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Abstract

Demecolcine (DEM) treatment of oocytes induces formation of a membrane protrusion containing a mass of condensed
maternal chromosomes, which can be removed with minimal damage prior to somatic cell nuclear transfer (SCNT).
However, the effect of this method on the distribution of maturation-promoting factor (MPF) in porcine oocytes has not
been reported. Here, the level of MPF and the distribution of cyclin B1 were assessed in porcine oocytes following DEM
treatment. In addition, the efficiencies of DEM-assisted and mechanical enucleation were compared, as were the
development (in vitro and in vivo) of these oocytes following SCNT. MPF was uniformly distributed in oocytes that had been
treated with 0.4 pg/ml DEM for 1 h. Immunofluorescence microscopy showed that in untreated oocytes, cyclin B1, the
regulatory subunit of MPF, accumulated around the spindle, and was lowly detected in the cytoplasm. DEM treatment
disrupted spindle microtubules, induced chromosome condensation, and reduced the level of cyclin B1 in the nuclear
region. Cyclin B1 was uniformly distributed in DEM-treated oocytes and the level of MPF was increased. The potential of
embryos generated from DEM-treated oocytes to develop in vivo was significantly greater than that of embryos generated
from mechanically enucleated oocytes. This is the first study to report the effects of DEM-assisted enucleation of porcine
oocytes on the distribution of cyclin B1. MPF in mature oocytes is important for the development of reconstructed embryos

and for efficient SCNT.
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Introduction

Somatic cell nuclear transfer (SCNT) technology has been
widely used in animal agriculture and biomedical studies. SCNT
has been used to produce transgenic animals that can be used as
models in which to study human diseases, as well as knockout pigs
that can be used for xenotransplantation studies. Somatic cells
were recently reprogrammed to generate induced pluripotent stem
(iPS) cells by inducing the expression of four genes. It might be
possible to use these iPS cells, in combination with SCNT
technology, to treat a range of diseases. During the last decade,
several mammalian species have been cloned using SCNT [1-4],
including pigs [4]. Although the successful production of cloned
pigs derived from somatic cell nuclei and the number of cloned

pigs increases each year. Despite this, the cloning efficiency of

SCNT remains generally low. The first piglets cloned from iPS
cells were recently produced in China [5].

The production of cloned pigs by SCNT includes several steps.
One important step, namely, enucleation of the recipient oocyte,
markedly affects the cloning efficiency. Several methods have been
described to enucleate porcine oocytes, including mechanical
enucleation, point-press enucleation, pol-scope microscopy enu-
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cleation, and induced enucleation. In conventional SCNT
protocols, oocytes are mechanically enucleated. However, this
method may result in excessive loss of cytoplasm [6-7] and
molecular factors that are important for correct nuclear repro-
gramming, mitotic spindle assembly, oocyte activation, and
embryonic development [8-10]. Demecolcine (DEM)-assisted
enucleation induces a membrane protrusion containing a mass
of condensed maternal chromosomes that can be removed with
minimal damage [11]. This simple method has garnered much
attention and has been successfully used to clone pigs by SCNT.
Furthermore, rabbit fetuses [12], cloned mice [13], cloned cows
[14], cloned transgenic cats [15], second-generation cloned cats
[16], and miniature pigs [17-18] have all been generated using
oocytes that were enucleated by DEM treatment. This indicates
that DEM-treated oocytes can be used for SCNT, although the
mechanisms by which DEM elicits its effects are unclear.

The cyclin-dependent serine/threonine protein kinase matura-
tion-promoting factor (MPF) is a pivotal regulator of meiosis re-
initiation and is important for pre-implantation development of
mammalian oocytes. MPF is a heterodimer composed of p34/cdc2
(catalytic subunit) and cyclin B (regulatory subunit). MPF activity
is high in metaphase-I and -II (MII) mammalian oocytes.
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Fertilization [1,2] and parthenogenetic activation [3] induce
mactivation of MPF in mature oocytes. However, specific
mechanisms must serve to maintain MPF activity in oocytes. To
improve enucleation without reducing MPF activity, attempts
have been made to increase MPI' activity using drugs. Kubiak
et al. [19] demonstrated that treatment of mouse MII oocytes with
nocodazole increases MPF activity. Wu et al. [20] reported that
MPF activity in goat oocytes is significantly increased following
DEM treatment. In mice, the majority of active MPF is localized
at the metaphase plate and is therefore not present in enucleated
oocytes, which are used as recipient cytoplasts during nuclear
transfer [21]. Most studies in mammals suggest that drug
treatments can maintain high MPF activity in mature oocytes.
Oocytes enucleated using DEM have developed into live piglets;
however, the effect of DEM treatment on MPF activity in
enucleated porcine oocytes has not been examined.

The present study investigated the effect of DEM treatment on
the level of MPF and the distribution of cyclin Bl in mature
porcine oocytes. DEM-assisted enucleation was compared with
mechanical enucleation in terms of the ability of embryos to
develop normally following SCNT.

Materials and Methods

Source of Reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA), unless otherwise stated. The experimental procedures
were approved by the Animal Care and Use Committee of Jilin
University and were in accordance with the animal welfare
guidelines of the US National Institutes of Health. The permit
number is SYXK(Ji)2010-0011. Ovaries of pigs were collected
from a local slaughterhouse. Laboratory animals (a Wuzhishan
miniature pig and Large White/Landrace cross-bred adult estrus
sows) were purchased from the Agricultural Science and Tech-
nology Institute of Yanbian. Ten multiparous sows on the first day
of natural estrus were selected as recipients. All operations were
performed in a sterile operating room.

Oocyte Retrieval and in vitro Maturation of Oocytes

Ovaries were collected from a local slaughterhouse, incubated
in 0.9% NaCl containing 75 pg/ml penicillin G and 50 pg/ml
streptomycin sulfate at 25-37°C, and transported to the laboratory
within 2 h of collection. Cumulus-oocyte complexes (COCs) were
aspirated from follicles with diameters of 2-5 mm using a 20-
gauge needle attached to a 10 ml disposable syringe. COCs of
good quality were selected, as determined by their homogeneous
granulated cytoplasm and at least three uniform layers of compact
cumulus cells. The selected COCs were washed three times in
Tyrode’s lactate Hepes-buffered solution containing 0.1% polyvi-
nyl alcohol (PVA). Oocytes were cultured in 4-well plates, with
each well containing 500 pl of NCSU-37 medium supplemented
with 10% porcine follicular fluid, 0.6 mM cysteine, 1 mM
dibutyryl cyclic adenosine monophosphate (dbcAMP), 0.1 IU/ml
human chorionic gonadotropin (hCG), and 0.1 IU/ml pregnant
mare serum gonadotropin for 20-22 h, followed by culture
without dbcAMP and hCG for another 18-24 h at 38.5°C in a
humidified atmosphere of 5% COy in air, as previously reported
[4]. Mature eggs that had formed the first polar body were
collected.

Donor Cell Culture
Ear fibroblasts were isolated from the tissue of an adult

Whuzhishan miniature pig and cultured in a mixture of Dulbecco’s
modified Eagle’s medium and Ham’s F-12 medium (Gibco, BRL,
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Grand Island, NY, USA) supplemented with 10% (v/v) fetal
bovine serum in 5% COy in air at 38°C. Cells between passages 4
and 8 were used as donors for SCNT. A single cell suspension was
prepared by standard trypsinization immediately before SCN'T.

Nuclear Transfer

A single donor cell was injected into the perivitelline space of
each egg and electrically fused using two direct current (DC) pulses
of 150 V/mm for 50 psec in 0.28 M mannitol supplemented with
0.1 mM MgSO, and 0.01% PVA. Fused eggs were cultured in
NCSU-37 medium for 1 h, and then in medium supplemented
with 2 mmol/L 6-dimethylaminopurine for 4 h. The reconstruct-
ed eggs were activated by two DC pulses of 100 V/mm for
20 usec in 0.28 M mannitol supplemented with 0.1 mM MgSO,
and 0.05 mM CaCly. Activated eggs were cultured in NCSU-37
medium for 6 days in an atmosphere of 5% COgy and 95% air at
38.5°C. After culturing, blastocysts were placed onto a drop of
glycerol containing 10 pg/ml Hoechst 33342 on microscope
slides. A coverslip was placed on top of the blastocysts and the
edge was sealed with nail polish. The nuclei were counted.

Embryo Transfer

Ten multiparous sows on the first day of natural estrus were
selected as recipients. The animals were anesthetized by intrave-
nously injecting ketamine at the ear edge. A ventral midline
incision was made. Cloned embryos were transferred to one or
both oviducts in each sow (200-250 embryos implanted per
oviduct) within 1 day of the onset of estrus. Pregnancy was
diagnosed on Day 23-26 (SCNT was performed on Day 0). Fetus
development was checked every 2 weeks by ultrasound examina-
tion. Cloned piglets were delivered by eutocia on Day 114118 of
gestation.

MPF Assay

Oocytes were washed several times in Ca®'-free phosphate
buffered saline (PBS) containing 0.1% PVA, placed in tubes
containing 15 pl of radioimmunoprecipitation assay (RIPA) buffer
supplemented with a protease inhibitor cocktail (Roche), and
stored at —80°C.. Samples were vortexed on ice for 4-5 min, and
then centrifuged at 4°C at 12,000 rpm for 15 min. The
supernatant was collected and stored at —20°C until use. The
level of MPF was determined using the Porcine MPF ELISA Kit
(Kexing, China) following the manufacturer’s protocol. In brief,
the wells of a microtiter plate were coated with a purified anti-
porcine MPF antibody, and 10 ul of the oocyte extract was then
added to each well, followed by 40 ul of dilution buffer (i.e., the
sample was diluted 5-fold). Plates were incubated for 30 min at
37°C in the dark. The wells were washed thoroughly with buffer
six times, and 50 Ul of a horseradish peroxidase conjugate reagent
was added to each well, except the blank well. Samples were
incubated for 30 min at 37°C, and then washed thoroughly. The
TMB substrate solution was added to each well, the plate was
incubated for 15 min at 37°C in the dark, and the reaction was
terminated by adding 50 pl of sulfuric acid. The color change was
spectrophotometrically measured at 450 nm within 15 min of the
reaction being terminated. The concentration of MPF in the
sample was determined using a standard curve.

Experimental Design

Experiment 1: Effects of DEM Treatment on the Level of
MPF in MII Oocytes

The effects of DEM treatment for various amounts of time on
the level of MPF were examined. Oocytes were cultured in
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NCSU-37 containing 0.6 mM cysteine, 4 mg/ml bovine serum
albumin (BSA), and DEM for 0.5, 1, 2, or 3 h. The optimal
concentration of DEM to induce ooplasmic protrusions in porcine
oocytes is 0.4 pg/ml [11,22]. Control oocytes were cultured in
medium lacking DEM. The level of MPF in oocytes (30 per
treatment group) was determined.

Experiment 2: Effects of DEM Treatment on the
Distribution of Cyclin B1 in MIl Oocytes

Oocyte bisection. Mature oocytes that had formed the first
polar body were cultured in medium supplemented with 0.4 pg/
ml DEM and 0.05 M sucrose for the optimal amount of time
(determined in experiment 1). Sucrose was used to enlarge the
perivitelline space. Oocytes were bisected by the extrusion method
using compression with a blunt pipette tip. To determine whether
chromosomes were aligned at the metaphase plate, oocytes were
stained with Hoechst 33342, photographed, and washed three
times in PBS. The oocyte halves were collected less than 30 min
after bisection. Control oocytes were cultured in medium without
supplements and bisected by removing half the volume of
cytoplasm. For each treatment, the level of MPF was assayed in
25 whole oocytes or 50 oocytes halves.

Immunofluorescence Immunofluorescence
microscopy was performed on whole mounts. DEM-treated or
untreated MII oocytes were fixed with PBS containing 4%
paraformaldehyde for at least 30 min at room temperature. Cells
were permeabilized with PBS containing 1% Triton X-100 for
10 min at 4°C, blocked in 1% BSA for 1 h, and incubated
overnight at 4°C with an anti-cyclin Bl antibody diluted 1:50 in
blocking solution. After three washes in PBS containing 0.1%
Tween 20 and 0.01% Triton X-100 for 5 min each, oocytes were
labeled with FITC-conjugated goat anti-rabbit IgG diluted
1:100 in blocking solution for 45 min at 37°C in the dark.
Samples were incubated with 10 pg/ml Hoechst 33342 for
10 min to label DNA. Stained oocytes were mounted beneath a
coverslip using antifade mounting medium to retard photo-
bleaching. Slides were examined using laser-scanning confocal
microscopy (Leica TCS SP5) and the appropriate filters to
simultaneously excite FITC (cyclin Bl labeling) and Hoechst
33342 (DNA labeling).

microscopy.

Experiment 3: Efficiencies of DEM-assisted and
Mechanical Enucleation of Porcine Qocytes, and the
Development of these Enucleated Oocytes Following
SCNT

DEM-assisted enucleation. DEM-treated oocytes with a
protruding membrane were moved to medium supplemented with
5 pg/ml cytochalasin B and 0.4 pg/ml DEM for the optimal
amount of time (determined in experiment 1). The protrusion was
removed using a beveled pipette, and the first polar body and a
portion of the directly underlying cytoplasm were aspirated
(Figure 1).

Mechanical enucleation. Cumulus cells were removed from
newly matured oocytes. Oocytes that had an intact first polar body
but that lacked a spontaneous ooplasmic protrusion were
micromanipulated in enucleation handling medium. The first
polar body and 20-25% of the directly underlying cytoplasm were
removed using a glass micropipette (inner diameter of 20 um).

To determine the efficiency of each enucleation method, the
material that was removed during enucleation was incubated with
10 pg/ml Hoechst 33342. Enucleation was confirmed by micro-
scopically examining cytoplasts and karyoplasts. MPF levels were
determined before and after enucleation in 50 oocytes per
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treatment group. To determine the ability of embryos to develop
into full-term piglets i vivo following DEM-assisted or mechanical
enucleation, ten multiparous sows on the first day of natural estrus
were used as recipients.

Statistical Analysis

At least three replicates were performed per experiment.
Embryo development data were analyzed using the chi-square
test. Data concerning the recipients and the number of cloned
piglets that reached adulthood was analyzed using the two-sided
Fisher’s Exact test. A p-value of less than 0.05 was considered to be
significant.

Results

This study used DEM treatment to induce a membrane
protrusion in oocytes and thereby facilitate enucleation (Figure 1).

Experiment 1: Effects of DEM Treatment on the Level of
MPF in MII Oocytes

Mature denuded MII oocytes were cultured in maturation
medium in the presence or absence of 0.4 pg/ml DEM for 0.5, 1,
2, or 3 h, after which the level of MPF was determined. The level
of MPF was significantly higher in oocytes treated with DEM for
0.5, 1, 2, or 3 h than in untreated oocytes (Figure 2). The level of
MPF was significantly higher in oocytes treated with DEM for 1 or
2 h than in oocytes treated with DEM for 0.5 or 3 h (Figure 2).
The level of MPF was highest in oocytes treated with DEM for 1 h
and gradually decreased with treatment time thereafter. There-
fore, in subsequent experiments, oocytes were treated with 0.4 pg/
ml DEM for 1 h.

Experiment 2: Effect of DEM Treatment on the
Distribution of Cyclin B1 in MIl Oocytes

To examine the distribution of MPIF in oocytes following
treatment with 0.4 pg/ml DEM for 1 h, we bisected MII-arrested
porcine oocytes and determined the level of MPF in the two halves
(karyoplast and cytoplast) (Figure 3). In untreated, mature,
denuded porcine oocytes, MPF was unevenly distributed in the
cytoplasm; most MPF was localized close to the karyoplast. After
oocyte bisection, the MPF level markedly differed between the two
halves, with most MPF in the half containing the karyoplast. By
contrast, when oocytes were treated with DEM prior to bisection,
the MPF level did not differ between the two halves. This result
indicates that MPF was uniformly distributed in DEM-treated
oocytes, which may owe to depolymerization of the spindle.

To further observe the distribution of MPF, the localization of
cyclin B1, which is the regulatory subunit of MPF, was examined
in mature porcine oocytes using immunofluorescence microscopy.
In untreated oocytes, cyclin Bl was abundant around the polar
body and meiotic spindle, whereas little cyclin Bl was detected in
the cytoplast (Figure 4A). After treatment with DEM, the maternal
chromosomes were condensed and the level of cyclin Bl was
reduced in the nuclear region, but not in the polar body. Overall,
the level of cyclin Bl was increased and the protein was uniformly
distributed in DEM-treated oocytes (Figure 4B).

Experiment 3: Efficiencies of DEM-assisted and
Mechanical Enucleation, and the Development of these
Enucleated Oocytes Following SCNT

Oocytes that had formed the first polar body were cultured in
medium supplemented with 0.4 pg/ml DEM and 0.05 M sucrose
for 1 h. A membrane protrusion formed that contained a mass of
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Figure 1. DEM-assisted enucleation method.
doi:10.1371/journal.pone.0091483.g001

condensed maternal chromosomes, which was easily removed with
a small volume of cytoplasm. Immediately after enucleation, the
aspirated karyoplast was exposed to ultraviolet (UV) light for
0.1 sec to confirm that it contained the maternal chromosomes.
The efficiency of DEM-assisted enucleation of porcine oocytes was
significantly higher (P<<0.05) than that of enucleation by blind
aspiration (Table 1).

Enucleated porcine oocytes were used as recipient cytoplasts
into which pig ear fibroblasts were transferred, and the develop-
mental potential of the resulting embryos was examined. The
percentages of embryos that developed to the 2-4-cell and
blastocyst stages did not significantly differ between oocytes that
underwent DEMe-assisted enucleation and those that were
mechanically enucleated (Table 1).

We analyze MPF activity in oocytes before and after DEM-
assisted or mechanical enucleation. MPF activity in oocytes
decreased following mechanical enucleation, although this was
not statistically significant, but not following DEM-assisted
enucleation (Figure 5). Nevertheless, MPF activity was significantly
higher in oocytes that underwent DEM-assisted enucleation than
in oocytes that were mechanically enucleated.

Embryos generated by SCNT were transferred to surrogates to
determine whether DEM-assisted enucleation of oocytes affects
the full-term development of embryos. A mean of 217 embryos
generated from oocytes that underwent DEM-assisted enucleation
were transferred to each of six surrogate sows, of which five
(83.3%) became pregnant. After 114-120 days of gestation, four
(66.7%) of these sows gave birth to five, seven, five, and eight (one
of which died 2 days after birth) cloned piglets, respectively
(Figure 6). A mean of 238 embryos generated from oocytes that
underwent mechanical enucleation were transferred to each of

250

MPF and Cyclin B1 Distribution

four surrogate sows, of which three (75.0%) became pregnant.
After 114-120 days of gestation, one (25.0%) of these sows gave
birth to four cloned piglets, of which two survived to adulthood
(Table 2). Thus, the n viwvo developmental potential of embryos
generated from oocytes that underwent DEM-assisted enucleation
was markedly greater than that of embryos generated from
mechanically enucleated oocytes.

Discussion

During DEM-assisted enucleation, DEM induces formation of a
membrane protrusion that contains a mass of condensed maternal
chromosomes, which can be easily removed with minimal damage.
This simple method may prove useful for nuclear transfer and has
garnered much attention. Here, we assessed changes in the level of
MPF and the distribution of cyclin B1 in porcine oocytes following
treatment with DEM. We also compared the efficiencies of DEM-
assisted and mechanical enucleation, and the development of
embryos generated from these enucleated oocytes by SCN'T.

Our previous study demonstrated that brief treatment of MII
porcine oocytes with DEM produces a membrane protrusion that
contains a mass of condensed chromosomes, as seen in DEM-
treated bovine oocytes [23] and nocodazole-treated rat oocytes
[24]. Although the mechanisms by which DEM elicits its effects
are unclear, condensation of maternal chromosomes might cause
the protrusion to develop [11]. Yin et al. [25] reported that
following treatment with 0.4 pg/ml DEM and 0.05 M sucrose for
1, 3,6, 12, or 24 h, chromosomes were condensed in 100%, 97%,
87%, 96%, and 74% of porcine oocytes, respectively. In this
previous study, all oocytes with condensed chromosomes had a
protruding membrane, whereas oocytes with dispersed chromo-

200 |

MPF activity (pg/ml)

0(M1I) 0.5 1 2

Demecolcine treatment culture period (h)

B Demecolcine
Control

Figure 2. DEM treatment increases the level of MPF in porcine MIl oocytes.

doi:10.1371/journal.pone.0091483.9g002
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Figure 3. The distribution of MPF markedly differs between porcine oocytes that undergo DEM-assisted enucleation and those that
are mechanically enucleated.
doi:10.1371/journal.pone.0091483.g003
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Figure 4. Immunolocalization of cyclin B1 in MIl oocytes using confocal microscopy. Bar, 50 um.
doi:10.1371/journal.pone.0091483.9g004
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development of embryos produced from these oocytes.

MPF and Cyclin B1 Distribution

Table 1. Efficiencies of DEM-assisted and mechanical enucleation of porcine oocytes, and the in vitro pre-implantation

Enucleation No. of No. of enucleated No. of SCNT No. of 2-4-cell No. of

method oocytes oocytes (%) embryos embryos (%) blastocysts (%)
DEM-assisted 182 179 (98.3)° 93 75 (80.6)% 15 (16.2)*
Mechanical 176 134 (76.1)% 85 67 (78.8)% 12 (14.1)2

doi:10.1371/journal.pone.0091483.t001

somes did not. Such protrusions are frequently observed in DEM-
treated bovine [23] and rabbit [12] oocytes. Sucrose does not
affect the formation of a cytoplasmic protrusion containing
chromosomes in pig oocytes [26], but does enlarge the perivitelline
space. Therefore, the current study investigated the effects of
DEM treatment on oocytes. Tetsuya ef al. [23] demonstrated that
DEM treatment of bovine oocytes increases MPF activity, as
indicated by an increase in histone HI kinase activity of up to
30%. Wu etal. [20] showed that DEM induces membrane
protrusions in goat oocytes by increasing the activities of MPF
and mitogen-activated protein kinase via activation of MAD2.
Further studies confirmed that MAD2 activates MPF mainly by
preventing proteolysis of cyclin B [30-32]. Several studies have
indicated that treatment of somatic cells with microtubule-
interacting agents increases MPF activity [29-31,33]. Although a
number of studies have examined somatic cell responses, however,
few studies have examined the effects of MPF on oocytes, and it is
unknown whether DEM increases MPF activity in pigs. In the
current study, a high proportion of mature denuded MII porcine
oocytes developed a membrane protrusion following treatment
with 0.4 pg/ml DEM for 1 h. The level of MPF was highest in
oocytes treated with DEM for 1 h, when it was significantly higher
than in untreated oocytes. The level of MPF gradually decreased
in oocytes treated with DEM for longer amounts of time. Similar
results have been reported in mouse embryos [27], rat oocytes
[28], and bovine oocytes [23].

DEM is a microtubule-disrupting agent that depolymerizes
microtubules and limits microtubule formation (inactivates spindle
fiber formation). The destruction of spindles by DEM inhibits
degradation of cyclin Bl [34], which, in turn, increases MPF
activity. Changes in the level of cyclin Bl correlate with changes in

MPF activity (pg/ml)

N

DEM-assisted Mechanical enucleation

enucleation

Pyalues with different superscripts within the same column are significantly different (P<0.05).

MPF activity [35]. In the current study, MII porcine oocytes were
bisected to examine changes in the distribution of MPF following
DEM treatment. MPF was unevenly distributed in the cytoplasm
of mature denuded porcine oocytes, and the level of MPT was high
in the karyoplast. These results are consistent with a previous study
of mouse oocytes [19], and indicate that MPF is predominantly
assoclated with the spindle. By contrast, when oocytes were treated
with 0.4 pg/ml DEM for 1 h, MPF activity did not markedly
differ between the karyoplast and cytoplast, indicating that MPF
was homogenously distributed. To further observe the distribution
of MPF, cyclin Bl was examined in mature oocytes using
immunofluorescence microscopy. In untreated oocytes, cyclin Bl
was accumulated around the meiotic spindle, and was lowly
detected in the cytoplasm. In oocytes treated with DEM for 1 h,
maternal chromosomes were condensed, the level of cyclin Bl was
reduced in the nuclear region, but not in the polar body, and
cyclin Bl was homogenously distributed in the cytoplasm. In
mouse oocytes, a high level of cyclin B is maintained for several
hours following spindle disruption by nocodazole [36,37].
Activation of MPF depends on the association of p34/cdc2 with
cyclin B. Basal levels of p34/cdc2 do not substantially change
during i vitro maturation of porcine oocytes. However, the level of
cyclin B in oocytes tends to increase following i vitro maturation
[38]. Clute et al. [39] reported that the localization of cyclin B1 is
extremely dynamic during mitosis. The protein is concentrated at
centrosomes and spindle microtubules in organisms ranging from
yeast to humans, and is rapidly degraded during late metaphase.
Therefore, we examined the localization of cyclin Bl in porcine
oocytes by performing immunofluorescence microscopy. DEM
treatment disrupted spindle microtubules, induced chromosome
condensation, and decreased the level of cyclin Bl in the nuclear

B Unenucleation

Enucleation

Figure 5. Change in MPF activity in oocytes following DEM-assisted enucleation compared with mechanical enucleation.

doi:10.1371/journal.pone.0091483.g005
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enucleation.
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Table 2. Full-term development of embryos generated from oocytes that underwent SCNT following DEM-assisted or mechanical

Enucleation No. of No. of recipients that No. of recipients that No. of live cloned No. of piglets that
method recipients became pregnant (%) underwent parturition (%) piglets that were born  survived to adulthood (%)
DEM-assisted 6 5 (83.3) 4 (66.7)° 25 24 (96.0)%

Mechanical 4 3 (75.0) 1(25.0° 4 2 (50.0)°

doi:10.1371/journal.pone.0091483.t002

region. Overall, in DEM-treated oocytes, the level of cyclin B1 was
increased and the protein was uniformly distributed in the
cytoplasm. Consequently, MPF activity remained high in oocytes
following DEM-assisted enucleation.

The efficiency of DEM-assisted enucleation was significantly
higher than that of mechanical enucleation. DEM-assisted
enucleation is an attractive method because it induces formation
of a membrane protrusion containing a mass of condensed
chromosomes. This facilitates removal of maternal chromosomes
and produces a competent cytoplast for SCNT. Mechanical
enucleation is laborious and technically challenging because it is
difficult to locate the meiotic spindle in the oocyte cytoplasm.
Therefore, oocytes must often be stained with Hoechst 33342 to
label DNA and exposed to harmful UV irradiation [40-42]. The
pre-implantation development of embryos generated using DEM-
assisted enucleation was better than that of embryos generated
using mechanical enucleation, and this difference may be owing to
the removal of less ooplasm in the former technique. The
developmental competence of oocytes following  vitro maturation
is reportedly related to MPF activity. High MPF activity might
promote cytoplasmic maturation and thereby improve the
developmental competence of oocytes. In the current study, the

Pyalues with different superscripts within the same column are significantly different (P<0.05).

level of MPF in oocytes did not decrease following DEM-assisted
enucleation, in agreement with a previous report [43], whereas it
decreased following mechanical enucleation. The removal of
chromosomes from recipient oocytes might specifically remove
MPF that is bound to chromosomes or the spindle [25]. Cytoplasts
generated via DEM-assisted enucleation and mechanical enucle-
ation markedly differed (data not shown). Whether MPF activity
decreases following enucleation may be species-specific. In mice,
the majority of active MPF is localized at the metaphase plate and
is therefore removed from oocytes by enucleation [44]. This
reduction in MPF activity might explain the variable responses of
donor nuclei to cytoplasm transfer and differences in the
development of the resulting embryos. DEM-assisted enucleation
only minimally decreases the cytoplasmic volume of the oocyte
and does not reduce the level of MPF, and oocytes enucleated
using this method do not need to be stained with Hoechst or
exposed to UV radiation. Other chemicals, including nocodazole,
etoposide, caffeine, and MG132, have been used to induce or
assist oocyte enucleation. Wang et al. [45] used caffeine or MG132
to assist enucleation of goat oocytes, and showed that rates of
enucleation, cell fusion, and blastula formation are similar among
caffeine-, MG132-, and DEMe-assisted enucleation, but are

Figure 6. Piglets produced from oocytes that underwent DEM-assisted enucleation.

doi:10.1371/journal.pone.0091483.g006
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significantly lower for mechanical enucleation. Goat embryos
produced by caffeine-assisted enucleation have a similar develop-
mental potential to those produced by DEM-assisted enucleation,
and similar rates of pregnancy and live births are obtained with
each method. However, there are no reports of piglets being
generated using caffeine-assisted enucleation.

In the current study, the developmental potential of embryos
was examined. The proportions of embryos that developed to the
2—4-cell and blastocyst stages did not significantly differ between
oocytes that underwent DEM-assisted enucleation and those that
were mechanically enucleated. However, data collected following
the transfer of these embryos into surrogates indicated that DEM
treatment improves the cloning efficiency. Our laboratory has
successfully used DEM-assisted enucleation to produce various
cloned animals, including transgenic pigs expressing red fluores-
cent protein and Wuzhishan minipigs expressing green fluorescent
protein. We can conclude that DEM-assisted enucleation is
superior to mechanical enucleation for the production of cloned
piglets. DEM-assisted and mechanical enucleation of oocytes have
been compared in terms of their efficiencies, and the i vitro and
in vivo development of SCNT embryos in several mammalian
species other than pigs. Kawakami ef al. compared embryos
generated from oocytes that were enucleated by DEM or
nocodazole treatment in terms of their ability to develop into
cloned piglets. The first piglets cloned from iPS cells were recently
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produced in China [5]; however, the cloning efficiency was low.
We suggest that DEM-assisted enucleation can improve the
cloning efficiency.

In conclusion, this study is the first to demonstrate that DEM-
assisted enucleation of oocytes has marked advantages over other
enucleation techniques. In DEM-assisted enucleation, MPF is
retained in the cytoplast and the amount of cyclin Bl in the
nuclear region is decreased. Following DEM-assisted enucleation
of oocytes, cyclin Bl is homogenously distributed in the cytoplasm
and the level of the protein is increased overall, which corresponds
to increased MPF activity. MPF is crucial for the development of
reconstructed embryos and for efficient SCNT. Thus, DEM-
assisted enucleation appears to be the best method to produce
cloned pigs by SCNT.
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