96-well
tissue culture plates containing trypsin. Trypsin was neu-
tralized with DMEM and 10% FBS, and the cells within
each well were then transferred to individual wells of 96-
well tissue culture plates. Presumptive bovine iPSCs were
maintained on gelatinized plates or plates seeded with in-
activated MEFs feeders and enzymatically (trypsin/EDTA)
subpassaged every second or third day. For gelatinization,
the intended culture dishes were covered with sterile 1%
gelatin in PBS and allowed to dry before cell seeding. BFFs
and bovine iPSCs were cultured in a humidified atmosphere
consisting of 5% CO, in air at 37°C. An Olympus BX60
(Olympus) microscope equipped with epifluorescence and a
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12-bit digital camera (Olympus DP 71) was used for fluo-
rescence microscopic analysis of the cells.

Clonal expansion of cell colonies, alkaline
phosphatase staining, and gene transfer

Putative iPSC colonies were picked around days 14-18
with the help of a pulled glass pipette. Subsequently, these
colonies were treated with trypsin to split the colony and
were subcultured until they reached confluency in 24-well
plates on mitomycin C—inactivated mouse fetal fibroblasts
feeders. For alkaline phosphatase (AP) staining, the cells
were washed twice with phosphate-buffered saline (PBS)
and fixed with 4% formaldehyde for 5 minutes. Then 2 mL
of AP staining solution (0.4 mg/mL sodium—o«-napthylpho-
sphate and 1 mg/mL of Fast Red dissolved in AP buffer
[25 mM TrisHCI pH 9.0, 0.15M NaCl, 4 mM MgCl,] were
transferred to the wells, and images were made with an
Olympus BX 60 (Olympus, Hamburg, Germany) fluores-
cence microscope equipped with a high-resolution digital
camera (Olympus DP71).

Trypsinized biPS-1 cells (300,000 cells) were electro-
porated (300 V square wave pulse, 10 msec) with a mixture of
1500 ng of pT2RMCE-Venus and 500 ng of pCMV-SB100X
(Garrels et al., 2011). Five to 7 days after electroporation,
individual colonies that showed specific Venus fluorescence
were subcloned to a 96-well plate and then expanded.

Reverse transcription PCR

Total RNA was prepared from iPSC lines and tissues with
TriReagent (Ambion), according to the manufacturer’s in-
structions (Kues et al., 2013). Isolated total RNA was treated
with RNase-free DNase (1U/ug RNA) (Epicentre Bio-
technologies) and 0.5 pg of RNA was used for cDNA
synthesis. Reverse transcription (RT) was performed in a
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20-uL. volume consisting of 4 ul. of 10x RT buffer (In-
vitrogen), 4 puL of 50 mM MgCl, (Invitrogen), 4 uL of 10
mM dNTP solution (Bioline), 2 uL. (20 Units) of RNasin
(Applied Biosystems), 2 ul. (50 units) of Moloney murine
leukemia virus (MMLV) reverse transcriptase (Applied
Biosystems), and 2 uL. hexamers (50 uM) (Applied Bio-
systems). The samples were maintained at 25°C for 10 min
for primer annealing and then incubated at 42°C for 1h.
Finally, the samples were heated to 95°C for 5min. The
cDNA was diluted 1:5, and 2 uL. (10ng) were used for PCR
amplification. The cDNA samples were subjected to PCR
amplification with the primer pairs listed in Table 1. The
PCR reaction included an initial denaturation at 94°C for
5 min followed by 30-35 cycles of denaturation at 94°C for
1 min, annealing at 58°C to 62°C for 30 sec, and extension at
72°C for 30sec. Amplification of the transcript of the
housekeeping glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used for normalization.

Western blotting

Total protein isolation and sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) have been de-
scribed before (Kues et al., 2013). In brief, cells were
extracted in RIPA buffer, and 10 ug of protein per slot was
separated on a 12% SDS-PAGE gel, blotted to poly-
vinylidene difluoride (PVDF) membrane, blocked in 5%
nonfat milk powder, and probed with a mouse polyclonal
antibody against Oct4. The primary antibodies anti-Oct4
(Santa Cruz, sc-5279 (1:500)), anti-tubulin [Developmental
Studies Hybridoma Bank (DHSB), E7 (1:500)] were used,
respectively. Proteins were detected via horseradish peroxidase—
coupled secondary antibody (1:10 000; Sigma) and an
enhanced chemoluminescence reagent (ECL Plus, GE
Healthcare).

TABLE 1. PRIMER PAIRS USED IN THE PRESENT STUDY

Gene Forward primer Reverse primer Size (bp)
POUSF1 GTTCTCTTTGGAAAGGTGTTC ACACTCGGACCACGTCTTTC 313
Sox2 CATCCACAGCAAATGACAGC TTTCTGCAAAGCTCCTACCG 251
c-MYC CGCGGTCGCCTCCTTCTCGCCCAGG GTCCGGGGAAGCGCAGGGC 418
KLF4 GCCCCTAGAGGCCCACTT CACAACCATCCCAGTCACAG 433
ALPI TTCAAACCGAAACACAAGCAC GGTAAAGACGTGGGAGTGGTC 378
NOG GTGTTTGGTGAACTCTCCTG GGGAATTGAAATACTTGACAG 307
REX1 GCAGAATGTGGGAAAGCCT GACTGAATAAACTTCTTGC 220
AFP AAGGCACCCTGTCCTGTATG AGACACTCCAGCACGTTTCC 330
NESTIN TCTGTCCTGAGCCCTACTCC TTCTTTCACGTCCAGACCCG 558
p-TUBULIN GGAGGGCGAGATGTACGAAG GGGGTAAGATTGGGGGTGTG 150
GATA 4 TGGAAGAAAGACGACGGGTG TAGAGATAGCGACGCGGAGA 104
PAX 6 GTCAGATCTGCCACTTCCCC CATCTGCGCGCTCCTAGTTA 305
VIMENTIN CCAGTCCGTGCTACCGC ACGAGAAGTCCACCGAGTCC 311
pOSMKLN CCAGCACTACCAGAGCGG CCATCACCTCCACCACCTG 201
AMELEX CCTGGCCTCTCTGACTCAG AGGGAGATACACAGAGTGTG 216
GAPDH CAAGGTCATCCATGACAACTTTG CTACAGCAACAGGGTGGTGGAC 496
CDH1 GACACTGGAGGTATCAGCGCAC TGATCTGGACCAGCGACTTAGG 194
DPPA3 TGC AAGTTGCCACTCAACTC TCTTACCCCTCTCCGCCTAT 158
SALLA4 CGGGTGCTCCAA TGAACTAT TGTCCTTCAAGATGA GCACG 195
STAT3 GTGCATTGACAAAGACTCCG AATCAGGGAGGCATCACAAT 200
SOCS3 CCAGCCTGCGCCTCAAGACC AAAGTGGCGCTGGTCCGAGC 185
FGF5 GCGACTTCCTCTTCTTCCC GCAGATGGAAACCGATGC 151
T CCAGTACCCCAGCCTGTGGTCC TGATGCCAGAGGCATCTCC 595
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Immunohistochemistry

Cells were seeded on gelatinized coverslips and fixed the
next day in 80% methanol. The coverslips were washed
three times with PBS/0.01% Triton-X100 and incubated
with the anti-SSEA-1, anti SSEA-3, SSEA-4 (DHSB), and
anti Oct-4 (1:200) antibodies (Santa Cruz), followed by
incubation with secondary antibodies (1:2000, Invitrogen
Molecular Probes, Darmstadt, Germany). Fibroblasts were
used as controls, and samples without the first or without the
secondary antibody were run in parallel.

Bioinformatic analysis of SB- and PB-homologous
sequences in the bovine genome

To assess the possibility of whether bovine endogenous
elements may interfere with the transposon-mediated gene
transfer, the bovine genome BLAST analysis was performed
against the cDNAs of SB and PB, and against the sequences
of the ITRs of SB and PB. For the BLAST (BLASTN and
BLAT) analyses, the www.ensembl.org resource, containing
the Bos taurus genome (version 4.0), was employed.

Teratoma assay

To assess the teratoma potential, 1 X 10° cells of clonal
bovine iPS-1 cultures were subcutaneously injected into the
flank per CD-1 nude mice. Mice were analyzed for signs of
tumor formation twice per week and sacrificed when tumor
size exceeded a diameter of 1 cm. Tumors were fixed in 4%

TALLURI ET AL.

formaldehyde, embedded in paraffin, and sections were
stained with hematoxylin and eosin for histological analyses.

Results

Reprogramming of bovine fetal fibroblasts
to iPSCs by SB or PB transposons

We first assessed two nonautonomous transposon systems,
i.e., PB, carrying three, four, and six reprogramming factors,
and SB, with four reprogramming factors (see Materials and
Methods for the combinations of reprogramming factors),
plus their respective helper plasmids (Fig. 1) for their ability
to reprogram bovine somatic cells (Table 2). After 14-17
days, the electroporated BFFs started to form round and
compact colonies. Two types of colonies were observed; one
type appeared as large opaque colonies (Fig. 2A—C) and the
other type of colonies was small and transparent (Fig. 2D-F).
Colonies with the large opaque morphology were observed in
treatment groups and the controls. The large, opaque colonies
did not proliferate upon subpassaging and were not consid-
ered for further expansion. The non-proliferating colonies
were not analyzed for senescence or apoptosis. Between days
10 and 20 postelectroporation, similar ratios of non-
proliferating and presumptive iPSC colonies were found in
the transposon groups. The small transparent colonies were
only observed in transposon-treated cultures and were man-
ually picked with a pulled pipette, then subcultured and ex-
panded clonally (Table 2).

A

ITR

L -

CMV-PB

Co-transfection

B Seeding  Electroporation

Subpassaging iPS medium Colch growth

iPS cell analysis

Do D1 D4

D7 D14

FIG. 1.

Experimental outline followed for reprogramming of bovine fetal fibroblasts. (A) Reprogramming PB-6F

transposon system. (B) Time schedule followed for transposon mediated reprogramming (C) AP activity of bovine fetal
fibroblasts. (D and E) AP activity of biPS-1 cells at P25 and P30 [low (4 x) and high magnification (20X)].
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FIG. 2. Morphology of bovine colonies after transposon electroporation. (A—C) Opaque, non-proliferative colonies
(magnifications, 20X and 4 x). (D-F) Presumptive bovine iPSC colonies (magnifications, 20 X and 4 X).

A stable iPSC line (biPS-1) could be established using the
PB-6F transposon. Cultures obtained from SB-4F, PB-3F,
and PB-4F could not be maintained for longer passages and
showed no or weak AP activity. The biPS-1 line could be
maintained for more than 40 passages, was successfully
stored frozen, and analyzed in detail. Histochemical staining
of these colonies showed strong expression of AP (Fig. 1C—
E). The biPS-1 cell line displayed typical ESC-like colonies
with a dome-shaped morphology and with distinct round,
clear-cut borders (Fig. 2D-F).

Culture conditions

To support bovine iPSC proliferation, different medium
combinations were tested (Table 1). The basic iPSC me-
dium contains DMEM with low glucose, knockout serum
replacement, L-glutamine, penicillin and streptomycin, f-

Hoechst IF

FIG. 3.

mercaptoethanol, and nonessential amino acids. This me-
dium was supplemented with bFGF, hLIF, and kinase in-
hibitors PD and CHIR, either alone or in combinations
thereof (Table 2). Basic iPSC medium supplemented with
bFGF (8 ng/mL) and hLIF (1000 U/mL) provided adequate
culture conditions for maintaining the pluripotent status of
the biPS-1 cells.

Characterization of biPS-1 cells

Expression of the endogenous pluripotency markers OCT4,
SSEA-1, and SSEA-3 was detected by immunofluorescence
(Fig. 3A), whereas the biPS-1 cells stained only faintly for
SSEA-4 (Fig. 3A). Gene expression analysis by species-spe-
cific RT-PCR revealed that the biPS-1 cells expressed the
endogenous pluripotency genes OCT4, SOX2, c-MYC, KLF4,
NANOG, REX1, ALP (Fig. 3B), CDHI, STAT3, SALL, DPPA,

Control B M  BFF  biPS-1

OCT4

-RT

S0X2

c-MYC

KLF4

NANOG

REX1

>

LP

Immunostaining and RT-PCR of pluripotency genes for biPS-1. (A) Immunostaining of OCT4, SSEA-1, SSEA-3,

and SSEA-4 (brightfield (BF); blue, Hoechst33342 nuclear counterstain; red and yellow, antibody staining); controls,
without first antibody, Bars, 100 um. (B) RT-PCR analysis of biPS-1 cells. M, marker; BFF, bovine fetal fibroblasts; biPS-1,

bovine iPS line; -RT, no RT.
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FIG. 4. Teratoma development. (A) Immunodeficient mouse, 4 weeks after injection with biPS-1 cells. (B) Isolated tumor
tissue. (C) Confirmation of bovine origin of teratoma by species-specific PCR of AMELEX gene. (D) Cross-species reactive
PCR (lane M, marker; lane 1, teratoma tissue; lane 2, murine gDNA; and lane 3, no template). (E) Gene expression profile
of teratoma tissue for differentiation markers (lane 1, biPS-1 cells; lane 2, teratoma; lane 3, no RT; lane M, marker).
(F-K) Histological analysis of bovine teratoma. (F) Neuronal rosettes. (G) Bone and cartilage tissue. (H) Ciliated epithelium.
(I) Striated musculature. (J) Mucosa-producing epithelium. (K) Keratinized epithelium.

and SOCS (Fig. S1; Supplementary Data are available at
www.liebertpub.com/cell/), whereas brachyury (T) and FGFS,
markers of primed epiblast stem cells (EpiSCs), were not de-
tected (Fig. S1). Total protein from the biPS-1 cells was used
for immunodetection of the OCT-4 protein (Fig. S2). The
biPS-1 morphology is presented in Fig. S3. The in vitro dif-
ferentiation potential of PB-6F transposon-derived iPSCs was
evaluated by derivation of embryoid bodies by the hanging
drop method (Fig. S3). The biPS-1 cell line had a normal
karyotype, and no abnormalities were observed during chro-
mosomal spreading (Fig. S3).

To assess the suitability of biPS-1 cells for genetic
modifications, trypsinized cells were electroporated with a
SB-Venus transposon and a SB helper plasmid. Venus is a
yellow-shifted derivative of enhanced green fluorescent
protein (EGFP) and can be specifically excited with EGFP
filter blocks (Garrels et al., 2012b). Colonies expressing
Venus could be detected 3 days after electroporation. Sub-
cloning allowed enrichment and expansion of a Venus-
positive biPS subline Fig. S3).

To analyze the in vivo differentiation potential, biPS-1
cells were injected subcutaneously into the flank of six
immunodeficient nude mice. After 4 weeks, four mice had
developed solid tumors (Fig. 4A, B). Samples from teratoma
tissue were genotyped with bovine-specific primers of the
AMELEX gene to confirm the bovine origin of the tumor
tissue (Fig. 4C, D). Gene expression analysis of teratoma
samples confirmed expression of differentiation markers
such as vimentin, o-fetoprotein (AFP), nestin, PAXG6,
GATA, and tubulin (Fig. 4E). Histological examination re-
vealed that the teratoma tissue contained cell types indica-
tive of the three germ lineages, including muscle and
cartilage tissue (mesoderm), neural rosettes (ectoderm), and
keratinized and mucosa-producing epithelium (endoderm)
(Fig. 4F-K, Fig. S4).

Discussion

Here, we have reported the successful reprogramming of
BFFs to pluripotent iPSCs by means of transposon-mediated
gene transfer. The transposition of six reprogramming factors
seems to be advantageous over the other approaches used in
the present study, because only with PB-6F could we estab-
lish a stable iPSC line, called biPS-1. The biPS-1 cells ex-
hibited typical features of pluripotent stem cells, including
in vivo differentiation with the formation of mature teratomas.

Previously, bovine iPSCs have been derived from bovine
fetal and adult fibroblasts by retroviral or lentiviral transduc-
tion (Cao et al., 2012; Han et al., 2011; Sumer et al., 2011) or
nonintegrating plasmids (Huang et al., 2011; Wang et al.,
2013). Retroviral and lentiviral vectors are the most com-
monly used gene delivery systems because they have high
transduction rates; lentiviral vectors even allow transduction
of nonproliferating cells (Coroadinha et al., 2010; Segura
et al., 2013). However, the drawbacks of virus-mediated re-
programming are manifold and include the potential immune
response (Manno et al., 2006; Thomas et al., 2003), their
expensive production (Grimm et al., 1998; Tiscornia et al.,
2006), the preferential integration in 5’-regions (UTRs) of
genes that in turn may be associated with insertional muta-
genesis (Thomas et al., 2003; Wu et al., 2003; Wu et al.,
2006), the limited cargo capacity (Thomas et al., 2003), and
integrated ‘‘pro-viruses’ that cannot easily be removed after
reprogramming. Bacterial plasmid approaches are nonviral
alternatives for the derivation of bovine iPSCs (Huang et al,
2011; Wang et al., 2013); however, they may integrate ran-
domly at sites of spontaneous double-strand breaks, and they
also cannot easily removed after reprogramming.

This has prompted research into suitable alternatives to
viral and plasmid reprogramming (Li et al., 2011; Okita
et al.,, 2008; Talluri et al., 2014; Woltjen et al., 2009;
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Worsdorfer et al., 2013; Yu et al., 2009; Zhou et al., 2009).
The SB and PB transposon systems share many advantages
for mediating epigenetic reprogramming and possess a high
cargo capacity of >100kb (Rostovskaya et al., 2012).

Here, PB and SB transposon systems with a variable
number of reprogramming factors were applied to derive
pluripotent iPSC lines from bovine fibroblasts. We identified
the PB-6F construct to be compatible with reprogramming,
provided the culture medium had been enriched with bEGF
and hLIF. It has been shown that virus-mediated repro-
gramming of bovine somatic cells required the addition of
ectopic NANOG cDNA to the Oct4, KIf4, Sox2, and c-Myc
(OKSM) factors for successful epigenetic reprogramming
(Sumer et al., 2011). These data are in accordance with a
recent study in the mouse (Buganim et al., 2014) showing
that the quality of murine iPSC lines correlated positively
with the number of reprogramming factors used. The biPS-
1 cell line in the present experiments was established with
the aid of the PB-6F transposon, which contains NANOG
and LIN28. We also observed that culture conditions play a
pivotal role in establishing and maintaining the biPS-1 line.

Previously, bovine iPSCs were cultured in medium sup-
plemented with growth factors including FGF and LIF (Cao
et al.,, 2012; Sumer et al., 2011) and kinase inhibitors
(PD0325901 and CHIR99021) or with N2/B27 medium with
LIF (Huang et al., 2011). Here, we tested bFGF, hLIF, and
kinase inhibitors alone or in combination (Table 2). The
biPS-1 cell line was established in medium supplemented
with bFGF (8ng/mL) and hLIF (1000 U/mL), suggesting
that the bovine iPSCs use different pluripotency signaling
pathways and require different culture conditions than hu-
man or murine iPSCs. Speculatively, bovine iPSCs may
need NANOG on top of OSKM, and FGF and knockout
serum to maintain the pluripotency status (Han et al., 2011).
The exogenous genes used for reprogramming in the current
study were not silenced as reported in previous studies in
which viral vectors had been used for reprogramming (Cao
et al., 2012; Han et al., 2011; Sumer et al., 2011).

The biPS-1 line could be successfully employed for further
transposon-based genetic modification and was compatible
with expanding a Venus-positive biPS-1 subculture. This shows
that biPS-1 is suitable for additive and potentially for subtrac-
tive genetic modification and may be used for the production of
genetically modified cattle via SCNT (Cao et al., 2012; Saito
et al.,, 2003; Verma et al., 2012). Recently, CRISPR/Cas ge-
nome editing was shown in bovine iPSCs (Heo et al., 2014).

In conclusion, we show for the first time that transposon
technology is a useful nonviral method suitable for repro-
gramming BFFs to iPSCs. Our results emphasize that the
selected reprogramming factors and culture conditions play a
crucial role in the efficiency of deriving and maintaining
pluripotent bovine iPSCs. An attractive and advantageous
feature of the PB system is that the transposon can be excised
seamlessly, and the current development of excision-com-
petent/integration-defective PB variants will facilitate the
derivation of footprint-free iPSCs without permanent alter-
ations in their genome (Li et al., 2013; Meir et al., 2013).
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