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ABSTRACT

Embryonic germ (EG) cells are undifferentiated stem cells isolated from cultured primordial germ cells (PGC). These
cells share many characteristics with embryonic stem cells including morphology and pluripotency. Undifferentiated
porcine EG cell lines demonstrating capacities of differentiation both in vitro and in vivo have been established. Since
EG cells can be cultured indefinitely in an undifferentiated state, whereas somatic cells in primary culture are often
unstable and have limited lifespan, EG cells may provide inexhaustible source of karyoplasts in nuclear transfer (NT).
In this study the efficiencies of NT using porcine EG and fetal fibroblast cells were compared. Two different
techniques were used to perform NT. With conventional NT procedure (Roslin method) involving fusion of donor cells
with enucleated oocytes, the rates of development to the blastocyst stage in EG and somatic cell NT were 16.8%
(59/351) and 14.5% (98/677), respectively. In piezo-driven microinjection (Honolulu method) of donor nuclei into
enucleated oocytes, the rates of blastocyst formation in EG and somatic cell NT were 11.9% (15/126) and 9.4% (9/96),
respectively. Regardless of NT methods used in this study, EG cell NT gave rise to comparable rate of blastocyst
development to somatic cell NT. Overall, EG cells can be used as karyoplast donor in NT procedure, and embryos

can be produced by EG cell NT that may be used as an alternative to conventional somatic cell NT.
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INTRODUCTION

Since a doning by somatic cell nuclear transfer (NT)
has been first achieved in sheep (Wilmut et al, 1997), a
large number of clones have been produced in various
species including pigs (Polejaeva et al, 2000). However,
overall efficiencies of generating live offspring from
nuclear-transferred oocytes remain disappointingly low.
The reasons behind the failures maintaining pregnancy
are not yet fully understood. They may originate from
the recipient cytoplast (e.g. insufficient activation, lack
of reprogramming factors, reduced viability owing to
micromanipulation), or from the DNA of the donor cell
(e.g., inappropriate nuclear status, incomplete preprogra-
mming, chromosomal abnormalities, damaged DNA), or
both. One of the factors to determine the efficacy of
NT might be the type of donor cells. A comparison of
efficacy among donor cells of different types including
undifferentiated stem cells would be of interest because
a less differentiated cell type may support greater de-
velopment of NT embryos compared with terminally
differentiated cell types (Faast et al, 2006).

Primordial germ cells (PGC) are embryonic cells that
migrate from the root of the allantois to the genital
ridge, where they ultimately give rise to gametes. Cells
having morphological, biochemical, immunological and
developmental properties in common with embryonic
stem (ES) cells, including pluripotency and the capacity
to contribute to the germ line of chimeras, have been
isolated from murine PGC (Matsui et al, 1992; Resnick
et al, 1992; Labosky et al, 1994). These PGC-derived
stem cells have been referred to as embryonic germ
(EG) cells to be distinguished from ES cells. Undiffe-
rentiated porcine EG cell lines with capacities of di-
tferentiation both in vifro and in vivo have also been
established (Shim ef al, 1997). Unlike somatic cells that
have limited lifespan, EG cells can be cultured inde-
finitely in an undifferentiated state. Providing an abun-
dance of pluripotent stem cells that can be genetically
manipulated by conventional recombinant DNA techni-
ques may enable stable genetic mutations to be esta-
blished and maintained. If these cells are used for a
source of karyoplasts in NT, it would be particularly
advantageous in producing transgenic animals. Hence
in the present study porcine EG cells were tested for
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nuclear donor cells to improve the efficiency in the
production of NT embryos.

Two procedures have traditionally been used for NT.
Nuclear donor cells may be fused with enucleated oco-
cytes using electric pulses (Roslin method; Wilmut ef
al, 1997). Alternatively, direct microinjection of donor
cell nuclei into enucleated oocytes may be performed
using piezo-driven micromanipulator (Honolulu me-
thod; Wakayama ef al, 1998). A few studies have com-
pared the efficiency of somatic cell NT using both me-
thods (Roh et al, 2001; Kawano et al, 2004). The rates
of blastocyst development from NT embryos using
Roslin method have been reported to be higher than
(Roh et al, 2001) or comparable to (Kawano et al, 2004)
those using Honolulu method in pigs. These studies
were conducted only with the use of fetal fibroblast
cells as nuclear donor cells. Therefore, the test of other
cell types such as undifferentiated stem cells may be
necessary not to limit but to extend the results obta-
ined from such studies.

In the present study in vitro development of porcine
oocytes following two different procedures of NT (elec-
trofusion vs. piezo-driven microinjection) using two di-
fferent cell types (EG cells vs. fetal fibroblast cells) was
examined.

MATERIALS AND METHODS

In Vitro Maturation of Porcine Qocytes

Porcine oocytes were matured in vifro by the method
modified from Hyun et al (2003). Briefly, ovaries were
collected from prepubertal gilts at a local slaughter-
house and transported to laboratory in a warm box (25
to 30°C) within 2 hr. Follicular fluid and cumulus-oo-
cytes complexes (COC) from follicles of 5 to 6 mm in
diameter were aspirated using an 18-gauge needle atta-
ched to 5-ml disposable syringe. Compact COC were
selected and washed six times in HEPES-buffered tiss-
ue culture medium (TCM)-199 (Gibco BRL, Gaithersbu-
rg, MD). The in vitro maturation (IVM) medium was
modified TCM-199 (Gibco BRL) supplemented with 10
ng/ml epidermal growth factor (Sigma, St. Louis, MO),
10 IU/ml pregnant mare serum gonadotropin (PMSG;
Intervet, Boxmeer, The Netherlands), 10 IU/ml human
chorionic gonadotropin (hCG; Intervet) and 10% (v/v)
porcine follicular fluid. A group of 50 COC was cul-
tured in 500 pl of IVM medium at 39T in a humi-
dified atmosphere of 5% CO, and 95% air. After cul-
turing for 22 hr, COC were transferred to PMSG- and
hCG-free IVM medium and cultured for additional 20
hr. At the end of the maturation, oocytes were freed
from cumulus cells by repeated pipetting in the IVM
medium containing 0.5 mg/ml hyaluronidase (Sigma)
for 1 min.

Preparation of Porcine Fetal Fibroblasts

Fibroblasts were isolated from pig fetuses on day 23
of gestation. Briefly, fetuses were washed three times
with Ca*~ and Mg” - free phosphate-buffered saline
(PBS; Gibco BRL). The heads and internal organs were
removed using iris scissors and forceps. The remnants
were washed twice in Dulbecco’s PBS (DPBS), minced
with a surgical blade on a 100-mm petridish. Cells we-
re dissociated from the tissues in 0.25% (v/v) trypsin-
EDTA (Gibco BRL) for 5 min at 39C. After centrifu-
ging cell suspension three times at 800 x g for 10 min,
pellets were subsequently seeded onto 100-mm plastic
culture dishes (Falcon, Franklin Lakes, NJ) and cultured
for 6 to 8 days in Dulbecco’s modified Eagle medium
(DMEM; Gibco BRL) supplemented with 10% (v/v) fetal
bovine serum (FBS; Gibco BRL), 1 mM L-glutamine
(Gibco BRL), 100 units/ml penicillin (Gibco BRL) and
0.5 mg/ml streptomycin (Gibco BRL) in a humidified
atmosphere of 5% CO; in 95% air. After removal of
unattached clumps of cells, attached cells were further
cultured until confluent, subcultured at intervals of 5
to 7 days by trypsinization for 5 min using 0.25% tryp-
sin-EDTA and stored after two passages in freezing
medium in liquid nitrogen at —196°C. The freezing me-
dium consisted of 80% (v/v) DMEM, 10% (v/v) dime-
thyl sulfoxide (Sigma) and 10% (v/v) FBS. After thaw-
ing, cells were cultured in DMEM supplemented with
10% FBS until approximately 80% confluency and used
for NT experiment.

Isolation and Culture of Porcine EG Cells

Porcine EG cells were isolated from PGC of day 23
embryos collected from Hampshire x Yorkshire cross-
bred gilts as described previously (Shim et al, 1997).
Briefly, the dorsal mesentery was removed from the

" embryos and placed in 0.02% EDTA solution for 20

min. Primordial germ cells were released from the dor-
sal mesentery by gentle pressing and pricking the tiss-
ue using fine forceps and collected by centrifugation at
800 x g for 5 min. Harvested PGC were cultured in
DMEM containing 15% ES-qualified FBS (Gibco BRL), 1
mM L-glutamine, 0.1 M MEM nonessential amino aci-
ds, 10 uM 2-mercaptoethanol, 100 units/ml penicillin,
0.5 mg/ml streptomycin and 1,000 units/ml murine
leukaemia inhibitory factor (Chemicon, Temecula, CA)
on inactivated STO feeder cells prepared by the treat-
ment of 10 pg/ml mitomycin C (Sigma) for 2 hr. App-
roximately 30,000 PGC were seeded per well of a 96-
well plate (Falcon) containing feeder cells. Resulting EG
cell colonies from PGC culture were disaggregated by
incubation in 0.25% trypsin-EDTA for 10 to 15 min and
subcultured onto fresh feeder cells in 4-well multidish
(Nunclon, Roskilde, Denmark) approximately every 5 to
7 days. All cultures were maintained at 39°C in 5%
CO,, 95% air with culture medium changed every oth-
er day.
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Nudlear Transfer

At 42 hr after the onset of IVM, oocytes were enu-
cleated with a 20-um (internal diameter) glass pipette
by aspirating the first polar body and the second me-
taphase plate with a small volume of surrounding
cytoplasm in HEPES-buffered TCM-199 supplemented
with 0.4% bovine serum albumin (BSA; Sigma) and 7.5
mg/ml cytochalasin B (Sigma). After the enucleation, oo-
cytes were stained with 5 mg/ml bisbenzimide (Hoe-
chst 33342; Sigma) for 5 min and observed under an
inverted microscope equipped with epifluorescence. Oo-
cytes containing DNA materials were excluded from
the subsequent experiments. Nuclear donor cells inclu-
ding porcine EG and fibroblast cells were trypsinized
into single cells and placed in HEPES-buffered TCM-
199 supplemented with 0.4% BSA and 2% polyvinyl
alcohol (PVA; Sigma).

For NT using Roslin method, nuclear donor cells we-
re transferred into the perivitelline space of enucleated
oocytes. The resulting couplets were equilibrated for 1
min in 0.3 M mannitol solution containing 0.5 mM
HEPES, 0.05 mM CaClp, and 0.1 mM MgCl in a cham-
ber containing two electrodes. Then, couplets were fu-
sed with double DC pulse of 1.5 kV/cm for 40 psec
using BTX Electro-Cell Manipulator 2001 (Gentronics,
San Diego, CA). Following the electrical stimulation, re-
constructed oocytes were washed three times with NC-
SU 23 supplemented with 4 mg/ml fatty acid-free BSA
(Sigma) and cultured in the same medium containing
7.5 mg/ml cytochalasin B for 3 hr to suppress extrusion
of the second polar body.

For NT using Honolulu method, a piezo-driven mi-
cromanipulator (PrimeTech, Ibaraki, Japan) was used as
previously reported (Wakayama et al, 1998). An in-
jection pipette with blunt 10-uM tip was attached to
the micromanipulator, and a small amount of mercury
was loaded into the pipette 10 mm from the tip. The
plasma membrane of the nuclear donor cells was bro-
ken and visible cytoplasmic material was removed by
gently aspirating the cells in and out of the pipette.
Isolated nuclei with associated cytoplasm were indi-
vidually injected into the cytoplasm of enucleated oo-
cytes using the slit in the zona pellucida made during
the enucleation. Care was taken to inject a cell into cy-
toplasm with as little medium as possible. The injected

oocytes were placed in NCSU 23 containing 4 mg/ml
fatty acid-free BSA for 1 hr. Electrical stimulation of
reconstructed oocytes was performed as the Roslin me-
thod described above.

Next, reconstructed oocytes prepared from two di-
fferent methods were cultured for 4 days in NCSU 23
containing 4 mg/ml fatty acid-free BSA and cultured
for additional 4 days in NCSU 23 containing 10% FBS.
All NT embryos were cultured at 39T in a humidified
atmosphere containing 5% CO, in 95% air, and the rate
of in vitro development was monitored.

Statistical Analysis

In comparison of two different types of donor cells
(fibroblasts vs. EG cells) using two different methods,
both cell types were tested in each replicate. At least
three replicates were conducted for each experiment.
Data on the rates of fusion, cleavage and subsequent
development to the blastocyst stage were subjected to
Student’s t-test. Differences of p<0.05 were considered
to be significant.

RESULTS

In vitro development of embryos from NT of fibro-
blast and EG cells was assessed. The result from NT
using electrofusion (Roslin method) was summarized in
Table 1. The rates of fusion and cleavage from EG cell
NT were comparable to those from somatic cell NT.
Similarly, the rates of development to the blastocyst
stage in EG and somatic cell NT were not different
(16.8%, 59/351 vs. 14.5%, 98/677).

The result from NT using piezo-driven microinjection
(Honolulu method) was shown in Table 2. Similar to
the result demonstrated in NT using electrofusion, not
only the rates of cleavage were not different between
EG and somatic cell NT, but the rate of blastocyst
development from EG cell NT (11.9%, 15/126) was com-
parable to that from somatic cell NT (9.4%, 9/96).

DISCUSSION

Table 1. In vitro development of nuclear transfer embryos from electrofusion

Nuclear donor cells No. of used oocytes

No. (%) of fused oocytes'

No. (%) of embryos developed to”

2-Cell Blastocyst
EG cells 583 351(60.2) 199(56.7) 59(16.8)
Fibroblasts 1,141 677(59.3) 406(60.0) 98(14.5)

" Calculated from the number of used oocytes,
" Calculated from the number of fused oocytes.
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Table 2. In vitro development of nuclear transfer embryos from piezo-driven microinjection

Nuclear donor cells No. of injected oocytes

No. (%) of embryos developed to’

2-Cell Blastocyst
EG cells 126 97(77.0) 15(11.9)
Fibroblasts 96 64(66.7) 9 9.4)

" Calculated from the number of injected oocytes.

Although somatic cell NT has been a widely used to
generate cloned offspring in mammals, use of undi-
fferentiated stem cells for nuclear donor may be advan-
tageous because such cells could be more easily repro-
grammable. In mice for instance, oocytes reconstructed
from ES cells gave rise to an increase in the number of
viable offspring compared with those from somatic ce-
lls (Wakayama et al, 1999; Rideout et al, 2000). How-
ever, similar studies have not been performed in do-
mestic animals perhaps due to limited availability of
ES cells. Instead, adult stem cells such as mesenchymal
stem cells isolated from porcine bone marrow resulted
in the rates of preimplantation development compa-
rable to (Colleoni ef al, 2005; Bosch ef al, 2006; Faast ef
al, 2006) or better than (Jin et al, 2007) their somatic
cell counterpart. In addition, embryos cloned from por-
cine skin-originated sphere stem cells from fetal skin
showed enhanced preimplantation development com-
pared with fibroblast cloned embryos, which is indi-
cated by an increased rate of blastocyst development
and a higher total cell number in Day 7 blastocysts
(Zhu et al, 2004). These results imply that stem cell
population may be used for alternative source of nu-
clear donor cells for NT.

As represented in Table 1 and 2 from this study, the
rates of in vitro development of NT embryos from EG
and fibroblasts were not different regardless of the NT
procedures used (electrofusion and piezo-driven mi-
croinjection). Although statistically not significant, EG
cell NT embryos from both electrofusion and piezo-
driven microinjection tended toward slightly greater de-
velopment than somatic cell NT embryos (Table 1 and
2).

Direct comparison between two different NT pro-
cedures (Roslin vs. Honolulu method) was not made in
this study. However, NT using electrofusion may seem
to support better embryonic development, but such
tendency may be biased by that selection for embryos
with normal” development was feasible after fusion of
donor cells with enucleated oocytes when the Roslin
method was applied.

Overall, NT of EG cells using electrofusion resulted
in the production of blastocysts with the best efficien-
cy, and this may extend the reports from others de-
monstrated that the rates of blastocyst development
from NT embryos using Roslin method have been hi-

gher than (Roh ef al, 2001) or comparable to (Kawano
et al, 2004) those using Honolulu method in pigs.

Compared with other cell types retrieved from adult
tissue, EG cells may have greater potential as donor
cells than fetal fibroblasts in achieving production of
transgenic clone embryos. Since undifferentiated stem
cells such as ES or EG cells can be maintained inde-
finitely in culture, use of such cells for transgenesis
may facilitate ease of gene transfer and subsequent se-
lection of transgenic cells. The current problem of us-
ing terminally differentiated somatic cells is that they
tend to become senescent before sufficient rounds of
gene transfer and/or gene targeting followed by anti-
biotic selection. This may be overcome by isolation and
use of cell lines that are capable of transfection and
long-term culture. Porcine EG cells may possess such
characteristics, and use of these cells would be particu-
larly advantageous in maintaining nuclear donor cells
carrying a transgene. If combined with NT technique,
EG cells may potentially be useful for genetic mani-
pulation in pigs.

Other advantages in chromosomal stability and DNA
methylation may exist in the use of EG cells as nuclear
donor cells. Chromosomal stability of porcine EG cells
as previously reported (Shim ef al, 1997) may yield
consistent results in NT compared with somatic cells
such as fetal fibroblasts that often exhibit chromosomal
abnormality in long-term culture (Mir et af, 2003). In
addition, PGC prior to their erasure of DNA me-
thylation have been used as a source of nuclear donor
cells to successfully produce clone mice (Yamazaki ef
al, 2003; Miki et al, 2005). Genome-wide demethylation
of DNA occurs during PGC migration similar to the
phenomenon during preimplantation development of
embryos. Hence, NT embryos using EG cells rather th-
an somatic cells may be close to embryos from normal
fertilization in their DNA methylation status, and this
may contribute an increased blastocyst development of
NT embryos derived from EG cells.

In this study, EG cell NT resulted in comparable
rate of in vitro development to somatic cell NT regard-
less of the NT procedures used. Such results suggest
that EG cell NT may be used as an alternative to con-
ventional somatic cell NT, and long-term advantages of
EG cell NT are still need to be proven in further stu-
dies.



10

Embryonic Germ Cell Nuclear Transfer in Pigs 131

REFERENCES

. Bosch P, Pratt SL, Stice SL (2006): Isolation, cha-

racterization, gene modification, and nuclear repro-
gramming of porcine mesenchymal stem cells. Biol
Reprod 74:46-57.

. Colleoni S, Donofrio G, Lagutina I, Duchi R, Galli

C, Lazzari G (2005): Establishment, differentiation,
electroporation, viral transduction, and nuclear tr-
ansfer of bovine and porcine mesenchymal stem
cells. Cloning Stem Cells 7:154-166.

. Faast R, Harrison S, Beebe LF, Mclifatrick SM,

Ashman RJ, Nottle MB (2006): Use of adult mesen-
chymal stem cells isolated from bone marrow and
blood for somatic cell nuclear transfer in pigs. Clo-
ning Stem Cells 8:166-173.

. Hyun SH, Lee GS, Kim DY, Kim HS, Lee SH, Kim

S, Lee ES, Lim JM, Kang SK, Lee BC, Hwang WS
(2003): Effect of maturation media and oocytes de-
rived from sows or gilts on the development of clo-
ned pig embryos. Theriogenology 59:1641-1649.

. Jin HF, Kumar BM, Kim ]G, Song HJ, Jeong Y],

Cho SK, Balasubramanian S, Choe SY, Rho GJ (2007):
Enhanced development of porcine embryos cloned
from bone marrow mesenchymal stem cells. Int ]
Dev Biol 51:85-90.

. Kawano K, Kato Y, Tsunoda Y (2004): Comparison

of in vitro development of porcine nuclear-trans-
ferred oocytes receiving fetal somatic cells by in-
jection and fusion methods. Cloning Stem Cells 6:
67-72.

. Labosky PA, Barlow DP, Hogan BLM (1994): Mouse

embryonic germ (EG) cell lines: transmission throu-
gh the germline and differences in the methylation
imprint of insulin-like growth factor w receptor
(lgfZr) gene compared with embryonic stem (ES)
cell lines. Development 120:3197-3204.

. Matsui Y, Toksoz D, Nishikawa S, Williams D, Zse-

bo K, Hogan BL (1991): Effect of Steel factor and
leukaemia inhibitory factor on murine primordial
germ cells in culture. Nature 353:750-752.

. Miki H, Inoue K, Kohda T, Honda A, Ogonuki N,

Yuzuriha M, Mise N, Matsui Y, Baba T, Abe K,
Ishino F, Ogura A (2005): Birth of mice produced
by germ cell nuclear transfer. Genesis 41:81-86.

Mir B, Tanner N, Chowdhary BP, Piedrahita JA

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

(2003): UP1 extends life of primary porcine fetal fi-
broblasts in culture. Cloning Stem Cells 5:143-148.
Polejaeva 1A, Chen SH, Vaught TD, Page RL, Mu-
llins J, Ball S, Dai Y, Boone J, Walker S, Ayares
DL, Colman A, Campbell KHS (2000): Cloned pigs
produced by nuclear transfer from adult somatic
cells. Nature 407:86-90.
Resnick JL, Bixter LS, Cheng L, Donovan PJ (1992):
Long-term proliferation of mouse primordial germ
cells in culture. Nature 359:550-551.
Rideout WM 3rd, Wakayama T, Wutz A, Eggan K,
Jackson-Grusby L, Dausman ], Yanagimachi R, Jae-
nisch R (2000): Generation of mice from wild-type
and targeted ES cells by nuclear cloning. Nat Genet
24:109-110.
Roh S, Hwang WS (2002): In vitro development of
porcine parthenogenetic and cloned embryos: com-
parison of oocyte-activating techniques, various cul-
ture systems and nuclear transfer methods. Reprod
Fertil Dev 14:93-99.

Shim H, Gutierrez-Adan A, Chen LR, BonDurant
RH, Behboodi E, Anderson GB (1997): Isolation of
pluripotent stem cells from cultured porcine pri-
mordial germ cells. Biol Reprod 57:1089-1095.
Wakayama T, Perry AC, Zuccotti M, Johnson KR,
Yanagimachi R (1998): Full-term development of
mice from enucleated oocytes injected with cumu-
lus cell nuclei. Nature 394:369-374.
Wakayama T, Rodriguez I, Perry AC, Yanagimachi
R, Mombaerts P (1999): Mice cloned from embryo-
nic stem cells. Proc Natl Acad Sci USA 96:14984-
14989.
Wilmut I, Schnieke AE, McWhir J, Kind AJ, Camp-
bell KHS (1997): Viable offspring derived from fetal
and adult mammalian cells. Nature 385:810-813.
Yamazaki Y, Mann MR, Lee SS, Marh ], McCarrey
JR, Yanagimachi R, Bartolomei MS (2003): Repro-
gramming of primordial germ cells begins before
migration into the genital ridge, making these cells
inadequate donors for reproductive cloning. Proc
Natl Acad Sci USA 100:12207-12212.
Zhu H, Craig JA, Dyce PW, Sunnen N, Li J (2004):
Embryos derived from porcine skin-derived stem
cells exhibit enhanced preimplantation development.
Biol Reprod 71:1890-1897.

(Received: 22 May 2007 / Accepted: 18 June 2007)



