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Abstract

The pig represents the xenogeneic donor of choice for future organ transplantation in humans for anatomical
and physiological reasons. However, to bypass several immunological barriers, strong and stable human genes
expression must occur in the pig’s organs. In this study we created transgenic pigs using in vitro transfection
of cultured cells combined with somatic cell nuclear transfer (SCNT) to evaluate the ubiquitous transgene ex-
pression driven by pCAGGS vector in presence of different selectors. pCAGGS confirmed to be a very effec-
tive vector for ubiquitous transgene expression, irrespective of the selector that was used. Green fluorescent
protein (GFP) expression observed in transfected fibroblasts was also maintained after nuclear transfer, through
pre- and postimplantation development, at birth and during adulthood. Germ line transmission without si-
lencing of the transgene was demonstrated. The ubiquitous expression of GFP was clearly confirmed in sev-
eral tissues including endothelial cells, thus making it a suitable vector for the expression of multiple genes rel-
evant to xenotransplantation where tissue specificity is not required. Finally cotransfection of green and red
fluorescence protein transgenes was performed in fibroblasts and after nuclear transfer blastocysts expressing
both fluorescent proteins were obtained.
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Introduction

GENETIC MODIFICATION OF CULTURED CELLS coupled with so-
matic cell nuclear transfer (SCNT) represents a very ef-

fective approach to obtain large transgenic animals, allow-
ing multiple genetic modifications to be undertaken in vitro,
prior to a single nuclear transfer, rather than complex and
time–consuming breeding programs (Niemann et al., 2003).
However, major limitations are represented by the absence
of embryonic stem cell (ESC) technologies, by the incorrect
expression of the transgene and by the low efficiency of
SCNT.

A major practical limitation to the modification of somatic
cells is their limited lifespan (You et al., 2004). Selection and
expansion of modified clones requires long-term cultures,
that were estimated in approximately 45 population dou-
blings (Denning et al., 2001), but the growth ability of cul-

tured cells decreases during culture and the morphology of
the cells becomes senescent. Some authors (Watanabe et al.,
2005) suggest that it is highly desirable to shorten the cell
culture periods using a fast drug selector like puromycin to
screen recombinant cells and then use these cells directly for
nuclear transfer. However, not all drug resistant cells express
correctly the transgene. In fact, all transfected cells have dif-
ferent transgene integration sites with transgenic expression
patterns that can vary from cell to cell according to the sur-
rounding chromatin environment, a phenomenon known as
chromosomal position effect. One of the goals in transgenic
animal production schemes is to reliably predict the expres-
sion pattern of the foreign gene. For some purposes a high
level of transgene expression might be required; for exam-
ple, in xenotransplantation, high levels of transgenic hDAF
expression (i.e. 15–30-fold) is required in pigs for successful
complement inhibition (Liu et al., 2007). Cloned animals ob-
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tained using drug-resistant cells without screening of the de-
sired transgene expression level can have transgene silenc-
ing, variegation of expression, or mosaicism by position ef-
fect (Park et al., 2002). So it is important to use a cell culture
system that allows to culture cells over the 45 population
doublings in order to have cell colonies with preserved
growth ability and therefore sufficient material for molecu-
lar/expression analysis and at the same time with good cells
for SCNT. Gene expression is influenced not only by the
presence or absence of nearby transcription factors but also
by the structure of surrounding chromatin. When chromatin
competes with the transcriptional machinery, stochastic ex-
pression or epigenetic effects may result. Variable repression
of transcription often is associated with heterochromatin,
and frequently manifests itself as position effect variegation
(Wakimoto, 1998). Many studies in both animal and plant
systems have shown that matrix attachment regions (MARs)
can increase the expression of flanking transgenes (Levin et
al., 2005). MARs are A/T rich DNA sequences in eukaryotic
genomes that bind to the nuclear matrix in vitro and are
thought to organize chromosomal DNA into independent
and transcriptionally active loop domains (De Bolle et al.,
2007). The objective of this study was to transfect pig fibro-
blasts with pCAGGS–MAR vectors expressing green fluo-
rescent protein (GFP) to test the expression of this reporter
in the transfected cells and subsequently in pig blastocysts
obtained by SCNT, in fetuses, in newborn animals, and fi-
nally the germline transmission to the next generation. All
these aspects, as well the efficiency of the SCNT procedure,
were compared to the same genetic background without ge-
netic modification.

Moreover, the possibility of cotransfecting two
pCAGGS–MAR vectors carrying green and red fluorescent
proteins into pig fibroblasts was tested in order to verify the
expression of both markers in the transfected cells and, sub-
sequently, in pig blastocysts obtained by SCNT.

Materials and Methods

Animal experiments

All procedures involving the use of animals in this study
were carried out in accordance with the Italian Law (DLG
116/92) regulating animal experimentation and after the ap-
proval of the local ethical Committee of the Reproductive
Technologies Laboratory.

Chemicals

All chemicals and reagents were from Sigma (Milan, Italy),
unless otherwise stated.

Cell isolation and culture

Primary cultures of fibroblasts were recovered from 40-
day-old foetuses (pig fetal fibroblasts, PFF) derived from
pregnant sows or from adult male ear biopsy (pig adult fi-
broblasts, PAF). Skin and underlying muscle from foetuses
were minced with a scalpel blade in HEPES-buffered
medium. Tissue pieces were recovered and incubated in the
same medium with 1 �g/mL of collagenase (collagenase
type IV, Gibco, Invitrogen, S. Giuliano Milanese, Italy) at
38°C for 1 h. The digested tissue was pipetted many times,
and the suspension was diluted 1:1 in the same medium with

10% of fetal bovine serum (FBS). The supernatant was cen-
trifuged for 7 min at 600 rpm, than the cells pellet was re-
suspended in DMEM/TCM 199 (1:1, D�M) with 10% FBS
and plated into gelatin-coated (0.1% gelatin from porcine
skin, in water) dishes.

An ear biopsy was cut in small pieces with a scalpel blade,
than the pieces of tissue were distributed on the surface of
gelatin-coated dishes with 1.5 mL of D�M with 20% of FBS.
Cells were allowed to growth until 50% of confluence with
changes of medium every 3 days, than the pieces of tissue
were removed and the cells subcultured once they reached
confluence in DMEM/TCM199 with 10% of FBS. Growth
conditions were at 38°C in an atmosphere composed of 90%
N2, 5% O2, and 5% CO2.

To choose the best cellular culture medium and to deter-
mine cellular life span, primary cultures (PAF and PFF) were
grown in �MEM � 10% FCS, in D�M with 10% FCS or in
D�M with 10% FCS and 5 ng/mL of bFGF, and cells were
plated at a density of 108 � 103 cells/60 mm dish and sub-
cultured every 3 days and counted to determine population
doublings. Pig endothelial cells from transgenic and non-
transgenic adult pigs were isolated by scraping the aorta
with a spatula in the presence of a collagenase solution and
cultured in D�M with 15% FCS.

Exponentially growing cultures were cryopreserved in
D�M with 20% FCS and 10% DMSO and stored in liquid ni-
trogen. The same batches of cells were used throughout the
experiments.

Vector construction

EGFP expression vectors. All restriction and modification
enzymes were from Fermentas (St. Leon-Rot, Germany) un-
less otherwise stated. The 2.989–kb SalI–PstI EGFP expres-
sion cassette was excised from pCXEGFP (Niwa et al., 1991)
and inserted in the vector pBSMAR (Stief et al., 1989) previ-
ously opened with the same enzymes, creating the pBS-
MARCXEGFP. 

Finally, to have the Neomycin (Neo R) loxable selection
cassette, the XhoI–NotI fragment (5.963 kb) of pBSMARCX-
EGFP construct was cloned into the pPGKneoPpoly vector
(previously created in our laboratory) digested with the same
restriction enzymes obtaining the pAP1 (10.912 kb, Fig. 1A).
With a NotI–KpnI digestion the Neo R cassette was excised
and substituted with the HygromycinB (HygroB R) and
Puromycin (Puro R) selection cassettes creating the pAP2
(11.235 kb, Fig. 1B) and the pAP3 (10.557 Kb, Fig. 1C).

DsRED expression vector. A further vector was assem-
bled, carrying the Red Fluorescence Protein (DsREDT4) as a
reporter.

From the pCCALL2DsRedMST (Vintersten et al., 2004) was
excised the BamHI fragment and the vector was religated to
obtain the pCXDsRedT4-N.

Different restriction sites deletions (EcoRI, XmaCI, and
NotI) were performed and a synthetic polylinker (TCGA-
GAGCTCAGGTACCGCGGCCGCG) was inserted between
the SalI and the SacI unique sites to give the pCXDsRed-
N5�polynkOligo. After a SalI�KpnI digestion of its polylinker
the insert coming from the pMAR2272HygroBrCXEGFP//SalI
� KpnI (previously created in our laboratory) was cloned ob-
taining the pAP4 (10.690 kb, Fig. 1C).
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All the resulting vectors were purified with Plasmid Mini
Kit (Qiagen, Hilden, Germany) and linearized with KpnI. Af-
ter phenol/clorophorm purification they were precipitated
and resuspended in TE buffer.

Transfection of fluorescence protein expression vectors
with different selector cassette into adult fibroblasts

The day before transfection, pig adult fibroblasts at pas-
sage 3 were tripsinized, counted, and plated into 60 mm dish
to have about 1 � 106 cells at 80% confluency after 24 h.

On the day of transfection cells were tripsinized, counted,
resuspended in 100 �L of nucleofector solution (Basic Nu-
cleofector Kit, Prim. Fibroblasts; Amaxa, Cologne, Germany),
mixed with 3 �g of the same vector pCAGGS–MAR GFP
(Fig. 1A–C) with different selector cassettes (NeoR, 
HygroBR, and PuroR) for the single transfection or with 1.5
�g plasmid DsRED � 1.5 �g GFP for the cotransfection,
transferred into the nucleofection cuvettes, and transfected
with V-24 program (Nucleofector Amaxa). After nucleofec-
tion cells were plated in 60-mm culture dishes with fresh
medium; 24 h later cells were trypsinised and replated in
seven 150 mm culture dishes and after a further 24 h the
drug for selection (G418 400 �g/mL for 14 days; Hy-
gromycin: 150 �g/mL for 8 days; Puromycin: 1 �g/mL for
6 days) was added.

After selection, dishes were observed under UV, colonies
with high and uniform fluorescence expression were picked
up using 5-mm cloning discs, transferred into 24 mm well

dishes. Cells were cultured in D�M with 10% FCS and 5
ng/mL of bFGF in 5% CO2 and 5% O2 in humidified air at
38.5°C

Preparation of nuclear donor cells and SCNT

Both nontransgenic (WT) and transgenic (GFP or DsRED)
fibroblasts after expansion in culture they were either sub-
cultured every 4–6 days or cryopreserved as described
above. One day before nuclear transfer the donor cells were
induced into quiescence by serum starvation (0.5% FCS). The
cells were prepared by trypsinization 30 min before nuclear
transfer, washed and resuspended in SOF (Tervit et al., 1972)
supplemented with 25 mM HEPES (H-SOF).

Ovaries with corpora lutea were collected at slaughter-
house and transported to the laboratory at 31–33°C. Oocytes
were aspirated from follicles larger than 3 mm in diameter,
washed, and transferred to maturation. The maturation
medium was DMEM-F12 supplemented with 10% (v/v) fe-
tal calf serum, 110 �g/mL sodium pyruvate, 75 �g/mL
ascorbic acid, 100 �g/mL glutamine, 5 �g/mL myoinositol,
0.4 mM cystine, 0.6 mM cysteamine, ITS liquid media sup-
plement (insulin, transferrin, selenite, Sigma, 1 �L/mL), go-
nadotropins (0.05 IU/mL FSH, and 0.05 IU/mL LH; Pergovet
75, Serono), 100 ng/mL long IGF1 (recombinant insulin
growth factor I analog), 50 ng/mL long EGF (recombinant
epidermal growth factor analog), and 5 ng/mL bFGF (hu-
man recombinant). Oocytes were cultured at 38.5°C in 5%
CO2 in humidified air.
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FIG. 1. EGFP (A) NEO; (B) HYGRO; (C) PURO; and DsREDT4 (D) expression vector.
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After 42 h of maturation oocytes were denuded of cumu-
lus cells by vortexing in the presence of hyaluronidase in H-
SOF and returned to maturation medium. Only oocytes with
extruded polar body were selected. NT-embryos were re-
constructed following a zona-free method (Lagutina et al.,
2005, 2006; Oback et al., 2003) The zona pellucida of oocytes
with extruded polar body was digested with 0.5% pronase
in PBS, the oocytes were washed in H-SOF with 10% FCS
and returned to maturation medium. All manipulations were
performed in H-SOF with 10% FCS. Zona-free oocytes were
exposed to cytochalasin B (5 �g/mL) and Hoechst (5 �g/mL)
for 5 min prior to enucleation. Metaphase chromosomes
were removed under very short exposure to UV light with
a blunt enucleation pipette. After enucleation zona-free cy-
toplasts were individually washed for few seconds in 300
�g/mL phytohemagglutinin P in PBS and then quickly
dropped over a single donor cell (Vajta et al., 2003) settled
at the bottom of a microdrop of the diluted donor cell sus-
pension. Formed cell couples were washed in 0.3 M manni-
tol (Ca��-free, 100 �M Mg��) solution and fused by dou-
ble DC-pulse of 1.2 kV/cm applied for 30 �sec at 46 to 48 h
after onset of maturation and returned to maturation
medium.

NT embryos were activated 1–2 h postfusion at 48–50 h of
maturation by double DC-pulses of 1.2 kV/cm for 30 �sec
applied in 0.3 M mannitol solution, containing 1 mM Ca ��

(Cheong et al., 2002) and 100 �M Mg��, followed by 4-h cul-
ture in maturation medium with 5 �g/mL cytochalasin B.

NT embryos were cultured in SOF supplemented with es-
sential and nonessential amino acids and with 4 mg/mL BSA
(SOFaa) in a modification of the Well-of-the-Well system
(WOW) (Vajta et al., 2000). During embryo culture half of
the medium was renewed on day 3 (D3) and on day 5 (D5)
with fresh SOFaa. 

Detection of EGFP /DsRED

The total fluorescence was detected exposing fibroblasts,
blastocysts, and tissues to an epifluorescent light mounted
on an inverted microscope (Nikon TE-DH100W) with FITC
(for green) and G2A (for red) filter and a digital imaging sys-
tem (Nikon DIGITAL SIGHT DS-L1). Fetuses, newborn, and
adult animals were exposed to a blue light source in the dark
to visualize green fluorescence.

Synchronization of sows, surgical embryo transfer,
pregnancy diagnosis, and fetuses extraction

Estrus was synchronized by feeding 12 mg of alternogest
(Regumate, Intervet, Peschiera Borromeo, Italy) per sow for
15 days and injecting 0.15 mg of PgF2a (Dalmazin, Fatro, Oz-
zano Emilia, Italy) at the 15th day of regumate treatment and
1000 IU of hCG (Chorulon, Intervet) 96 h after the last al-
trenogest treatment. The SCNT embryos, on D�5 of devel-
opment were transplanted to the uterus of the sows by mid-
ventral laparatomy 4 days after ovulation. Pregnancy was
examined at day 29, 36, 50, and 62 by ultrasound. Farrow-
ing was induced by and injection of 2 mL of Dalmazin (Fa-
tro) at D�114 of gestation.

Southern blotting

Genomic DNA was extracted from liver tissue samples de-
riving from wild-type and transgenic animals. They were

lysed using a cell lysis solution (100 mM Tris HCl pH 8.5, 5
mM EDTA, 0.2% SDS, 200 mM NaCl) supplemented with
100 �g of Proteinase K/mL (Promega, Madison, WI) staying
overnight at 55°C.

Subsequently, the samples were processed two times for
genomic DNA extraction (Sambrook, 1989) and the last re-
suspensions were done in 500 �L of TE buffer. The samples
were quantified using the Qubit system (Invitrogen, S. Giu-
liano Milanese, Italy) and 10 �g of each one were used in
every digestion.

The purified genomic DNA was digested with BamHI to
analyze the copy numbers of the integrated transgene, and
with BcuI to verify the integrity of the transgene (Fig. 8A).
Others restriction were done with BclI, StuI, and Alw44I�SacI
to confirm the results.

The samples were loaded on a 0.7% agarose gel for an
overnight run (8 V/cm). A mix of DIG-labeled �//HindIII
(Roche Diagnostics, Mannheim, Germany) and cold
�//HindIII DNA was loaded as molecular weight reference,
together with different amounts (10, 20, 30, and 50 ng) of 
KpnI-linearized construct to provide a quantification stan-
dard.

The gel was depurinated for 5 min (HCl 0.25 M) and the
DNA was vacuum-transferred on a nylon membrane (Hy-
bond N�, Amersham Pharmacia, Munich Germany) at 5-
inch pressure for 90 min in alkaline conditions (NaOH 0.5
M) using a commercial apparatus (Vacuum Blotter System,
Biorad, Hercules, CA).

All the membranes were processed according to manu-
facturer’s protocol for the DIG labeling and detection system
(Roche Diagnostics, Mannheim, Germany).

The EGFP DIG-labeled probe was amplified from the pCX-
EGFP plasmid with the High-Fidelity polymerase mix
(Roche) using the following primers: pCX3 (TGGAGA-
GGGTGAAGGTGATGC) and pCX4 (TGTTGTGACAGGT-
AATGGTTG) primers on a PX2 thermal cycler (Thermo Elec-
tron Corporation, Milford, MA). After an initial denatura-
tion step at 94°C for 2 min, the PCR amplification was car-
ried out for 35 cycles at 94°C 30 min, 56°C 30 min, 72°C 30
min, followed by a final elongation at 72°C for 5 min. The
PCR product was loaded on an 0.7% agarose gel, the result-
ing band (522 bp) was excised, and the DNA was eluted from
the agarose with the Wizard SV column (Promega, WI) be-
fore using it (20 ng) as a template to obtain the DIG-labeled
pCX3–4 probe. The pCX3–4 probe was precipitated (Sam-
brook et al., 1989), resuspended in 50 �L of TE buffer and
stored at �20°C.

Using the same strategy the probe MIM5-6 (287 bp) was
also obtained for the labeling of the Neo R cassette. Hy-
bridization, washing, and detection were done according to
the manufacturer’s instructions (DIG labeling system, Roche)
until the final exposure of the autoradiographic film (Hyper-
film, Amersham Pharmacia, Munich, Germany). The mem-
brane was first hybridized with the pCX3–4 probe. After ex-
posure, the filter was stripped and reprobed with MIM5–6.

Hystological analysis of tissues

To determine EGFP expression profiles in various tissues,
we made sections of the heart, lung, kidney, muscle, liver,
spleen, pancreas, and cerebrum from a transgenic and non-
transgenic 1-year-old pig.
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FIG. 2. Growth characteristics of pig fibroblasts in culture. 

FIG. 3. GFP expression in fibroblasts (A), in morulae (B) in fetuses at 36 days (C). Bars 100 �m (A–B).

FIG. 4. Expression of two reporter genes in cotransfected fibroblasts (A,B) and in blastocysts (C,D). Bars 100 �m (A–B).
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Tissues fixed in 4% cold paraformaldehyde overnight,
were immersed in 30% saccharose solution for 12 h, trans-
ferred in “cryomold” (Miles Inc., New Martinsville, WV) and
covered with OCT (Tissue-Tek-Sakura NL). Subsequently,
tissues were frozen in liquid nitrogen with cold ethanol and
stored at �80°C. Tissues were cryosectioned, mounted onto
slides, and analyzed by fluorescence microscopy to deter-
mine the expression of GFP.

Germ line transmission

In order to determine transmission of the GFP transgene
in the germ line a GFP boar (1 year old) was bred with three
wild-type sows. Twenty-five days after mating, pregnancies
were confirmed by ultrasound scanning.

Results

Effect of culture media on growth of foetal and 
adult fibroblasts

PFF senesced after 11 and 14 population doublings in 40
days of culture using respectively �MEM and D�M with 10
% FCS. Addition of basic fibroblast grow factor (bFGF) at
concentration of 5 ng/mL increased the life span of PFF un-
til 110 doublings in 141 days of culture and PAF achieved
87 doublings in 118 days (Fig. 2).

Detection of fluorescent proteins in transfected cells and
in SCNT blastocysts

With the NeoR-cassette, GFP was expressed in 64% of
G418 resistant colonies (36/56); with the PuroR-cassette GFP
was expressed in 93% of puromicyn-resistant colonies
(28/30), and with HygroR-cassette GFP was expressed in
69% of Hygromicyn resistant colonies (43/61).

In several colonies GFP expression was not uniform; the
best expressing colony for each vector was selected for SCNT
(Fig. 3A); a proportion of the produced embryos were ana-
lyzed for GFP expression under UV, and all (100%) morulae
(Fig. 3B) showed intense green fluorescence.

In the case of cotransfection both fluorescent proteins were
expressed in approximately 80% of selected colonies, but
only 22% (11 out 50, data not shown) of these colonies
showed high and uniform expression of both trangenes. Us-
ing one of these colonies for SCNT all blastocyst produced
(100%) expressed both green and red fluorescent proteins
(Fig. 4).

Development to term of NT embryos derived from adult
GFP or WT fibroblasts 

The transfer of 400 and 37 embryos to nine recipients re-
sulted in seven pregnancies (six GFP and one WT). From
three pregnancies (each with a different vector) fetuses were
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FIG. 5. GFP expression in tissues from a representative cloned adult pig: (A) liver section showing all GFP-positive he-
patocytes; (B) GFP-positive pancreatic acinar and endothelial cells (open arrow); (C) in lung tissue, GFP positive bronchi-
olar epithelial cells (open arrow) and endothelial cells of the alveolar wall (arrow head); (D) GFP positivity in all cardiac
muscle cells and endothelial cells (open arrow); (E) striated muscle GFP-positive cells; (F) GFP-positive cells within the cen-
tral nervous system; (G) GFP-positive tubular epithelial cells; (H) negative control specimen from wild-type pig.

FIG. 6. Expression of GFP in blood vessels (A,B) and in aorta endothelial cells (C–D). Bars 100 �m (C–D).

FIG. 7. GFP expression in stillborn piglets (A1–A2; A3 is a wild-type control); in piglets at 3 days (B); at 40 days (C) af-
ter birth and transgene transmission through germ line: D1, D2, D3, D4, GFP expressing fetuses, D5 fetus negative for GFP.

TABLE 1. GFP EXPRESSION IN COLONIES SELECTED WITH DIFFERENT DRUGS AND

DEVELOPMENTAL ABILITY OF NUCLEAR TRANSFER GFP EMBRYOS

Colonies Colony No No
Vector expressing GFP used Embryos transplanted/ No fetuses/
pMAR–CXEGFP 9 days p.t. for NT MC � BL transferreded pregnant offspring

NEO 36/56 V2N3 281 281 4/4 4c

64% 34.3% 22d

PURO 28/30 V2P1 45 32 1/1 6a

93% 22.6%
HYGRO 43/61 V2H1 122 74 1/2 10b

69% 29.3%
Total 75% 31.5% 6/7

86%
CTR 0 V2WT 50 50 1/2 8d

35.5% 50%

aCollected at 29 days.
bCollected at 36 days.
cCollected at 62 days.
dTo term: p.t. � posttransfection.
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recovered at different time during gestation (Table 1). In the
first sow 32 Puro-GFP embryos were transplanted, and at 29
days of gestation six green fetuses were collected; the sec-
ond sow received 74 Hygro-GFP embryos, and at day 36 of
gestation 10 green foetuses were collected (Fig. 3C). One sow
received 48 Neo-GFP embryos and we collect four green fe-
tuses at 62 day of gestation. Three sows received 233 Neo-
GFP embryos and pregnancy was allowed to go to term and
resulted in the birth of 22 GFP piglets with a mean efficiency
of blastocyst development to term of 9.4%. One sow received
50 WT embryos as control and delivered eight piglets with
an efficiency of blastocyst development to term 16%. Sixteen
piglets (7 out of 8 WT and 9 out 22 GFP) survived and de-
veloped normally. The remaining died within 48–96 h of
birth for factors commonly reported in commercial herds
(some piglets were tread on by the mothers and other de-
veloped diarrhoea, etc).

Detection of GFP expression in tissues and live animals
and transgene transmission through the germ line

All tissue sections from the transgenic pigs analyzed
showed intense GFP expression (Fig. 5A–G). In contrast, sec-
tions from nontransgenic pigs gave only background fluo-
rescence (Fig. 5H).

Vascular endothelial cells from capillaries, veins, and ar-
terioles were intensely fluorescent in all transgenic tissues
examined (Fig. 6A and B).

In the aorta, smooth muscle cells from the tunica media
showed a strong staining (data not shown). Similarly, cul-
tured porcine aortic endothelial cells (PAEC) expressed high
levels of GFP (Fig. 6D).

At birth and during the following period GFP piglets ex-
pressed intense green fluorescence when exposed to blue
light (Fig. 7); the same intense level of expression was main-
tanined through adulthood. At birth and during the follow-
ing period GFP piglets expressed intense green fluorescence
when exposed to blue light (Fig. 7A1, A2, A3, B, and C), the
same intense level of expression was maintanined through
adulthood. Twenty-five days after mating, 23 foetuses were
collected from three pregnant sows. Thirteen (56.5%) showed
intense GFP expression; 10 were GFP-negative (Fig. 7D1, D2,
D3, D4, and D5). 

Southern blot analysis

The random integration of the transgene could result in
the presence of one or more copies of the construct. In this
second case, multiple copies may be arranged in head-to-
head or head-to-tail arrays.

BcuI restriction and hybridization with both pCX3–4 and
MIM5–6 probes (lane 4 in Fig. 8B and 8C) result in bands of
about 7–8 kb, corresponding to the internal BcuI fragment of
the transgene (7440 bp). The intensity of the hybridization
signal is low compared to the standards, indicating the in-
tegration of no more than one to two copies. On the other
hand, the digestion of the samples with BamHI and the hy-
bridization with the two probes could generate several dif-
ferent patterns depending on the integration mode of the
transgene.

In lane 2 of Figure 8B, the single BamHI band identified
by the pCX3–4 shows a molecular weight around 11 kb,
while the band identified on the same lane by MIM5–6 (lane

2 of Fig. 8C) has a mobility corresponding about to 5.5 kb.
The appearance of single bands with both these probes and
their molecular weight, higher than the corresponding frag-
ment in the construct, witness the integration of a single copy
of the transgene. In such case the observed bands correspond
to the integration arms of the transgene, that is, the frag-
ments spanning from the BamHI site into the construct to the
first BamHI sites randomly found in the chromosomal region
flanking the integration site (Fig. 8A).

Discussion

Transgenic pigs are of great value for research and com-
mercial applications, and could provide an alternative source
of organs for xenotransplantation. GFP represents a good
marker to study transgene expression in pig transgenic mod-
els.

Transgenic pigs can be produced with many techniques:
pronuclear microinjection is very inefficient (Clark and
Whitelaw, 2003); sperm-mediated gene transfer is attractive
due to its simplicity, but suffers from apparent variability
(Lavitrano et al., 2002); lentiviral transgene delivery offers a
spectacularly efficient method for the generation of trans-
genic pigs (Whitelaw et al., 2004), but the use of lentivirus
(HIV-1; EIAV) creates many safety and ethical concerns for
xenotransplantation. Therefore, in vitro transfection of cul-
tured somatic cells combined with somatic cell nuclear trans-
fer has become the method of choice to generate large trans-
genic animals. The advantages are that all founder animals
should be transgenic, and that the level of transgenic protein
can be predicted to some extend during in vitro culture. How-
ever, the limited life span of somatic cells combined with the
low efficiency of SCNT limits its full potential. In this study,
different culture media were tested to extend the life span
of cultured somatic cells and it was found that bFGF im-
proves life span of PAF up to 87 doublings in 118 days and
up to 110 doublings in 141 days of culture for PFF. More-
over, bFGF supplementation resulted in improved cell mor-
phology; in fact, fibroblasts appeared smaller, more spindle
shaped, and with less extracellular debris or intracellular
vacuolation and autofluorescent bodies, than normally ob-
served in nonsupplemented cultures.

This modification allows the expansion of sufficient num-
bers of cells for molecular/immunocytochemical analyses for
selecting colonies with the best transgenic expression pattern.
As reported by Watanabe et al. (2005), we also found that the
puromycin is the most efficient selector (9 days posttransfec-
tion GFP was expressed in 93% of puromycin resistant colonies
vs. 69% hygromycin and 64% G418). However, whereas
Watanabe et al. used drug-resistant cells directly for SCNT, we
found it useful to select colonies with desired transgene ex-
pression level in order to maximize the probability to have
transgene expressed after SCNT. In fact, in our previous study
we had found that only 22% of positive colonies showed high
and uniform transgene expression 25 days posttransfection
(data not shown), and the remaining positive colonies showed
variegation of expression or transgene silencing.

In addition, using PAF we tested pCAGGS–MAR–GFP
variants incorporating different selector cassettes, and that
confirmed it as a very effective cassette for ubiquitous trans-
gene expression, irrespective of the selector that is used.

Genetic transformation of animals generally results in a
large and random variation in transgene expression between
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individual transformants. This variability is attributed to dif-
ferent integration sites of the transgene: a phenomenon
known as position effect. Because integration of foreign DNA
seems to occur randomly in the animal genome, it was as-
sumed that some transgenes would be integrated into tran-
scriptionally inactive regions, while others would be inte-
grated into relatively transcriptionally active regions. In
recent years, several studies have investigated the advantage
of using insulator elements for the production of recombi-
nant proteins of biotechnological interest in mammalian cell
lines or for transgenesis and gene therapy in vivo.

Such sequences defined as the matrix attachment region
(MAR) elements have been proposed to organize chromatin
into loops attached to the nuclear matrix, thus forming in-
dependent domains for gene regulation (Spiker and Thomp-
son, 1996). In a study of genomic context around transgenic
loci (Iglesias et al., 1997) the authors found that stably ex-
pressed loci were flanked by a MAR-like sequence, whereas
unstably expressed loci were not. These data suggested that

MARs play a role in decreasing the risk of transgene silenc-
ing. Several lines of evidence suggests that MARs insulate
transgenes from surrounding chromatin, thereby increasing
expression levels (Allen et al., 1996), and reducing variabil-
ity in transgene expression (Mlynarova et al., 1994, 1995,
1996) MARs from human (Breyne et al., 1992), yeast (Allen
et al., 1993), chicken (Mlynarova et al., 1994) have been func-
tionally tested. Of these, the best characterized is the chicken
lysozyme A element, also known as 5� MAR. This MAR is
located upstream of the chicken lysozime gene and com-
prises a region of approximately 3 kb (Phi-Van and Stratling,
1996). This is why we decided to introduce 5� MAR in our
constructs. Moreover, in a preliminary experiment we com-
pared the expression of GFP in cells transfected using the
same vector with or without 5� MAR and we found that us-
ing vector without MAR significantly increase of 15% the
presence of variegated colonies (data not shown).

Twenty-two live cloned GFP piglets were produced from
the transfer of 223 reconstruted embryos (9.9% efficiency) in

GFP AND GERM LINE TRANSMISSION IN CLONED PIGS 417

FIG. 8. Southern blotting scheme for transgene integration studies using the probe pCX3–4 and MIM5–6 and expected
DIG labeled fragments with BcuI and BamHII digestions (A); Southern blot on pig DNA using DIG labeled pCX3–4 probe
(B) and DIG labeled MIM5–6 (C); M � �//HindIII; BamHI digestions � lanes 1 and 2; BcuI digestions � lanes 3 and 4; WT
samples � lanes 1 and 3; GFP samples � lanes 2 and 4; the amount of pAP1 DNA assigned to the lanes A, B, C, and D, re-
spectively, corresponds to one, two, three and five copies of integrated transgene.

http://www.liebertonline.com/action/showImage?doi=10.1089/clo.2008.0036&iName=master.img-007.jpg&w=492&h=399


three gilts, all resulted pregnant. Fourteen piglets (1 out of
8 WT and 13 out 22 GFP) died within 48–96 h of birth for
factors ordinarily reported in commercial herds (some
piglets were tread on by the mothers and other developed
diarrhoea). The remaining piglets grew without problems.
All piglets were of normal size and weight and showed in-
tense green fluorescence. Previous results have identified a
variegated GFP expression in cells derived from cloned GFP
offspring (Bordignon et al., 2003) or a mosaic expression of
GFP in reconstructed pigs embryos (Park et al., 2002). In con-
trast, no change of GFP transgene expression with develop-
ment was seen in this study. The GFP was monitored in cell
colonies, in NT embryos, in fetuses, and in adult pig tissues.
Our data indicate that high levels of GFP-specific staining in
each of the different samples analyzed. In particular, high
levels of GFP expression were observed in each of the tis-
sues studied. The ubiquitous expression of GFP was also
clearly confirmed in endothelial cells, thus making pCAGGS
a suitable cassette for the expression of multiple genes rele-
vant to xenotransplantation when tissue specificity is not re-
quired.

Support to these claims came also from the Southern blot-
ting results where with a BcuI digestion it was demonstrated
that our transgene is intact. On the other hand, the BamHI
restriction analysis also revealed that our construct is inte-
grated as a single copy in the genome of these pigs, finally
remarking that just only with an intact copy of our transgene
it was possible to obtain a strong expression.

In order to see transgene transmission in the germ line, a
1-year-old GFP boar was bred with three wild-type sows,
and 13 of 23 recovered fetuses showed the same degree of
GFP expression.

Finally, to evaluate the possibility of creating multigene
transgenic pigs, we cotransfected two expression vectors car-
rying green and red fluorescent proteins into pig fibroblasts
and we observed that both transgenes were expressed at the
same time in all selected colonies and in blastocyst obtained
by SCNT. Therefore, cotransfection can represent a fast strat-
egy to produce multitransgenic pigs. In conclusion, the data
presented in this paper show that the vectors used to gen-
erate transgenic pigs are very effective for obtaining high lev-
els of ubiquitous expression in somatic cells and in the tis-
sues of the animals generated by SCNT. Moreover, the use
of such genetically modified and selected cells when used in
SCNT can produce live offspring at the same rate of the cor-
responding nongenetically modified cell line. After breeding
of one GFP transgenic boar, the same high level of expres-
sion was maintained in the fetuses recovered. The combina-
tion of the above described techniques make the generation
of transgenic pigs and their offspring affordable and repro-
ducible.
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