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ABSTRACT

The pig has been considered to serve as an appropriate model of human disease. Therefore, establishment of porcine em-
bryonic stem cell lines is important. The purpose of the present study was to further work in this direction. We pro-
duced porcine parthenogenetic embryos, and separately aggregated two of each of two-cell (2x2), four-cell (2x4), and
eight-cell (2x8) embryos derived by parthenogenesis. After culture for 4 days, the developmental ability of the aggre-
gates and total blastocyst cell numbers were evaluated. The percentage of blastocysts was significantly higher in both
2x4- and 2x8-aggregated embryos (58.3£1.9% and 37.2+2.8%, respectively) than in the control or 2x2-aggregated em-
bryos (23.621.1% and 12.5£2.4%, respectively). Total blastocyst cell numbers were increased in the 2x4- and 2x8-aggre-
gated embryos (by 44£3.0% and 45+3.3%, respectively) compared with those of control or 2x2-aggregated embryos
(30.5:2.1% and 30.7£2.6%, respectively; p<0.05). The levels of mRNA encoding Oct-4 were higher in both the 2x4- and
2x8-aggregated embryos than in the control. When blastocysts derived from 2x4- aggregated embryos or intact normal
embryos were cultured on mouse embryonic fibroblast feeder cells to obtain porcine stem cells, blastocysts from aggre-
gated embryos formed colonies that were better in shape compared with those derived from intact blastocysts. Toge-
ther, the data show that aggregation of porcine embryos not only improves blastocyst quality but also serves as an
efficient procedure by which porcine embryonic stem cells can become established.
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INTRODUCTION tors (Kikuchi ef al, 1999). The isolation and thorough
characterization of porcine embryonic stem cell lines
are goals worthy of pursuit. Experimental tools derived

Embryonic stem cells are pluripotent in nature, are from such work could be used in the development of
capable of virtually unlimited self-renewal and long- therapeutic applications and techniques for human ti-
term propagation, and have a broad differentiation po- ssue repair. The possible approaches include construc-
tential. Such cells are of great value in biomedical re- tion of biclogical reactors and organ xenotransplanta-
search and various clinical applications (Murry and Ke- tion (Pedersen, 1994). Unfortunately, no porcine embr-
ller, 2008). Human and mouse embryonic stem cell li- yonic stem cell line described to date has satisfied all
nes have been established over the past two decades. required criteria. In vitro production of high-quality por-
Currently, many attempts are underway to produce em- cine blastocysts is essential for production of porcine
bryonic stem cell lines from pigs, because these ani- embryonic stem cell lines. Blastocysts derived from in
mals offer distinct advantages compared with other spe- vitro fertilization (IVF) are of poor quality and are low
cies as a research model; pigs are immunologically and in total cell numbers (Han et al., 1999); cells of both the
physiologically similar to humans (Li ef al, 2003). Mo- inner cell mass (ICM) and the trophectoderm (TE) are
reover, porcine embryonic stem cells share many cha- few (Machaty et al., 1998). In efforts to improve the qua-
racteristics with human embryonic stem cells; these in- lity of porcine blastocysts, aggregation of embryos has
clude colony morphology, a requirement for a feeder been shown to enhance development in vitro (Tang and
layer, and a dependence on similar culture medium fac- West, 2000). Although culture conditions have been im-
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proved (Kikuchi ef al, 1999, 2002; Betthauser ef al.,
2000; Yin et al, 2002), the in wvitro developmental abi-
lities of blastocysts remain inferior to those derived in
vivo (Thompson, 1997; Wang et al., 1997). Several types
of in vitro-constructed blastocysts have been reported to
form primary colonies; the reqmred embryos have been
obtained by parthenogenesis, in vitro fertilization, and
somatic nuclear transfer (Kim et al., 2007).

The earliest reports on the isolation of pig embryonic
stem cells used blastocysts hatched in vive (Evans et al.,
1990; Notarianni et al., 1990; Piedrahita et al., 1990; St-
rojek et al, 1990). However, this method is labor-inten-
sive. In contrast to in vivo-derived embryos, embryos ob-
tained using in vitro fertilization and parthenogenesis
are easy to collect, and are thus associated with low
cost. Some problems cannot be readily resolved using
these embryos; these include optimization of blastocyst
total cell numbers (particularly those of the ICM and TE),
and exploration of the extent of pluripotent gene ex-
pression. For example, it is known that Oct-4 expre-
ssion level plays a major role in maintenance or loss of
pluripotency in both pre-implantation embryos and st-
em cells (Niwa et al, 2002).

In the present study, we sought to improve both the
developmental competence and the quality of porcine bla-
stocysts, and to enhance the expression levels of genes
required for continued pluripotency in vitro by aggre-
gating embryos derived by parthenogenesis. In addi-
tion, we compared the efficiency of porcine embryonic
stem cell establishment after aggregation of blastocysts
with that obtained using isolated (thus non-aggregated)
blastocysts.

MATERIALS AND METHODS

Chemicals

Unless noted otherwise, all chemicals were purcha-
sed from Sigma Chemicals (St Louis, MO).

In Vitro Maturation

Porcine ovaries were collected from a local slau-
ghterhouse and transported to the laboratory in 0.9%
{w/v) saline supplemented Wlth 75 ug mL ! potassium
penicillin G and 50 mg mL" streptomycin sulfate, and
were maintained at 25~30T. Cumulus-oocyte comple-
xes (COCs) were separated from follicles (3—~6 mm in
diameter) by aspiration through 18-gauge needles into
disposable 10 mlL syringes. After three washes in TLH-
EPES medium (Funahashi et al. 1994), approximately 50
oocytes were allowed to mature in 500 pL IVM medi-
um in a four-well multi-dish (Nunc, Roskilde, Den-
mark) at 385C under 5% (v/v) CO; in air. NCSU-23
medium was used for oocyte maturation (Petters and

Wells, 1993); the medium was supplemented Wlth 10%
(v/v) follicular fluid, 0.57 mM cysteine, 10 ng mlL " B-mer-
Captoethanol 10 ng mL " epidermal growth factor (EGF),
10 TU mL" pregnant mare serum gonadotropin (PM-
SG), and 10 TU mL " human chorionic gonadotropin (hCG).
After culture for 22 h, oocytes were washed three ti-
mes with maturation medium and further cultured for
another 22 h in maturation medium without hormones.

Activation of Porcine Oocytes and In Vifro Culture

After in vitro maturation, cumulus cells were remo-
ved by repeated pipetting in TL-HEPES supplemented
with 0.1% (w/v) PVA and 0.3% (w/v) hyaluronidase.
Oocytes were transferred to activation solution, consis-
ting of 0.3 M D-mannitol, 0.1 mM MgSO, 0.05 mM
CaCly, and 0.01% (w/v) PVA in water, and washed th-
ree times in the same medium. Qocytes were next sti-
mulated using a direct current pulse of 15 kV/em for
30 usec employing a BTX Elector-Cell Manipulator 2001
(BTX, San Diego, CA). After activation, oocytes were
washed and transferred into 50 pL of culture medium,
and covered with mineral oil, in a dish 60 cm in dia-
meter (Nunc). Cells were cultured at 38.5C under 5%
{(v/v) CO; in air, for 7 days. The IVC medium was Por-
dne Zygote medium-3 (PZM-3) (Yoshioka et al., 2002).

Aggregation of Embryos and In Vifro Culture

After 2 days, the zonae pellucidae of four-cell-stage
embryos were removed by treatment with acidic Ty-
rode’s solution. Depression of clusters in the bottom of
the culture dish, generated by gentle pressure using a
darning needle (BLS, Budapest, Hungary; Nagy and
Rossant, 1993) were covered with microdrops {each con-
sisting of 40 pL of NCSU-23 medium), overlaid with
oil, and incubated for at least 1 h prior to use. Agg-
regation was accomplished by placing zona-free em-
bryos into microwells. Two of each of two-cell (2x2)-,
4-cell (2x4)-, and 8-cell (2x8)-stage aggregated embryos
were cultured in parallel in separate drops within the
same dish (Fig. 1). Aggregates were cultured at 38.5C
under a 3% (v/v) COy, 5% (v/v) Oy and 90% (v/v) N»
atmosphere for 2 days, and next added to microwells
containing 10% (v/v) fetal bovine serum (Life Techno-
logies, CA, USA) (Kim et g, 2004). Embryo develop-
ment was observed daily under an inverted microscope
{Nikon, Tokyo, Japan). After embryo aggregation, later
examination employed epifluorescence microscopy.

Preparation of Feeder Cells and Establishment of Em-
bryonic Stem Cells

Mouse embryonic fibroblasts (MEF), used as feeder
cells, were prepared from fetal mice. Briefly, mice at
day 12~14 of pregnancy were sacrificed by cervical dis-
location. Fetuses were separated from uteri and next
washed twice in fresh phosphate-buffered saline (PBS)
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to remove any blood. After the head and liver were re-
moved, each carcass was treated with 0.25% (w/v) try-
psin-0.02% {(w/v) ethylenediamine tetra-acetic (EDTA)
acid solution for 30 min at room temperature prior to
cell culture in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented by 10% (v/v) new calf serum
(NCS; Gibco, Grand Island, NY), 5% (v/v) FBS (Gibco),
100 TU/mL penicillin (Sigma), and 0.05 mg/mL strepto-
mycin (Gibco). Feeder layers were prepared from mou-
se MEFs after 1~6 passages. MEFs were inactivated in
a medium containing 10 mg/mL mitomycin C (Sigma),
for 2.5 h. MEFs were next washed three times in PBS
and treated with 0.25% (w/v) trypsin-0.02% (w/v) ED-
TA solution. Trypsinized cells were harvested by cen-
trifugation at 1,000 rpm for 3 min and pellets were
resuspended in MEF medium. Cells were seeded at a
density of 5x10* cells per well in a 96-well plate (Sig-
ma) coated with 0.1% (w/v) gelatin (Fluka AG; catalog
no. 48722; Switzerland). Usually, MEFs were plated 1
day before porcine embryos were seeded in efforts to
establish embryonic stem cell lines. To acquire porcine
embryonic stem cells, 10 blastocysts were seeded on each
feeder layer. During early growth of blastocysts on fee-
ders, DMEM+NCSU-23 medium (volume ratio 1:1) su-
pplemented with 2.0 mM L-glutamine, 0.03 mM nu-
cleoside mix, 20 ng/mL bFGF, and 40 ng/mL h-LIF, was
used (Table 1). After colony formation, the basic cul-
ture medium was changed to DMEM only, thus with-
out NCSU-23.

Real-Time Quantitative Polymerase Chain Reaction

To analyze Oct-4 mRNA expression, the 2x2-, 2x4-,
and 2x8-aggregated embryos, and control blastocysts,
were harvested 168 h after fertilization. Total mRNA
was extracted using a Dynabeads mRNA Direct Kit {Dy-
nal Asa, Oslo, Norway) according to the manufactu-
rer's instructions. Yor reverse transcription, total mRNA
from one blastocyst was added to a reaction mix of
final volume 20 plL containing 0.5 mg oligo dT, RT
buffer (1x), 10 mM dithiothreitol, 10 mM of a dNTP
mix, and 10 units of Moloney murine leukemia virus
(MMLYV) reverse transcriptase. Reverse transcription was
performed at 37C for 50 min and 70C for 15 min,
and products were stored at 4T until real-time poly-
merase chain reaction (PCR) analysis was performed. Real-
time PCR amplification was conducted using the ABI

Table 2. Primers used in, and cycling conditions of, real-time RT-PCR

Table 1. Components of the medium used for culture of porcine
embryonic stem cells

Component Concentration Supplier
DMEM+NCSU-23 Gibco
Penicillin-streptomycin 10% (w/v) Sigma
2-Mercaptoethanol 0.1 mM Sigma
L-Clutamine 20 mM Sigma
NEAA 1.0% (w/v) Gibco
FBS 15% (viv} Gibco
Nucleoside mix 0.03 mM Sigma
bFGF 20 ng/mL Sigma
h-LIF 40 ng/mL Sigma

7300 Real-time PCR System (Applied Biosystems, Fors-
ter City, CA). A QuantiTect SYBR Green PCR kit (Fi-
nnzymes, Espoo, Finland) was used to provide real-ti-
me quantification of the desired PCR product. Each real-
time PCR reaction mixture was composed of 4 pL
¢DNA, and Oct-4 forward and reverse primers (Table
2) in a final volume of 20 uL. Replications were per-
formed three times and mRNA levels were normalized
to those of the mRNA encoding alpha-actin.

Statistical Analysis

All data were analyzed by one-way ANOVA and the
protected least significant difference (LSD) test using the
general linear models of the Statistical Analysis Sys-
tems (SAS, Cary, NC) software to explore differences
among experimental groups. A treatment difference was
considered significant when the P value was less than
0.05.

RESULTS

Developmental Ability of Aggregated Parthenogenetic
Embryos

After activation of matured oocytes, different stages
of parthenogenetic embryos were aggregated in the ab-

; . Accession Annealing Size
Gene Primer Sequence number temperature (C ) (bp)
Forward AACGATCAAGCAGTGACTATTCG ©
60°C 153
et Reverse GAGTACAGGGTGGTGAAGTGAGG AF074419 C
. Forward GTGGACATCAGGAAGGACCTCTA ;
- 58T 137
B -actin Reverse ATGATCTTGATCTTCATGGTGCT Uo7786
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Fig. 1. Aggregation of porcine parthenogenetic embryos using the
depression cluster method. A: Aggregation of two 4-cell stage em-
bryos without zonae pellucidae. B: Depression formed by agg-
regated embryos in the bottom of a culture dish. C and D: Blasto-
cysts derived from aggregated parthenogenetic embryos.

sence of the zonae pellucidae. The 2x2-, 2x4-, and 2x8-
aggregated embryos developed into blastocysts, and both
developmental rates and total cell numbers were mea-
sured (Table 3). Developmental rates were significantly
increased in aggregated embryos (by 29.5£2.4% for the
2x2-, 58.3+1.9% for the 2x4-, and 37.242.8% for the 2x8-
aggregates) compared with non-aggregated control em-
bryos (23.6+1.1% for the control) (p<0.05). The blasto-
cyst formation rate of 2x4-aggregated embryos was hi-
ghest. The developmental morphology of aggregated em-
bryos was normal (Fig. 1).

Total Cell Numbers in Aggregated and Intact Embryos

The nuclear morphology of cells in aggregated em-
bryos was examined by Hoechst 33258 staining (Fig. 2).
Significant differences were observed in the total cell
numbers of aggregated and non-aggregated embryos. The
total cell numbers in blastocysts derived from 2x4- and
2x8-aggregates (44+3.0 and 45+3.3, respectively) were
1x4-cell

2x4-celt 2x8-cell

Fig. 2. Hoechst 33258 staining of aggregated porcine parthenoge-
netic blastocysts. A: Blastocyst derived from a single 4-cell-stage
embryo. B: Blastocyst derived from aggregation of two 4-cell-stage
embryos. C: Blastocyst derived from a 2x8-aggregate.

8 Control
S2x4cell
O2x8cell

N
[+
T

Fold change
N

Oct4

Fig. 3. Oct4 gene expression in aggregated parthenogenetic blasto-
cysts. The levels of Oct-4 expression in 2x4-cell, 2x8-cell, and control
blastocysts, 120 h after aggregation. mRNA levels were analyzed by
real-time PCR using an ABI 7300 system. Three replications were
conducted and the mRNA level of each sample was normalized to
that of B-actin. Bars with different superscripts reflect significantly
different values (p<0.05).

significantly higher (p<0.05) than those of control blas-
tocysts (30.5+2.1).

Analysis of Oct-4 Transcription in Aggregated Blas-
tocysts

The high pluripotency of blastocysts renders embryo-
nic stem cell development feasible, and it was thus ne-
cessary to investigate whether embryo aggregation re-
sulted in expression of genes associated with pluripo-
tency. To determine the relative levels of pluripotent
gene expression, Oct-4 mRNA relevant to embryo qua-
lity in aggregated blastocysts, real-time PCR was em-
ployed. The levels of Oct-4 mRNA in 2x4- and 2x8-
aggregated blastocysts were significantly increased com-
pared with that of the control (Fig. 3). Interestingly, the
Oct-4 mRNA level in 2x8-aggregated blastocysts was
not higher than that in 2x4-aggregates.

Establishment of Porcine Embryonic Stem Cells

An appropriate culture medium is critical during st-
em cell culture. Porcine embryonic stem cells are more
similar to human stem cells than are the stem cells of
other species. Here, we optimized medium components
for culture of porcine embryonic stem cells, with refe-
renice to the constituents required for human stem cell
development. At early stages of blastocyst growth on
feeders, DMEM+NCSU-23 medium (in a 1:1 volume ra-
tio) supplemented with 2.0 mM L-glutamine, 0.03 mM
nucleoside mix, 20 ng/mL bFGF, and 40 ng/mL h-LIF,
was used (Table 1). After colonies formed, the culture
medium was changed to a medium lacking NCSU-23.
To obtain porcine embryonic stem cells, 10 intact blas-
tocysts were seeded onto each feeder layer. After cul-
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Fig. 4. Establishment of porcine embryonic stem cells by co-culture of aggregated or non-aggregated blastocysts with feeder cells. A: Control
blastocysts were cultured on feeder cells. B and C: Cells attached to feeders. D: Differentiated cells. A, B!, C, and D': Cultures of aggregated

blastocysts on feeder cells and subcultures of embryonic stem cells.

Table 3. Developmental rates of aggregated parthenogenetic porcine
embryos at different stages

Embryonic No. of No. of No. of nuclei
state® embryos  blastocysts (%) (meanSE)
Control 40 9 (23.6+1.1)° 30.5+2.1°
22 38 5 (29.5+2.4)" 30.742.6"
2x4 42 25 (58.3+1.9)° 2443.0°
28 48 18 (37.242.8)° 45:3.3°

* Control: intact non-aggregated embryos, 2x2: aggregation of two
2-cell stage embryos, 2x4: aggregation of two 4-cell stage em-
bryos, 2x8: aggregation of two 8-cell stage embryos.

Within the same column, values bearing different letters are signi-
ficantly different (p<0.05).

ture for 1 day, cells of the trophectoderm began to atta-
ch to the feeder layer. After culture for 2 days, some
cells from embryos adhered to the feeder layer, att-
racted by the trophoblastic cells. Unfortunately, cells be-
came differentiated after culture for 4 days (Fig. 4A).
Blastocysts from the 2x4-aggregates, of high quality and
showing enhanced Oct4 gene expression, were cultu-
red on feeder cells under the same conditions used for
culture of intact embryos. However, cells derived from
aggregates proliferated and formed many colonies (Fig.
4). Isolated colonies could still be observed even after
four subcultures had been completed.

DISCUSSION

Establishment of porcine embryonic stem cells is mo-

re difficult than is the case for stem cells of other spe-
cies because no optimized in vitro culture system for
porcine embryonic stem cells has been developed. To
enhance the developmental competence of in vitro-pro-
duced blastocysts, we investigated the effect of embryo
aggregation using porcine parthenogenetic embryos. The
results showed that aggregation of four-cell stage em-
bryos derived by parthenogenesis improved the in vitro
development rate, enhanced blastocyst total cell num-
bers, and stimulated Oct-4 gene expression; all of these
effects may favor the establishment of embryonic stem
cells with a high degree of pluripotency. Our results
were similar to those of a previous study on aggre-
gation using porcine [VE-derived embryos (Lee ef al.,, 2007).
Although the total cell numbers of 2x8-derived blasto-
cysts were higher than those from 2x4-derived blasto-
cysts, neither the developmental competence nor the
pluripotency of 2x8-derived blastocysts was significantly
enhanced compared with those of 2x4-derived blasto-
cysts.

Aggregation methods have been used to improve the
stem cell establishment rates of many mammals in vitro.
In cattle (Wells and Powell, 2000), mice (Tang and West,
2000), and the rhesus monkey (Schramm and Paprocki,
2004), aggregation of embryos with developmentally asyn-
chronous or synchronous blastomeres has been used to
enhance stem cell development in vitro. Herein, we ha-
ve determined optimal conditions for in vitro develop-
ment of aggregated porcine blastocysts. Pluripotent blas-
tocysts of high quality are essential if porcine embryo-
nic stem cell lines are to be effidently established. Em-
bryos at the four-cell stage were the optimal choice for
aggregation. Two-cell-stage embryos had a low aggre-
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gation rate, and aggregations of eight-cell-stage emb-
ryos developed slowly. Also, we found that total cell
numbers and the level of Oct-4 gene expression in bla-
stocysts derived from eight-cell stage embryos were not
superior to those of the other aggregates tested. How-
ever, total cell numbers in blastocysts derived from agg-
regated embryos were greater than those of non-aggre-
gated embryos (Table 1 and Fig. 2).

Embryo aggregation yields good-quality blastocysts,
in terms of cell numbers; this may be important for the
efficient production of embryonic stem cells. We asse-
ssed Oct-4 mRNA levels using real-time PCR (Fig. 3).
High-level expression of Oct-4 is a valuable marker for
identification of mammalian pluripotent cells (Kirchhof
et al., 2000). Blastocysts derived from aggregated par-
thenogenetic embryos have been shown to be more
efficient when used to establish embryonic stem cell li-
nes. Our results show that 2x4-aggregated embryos may
be effectively used in the establishment of porcine em-
bryonic stem cell lines. A future study will investigate
markers of porcine embryonic stem cells derived from
aggregated blastocysts; expression of SSEA-1, Nanog,
and SOX2 will be evaluated. In addition, the aggrega-
tion method may be useful when cloned embryos de-
rived from somatic cell nuclear transfer are used to
establish embryonic stem cells.
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