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Specific Aims
I. Development of mouse somatic nuclear transfer
techniques

genomes; normally it is transmitted maternally through
the oocyte cytoplasm. In this study, we attempted to
produce mtDNA-converted mouse lines by transfer of the

(1) Generation of mice cloned from tissue-specific donor
cells

chromosomes of the first polar body (1st PB) into enucleated
oocytes that carried a different mitochondrial genome,

In our previous study, one type of tissue-specific stem cell,

because this contains fewer copy numbers of mtDNA than do

the hematopoietic stem cell, was a less efficient nuclear

karyoplasts containing metaphase II chromosomes (MII). We

donor than terminally differentiated hematopoietic cells. We

used two hybrid mouse strains: (B6 × DBA/2) F1 with Mus

evaluated whether other tissue-specific stem cells, neural

musculus domesticus mtDNA for recipient oocytes and (JF1 ×

stem cells (NSCs) and mesenchymal stem cells (MSCs),

129/Sv-ter) F1 with M. m. molossinus mtDNA for 1st PB and

could serve as nuclear donors for nuclear transfer cloning.

MII donors. Mice derived from the 1st PB and MII groups

The birth rate following NSC cloning was within the normal

possessed molossinus-type mtDNA at levels of 3.4–10.0%

range (1.6% per embryo transfer) and their gene expression

(n = 2) and 3.2–100% (n = 14), respectively. In the F1

patterns with six zygotically activated genes were similar to

generations, the 1st PB group had 0–43.8% molossinus-type

in vitro fertilized embryos. In contrast, embryos reconstructed

mtDNA (n = 19, including 15 animals with 0%) and the MII

using MSCs showed a low rate of in vitro development and

group had 20–100% (n = 23). The proportion of molossinus-

never underwent implantation in vivo. Chromosomal analysis

type mtDNA was significantly different between groups in

of the donor MSCs revealed very frequent aneuploidy, which

both generations. Thus, we succeeded in generating mouse

probably impaired the potential for development of their

lines with completely converted mtDNA haplotypes. These

derived clones.

results suggest that 1st PB chromosome transfer may be an

(2) Generation of transmitochondrial DNA mouse lines by

efficient procedure to avoid transmitting mutated mtDNA to

first polar body chromosome transfer

subsequent generations.

Mitochondrial DNA (mtDNA) comprises a set of extranuclear
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(3) Analysis of gene expression pattern in mouse somatic

hybridization, and following somatic cytoplasm-introduced

cell cloned embryos (Fig. 1)

intracytoplasmic sperm injection. Of great interest are the

In our previous study, we reported that gene expression levels

gross and histological features common to these placental

of two zygotically activated genes, eukaryotic translation

phenotypes, such as the enlargement of the spongiotrophoblast

initiation factor 1A (eIF-1A) and murine endogenous retroviral

layers, despite their quite different etiologies. To find

sequence L (ERV-L), were repressed in cumulus cell-derived

morphological clues to the pathways leading to these similar

cloned embryos at the 2-cell stage. Because it had been

placental phenotypes, we analyzed the ultrastructure of the

reported that treatment of activated cloned embryos with the

three different hyperplastic placentas. The majority of cells

histone deacetylase inhibitor trichostatin A (TSA) improved

affected were of trophoblast origin and their subcellular

their development, we examined whether expression of these

ultrastructural lesions were common to the three groups.

two genes in cumulus cell-derived cloned embryos could

These were a heavy accumulation of cytoplasmic vacuoles

be improved by TSA treatment. However, we did not obtain

in the trophoblastic cells composing the labyrinthine wall

any evidence for such improvement. Next, we examined the

and an increased volume of spongiotrophoblastic cells with

expression level of Spi-C, one of the transcription factors

extraordinarily dilated rough endoplasmic reticulum. The

for eIF-1A, and found that the expression of this gene was

fetal endothelium and small vessels were nearly intact.

significantly improved by TSA treatment in cloned embryos

Our ultrastructural study suggests that these three types of

(Fig. 1). Furthermore, single embryo analysis revealed that

placental hyperplasia—with different etiologies—might

there was a correlation between the levels of Spi-C and eIF-

have common pathological pathways, which probably

1A. These results indicate that Spi-C might be a candidate

specifically affect the development of certain cell types of the

gene for indicating better developmental ability of cloned

trophoblastic lineage during mouse placentation.

embryos.

(5) Analysis of the involvement of chromatin modifications

(4) Ultrastructure of placental hyperplasia in mice (Fig. 2)

in the nuclear reprogramming

Hyperplastic placentas have been reported in several

Understanding the mechanisms that regulate changes in

experimental mouse models, including embryos produced

chromatin modifications of nuclear transfer embryos is

by somatic cell nuclear transfer, by inter(sub)species

important for the improvement of success rates in nuclear

2.5

Fig. 1 Gene expression pattern in 2-cell embryos
Left, eIF-1A; Center, ERV-L; Right, Spi-C
MII, unfertilized oocytes; IVF, in vitro fertilized embryos; BDF1cc, B6D2F1 cumulus clone embryos;
TSA+, TSA-treated cumulus clone embryos
◆ , single embryo; +, mean value; a vs. b, p < 0.05.
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Fig. 2 Electron microscopic observations of the placentas from embryos produced by somatic cell nuclear transfer.
Hyperplastic placentas commonly show multiple vacuolar structures in the trophoblastic layer I (arrowheads in A), remarkable dilatation
of the rough endoplasmic reticulum (rER) cisternae containing homogenous electron-dense material (B), and increased numbers of Golgi
apparatus around the nucleus (asterisks in C; a higher magnification of the rectangle in B).
BM, basement membrane; FC, fetal capillary; FE, fetal endothelium; LI, LII, and LIII, trophoblast layers I, II, and III, respectively; MBS,
maternal blood space. Bars = 1 mm (A) and 5 mm (B, C).

transfer cloning. In spite of its importance, studies on

composed of a 1:3 fusion ratio (one 2n cloned embryo and

chromatin modification in the nuclear transfer embryos

three 4n IVF embryos) and of a 1:4 ratio were higher than

have been limited to the observation of global changes in

those of 1:1 and 1:2 ratios (6.3% and 4.3% vs. 2.4% and 0.0%,

chromatin structures by immunocytochemistry. To develop an

respectively), when we used BDF1 cumulus cells as nuclear

experimental protocol for the detailed analysis of chromatin

donors. Additionally, by using inbred C57BL/6 donors, five

modifications accompanied by nuclear reprogramming, we

groups of 1:2, 1:3, 1:4, 2:1, 2:2, and 2:3 fusion ratios were

conducted carrier chromatin immunoprecipitation, which

examined. One pup was obtained from a 2:1 ratio embryo.

was originally descried in 2006 by O’Neill et al., with slight

These results suggest that optimal complementation with

modifications. Preimplantation embryos were obtained by

tetraploid embryos might support the better development of

crossing C57BL/6 mice (M. m. domesticus) and JF1 mice

mouse cloned embryos.

(M. m. molossinus) and the chromatin modification status
of imprinting control regions was examined. As a result,

II. Development of microinsemination techniques

we found allele-specific enrichment of certain histone

(1) Establishment of a supersonic congenic system using
microinsemination (Fig. 3)

modifications in the imprinting control regions.
(6) Tetraploid embryo complementation rescue on mouse
cloning

To establish a supersonic congenic system in mice, we
examined whether the intergeneration time could be reduced

The efficiency of cloning by mouse somatic cell nuclear

by microinsemination with round spermatids retrieved from

transfer is very low. In mice, about half of the nuclear transfer

immature males. A marker-assisted screening system was

embryos undergo implantation, but very few survive to term.

employed, based on a genome-wide analysis of genetic

Because it is thought that abnormal placentation is one of the

polymorphisms that distinguish the donor and recipient

reasons for this poor outcome, normalization of the placenta

genomes. Round spermatids from 22- to 24-day-old males,

might improve the success rate of mouse cloning. In this study,

which had been selected by the marker-assisted screening

chimeric embryos were produced by aggregating diploid (2n)

system, were injected into oocytes from a recipient inbred

cloned embryos with variable numbers of tetraploid (4n) in

strain (C57BL/6). Two congenic transgenic strains carrying

vitro fertilization (IVF) embryos. Such 4n cells are known

the Vasa-Venus transgenic gene were produced on day 188

to contribute exclusively to the derivatives of trophoblastic

and 230 at the N5 generation. One congenic knock-in strain

ectoderm. We found that the birthrates of chimeric embryos

carrying the Ednra-EGFP gene was produced on day 106 in

― 104 ―

RIKEN BRC Annual Report 2005 ～ 2007

B6 type homozygous (%)

Bioresource Engineering Division
100

Mouse parthenogenetic/gynogenetic and androgenic embryos,

95

22+20 d

90

21+20 d

22+20 d

which contain two sets of maternal or paternal haploid
genomes, respectively, provide important material for studies

85
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Fig. 3 Accelerated congenic strain production for the C57BL
genetic background using the first prepubertal wave of round
spermatids as male gametes.
A transgenic founder mouse with a mixed genetic background
(B6D2F1 × B6D2F1) was used for the generation of a congenic
mouse strain with the C57BL/6 genetic background. All the 74
markers examined at 188 days of age were the C57BL type. One
generation took only 42–44 days, so the time required to produce the
congenic strain was approximately halved.

cultured in vitro, and those that cleaved were transferred into
pseudopregnant females. Some were cultured further to the
blastocyst stage and used for the establishment of embryonic
stem (ES) cells. When we examined the recipient females at
9.5 days of pregnancy, the transferred embryos had developed
to characteristic androgenetic fetuses at rates of 0.2–7.7%
(per embryo transferred), depending on the strain of oocytes
and spermatids. DNA methylation of imprinted genes (H19,
Igf2r, IG-DMR) and allelic polymorphisms were analyzed

the N3 generation. Thus, this rapid generation system might

in recovered fetuses. The methylation analysis showed that

reduce the time for congenesis by half and would be very

these conceptuses were derived solely from the male genome.

useful for the accelerated analysis of genes of interest under a

C57BL/6 × DBA2 fetuses (i.e., embryos derived from two

defined genetic background.

round spermatids each from C57BL/6 or DBA2 strain males)

(2) Microinsemination using male germ cells retrieved

were analyzed for 12 polymorphic microsatellite markers and

from mouse bodies frozen for 15 years

were found to be heterozygous for all of them. Intersubspecies

We have recently confirmed that male germ cells in the

hybrid androgenetic embryos from C57BL/6 (M. m.

epididymides and testes stored at down to –80°C maintained

domesticus) × JF1 (M. m. molossinus) crosses were cultured

their ability to support full term embryonic development for at

to the blastocyst stage. Nine (43.5%) ES cell lines were

least one year. In March 2006, we obtained male mouse bodies

generated from 20 embryos. Sexing and allelic polymorphic

(BALB/c-nude and C3H/He) frozen for 15 years in a freezer

analyses are now underway. Thus, injection of two round

(–20°C) from Dr. Takamasa Iwaki of Jikei University School

spermatid nuclei followed by maternal chromosome removal

of Medicine. Although the spermatozoa were heavily damaged

would be an alternative method to produce androgenetic

after thawing, 80% of B6D2F1 oocytes microinjected with

embryos that consistently develop into blastocysts and mid-

these sperm developed into 2-cell embryos. Apparently

gestation fetuses.

normal pups were born after embryo transfer in both strains
of mice at rates of 21% (17/81) and 12% (12/97) per transfer,

III. Development of reliable cryopreservation

respectively. They grew normally and were proven fertile

techniques for mouse embryos/gametes

when they had matured. These results indicate that freezing

(1) Development of embryo cryopreservation techniques

whole bodies is the simplest way to preserve male genetic

The present study was undertaken to simplify the embryo

resources because it needs no technical skill and experience.

cryopreservation technique so that any inexperienced person

We hope that it will facilitate international exchanges of

could cryopreserve mouse embryos efficiently. C57BL/6

genetically engineered mice between laboratories as a cost-

2-cell embryos were immerged into 5 ml of PB1containing

effective and microbiologically safe method. At present, its

8% DMSO + 8% ethylene glycol and the medium drop was

practical use is being considered in several laboratories.

transferred to the bottom of a cryotube using a micropipette,

(3) Efficient production of androgenic embryos by round

at room temperature. After 2 min of equilibration, 45 ml of

spermatid injection

vitrification solution (16% DMSO + 16% ethylene glycol
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+ Ficoll + sucrose-PB1) was added to the cryotube. One

were 26.7% and 43.4%, respectively. In IVF with fresh 129x1/

minute later, the tube was immersed in liquid nitrogen.

SvJ strain spermatozoa, supplementation of the preincubation

After recovery in sucrose-PB1 solution, all embryos (70/70)

medium with MBCD was also effective in terms of acceptable

were morphologically normal, and 94% of them developed

fertilization rates (12.7% and 32.5%, respectively).

to blastocysts in vitro. This method was also satisfactorily

(4) Development of artificial insemination techniques

applicable to the cryopreservation of unfertilized oocytes.

We examined whether an artificial insemination (AI)

Thus, we have developed an easy, rapid, and reliable

technique, which is usually used for large animals, could

vitrification technique that needs no special device or

be applicable to mice. Recipient ICR strain females were

experience.

prepared by superovulation followed by sterile mating. Fresh

(2) Development of sperm cryopreservation techniques

B6D2F1 strain sperm (1–2 ml) were injected directly into

We examined several parameters for C57BL/6Cr strain sperm

the upper ampulla region of oviducts of recipient females

cryopreservation, especially the raffinose concentration

on the morning following sterile mating. On the next day,

(9–21%), and SD-PBS diluents (Koshimoto et al., 2000) in

the oviducts were dissected out and flushed with warm PB1

freezing solutions. We found that the optimal osmotic pressure

medium. The numbers of 2-cell embryos were counted and

was in the range 400–525 mOsm/Kg. The highest sperm

cultured for the assessment of their developmental ability. A

motility (56%) was obtained when the spermatozoa were

mean of 7.3 2-cell embryos was collected from all recipients

cryopreserved in 18% raffinose in 0.25 × SD-PBS.

(7/7). When frozen–thawed sperm were injected, 4.0 embryos

(3) Optimization of sperm preincubation conditions for

per animal were collected from 9 of 11 recipients. In the case

mouse IVF (Fig. 4)

of fresh ICR strain sperm (the homozygous combination of

We examined the effects of the presence of methyl-beta-

gametes), 5.7 embryos were collected from 7 of 9 recipients.

cyclodextrin (MBCD; Choi et al., 1998) in the sperm

By contrast, with fresh C57BL/6J sperm, only 1.3 embryos

preincubation medium on the efficiency of IVF in mice.

were obtained from 4 out of 8 recipients. These results suggest

When frozen–thawed C57BL/6Cr strain spermatozoa were

that the efficiency of AI varies with the mouse strain used and

preincubated in BSA-HTF or PVA-HTF supplemented with 0.4

that the protocols should be optimized for each.

mM MBCD for one hour, the fertilization rates were 44.5%
and 69.6%, respectively. The rates were also affected by the

IV. Development of new stem cell lines

concentration of MBCD and the preincubation period. In the

We have developed effective methods to derive ES cells

case of frozen–thawed C57BL/6J sperm, the fertilization rates

from several mouse strains and from rabbits, as experimental
models for translational research and the conservation of

Rates of Fertilization䋨%䋩

100

genetic resources. We have also developed methods for
isolation and characterization of murine thecal stem cells and

80

aa

for a large-scale production of growing oocytes from neonatal
mouse ovaries (Fig. 5).

60

(1) Establishment of mouse ES cell lines

40
BSA-HTF (fresh sperm)

20
0

a’a’

Generally, mouse ES cell lines have been established from the
129 strains. If ES cell lines can also be established from other

BSA-HTF
BSA-HTF+MBCD

strains, they would provide a valuable resource for biomedical

PVA-HTF+MBCD

0.5h

1h

research. We have established 37 ES cell lines from six mouse

2h

strains including C57BL/6 and from F1 hybrids between wild

Preincubation Time

and laboratory strains. Furthermore, 32 nuclear transfer ES

Fig. 4 Improvement of in vitro fertilization with frozen–thawed
spermatozoa by MBCD (methyl-beta-cyclodextrin).
The best result was obtained when frozen–thawed spermatozoa were
preincubated in the presence of MBCD and PVA (polyvinyl alcohol)
for one hour. a vs. a’, P < 0.05.

cell lines have been established from five donor cell types.
Four ES cell lines from C57BL/6 were deposited in the BRC
Cell Engineering Division. Of these, two lines were confirmed
to contribute to the germline of the next generation.
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folliculogenesis, and to study ovarian pathology caused by
theca cell dysfunction.
(4) Rescue and culture of a large number of growing
oocytes from neonatal mouse ovaries
Although mammalian neonatal ovaries contain a large
number of nongrowing primordial oocytes, most of them
degenerate postnatally and very few of them contribute to
the oocyte pool in the mature ovary. If primordial oocytes at
the neonatal period could be rescued effectively, these would
form a potentially valuable source for research, clinical,
and zoological purposes. We have developed a follicle-free
culture system that enables a large number of nongrowing
Fig. 5 Newly established stem cell lines and oocytes growing in
vitro in the presence of thecal stem cells.

oocytes to develop in vitro. The numbers of growing oocytes
reached more than 800 per animal, continued to develop
without any supporting cells, formed a zona pellucida, and

(2) Establishment of rabbit ES cell lines

retained the ability to fuse with spermatozoa. Some oocytes

Although ES cell lines derived from mice and primates

reached a similar size to that of antral follicle oocytes

are used extensively, the development of such lines from

(about 70 mm) and responded to the phosphatase inhibitor

other mammals is extremely difficult because of their rapid

okadaic acid to enter the M-phase of meiosis I. Importantly,

decline in proliferation potential and in pluripotency after

maternal genomic imprinting, which is necessary for normal

several passages. Laboratory rabbits have long been used

embryonic development, was correctly imposed on their

in biomedical research. Rabbit ES cells, if available, would

genomes autonomously. Our culture condition may provide a

be invaluable for the study of human diseases using gene-

unique experimental system for studying the mechanisms of

targeting technology and stem cell therapies for human

oogenesis, supplying a large number of granulosa-free oocytes

applications. We have successfully developed an efficient

at specific stages.

and reproducible technique for the establishment of rabbit
ES cells. These exhibit flattened monolayer cell colonies,
as reported for human ES cells, and express ES cell-related
markers. Embryoid bodies and teratomas are formed readily
in vitro and in vivo, respectively. We are going to use these to
develop methods for in vitro differentiation, applications for
translational research, and gene targeting.
(3) Isolation and characterization of murine thecal stem
cells
Ovarian theca cells play an indispensable role in
folliculogenesis by providing follicular structural integrity
and steroid substrates for estrogen production. However, little
information is available about their recruitment, growth, and
differentiation, because their premature forms have not been
identified. We have for the first time isolated putative thecal
stem cells with the ability to self-renew and differentiate
in vivo and in vitro. They will provide an invaluable in
vitro experimental system to study interactions between
the oocyte, granulosa cells, and theca cells during normal
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