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ABSTRACT. Transgenic research on cattle embryos has been developed to date using viral or plasmid DNA delivery systems.  In this study,
a different gene delivery system, piggybac transposition, was employed to investigate if it can be applied for producing transgenic cattle
embryos.  Green or red fluorescent proteins (GFP or RFP) were transfected into donor fibroblasts, and then transfected donor cells were
reprogrammed in enucleated oocytes through SCNT and developed into pre-implantation stage embryos.  GFP was expressed in donor
cells and in cloned embryos without any mosaicism.  Induction of RFP expression was regulated by doxycycline treatment in donor fibro-
blasts and pre-implantational stage embryos.  In conclusion, this study demonstrated that piggybac transposition could be a mean to
deliver genes into bovine somatic cells or embryos for transgenic research.
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Since the birth of the first cloned cattle [5], many animals
have been produced in various countries [4].  Furthermore,
this technique has stimulated interest in developing trans-
genic cattle, resulting in production of several transgenic
cloned cattle.  Initially, transgenesis in cattle was carried out
by microinjecting DNA into pronuclear stage oocytes [1], as
in rabbits, sheep and pigs [10].  After examining somatic
cell nuclear transfer (SCNT) as a better approach to achieve
transgenesis in cattle [21], donor cells containing target
genes were reprogrammed in enucleated oocytes and pro-
duced transgenic calves [3, 17, 23].

In transgenic studies using SCNT, reporter genes such as
green or red fluorescence proteins (GFP or RFP) have been
chosen because they are easy to trace in cells and to observe
their expression [15].  Hence, in previous studies, donor
cells that were transfected with GFP or RFP genes were
employed in SCNT and produced transgenic calves [8], pigs
[22] or dogs [12].  For producing transgenic animals
expressing GFP or RFP, virus gene delivery and linearized
plasmid genes with neomycin as a selective marker gene
were successfully used to date [11, 12, 22, 27].  Recently,
piggybac transposition or “jumping gene” was introduced as
an alternative tool to introduce target genes into cells.  This
system was efficiently employed not only to produce trans-
genic mice [6] but also to reprogram fibroblasts into induced
pluripotent stem cells [26].  Accordingly, this study was
done to investigate if a ubiquitous expression promoter or an
inducible promoter with tetracycline using the piggybac

gene delivery system can work to produce transgenic bovine
SCNT embryos.

MATERIALS AND METHODS

Chemicals and reagents: All chemicals and reagents in
this experiment were purchased from Sigma-Aldrich Co.
(St. Louis, MO, U.S.A.), unless otherwise stated.

Donor cell preparation: Fibroblasts were isolated from
bovine fetuses on Day 45 of gestation.  Fetal tissues were
minced with a surgical blade and dissociated in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, Carlsbad,
CA, U.S.A.) supplemented with 0.25% (w/v) trypsin and 1
mM EDTA (Invitrogen) for 1 hr at 37oC.  Trypsinized cells
were washed once in Ca2+- and Mg2+-free DPBS by centrif-
ugation at 1,500 rpm for 2 min, and subsequently seeded
into 100-mm plastic culture dishes.  Seeded cells were sub-
sequently cultured for 6 to 8 days in DMEM supplemented
with 10% (v/v) FBS (Invitrogen), 1 mM glutamine (Invitro-
gen), 25 mM NaHCO3 and 1% (v/v) minimal essential
medium (MEM) nonessential amino acid solution (Invitro-
gen) at 39oC in a humidified atmosphere of 5% CO2 and
95% air.  After removal of unattached clumps of cells or
explants, attached cells were further cultured until conflu-
ent, subcultured at intervals of 4 to 6 days by trypsinization
for 5 min using 0.1% trypsin and 0.02% EDTA, allocated to
three new dishes for further passaging and then stored in
freezing medium in liquid nitrogen at –196oC.  The freezing
medium consisted of 80% (v/v) DMEM, 10% (v/v) DMSO
and 10% (v/v) FBS (Invitrogen).  Prior to SCNT, cells were
thawed, cultured for 3 to 4 days until confluency for contact
inhibition, and retrieved from the monolayer by trypsiniza-
tion for 30 sec.

Gene Construction and transfection: GFP and RFP
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(Clontech) were amplified with PCR.  Gateway PCR
pr i mer s  we re  GF P - F o rwa rd :
ggggacaagtttgtacaaaaaagcaggcttcACCATGGCCAGCAAA
G G A G A A G A A C T T ,  G F P - R e v e r s e :
ggggaccactttgtacaagaaagctgggtcTTATTTGTAGAGCTCA
TCCATGCC, RFP-Forward: ggggacaagtttgtacaaaaaag
caggcttcACCATGGATAGCACTGAGAACGTCAT, RFP-
Reverse: ggggaccactttgtacaagaaagctgggtcCTACTGGAAC
AGGTGGTGGC.  The amplified PCR fragments were used
in a gateway cloning system (Invitrogen).  The GFP- or
RFP-PCR fragments were recombined with BP and LR
clonase (Invitrogen).  As an entry vector, pDonor
(Invitrogen) was used.  Destination vectors, PB-CA with p-
CCAGG promoter and PB-TET with a tetracycline
in d u c i b l e  p r o m o t e r  ( f r o m  A d d g e n e ,  h t t p : / /
www.addgene.org) were used to produce the final
expression vector.  Transposase expression vector (named
pCy43, which is provided by Sanger Institute, Hinxton, UK)
was used to transpose PB-CA-GFP or PB-TET-RFP.
Approximately 18–24 hr before transfection using Fugene
HD (Roche, Mannheim, Germany), donor fibroblasts were
plated in a 6-well plate.  Once growing cells were 50–60 %
confluent, transfection were carried out as described in the
manufacturer’s instructions.   Serum-free DMEM
(Invitrogen) containing a ratio of one to three (DNA:
transfection reagent) was added as a culture medium.  PB-
CA-GFP and pCy43 were employed for GFP expression.
To make GFP expressing cell line, GFP positive cells were
mechanically collected and expanded in culture medium.
For the RFP expression cell line, PB-TET-RFP, PB-rtTA
(from Addgene, http://www.addgene.org) and pCy43 were
introduced into fetal fibroblasts and 1 mg/ml neomycin

(G418, Gibco) during two weeks was used for making a
stable cell line after transfection for 48 hr.

Somatic cell nuclear transfer and in vitro culture:  The
transfer of a donor fetal fibroblast into an enucleated oocyte
was carried out as previously described [13].  Reconstructed
embryos were electrically fused, activated for 4 min with
ionomycin followed by culture for 4 hr in 6-DMAP.  Cloned
embryos were cultured in 25 µl microdrops of chemically
defined medium overlaid with mineral oil for 7 to 8 days at
39oC in an atmosphere of 5% O2, 5% CO2 and 90% N2.  The
chemically defined medium was prepared as in our previous
reports [19].  Cleaved embryos were observed at 24 hr of
culture and on day 8, SCNT blastocysts were transferred
onto a feeder layer cell consisting of CF1 fibroblasts mitoti-
cally inactivated with mitomycin C for further culture.  For
inducible RFP expression, 2 g/ml doxycycline was added
to the culture medium.

PCR: To detect the genomic gene integration and mRNA
expression of GFP or RFP in a cloned blastocyst, PCR and
RT-PCR was carried out.  The PCR amplification using
each primer pairs GFP-Forward: CACATGAAGCAGCAC-
GACTT, GFP-Reverse: AGTTCACCTTGATGCCGTTC;
RFP-Forward: CCCCGTAATGCAGAAGAAGA, RFP-
Reverse: GGTGATGTCCAGCTTGGAGT, and GAPDH-
Forward: GGCGTGAACCACGAGAAGTA, GAPDH-
Reverse: CCCTCCACGATGCCAAAGT, was carried out
for 35 subsequent cycles with denaturing at 95°C for 30 sec,
annealing for 30 sec, extension at 72°C for 30 sec and a final
extension at 60°C for 5 min.  Ten microliters of PCR prod-
ucts were fractionated on a 1.5% agarose gel, and stained
with Red-safe (Intron, Seoul Korea).

Fig. 1. Production of Green fluorescent protein (GFP) expressing cloned embryos by
piggybac. A) Illustration of GFP expressing vector map, B) GFP expression in
bovine donor fibroblasts (c-c’) and cloned bovine pre-implantation embryos (d-d’).
Images under visible light (c-d) and fluorescent light (c’-d’).
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RESULTS

The GFP or RFP gene was well expressed by piggybac
transposition not only in bovine fetal fibroblasts but also in
transgenic cloned pre-implantation embryos without any
mosaicism (Fig. 1).  The RFP gene was induced by doxycy-
cline in the same fetal fibroblasts (Fig. 2).  Development
into 2-cell and blastocyst stages of GFP (n=70) or RFP
(n=255) expressing derived cloned embryos were 57
(81.4%) and 27 (38.6%) in GFP ones; 193 (75.5%) and 68
(26.7%) in RFP ones respectively.  When one-cell cloned
embryos were cultured and developed into blastocysts with-
out doxycycline, RFP was not detected in pre-implantation
stage embryos.  To re-activate RFP expression, the pre-
implantation embryos were cultured with or without doxy-
cycline for a few days on mouse embryonic fibroblasts

treated with mitomycin C.  After treating with doxycycline,
RFP expression gradually increased at 24, 48 and 72 hr (Fig.
2).

DISCUSSION

Research with bovine in vitro produced embryos includ-
ing SCNT embryos can provide fundamental information in
numerous embryo-related fields, i.e., in vitro fertilized
embryos, in vitro embryonic development, embryonic gene
expression and embryonic stem cells.  Even though trans-
genesis is not well investigated in cattle compared to mice,
transgenic cattle embryos produced with well-established in
vitro culture systems have been used for propagating elite
cows [16], producing disease resistant cattle [17, 23] or gene
expression in a mammary gland bioreactor [3, 7, 24, 27].

Fig. 2. Inducible red fluorescent protein (RFP) expression in somatic fibroblasts and cloned bovine
embryos by treatment with doxycycline. A) Illustration of inducible RFP expression vector map. RFP
expressing cells were selected with 2 g/ml, doxycycline and 1 mg/ml, Neomycin treatment (B, a-a’)
then RFP expression disappeared 8 days after removal of doxycycline (B, b-b’). A transformed cell
were reprogrammed and developed into blastocysts without doxycycline. Blastocysts on day 7 were
cultured with doxycycline further 2 more days. While a blastocyst from transformed cell line
expressed RFP (C, a-a’, right one), a control blastocyst did not express RFP (C, a-a’, left one). Images
of the transgenic blastocysts cultured on feeder cells with doxycycline (2 g/ml), 24 (D: a-a’), 48 (D:
b-b’) and 72 hr (D: c-c’) or without doxycycline, 24 (D: d-d’), 48 (D: e-e’) and 72 hr (D: f-f’).
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Virus gene delivery or simple plasmid vector systems have
been widely used for achieving transgenesis in cattle [8, 11].
In this study, another gene delivery system, piggybac trans-
position, was applied to produce transgenic cattle embryos,
resulting in transgenic embryos expressing GFP or RFP.  In
particular, the RFP gene was induced by doxycycline not
only in donor fibroblasts but also in embryonic stages.

Since the discovery of the first transposon in maize by
McClintock [20], transposable elements have become
invaluable tools for genetic analysis in many organisms
because in humans and mice, transposon-derived sequences
account for more than 40% of the genome [18, 25].  Ding et
al. [6] reported that by using this piggybac transposition, the
RFP gene was successfully mutated in mice.  In this study
using piggybac, the GFP gene was inserted into bovine
fibroblasts used for SCNT and the gene was expressed in
embryos without any mosaicism.  Furthermore, this study
indicated that on/off expression of the RFP gene was regu-
lated with doxycycline.  Gene induction with tetracycline
has been considered a powerful tool to understand gene
expression [9, 21].  If the target gene can be replaced with
RFP and switched on/off in bovine cloned embryos (Figs. 2
and 3), we can better understand the regulation of gene
expression during in vitro embryonic development.
Because several in vitro culture media such as mSOF [14],
defined medium [19] and KSOM [2] are well established for
production of cattle embryos, we can investigate gene
expression during in vitro bovine embryonic development,
i.e., from zygotes until blastocysts hatching.  In conclusion,
this study has demonstrated that a novel gene delivery sys-
tem, piggybac transposition, could be a good alternative tool
for developing transgenic cattle embryos or for investigat-
ing and understanding gene expression in early embryonic
development.
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