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Birth of Offspring After Transfer of Mongolian
Gerbil (Meriones Unguiculatus) Embryos
Cryopreserved by Vitrification

KEIJI MOCHIDA,! TERUHIKO WAKAYAMA,? KAORU TAKANO,? YOKO NOGUCHI,?
YOSHIE YAMAMOTO,® OSAMU SUZUKI,® JUNICHIRO MATSUDA,® anp ATSUO OGURA*

Bioresource Center, RIKEN, Tsukuba, Japan
ZCenter for Developmental Biology, RIKEN, Kobe, Jepan

3Department of Veterinary Science, National Institute of Infectious Diseases, Tokyo, Japan

ABSTRACT  The Mongolian gerbil (Meriones
unguiculatus) has been used as a laboratory species in
many fields of research, including neurology, oncology,
and parasitology. Although the cryopreservation of
embryos has become a useful means to pretect valua-
ble genetic resources, its application to the Mongolian
gerbil has not yet been reported. In this study, we
investigated the in vitro and in vivo developmental
competence of Mongolian gerbil embryos cryopre-
served by vitrification. In vivo-fertilized embryos were
vitrified on the day of collection using the ethylene
glycol (EG)-based solutions EFS20 and EFS40, which
contained 20% and 40% EG, respectively, in PB1
containing 30% {(wA) Ficoll 70 and 0.5M sucrose,
First, we compared one-step and two-step vitrification
protocols. In the one-step method, the embryos were
directly transferred into the vitrification solution
(EFSA0), whereas in the two-step method, the em-
bryos were exposed serially to EFS20 and EF$40 and
then vitrified. After liquefying (thawing}, late two-cell
embryos (collected on day 3} vitrified by the two-step
method showed significantly better rates of in vitro
development to the morula stage compared to thase
vitrified by the one-step method (65% vs. 5%,
P <0.0001). We then examined whether the same
two-step method could be applied to early two-cell
embryos {(collected on day 2), four-cell embryos {day
4), morulae (day 5}, and blastocysts (day 6). After
liquefying, 87%—100% of the embryos were morpho-
logically normal in all groups, and 23% and 96%
developed to the compacted morula stage from early
two- and four-cell embryos, respectively. After transfer
into recipient females, 3% (4/123), 1% (1/102}, 5%
(4/73), and 10% (15/155) developed to fuli-term
offspring from vitrified and liguefied early two-cell
embryos, late two-cell embryos, morulae, and blas-
tocysts, respectively. This demonstrates that Mongo-
lian gerbil embryos can be safely cryopreserved using
EG-based vitrification solutions, Mol. Reprod. Dev.
70: 464-470, 2005. © 2005 wiley-Liss, Inc.

© 2005 WILEY-LISS, INC.

Key Words: cryopreservation; ethylene glycol; em-
bryo transfer

INTRODUCTION

The Mongolian gerbil (Meriones unguiculatus), also
called the “laboratory gerbil”, is a myomorphrodent that
is native to China and Mongolia. It has heen widely used
as alaboratory animal in biomedical research, including
the study of epilepsy (Jobe et al,, 1991), tumor (Meckley
and Zwicker, 1979), hyperchaolesterolemia (Dictenberg
et al., 1995), and cerebral ischemia (Levine and Payan,
1966). This species has also been used to develop good
animal models for a variety of infectious diseases caused
by bacteria, viruses, and parasites; for example, Helico-
bacter pylori (Yokota et al., 1991; Sugiyama et al., 1998},
Borna disease virus (Nakamura et al., 1999), Echino-
coceus multilocularis (Williams and Oriol, 1976), Cryp-
tospordium muris (Koudela et al, 1998), Brugia-
pahangi (Klei et al., 1981), Giardia duodenalis (Buret
et al.,, 1991), and Entamoeba histolytica (Chadee and
Meerovitch, 1984). Although gerbils were randomly
bred in closed laboratory colonies for the first decades of
their use, selective breeding has recently been con-
ducted to establish laboratory strains that are suited for
each research purpoese. The best-characterized strains
include seizure-sensitive and -resistant strains (Loskota
et al., 1974; Robbins, 1976; Seto-Ohshima et al., 1997)
and mutant strains with different coat colors (Robinson,
1973; Shimizu et al., 1990).
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CRYOPRESERVATION OF GERBIL EMBRYOS

For many domestic and laboratory species, assisted
reproductive technologies have been developed to
enhance live anima) production and safe cryopreserva-
tion of genetic materials. However, the major assisted
reproductive technologies—including in vitro fertili-
zation, embryo culture, embryo transfer, and embryo
cryopreservation—have not yet been established for
Mongolian gerhils, This is a major drawback of working
with Mongolian gerbils and it impedes their broad
exploitation in biomedical research. The present study
was undertaken to develop a reliable experimental
protocol for cryopreservation of gerbil embryos. For this
purpese, we employed embryo vitrification methods,
which have been successfully used for mice (Kasaiet al,,
1990), rabbits (Kasai et al., 1992), cattle (Tachikawa
et al, 1993), horses (Hochi et al, 1994), humans
(Mukaida et al., 1998), mastomys (Mochida et al,
2001), and rats (Han et al., 2003). As little information
is available concerning techniques related to embryo
manipulation in gerbils, we also examined whether the
protocols for superovulation and embryo transfer con-
ventionally used for mice and rats could be applied to
gerbils.

MATERIALS AND METHODS
Animals

Mongolian gerbils (Meriones unguiculatus) from
inbred strains MGS/Sea (agouti coat color, Seac Yoshi-
tomi, Ltd., Fukuoka, Japan) and MGB (black coat color,
from the Nippon Medical School, Tokyo, Japan; Shimizu
et al.,, 1990) were maintained under specific-pathogen-
free conditions at the National Institute of Infectious
Diseases, Japan. They were kept under controlled
lighting conditions (light: 05:00-19:00) and provided
with water and commercial laboratory mouse chow ad
libitum. All animals were maintained and handled in
accordance with the guidelines of the National Institute
of Infectious Diseases, Japan. As the results obtained
from different strains of gerbil were not significantly
different, they were combined in this study.

Collection of Embryos

Mature females (7—18 weeks of age) were induced to
superovulate by intraperitoneal injection of 10 IU
pregnant mare’s serum gonadotrophin (PMSG) between
3 and 5 pm, followed by injection of 10 TU human chorio-
nic gonadotrophin (hCG) 4446 hr later. The super-
ovulated females were mated with mature males in
cages with wire net floors. The next morning (designated
day 1 of pregnancy), the presence of a copulation plug
was confirmed. The early two-cell embryos, late two-cell
embryos, four-cell embryos, and morulae were collected
by flushing the oviducts (at 48, 72, 96, 120 hr post-hCG)
with modified phosphate buffered saline (PB1, Whit-
tingham, 1971a); blastocysts were also collected by
flushing the uteri (144 hr post-hCG). The collected
embryos were placed in culture dishes containing drop-
lets of M16 medium (Whittingham, 1971b) covered with
paraffin ¢il and cultured at 37°C under 5% CO; in air
until eryopreservation or embryo transfer.
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Cryopreservation of Embryos

In the first series of experiments, we assessed the
toxicity of different cryoprotectants to optimize the
cryopreservation solution suitable for gerbil embryos.
Freshly collected late two-cell (day 3) embryos were
Immediately suspended in 2M sclutions of ethylene
glycol (EG), glycerol, dimethyl sulfoxide (DMSO), pro-
pylene glycol (PG), or acetamide in PB1 at room
temperature (22°C) for 10 min. After washing by serial
transfers into three drops of PB1 at room temperature,
the rate of in vitro development to the compacted morula
stage was assessed using the culture conditions deserib-
ed above. Preliminary experiments showed that the
morula stage was the most advanced stage to which
fresh two-cell embryos developed under our in vitro
culture conditions. ~

Vitrification was performed according to the methed
developed for mouse embryos by Kasai et al. (1990), with
slight modifications. We prepared two vitrification
solutions, EFS20 and EFS40, which consisted of 20%
and 40% (v/v) EG, respectively, in PB1 sohition contain-
ing 30% (w/v) Ficoll (average molecular weight 70,000),
and 0.5M sucrose. In this study, we employed both one-
and two-step vitrification protocols. For the one-step
method, 13-20 embryos, together with a minimal
amount of culture medium, were directly introduced,
using a fine glass pipette, into approximately 40 pl
EFS40 solution in a 0.25-m] plastic straw held horizon-
tally. The plug ends were sealed with polyvinyl alcohol
powder. After exposure of embryos to the EFS sclution
for 2 min at room temperature, the straw was immersed
in liguid nitrogen. For the two-step method, 13-20 em-
bryos were suspended in EFS20 solution for 2 min at
room temperature. They were then directly transferred
to approximately 40 yl EFS40 solution in a straw, as
described above. After exposure of the emhbryos to EFS40
solution at room temperature for 30 sec, the sealed straw
was immersed in liquid nitrogen.

To liquefy, (thaw; for terminology, see Shaw and
Jones, 2003) the embryos for further evaluation, after
storage in liquid nitrogen for at least 2 days, a straw was
warmed rapidly in 22°C water for about 8 sec. Immedi-
ately after warming, the EFS solution containing the
embryos was expelled from the straw onto a watch glass
using a metal rod. The solution was diluted by addition
0 0.8 m1 PB1 medium containing 0.25M or 0.5M sucrose
(8-PB1) and the embryos were retrieved into fresh S-
PB1 medium. At 5 min after liquefying, the embryos
were transferred to PB1 medium.

Embryo Transfer

Two types of pseudopregnant recipient females were
prepared for embryo transfer: hormone-treated recipi-
ents and nontreated recipients. For the former, females
were pre-treated with hormones for superovulation, as
described above. Only virgin females were used for both
groups. The vasectomized males for induction of pseu-
dopregnancy were prepared at least 4 weeks before
the experiments and infertility was confirmed by the
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absence of sperm in the vagina of females after mating.
Each recipient female was mated with a mature
vasectomized male in a cage with a wire net floor. On
the following morning (designated day 1 of pseudopreg-
nancy}, the females were examined for the presence of a
vaginal plug and used for embryo transfer. Shortly
before embryo transfer, the recipient females were
anesthetized with an intraperitoneal injection of sodium
pentobarbital (57.5 mg/kg).

Statistical Analysis

The results were evaluated using Fisher’s exact
probability test. Values of P less than 0.05 were
considered statistically significant.

RESULTS

Effects of Cryoprotectants on the Development
of Gerbil Embryos

Gerbil embryos were exposed to one of five different
cryoprotectants and their subsequent development was
assessed. As shown in Figure 1, embryos exposed to EG
and PG showed rates of development to the compacted
morula stage similar to these of nonexposed control em-
bryos (P > 0.05). In contrast, those exposed to glycerol or
acetamide had sipnificantly decreased developmental
competence (Fig. 1). Exposure to DMSO had an inter-
mediate effect on embryo development. Therefore, we
selected EG-hased solutions for use in our cryopreserva-
tion experiments for gerbil embryos, ashasbeen done for
mouse embryos (Kasai et al., 1990).

Comparison of One- and Two-step Methods

Late two-cell (day 3) gerbil embryos that had been
vitrified using the one- or two-step methods were liquefi-
ed and examined for subsequent development in vitro.
More embryos developed to the compacted morula stage
in vitro when they had been vitrified by the two-step
method using EFS20 and EFS40, and liquefied in 0.25M
sucrose solution (36/55, 69%) as compared to the other
vitrification and liquefying procedures (Fig. 2). Only 5%
of embryos (2/43) developed to the morula stage after the
one-step vitrification method using EFS40 alone (Fig. 2).

Survivpl rate (%)

200

no

Ethylene
giveat

Glycerel  DMSO  Popylne Accramide  None

ghyeot

Fig. 1. Survival oflate two-cell (day 3} gerbil embryos after exposure
to cryoprotectants in PB1 for 10 min at 22°C. The numbers on the bars
indicate surviving embryos per exposed embryos. The values with
different letters (a, b, and c) are statistically different (P < 0.05).

In light of these results, we employed the two-step
method for the subsequent vitrification experiments.

Effect of the Stage of Development Upon
Cryopreservation on Subsequent
In Vitro Embryo Development

Using the two-step method described above, we
vitrified embryos at different stages of development and
later liquefied and examined them to determine their
survival and subsequent development in vitro and in
vivo. When recovered into normal culture medium, most
embryos (>>87%) appeared to be morphologically normal,
regardless of the stage at which the embryos were
vitrified (Table 1). When cultured in vitro, embryos
vitrified at the late two-cell (day 3) and four-cell (day 4)
stages showed in vitro development comparable to that of
nonvitrified control embryos at the same stage (Table 1).
When embryos were vitrified at the early two-cell stage
{day 2), in vitro developmental competence was signifi-
cantly lower than that of controls (Table 1).

Development of Vitrified Gerbil Embryos
After Embryo Transfer

We found that hormonal treatment of the recipient
females made the efficiency of mating with males more
consistent compared with natural mating, which oceurs
at random. However, as hormonal treatment may
compromise the oviductal and uterine environments
for transferred embryos, we first assessed whether
hormonally treated recipient females conceived after
embryo transfer. Early two-cell embryos (day 2) and
blastocysts (day 6) transferred ints the recipient
oviducts and uteri, respectively, developed to term,
regardless of whether the recipient females had been
treated with hormones (Table 2). For further embryo
transfer experiments, therefore, we used recipient
females prepared by natural mating without hormone
treatment, to optimize the conditions for efficient
embryo transfer.

Early two-cell embryos (day 2), late two-cell embryos
(day 3), morulae (day 5), and blastocysts (day 6) were
vitrified using the two-step method, liquefied, and
assessed for their developmental competence after
transfer into recipient females. Four-cell embryos (day
4) were not transferred because day 3 oviduct (ampullar)
is not an appropriate transfer site in gerbils owing to the
distance from the position of the native oocytes, which at
this stage have descended to a point near the uterine—
oviductal junction.

Although the rates of development to full-term off-
spring were not high, normal pups were born from

- embryos vitrified at all stages, indicating that at least a

portion of the embryos were completely viable and
competent after vitrification and liquefying (Table 3;
Fig. 3). The implantation rates were also low (Table 3},
indicating that most embryos died before implantation,
or simply failed to attach to the uterine epithelium. The
weaning rates varied according to the experiment, but
all of weaned pups developed into adults with normal
appearance, to the extent examined.
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Fig. 2. In vitro development of late two-cell (day 3) gerbil embryos vitrified in EFS solution by the one-
step or two-step method. Numbers indicate surviving embryos per cultured embryos. *P < 0.05, **P < 0.01,
***P < 0.005, and ****P < 0,001, as compared with the nonvitrified control at the same stage. **P < 0.001,

b¢P < 0.005, and *°P < 0.0001,

DISCUSSION

The present study clearly demonstrated that Mon-
golian gerbil embryos could survive freezing and lique-
fying procedures at high rates and that some of them
develop into normal full-term offspring. We employed a
vitrification method using EG-based cryoprotectant
solutions. Embryo cryopreservation by vitrification
was first developed by Rall and Fahy (1985) for mouse
embryos. It has potential advantages over conventional
slow-freezing methods because of its very rapid cooling
time and minimal cell injury caused by extracellular
crystallization (Rall, 1987). However, the original
vitrification solution consisted of four cryoprotectants,

including acetamide, which is known to be very toxic to
embryos; therefore, its application eventually was
limited to embryos of certain strains of mice. Later, this
complication was overcome by development of less toxic
vitrification solutions using EG or glycerol (Kasai et al.,
1990; Zhu et al., 1994; Rall et al.,, 2000). The use of EG
also increased the flexibility of the conditions for
vitrification protocols (e.g., exposure time to cryoprotec-
tant) and thus increased the reproducibility of the vitri-
fication experiments (Kuleshova et al., 1999; Nowshari
and Brem, 2001). In this study, we confirmed the low
toxicity of EG for gerbil embryes, but glycerol showed
moderate toxic effects for gerbil embryos. To date,
suceessful vitrification using EG has been reported for

TABLE 1. In Vitro Development of Gerbil Embryos After Vitrification by the Two-Step Method
With EFS20 and EFS40

No. (%) of embryos

Morphologically Developed to

Stage of embryos (day)  Treatment Vitrified Recovered normal Cultured morula
Early two-cell (2) Vitrified 40 39 (98) 39 (100) 39 9 (23)*

Control — —_ —_ 36 31 (86)*
Late two-cell (3) Vitrified 176 169 (96) 147 (8T) 55 38 169)

Control — — — 49 39 (80)
Four-cell (4) Vitrified 54 50 (93) 50 (100) 50 48 (96)

Control — — — 60 51 (85)
Morula (5) Vitrified 94 92 (98) 87 (95) - —
Blastocyst (6} Vitrified 50 46 (92) 46 (100) _ —
*P < 0.001.
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TABLE 2. In Vivo Development of Gerbil Embryos Transferred Into Pseudopregnant Recipients With or Without
Treatment for Induction of Sterile Mating

No. (%)
No. (%) of )

Stage of Treatment before recipients that No. of embryos Live offspring  Offspring
embryos (day) sterile mating became pregnant transferred Implanted delivered weaned
Early two-cell (2)  No treatment 3/7 (43 80 12 (15) 91D 4(5)

Hormone treatment 4/8 (50) 124 23 (19) 10 (8) 7(8)
Blastocyst (6) No treatment 5/5 (100) 77 40 (52) 37 (48)* 31 (400"

Hormone treatment 5/7(71) 111 34 (31) 20 18)* 15 (14

Early two-cell and blastocyst were transferred into the oviducts (day 1) and uteri (day 5) of recipient females, respectively,

*P < 0.001.

many mammalian species (see Introduction). In mice, its
applicability for embryos at each developmental stage
has been assessed in detail (Miyake et al., 1993).

As vitrification sclutions contain very high concentra-
tions of cryoprotectants and sucrose to circumvent
intracellular ice formation, the embryos are exposed to
extremely high osmolality before they are vitrified. It
had been reported that this osmotic shock may compro-
mise the viability of the embryos, but can be reduced by
the step-wise exposure of embryos to solutions with
increasing osmolalities. We found that this was also the
case with gerbil embryos. When late two-cell gerbil
embryos were vitrified using the two-step methed with
EFS20 and EFS40, their developmental competence
was significantly improved; as many as 65% of the frozen
and liquefied embryos reached the morulastage in vitro.
The osmolalities of EFS20 and EFS40 were about
4.5 Osmol/kg and 9 Osmol/kg, respectively, as measured
by an automated osmometer. In mice, we found that
better survival rates could be achieved for embryos from
certain strains (e.g., DBA/2, ddY) using the two-step
method, as compared to a one-step method with EFS30.
Thus far, mouse embryos from 248 strains, including
genetically modified mice, have been safely cryopre-
served using the two-step method and their viability
confirmed by full-term development after liquefying and
embryo transfer (unpublished).

In the last series of experiments, we assessed the
viability and competence of vitrified gerbil embryos by
transfer into recipient females. Because there have been
very few studies on embryo transfer in gerbils, the best
combinations of the embryo stage and the day of pseu-
dopregnancy of the recipient females are not known. In
preliminary experiments, late two-cell (day 3) embryos
did not survive when transferred into 1-day pseudo-
pregnant oviducts. In this study, therefore, the recipient
females were implanted with embryos 1 day older than
the female’s pseudopregnancy. The oviducts and uteri of
gerbils accepted embryos at different stages of develop-
ment as long as a 1-day difference existed between the
recipients and embryos. Embryos at every developmen-
tal stage developed into normal offspring, regardless of
whether the embryos had been vitrified. However, the
rates of normal birth per transfer were very low, being
less than 10% in most cases. We also found that the
implantation rates of both vitrified and fresh embryos
were low, except in the case of fresh 6-day embryos.
This indicates that embryo transfer techniques for
gerbils can still be improved, probably by optimizing
the transfer timing. The in vitro culture medium for
gerbil embryos should also be improved, because no two-
cell or four-cell embryos reached the blastocyst stage in
M16 medium, which was originally developed for mouse
embryos. We have previously reported that embryos of

TABLE 3. In Vive Development of Vitrified Gerbil Embryos After Transferred Into Pseudopregnant Females

Recipient female No. (%) of
No. (%) that

Stage of Stage Transfer became No. of embryos Live offspring Offspring
embryos (day) (day) site pregnant transferred Implanted delivered weaned
Early two-cell (2) 1 Oviduet 2/8 (25) 123 6 (5)* 4 (3)** 2 (2)**
Late two-cell (3) 2 Oviduct 6 (1D 102 6 (6)* 1(1)* 1(1)**
Morula (5} 4 Uterus 2/6 (33 73 9 (12} 4 (5) 2D
Blastocyst (6} 5 Uterus 3/10 (33) 155 30 (19)* 15 (10)%-** 13 (8)**
Blastocyst (6) 5 Uterus 317 (43) 110 25 (23) 17 (15) 15 (14)

Embryos were transferred into recipient females on the day of thawing.

*Without hormone treatment (natural cycle}.
*P < 0,005,
**P < 0,05,
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Fig. 3. Gerbil pups born after transfer of vitrified blastocysts (black).
They looked normal and showed active movement.

mastomys, a laboratory rodent native to Africa, devel-
oped into blastocysts in glutamine-containing medium,
but not in a medium lacking glutamine (Ogura et al.,
1997). Future experiments should examine whether this
is also the case with gerbil embryos.

No conventional methods yet exist for embryo transfer
in the Mongolian gerbil, in part because, unlike other
rodents such as mice and rats, induction of pseudopreg-
nancy in female gerbils is difficult due to the unique
character of the reproductive biology of this species.
First, females and males caged together after reaching
sexual maturity often show very aggressive behavior
because of their monogamous nature. It has been
reported that the incidence of fighting and mortality
can be decreased to some extent by combining an elder
male and a virgin female (Norris and Adams, 1972). We
employed this combination for our embryo transfer
experiments. Second, unlike in mice and rats, it is
difficult to identify the estrous cyele in gerbils by vaginal
smears due to their irregular patterns. The estrous cycle
of the Mongolian gerbil generally lasts for 4 to 7 days,
varying by individual animal (Marston and Chang,
1965). In a preliminary experiment, we examined whe-
ther the cycle could be synchronized by the hormone
treatment used for superovulation. On the day follow-
ing hCG administration and mating, 61% (n=41) of
females had a copulation plug. As these hormone-
treated females were proven to conceive after embryo
transfer, we conventionally employed this method to
conduct transfer experiments using vitrified embryos.
Successful embryo transfer in Mongolian gerbils was
first reported by Norris and Rall (1983), who used lactat-
ing pregnant females as recipients after ligating their
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single oviduct during early pregnancy, This method
gave excellent results by exploiting lactation-induced
delayed implantation for embryo transfer,

In conclusion, Mongolian gerbil embryos can be
cryopreserved safely using a two-step vitrification
method with EG-based cryoprotectant seolutions. The
offspring derived from vitrified embryos appeared
normal and grew into fertile adults. This strategy will
enable efficient maintenance of gerbil breeding colonies
and avoid microbiological and genetic contamination
that may occur during natural breeding.
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The Sall3 locus is an epigenetic hotspot of aberrant DNA
methylation associated with placentomegaly of cloned mice
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DNA methylation controls various developmental processes by silencing, switching and stabilizing
genes as well as remodeling chromatin. Among various symptoms in cloned animals, placental
hypertrophy is commonly observed. We identified the Spal-like gene3 (Sall3) locus as a hypermethyl-
ated region in the placental genome of cloned mice. The Sall} locus has a CpG island containing
a tissue-dependent differentially methylated region (T-DMR) specific to the trophoblast cell
lineage. The T-DMR sequence is also conserved in the human genome at the SALLJ locus of
chromosome 18q23, which has been suggested to be involved in the 18q deletion syndrome.
Intriguingly, larger placentas were more heavily methylated at the Sall3 locus in cloned mice.This
epigenetic error was found in all cloned mice examined regardless of sex, mouse strain and the
type of donor cells. In contrast, the placentas of in ritro fertilized (IVF) and intracytoplasmic
sperm injected (ICSI) mice did not show such hypermethylation, suggesting that aberrant
hypermethylation at the Sall3 locns is associated with abnormal placental development caused by
nuclear transfer of somatic cells. We concluded that the Sall3 locus is the area with frequent
epigenetic errors in cloned mice. These data suggest that there exists at least genetic locus that is
highly susceptible to epigenetic error caused by nuclear transfer.

Introduction

Most cells of higher eukaryotes differentiate without
changing DNA sequence. Cells differentiate into specific
types by activation and inactivation of particular sets of
genes. DNA methylation is involved in various biological
phenomena Bird 2002; L1 2002} such as cell differenti-
ation (Takizawa et al, 2001), X chromosome inactivation
(Norris et al. 1991), genomic imprinting (Stoger ef al.
1993}, heterochromatin formation (Jones ef al. 1998) and
numorgenesis (Issa ef al. 1994).

Mammalian cloning using adult somatic cells has been
successful in several species (Renard ef al. 2002; Wilmut
et al. 2002). Cloned offspring develop a variety of abnor-
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mal phenotypes such as increased body weight (large
fetus syndrome), pulmonary hypertension, placental
overgrowth, respiratory problenis and early death (Lanza
et al. 2000: Hill ef af. 2000; Tamashiro et al. 2000;
Tanaka ef al. 2001; Ogonuki et al. 2002). This suggests
a disruption of the normal developmental program. On
this basis we expected and have identified several aber-
rantly methylated loci in the dssues of full-term cloned
fetuses (Ohgane et al. 2001). Interestingly, each cloned
animal has a different DNA methylation pattern and
the extent of hyper- or hypo-methylation varies among
the individuals. Cloned embryos at blastocyst or earlier
developmental stages were reported to have unusual
DNA methylation patterns at both repetitive and single
copy gene regions (Santos ef al. 2002; Bourc'his ¢t al. 2001;
Kang et al. 2001, 2002). Cloned fetuses of later develop-
mental stages also showed aberrant DNA methylation at
loci of imprinted and X-chromosomal genes compared
with control fetuses (Humpherys et al. 2001; Xue ef al.
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Figure 1 Aberrant DNA hypermethylation at the Sali3 lucus in placentas of cloned mice. (A} The genomic structure of the Sall3 locus
with the position of the probe and expected bands in Southern blotting. The Sufl3 locus is at the telomeric E3 subregion of chromosome
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2002). These findings suggest that cloned animals pro-
duced by somatic nuclear transfer have different methyl-
ation patterns from normal animals. At present, however,
it remains to be seen whether aberrant DNA methyla-
tion at certain loci is related to the phenotypes specific
to cloned animals.

Overgrowth of the placenta is one of the commonly
observed symptoms in all cloned niice regardless of the
sex and strain of animal and the type of donor cell
(Wakayama & Yanagimachi 2001; Ogura et al. 2000a).
Abnormal gene expression has been detected in term
placentas of cloned mice (Humpherys et al. 2002; Suernizu
¢t al. 2003), Thus, there may be genomic loci associated
with the abnormal placental development in cloned
mice. By using restriction landmark genomic scanning
{(RLGS) method, we have previously investigated genome-
wide DNA methylation of CpG islands in mouse
embryonic stem (ES) cells, embryonic germ (EG) cells
and trophoblast stem (TS) cells before and after differen-
tation (Shiota et al. 2002). We have also investigated
CpG islands of terminally differentiated germ cells and
several somatic tissues using the same technique. There
are many CpG islands with tissue-dependent differen-
tially methylated regions (T-DMRs) (Imamura ef al.
2001: Shiota et al. 2002}, Here, we report that a T-DMR.
within the Sall3 locus at the telomeric E3 subregion of
mouse chromosome 18 is hypermethylated in the placentas
of all cloned mice examined.

Results

Hypermethylation of the Sall3 locus in placentas
of cloned mice

Based on our previous studies, we prepared a TDMR
panel consisting of 247 loci detected by RLGS, one of

Aberrant DNA hypermethylation in cloned mice

which, locus #1483, was methylated only in TS cells
(Shiota et al. 2002). Intriguingly, locus #148 was matched
to one of the aberrantly methylated loci in the placenta
of cloned mice reported in the previous paper (spot 8 in
Ohgane et al. 2001). It is also mapped to the Sall3 locus
at the telomeric E3 subregion of mouse chromosome 18
(Fig- 1A).

We first used fetuses cloned with adult cumulus cells of
B6D2F1 mice (Fig. 1B). The degree of methylation at the
Sall3 locus was 54 £ 7% in the naturally mated controls
{NM) as deduced from the previous report (Ohgane et al.
2001; Shiota et al. 2002). Placentas of all 10 cloned fetuses,
with the exceptions of #2 and #8, showed over 60%
methylation (average 68  8%). Clone #15 showed the
highest DNA methylation (84%). These facts indicated
that the Sal!3 locus is commonly hypermethylated in
these clones. In other words, cloning by somatic cell nuclear
transfer may consistently result in the epigenetic error at
this specific Jocus of the placental genome.

Mouse placenta consises of junctional and labyrinth
zones (Cross ef al. 1994). Morphological examination of
placentas revealed that an cxpanded spongiotrophoblast
layer in the junctional zone is the major cause of placen-
tomegaly in cloned mice (Tanaka ef . 2001). DNA
methylation of the Sall3 locus was not different between
the labyrinth and junctional zones (52% and 50%,
respectively) (Fig. 1B).This implies that the hypermeth-
ylation of the Sall3 locus is not the result of change in the
proportion of certain trophoblast subtypes in the placen-
tas of cloned mice.

Methylation status of the Sall3 locus in placentas
of cloned mice with various donor cells

Since placentomegaly is observed regardless of the
types of donor cell, we next investigated whether DNA

are depicted as unmethylated (U, 350 bp) or methylated (M, 910 bp). N, No/I B, Dstl. (B) Aberrant hypermethylation of the $all3 locus
in placentas of feruses cloned with female cumulus cells of BGD2F1 mice. The methylation status of placentas of cloned fetuses (n = 10}
was compared with that of placentas of control B6D2F] fetuses produced by natural mating of C57BL/6 and DBA2 mice (NM, n = 4).
The value (%) under each lane denotes the methylation rate of the Nod site (M/M +U).The difference in methylation rate was statistically
significant between the cloned and control mice (68 + 8% and 54 £ 7%, respectively, P < 0.01). A NM placenta of BED2F]1 mouse was
dissected into the labyrinth zone {La) and the junctional zone (Ju).and their methylation starus at the Sall3 locus was analysed. The
placental labyrinth zone and the junctional zone were methylated at alinost the same rutes (52% and 50%, respectively). (C) Aberrant
hypermethylation of the Salf3 locus in the placentas of fetuses cloned with fibroblast cells. #18, one BED2F1 female cloned with 2 foetal
fibroblast. #19, one (B6 % JF1)F1 muale cloned with a foetal ibroblast. #20, one (B6 x JF1)F1 female cloned with a tail tip fibroblast, Two
controls are fetuses obtained by IVF of C57BL/B6 and JF1 mice. (D) The methylation states of the Netl site in control placentas of
B6D2F1 fetuses produced by ICST and IVE Five placentas each of ICSI fetuses and TVF fetuses were subjected to Southern blorting under the
sane conditions as in Fig. 1B. (E) The methyhtion degree of the Norl site evaluated by real ime genomic PCR.The methylation levels cvaluated
by Southern bloting in Fig. 1B.D were confirmed by real time PCR using three of the placentas of cloned (closed circle) and control
fetuses {open cirele). For the controls (INM, IVF and ICSI), average methylation degrees of three placentas are shown. (F) Correlation between
placental weight and methylation mte of 10 BSD2F1 fetuses cloned with cumulus cells. The placental weight and methylation mte of each
cloned mouse are plotted. The methylation rate and placental weight show a pesitive correlation (coefficient r-value of 0.61, P < Q.1).
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hypermethylation at the Safl3 locus occurs in the placenta
of mice cloned with other types of cells (Fig. 1C). In
the placenta of a female-fibroblast clone (#18, B6D2F1),
the locus was hypermethylated compared with NM
controls (72% vs. 54%). Similarly, in B6xJF1)F1 mice,
the placentas of a male-fibloblast clone (#19) and a
female-fibroblast clone (#20) showed hypermethylation
compared with controls (65%, 58% vs. 45% and 43%.
respectively). Thus, the Sall3 locus is hypermethylated
regardless of the genetic background, sex and type of the
nuclear donor cells.

Qocyte manipulation and i vitro culture do not
affect the methylation status of the Sall3 locus

To control for the possibility that the in vitro culture of
oocytes and embryos by themselves may trigger abnor-
mal DNA methylation at gene loci (Doherty et al. 2000),
we examined the methylation status of the placentas of
fetuses produced by ICSI and IVE We found that the
degrees of methylation of the Sail3 locus in placentas of
ICSIand IVF fetuses were 53 & 4% and 52 £ 6%, respect-
ively (Fig. 1D). Thus, the placentas of mice produced
after int vitro manipulation were not significantly different
from those of NM controls as far as the methylation
status of the Sall3 locus is concerned.

The extent of DNA methylation was confirmed by
quantitative genomic PCR (Fig. 1E). The placental
genome of the NM, IVF and ICSI controls showed 56,
54, and 58% methylation, respectively, at the Notl site of
the Safl3 locus. Similarly, clone #4, which showed mod-
erate hypermethylation by Southern bloting was 59%
methylated. In contrast, clones #3 and #6 showed
hypermethylation (69%) compared with the NM, IVF
and ICSI controls.

DNA methylation level of the Sall3 locus correlates
with placental weight in cloned mice

To evalnate the relationship between methylation
aberration and placental phenotype, methylaton rate
and placental weight of each cloned placenta are plotted
in Fig. 1(F). There was a positive correlation between
the extent of hypermethylation of the Sall3 locus and
placental weight in cloned mice {r = 0.61, P < 0.1).

Methylation status of CpGs within the Sall3 T-DMR

We analysed the methylation status of the Sall3 locus
in ES and TS cells by bisulfite sequencing to determine
the size of the Sali3 T"DMR. The T-DMR was 904 bp
in length and located in a region just 5” of the Norl site

256 Genesto Cells (2004) 9, 253-260
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extending to 3" region that is highly homologous with
human (Fig. 2A). The T-DMR containing 31 CpGs
was hypermethylated in TS cells compared with ES
cells, as previously reported (Shiota et al. 2002). Bisulfite
sequencing analysis of the Sall3T-DMR revealed hyper-
methylation in the placenta of cloned mouse (#15)
throughout the TTDMR (Fig. 2B). Comparison between
the human and mouse SALL3/8all3 locus showed the
sequence homology in T-DMR as well as promoter and
exon 1 (Fig. 2C). Although the methylation status of the
Notl site was about 50% in the control placentas (Fig. 1B),
the methylation pattern of the whole T-DMR was unlike
the pattern of typical imprinted genes. In imprinted genes,
differentally methylated regions would show about 50%
methylation within whole regions.

Methylation status of the Sall3 locus in the brain and
liver of cloned fetuses at term

The Sall3 gene was suggested to play important physio-
logical roles in various tissues (Ott ef 2. 1996). To address
the question whether the epigenctic error at the Sall3
locus of cloned mice may occur in other tssues, we
investigated the methylation status of the Sall3 locus in
the brain and liver of cloned fetuses at term by Southern
blotting (Fig. 3). The Sall3 locus was not methylated in
the brain and liver in the contro! as reported previously
(Shiota et al, 2002). The Sall3 T-DMR was hypomethyl-
ated in these tissues of the clones as in the control,
although the liver of clones was slightly methylated.
‘This shows that the Sali3 locus is methylated specifically
in the placenta, perhaps in the trophoblast cell lineage,
as previously reported (Ohgane ef al. 2001; Shiota et al.
2002) and that the aberrant hypermethyladon occurs
uniquely in the placenta of cloned mice.

Discussion

Sall3 mRINA was barely expressed in TS cells and did
not show dramatic change after differentiation (data
not shown), The mouse Safl3 T-DMR covers the region
highly homologous to human genomic sequence in
equivalent locadon (Fig. 2B,C), suggesting that this
region has important functions in both species. Human
chromosome 18q is one of the regions which are lost
frequently in cancer cells, and its loss is often related to
abnormal genome-wide hypomethylation (Schulz ef al.
2002). The human 18g23 region containing the SALL3
locus is likely to be responsible for the 18q deletion
syndrome (OMIM #605079 and 601808) (Kohlhase
ef al. 1999). This region includes the MBP, GALR ! and
NFATC genes which could be responsible for several

©: Blackwell Publishing Limited



Figure 2 DNA methylidon status of T
DMR. at the Sall3 locus in the placenta of
cloned mouse. (A) Genomic structure of a
5 kb region that includes Sa/l3 exonl, the
CpG island, T-DMR and the mophoblast-
specifically methylated Nerl site. Moving
averages of GC content (jagged line) and
CpG frequency (black bar) are plotted on
the graph. Below the graph are marked
the Sall} exonl (closed box) and the
differentially methylated Norl site. The
CpG island was formulated by an average
GC content greater than 50% and that of
CpG frequency greater than 0.6 (Gardiner-
Garden & Frommer 1987). Both Sqli3
exon 1 and the trophoblast-specifically
methylated Notl site are within the CpG
island. Methylation status around the
differentially methylated Nod site in ES
and TS cells is shown below the genomic
structure of the Salld locus. The CpG sites
analysed by sodium bisulfite sequencing
are shown as open circles at the very top.
Comparison of the methylation status
between ES and TS cells indicated that the
Salf3 T-DMR included the differentially
methylated Notk site and the region highly
homologous with human scquence.
Each line represents one DNA fragment
sequenced. Only methylasted CpGs are
shown as closed circles. (B) Aberrant
hypermethylation throughout the -DMR.
in the placenta of a cloned mouse. There
are 31 CpGs within the Sall3 T-DMR,, and
the CpG sites are shown as open circles at
the very top. The positions of two CpGs
affecting NotI digestion are marked with a
box, and their methylation rates are shown
by percentage. The overall percentage of
methylated CpGs is shown in the right side
(methyl-CpGs/all CpGs). In cloned mouse
#15, aberrant hypermethylation occurred
in the region highly homologous with
human sequence. (C) Genomic sequence
conservation at and around the Sall3
locus in human and mouse. {Left panel)
Comparison of the nucleatide sequences of
the mouse and human Sall3/SALL3 5
region. Within the 5 kb orthologous regions,
nucleotide sequences of a putative promoter
with exonl and T-DMR are conserved.
(Right panel} Gene map of the telomeric
region of mouse and human chromosome
18. The order of genes in this region is
conserved in the mouse and in the human
but in the reversed order.
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Figure 3 Methylation status at the Sall3 locus in the brain and
liver of cloned fetuses. Methylation status of the Notl site in foetal
brain Br) and liver (Li} of cloned and control fetuses were analysed
under the same conditions as in Figure 1. Cloned mouse fetuses
#1 and #2 are from the same B6D2F1 conceptuses analysed in
Figure 1. M and U indicate methylated and wnmethylated bands,
respectively. The Sall3 locus is barely methylated bath in cloned
and control fetuses.

inherited human diseases (OMIM #15%9430, 600377
and 600489) (Fig. 2C}. Among these genes, NFATC is
suggested to play a role in human placenta (Xia et al.
2002). In the case of the Igf2 gene, the differentially
methylated regulatory region is about 90 kb from the
transcription start site (Wolffe 2000). Future study is
necessary to know the role of the DINA methylation of
the Sali3T-DMR in the regulation of MBP, CALR T and
NIATC. Based on the present study, however, it is clear
that the epigenetic abnormality always associates with
cloned mice. Taken together, human and mouse ortho-
logous locus including the SALL3/Sall3 gene may be
a region that is genetically and epigenetically instable.
Carefil examination of epigenetic errors in cloned embryos
and fetuses will be needed before somatic nuclear transfer
technology is applied to human therapeutics including
the production of human embryonic stem cells.

Mouse intcrspecific hybrids have been reported to
show a hypertrophic placental phenotype quite similar to
that of cloned placentas (Zechner et al. 1946). As found
in cloned placentas, these interspecific placentas also
exhibited a wide range of placental weight, enlarged
spongiotrophoblast layer, increased incidence of glycogen
cell differentation and obscure borders at spongiotro-
phoblast and labyrinth layers {Zechner et al. 1996; Tanaka
et al. 2001). Since the methylation rate of the Sali3 T-
DMR correlated with the typical placental phenotype
(placentomegaly) in cloned mice, it will be interesting to
investigate DNA methylation status of the Sall3 locus in
the interspecific hybrid mice.
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The production rate of cloned animals is low, Only 2—
3% or less, of all reconstituted oocytes, develop into live
offspring (Solter 2000; Renard et af. 2002; Wilmut ef af.
2002). Most embryos/fetuses dic during development,
and improper placental development may be, in part,
responsible for this. Establishment of cell- and tissue-
specific DNA methylation is important for normal
embryonic development (Bird 2002: Li 2002; Shiota &
Yanagimachi 2002). Therefore, genomic loct frequently
associated with the epigenetic error have been explored
in the cloned animak. The finding of the Salf3 locus showing
frequent abnormal DNA methylation is crucial. From
the data, we concluded that there is 2 genomic locus highly
susceptible to epigenetic error caused by nuclear transfer.

Experimental procedures
Animals

Placentas, hrains and livers of cloned and control fetuses at 19.5
dpc were collected and analysed for DNA methylation. One term
placenta of naturally muted mouse was mechanically dissected into
the junctional and labyrinth zones after removal of the embryo.
Daonor cells for cloning were adult cumulus cells (Wakayama et al.
1998, adult tail tip fibroblast (Wakayama & Yanagimachi 1999)
and foetal fibroblast (Ogura e al. 2000b). Control fetuses were
obtained by natural mating, in vitro fertilization { Toyoda et al. 1971)
or inteacytoplasmic sperm injection (Kimura & Yanagimachi 1995).
Strains of males and fernales used for the production of fetuses
are described in figure legends.

Database search and RLGS spot cloning

DNA of an RLGS spot showing aberrant methylaton in one
cloned mouse (spot 8 in Ohgane ef ol. 2001) was purified by the
Not] trapper method as described elsewhere (Ohgane ef al. 1998,
2002). The purified DNA was initially ligated into the Notl and
Pstl sives of pBluescripr Il (Stratagene, CA). The inserted frag-
ments were amplified by PCR with the M4-RV primer set and
cloned into the pGEM-T vector (Promega, WI). Cloned DNA
was sequenced by using a Shimadzu autosequencer system
(Shimadzu, Kyoto, Japan) following the manufacturer’s instruc-
tions. The nucleotide sequence obtained from spot DNA cloning
was compared with NCBI (auep:#/www.ncbinlm nik.gov) and
Ensemnble (hetp:/#/www.ensembl.org) mouse and human genome
sequence databases by the Brast search program. Human genes on
chromosome 18 responsible for inherited diseases were ascertained
by scarching the OMIM database (http://www.ncbi.nhn.nih.gov/
entrez/queryfegizdb = OMIM).

Southern blotting

Genomic DNAs (5 pg cach) from cloned and control mouse
tissues {placenta, brain and liver) were double-digested with Notrl
and Pgt1, and separated on a 1.4% agarose gel followed by blotting
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on to nylon membrane. A probe specific to spot 3 {the Sall3 locus)
sequence was libelled with a DIG-dUTP using a random primer
labelling kit {Roche Diagnostics, Mannheim, Germany). Hybrid-
ization and washing were performed under stringent conditions as
described elsewhere {Hirosawa et al. 1994). Signals were detected
with a DIG luminescent nucleotide detection kit (Roche
Diagnostics) containing alkaline phosphatase (AP)-conjugated
anti-DIG antibody and AP substrate, and visualized on X-ray filn
(Fuji Film, Tokyo, Japan).

Statistical analysis

The intensities of the methylated and unmethylated bands were
measured by NIH image software provided by the National
Institutes of Health {fip:#/rsbweb.nih.gov/pub/nih-umage/nih-
image161_fat.hqx). Methylation rate of the NotI site of the Sall3
locus was calculated by the formula: (intensity of methylated band)/
(intensity of methylated hand) + (intensity of unmethylated band)
and presented by mean % standard deviation, The difference in
methylation rate between cloned and control mice was evaluated
by the independent Student’s -test. The relationship between pla-
cental weight and the Sall3 methylation rate of cloned placentas
was tested with Pearson’s correlation coefficient, and its P-value
was evaluated from the coefficient r-value.

Bisulfite sequencing

Bisulfite sequencing was performed following previously reported
procedure (Imamura et al, 2001), In brief, 5 g each of EcwRI-
digested genomic DNA were modified with sodium metabi-
sulfite, and one-tenth of each modificd DNA was amplified with
AmpliTaq Gold (Perkin Eliner. Norwalk, CT, USA) and the
following primer sets: BisF1, 5-CGGAAGTAAATGTTTTTT-
GGTT-¥; BiR 1, 5-AACTAACTAAAAAAACTCTATATC-Y,
BisF2, 5 .GTTAGGGTTTTTTTAGGGTATTAGT-3
BisR2, 5-CCCTAATCTACCCAACATATACAAA-Y, BisF3,
5 -GATTAAATGAATGGATTTATTTITTGT-3" and BisR3,
5 ATTAACTATCTAAAATTTTCAACAC-Y. Amplified frag-
ments were cloned into pGEM-T vector (Promega), and 10 oz 12
independent clones for each primer set were sequenced to deter-
mine methylation status,

Real time PCR

Real time genomic PCR was performed using the ABI PRISM
7900 HT Sequence Detection System {Applied Biosystems, CA}
following the manufacturers instructions. Placental genomic
DINAs (30 ng), with or without NotI-digestion (methylated DNA
or total DNA, respectively) were analysed by real time PCR using
F5 (5-TACCAGCACGGAGGCCGAGGA-3") and R3 (5'-
GATCATAAAAAGTTGGCTTTTAAGG-3") printer pair flank-
ing the differentially methylated Nosl site. TagMan Rodent
GAPDH Control Reagent (Applied Biosystems) was used for
pormalization of the template DNA amount. Mcthylation degree
of the Notl site was calculated by the formula: (quantity of methyt-
ated DNA)/(quantity of total DNA).

© Blackwell Publishing Limired

Aberrant DNA hypermethylation in cloned mice

Acknowledgements

We thank Dr Steven Ward for reading the original manuscript and
valuable suggestions and Dr Jody Haigh for helpful comments. We
also thank Ms. Naoko Sato, Mr Masahiro Kujiraoka, Mr Tetsuya
Abe and Mr Stephen Black for their help. This work was sup-
ported by the Program for Promotion of Basic Research Activities
for Innovative Biosciences and the Grant-in-aid for Scientific
Reesearch, Ministry of Education, Culture, Sports, Science and
Technology, Japan (11794010} (K.S.}, the Harold Castle Founda-
tion and the Victoria and Geist Foundation (R.Y.}.

References

Bird, A. {2002) DNA methylation patterns and epigenetic
memory. Genes Der. 16, 6-21.

Bourc'his, D., Le Bourhis, D, Patin, D., e al. (2001) Delayed and
incomplete reprogramming of chromosome methylation
patterns in bovine cloned embryos. Curr. Biol. 11, 15421545,

Cross, J.C., Werb, Z. & Fisher, 5J. (1994) Implantation and the
placenta: key pieces of the development puzzle. Science 266,
1508-1518.

Doherty, A.S., Mann, M.R.W., Tremblay, K.D., Bartolomei, M.5.
& Schultz, R.M. (2000) Differential effect of culture on
imprinted H19 expression in the preimplantation mouse
embryo. Biol. Reprod. 62, 15261535,

Cardiner-Garden, M. & Fronuner, M. (1987) CpG islands in
vertebrate genomes. J. Mol. Biol. 196, 261-282,

Hill, J.R., Burghardt, R.C., Jones, K., ef al. (2000) Evidence for
placental abnormality as the major cause of mortality in first-
trimester somatic cell cloned bovine fetuses. Biol. Reprod. 63,
1787-1794.

Hirosawa, M., Miura, R., Min. K.S., Hattori, N, Shiow, K. &
Ogawa, T. (1994) A cDNA encoding a new member of the rat
placental lactogen family, PL-I mosaic (PL-Imy). Endocr. J. 41,
387-397.

Humpherys, D., Eggan. K., Akutsu, H., er al. (2001} Epigenetic
instability in ES cells and cloned mice. Sdiener 293, 9597,

Humpherys, D., Eggan, K., Akutsu, H., et ol. (2002) Abnormal
gene expression in cloned mice derived from embryonic stem
cell and cumulus cell nucled. Proc. Natl. Acad. Sdd. USA 99,
12R89-12894.

Imamura, T., Chgane, ], Ito, 5., et al. (2001) CpG islind of mt
sphingosine kinase-1 gene: tissue-dependent DNA methyl-
ation status and multiple alternative first exons, Genontics 76,
117-125.

Issa, J P, Owaviano. Y.L., Celano, P, Hamilton, S.R.., Davidson,
N.E. & Baylin, S.B. (1994) Methylation of the oestrogen recep-
tor CpG island links ageing and neoplasia in human colon.
Natitre Genet. 7, 536540,

Jones, BL., Veenstra, GJ., Wade, PA., ef al. (1998) Methylated
DNA and MeCP2 recruit histone deacetylase to repress tran-
scription. Natwre Genet. 19, 187-191.

Kang, YX.. Koo, DB, Patk. J.S., ef af. (2001) Aberrant methyl-
ation of donor genome in cloned bovine embryos. Nature Genet,
28.173-177.

Genes to Cells (2004) 9, 253-260

55

259



260

) Ohgane et af,

Kang, YK., Park, J.5.. Koo, D.B.. ¢f al. {2002) Limited demethyl-
ation leaves mosaic~type methylition states in cloned bovine
pre-implantation embryos. EMBO J. 21, 1092-1100.

Kirnura, Y. & Yanagimachi, R. (1595) Intracytoplasmic sperm
injection in the mouse. Biol. Reprod. 52, 709-720.

Kohlhase, J., Hausmann, S., Stojmenovic, G., et af. (1999) SALL3,
a new member of the human spalt-like gene family, maps to
18q23. Genomizs 62, 216-222.

Lanza, R.E, Cibelli, ].B.. Blackwell, C., et al. (2000) Extension of
cell life-span and telomere length in animals cloned from
senescent somatic cells. Seience 288, 665—669.

Li, E. (2002) Chromatin modification and epigenetic reprogram-
ming in mamumnalian development. Nature Rev. Cenet. 3, 662—
673,

Norris, D.P, Brockdodf, N. & Rastan, §. {1991) Methylation
status of CpG-rich islands on active and inactive mouse X
chromosomes. Mam. Genome 1, 78=83.

Ogonuki, N,, Inoue, K., Yamamoto, Y., ef al. (2002) Early death
of mice cloned from somatic cells. Nature Genet. 30, 253254,

Ogur, A., Inoue, K., Ogonuki, N., ef of. (20002) Production of
male cloned mice from fresh, cultured, and cryopreserved
immature Sertoli cells. Biol, Reprod. 62, 15791584,

Ogura. A, Inoue, K., Takano, K., Wakayama, T. & Yanagimachi,
R.. (2000b) Birth of mice after nuclear transfer by electrofusion
using tail tip cells. Mol. Repred. Dey. 57, 5559,

Ohgane, J., Aikawa. J., Ogura, A., Hattori, N, Ogawa, T. &
Shiota, K. (1998) Analysis of CpG islands of trophablast giant
cells by restriction landmark genomic scanning. Dev. Gener. 22,
132-140.

Ohgane, J., Hattori, N, Oda, M., Tanaka, S. & Shiota, K. (2002)
Differentiation of trophoblast lineage is associated with DNA
methylation and demethylation. Biechem. Biophys. Res. Com-
mun. 290, 701-706.

Ohgane, J.. Wakayama, T., Kogo. Y., ef af. (2001) DNA methyl-
ation variation in cloned mice. Genesis 30, 45-50.

O, T., Kaestner, K.H., Menaghan, A.P. & Schutz, G. (1996) The
mouse homelog of the region specific homeotic gene spalt of
Drosophila is expressed in the developing nervous system and
in mesoderm-derived structures, Mech. Dev. 56, 117-128,

Renard. J.P, Zhou, Q., LeBourhis, I, e al. {2002} Nuclear trans-
fer technologies: between successes and doubts, Theriegenology
57,203-222,

Santos, E, Hendrich, B., Reik, W. & Dean, W, {2002) Dynamic
reprogramaming of DNA methylation in the early mouse
embryo. Dev. Biol. 241, 172-182.

Schulz, WA., Elo, J.B, Florl, AR., er af. (2002) Genomewide
DNA hypomethylation is associated with alterations on chro-
mosome 8 in prostate carcinoma. Gene Clironosome Cane, 35,
38-65.

Shiota, K., Kogo, Y., Ohgane. J.. et al. (2002) Epigenetic marks by

Genes to Cells (2004) 9, 253-260

56

DNA methylation specific to stem, germ and somatic cells in
nuice. Genes Cells 7, 961-96Y,

Shiota, K. & Yanagimachi, R. (2002) Epigenetics by DNA
methylation for development of normal and cloned animals.
Differentiation 69, 162~166.

Solter, D. (2000) Mammalian cloning: advances and limitations.
Namre Rev. Genet. 1, 199=207.

Stoger, R.., Kubicka, B, Liu. C.G., er al. (1993) Maternal-specific
methylation of the imprinted mouse Igf2r locus identifies the
expressed locus as carrying the imprinting signal. Cell 73, 61-71.

Suemizu, H., Aiba, K., Yoshikawa, T, er al. (2003) Expression
profiling of placentomegaly associated with nuclear transplanta-
tion of mouse ES cells. Dev. Biol. 253, 36-53.

Takizawa, T.. Nakashima, K., Namihira, M., et of, (2001) DNA
methylation is a critical cell-intrinsic determinant of astrocyte
differentiation in the fetal brain. Dew, Cell 1,749-758.

Tamashiro, K.L., Wakayama, T., Blanchard, R.J., Blanchard, D.C.
& Yanagimachi, R, (2000} Postnatal growth and behavioml
development of mice cloned from adult cumulos cells. Brol.
Reprod. 63, 328=334,

Tanaka, 8., Oda, M., Toyoshima, Y., et of. (2001) Placentomegaly
in cloned mouse concepti caused by expansion of the spongi-
otrophoblast layer, Biel, Reprod. 65, 1813-1821.

Toyoda, Y., Yokoyama, M. & Hoshi, T. (1971) Studies on fertil-
ization of mouse eggs in vitro. fpu. Anine. Reprod, 16, 147-151.

Wakayama, T., Perry, A.C.. Zuccotti, M., Johnson, KR. &
Yanagimachi, R.. (1998) Full-term development of mice from
enucleated cocytes injected with cumulus cell nuclei. Nature
394, 369-374.

Wakayama, T. & Yanagimachi, R. {1999) Cloning of male mice
from adult tail-tip cells. Nuture Gener. 22, 127-128.

Wiakayama, T. & Yanagimachi, R. (2001) Mouse cloning with
nucleus donor cells of different age and type. Mol. Reprod. Dev.
58, 376—383.

Wilmut, L, Beanjcan, N., de Sousa, PA., ef al. (2002} Somatic cell
nuclear transfer. Nature 419, 583-3R86.

Wolffe, AP, {2000) Imprinting inswlation. Curr. Biol, 10, R463—
R465,

Xia, Y., Wen, H.Y. & Kellems, R.E. (2002) Angiotensin II inhibits
human trophoblast invasion through AT1 recepror activation. J.
Biol. Chem. 277, 24601-24608,

Kue, E., Tian, X.C,, Du, E, ef al. (2002) Aberrant patterns of X
chromosome inactivation in bovine clones, Numne Genet, 31,
216-220.

Zechner, U, Reule, M., Orth, A, ¢t al. {1996) An X-chromosome
linked locus contributes to abnormal placental development in
mouse interspecific hybrid. Noture Gener. 12, 398-403.

Received: 27 November 2003
Awcepted: 19 December 2003

€ Blackwell Publishing Limited



BIOLOGY OF REPRODUCTION 71, 2022-2028 (2004)
Published onfine before print 18 August 2004,
DOI 10.1095/biolreprod.104.031542

Cytoplasmic Asters Are Required for Progression Past the First Cell Cycle in Cloned

Mouse Embryos'

Hiromi Miki,>* Kimiko Inoue,® Narumi Ogonuki, Keiji Mochida,® Hiroshi Nagashima,® Tadashi Baba,*

and Atsuo Ogura??

RIKEN Bioresource Center,3 Koyadai, Tsukuba, tharaki 305-0074, Japan
Graduate School of Life and Environmental Sciences,* University of Tsukuba, Tsukuba, Ibaraki 305-8572, Japan
Meiji University Graduate School,® Kawasaki, Kanagawa 214-8571, Japan

ABSTRACT

Unlike the oocytes of most other animal species, unfertilized
murine oocytes contain cytoplasmic asters, which act as micro-
tubule-organizing centers following fertilization. This study ex-
amined the role of asters during the first cell cycle of mouse
nuclear transfer (NT) embryos. NT was performed by intracy-
toplasmic injection of cumulus cells. Cytoplasmic asters were
localized by staining with an anti-a-tubulin antibody. Enucle-
ation of MII cocytes caused no significant change in the number
of cytoplasmic asters. The number of asters decreased after
transfer of the donor nuclei into these enucleated oocytes, prob-
ably because some of the asters participated in the formation of
the spindle that anchors the doner chremosemes. The cytoplas-
mic asters became undetectable within 2 h of oocyte activation,
irrespective of the presence or absence of the donor chromo-
somes. After the standard NT protocol, a spindle-like structure
persisted between the pseudopronuclei of these oocytes
throughout the pronuclear stage. The asters reappeared shortly
before the first mitosis and formed the mitotic spindle. When
the donor nucieus was transferred into preactivated oocytes {(de-
layed NT) that were devoid of free asters, the microtubules and
microfilaments were distributed irregularly in the ooplasm and
formed dense bundles within the cytoplasm. Thereafter, all of
the delayed NT cocytes underwent fragmentation and arrested
development. Treatment of these defayed NT oocytes with Taxol,
which is a microtubule-assembling agent, resulted in the for-
mation of several aster-like structures and reduced fragmenta-
fion. Some Taxol-treated oocytes completed the first cell cycle
and developed further. This study demonstrates that cytoplasmic
asters play a crucial role during the first cell cycle of murine NT
embryos. Therefore, in mouse NT, the use of Ml oocytes as re-
cipients is essential, not only for chromatin reprogramming as
previously reported, but also for normal cytoskeletal organiza-
tion in reconstructed oocytes.

developmental biology, early development, embryo, gamete bi-
ology, ovum

INTRODUCTION

Although somatic cell cloning has been performed suc-
cessfully in several mammalian species, it has emerged
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from recent studies that the biological factors and technical
issues that affect the efficiency of cloning differ from spe-
cies to species. For example, the timing of nuclear transfer
(NT) and oocyte activation has a major impact on the out-
come of the cloning procedure. In livestock (cattle, sheep,
swine, and goats) animals, this timing seems to be relatively
flexible as compared with mice. In goats and sheep, preac-
tivated oocytes have been used for NT, leading to the pro-
duction of normal offspring [1, 2]. In cattle, although the
use of MII cocytes as recipients is known to support the
optimal in vitro development of reconstructed embryos, at
least some of the embryos that are derived from preacti-
vated oocytes undergo preimplantation development [3]. In
contrast, in mice the use of MII gocytes is critical for re-
constructed embryos to complete the first cell cycle [4].
Even oocytes that receive the donor nucleus 1-2 h after
activation inevitably arrest their development during the S
phase of the pronuclear stage and undergo severe fragmen-
tation [5]. This is one of the major obstacles to mouse clon-
ing, since murine ococytes may be activated accidentally
during handling in vitro (e.g., during enucleation) before
NT. Previously, it has been demonstrated that the use of
MII oocytes in NT is critical for the transferred donor nu-
clei to be able to reprogram their chromatin structures and
initiate zygotic gene activation (ZGA) according to the nor-
mal schedule [6]. However, the major round of ZGA occurs
during the second cell cycle (two-cell stage) in the mouse
[7], which makes it very unlikely that incomplete genomic
reprogramming causes the severe fragmentation seen in de-
layed NT cocytes during the first cell cycle,

In unfertilized murine oocytes, the microtubule-organiz-
ing centers (MTQOCs), which comprise the so-called cyto-
plasmic asters (cytoasters), play central roles in the appo-
sition of the male and female pronuclei and in centrosomal
inheritance of cleavage stage—embryos [8]. In most animals
other than the mouse, the centrosomes are inherited mainly
from the fertilizing spermatozoa, from which the MTOC is
organized (reviewed in [9]). Therefore, it is possible that
the interactions that occur between microtubules and chro-
mosomes during the reconstruction and first cell cycle of
cloned embryos differ between mice and other animals. The
present study was undertaken to determine 1) the roles of
cytoplasmic asters during the first cell cycle of cloned mu-
rme embryos; and 2) the effects of NT timing on aster
behavior, which may be related to the embryo fragmenta-
tion that is observed specifically in delayed NT murine oo-

cytes.
MATERIALS AND METHODS

Culture Media

The oocytes were cultured in bicarbonate-buffered potassium simplex
optimized medium (KSOM) that was supplemented with 0.1 mg/m] poly-
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