] Chgane et al.

hypermethylation at the Sall3 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
cantrols (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 Suall3 locus is hypermethylated
regardless of the genetic background, sex and type of the
nuclear donor cells,

Ooccyte manipulation and in vitrs 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 ef 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 Sall3 locus in placentas of
ICSIand IVF fetuses were 53 & 4% and 52 1 6%, respect-
ively (Fig. 1D}. Thus, the placentas of mice produced
after in 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 Sail3 locus. Similarly, clone #4, which showed mod-
erate hypermethylation by Southern blotting was 59%
methylated. In contrast, clones #3 and #6 showed
hypermethylation (69%) compared with the NM, IVF
and ICS! controls.

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

To evaluate the relationship between methylation
aberration and placental phenotype, methylation 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 Suil3 T-DMR. The -DMR was 904 bp
in length and located in a region just 5° of the Notl site
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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 ol 2002). Bisulfite
sequencing analysis of the Safl3 T-DMR revealed hyper-
methylation in the placenta of cloned mouse (#15)
throughout the T-DMR (Fig. 2B). Comparison between
the human and mouse SALL3/Sall3 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 inyprinted genes,
differentially 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 al. 1996). To address
the question whether the epigenetic error at the Salf3
locus of cloned mice may occur in other tissues, 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 control as reported previously
(Shiota et al. 2002). The Sali3 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 Sall3 locus is methylated specifically
in the placenta, perhaps in the trophoblast cell lineage,
as previously reported (Ohgane ef af. 2001; Shiota et af.
2002) and that the aberrant hypermethylation occurs
uniquely in the placenta of cloned mice.

Discussion

Sail3 mRINA was barely expressed in TS cells and did
not show dramatic change after differentiation (data
not shown). The mouse Sall3 T-DMIR covers the region
highly homologous to human genomic sequence in
equivalent location (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 et al.
2002). The humnan 18q23 region containing the SALL3
locus is likely to be responsible for the 18q deletion
syndrome (OMIM #605079 and 601808) (Kohlhase
et al. 1999). This region includes the MBP, GALR1 and
NFATC genes which could be responsible for several
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Figure 2 DNA methyldon staws of T-
DMR. at the Sall3 locus in the placenta of
cloned mouse. (A) Genomic structure of a
5 kb region that includes Sall3 exonl, the
CpG island, T-DMR and the trophoblast-
specitically methylated Notl site. Moving
averages of GC content {jagged line) and
CpG frequency (black bar) are plotted on
the graph. Below the graph are marked
the Sall3 exon! (closed box) and the
differentially methylued Nerl 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 Sail3
exon 1 and the trophoblast-specifically
methylated Norl site are within the CpG
tsland. Methylation status around the
differentially methylated Netl site in ES
and TS cells is shown below the genomic
structure of the Salf3 locus. The CpG sites
analysed by sodium bisulfite sequencing
are shown as open circles at the very top.
Comparison of the muethylation status
between ES and TS cells indicated that the
Sall3 T-DMRC included the differentially
methylated Notl site and the region highly
homologous with hwnan scquence.
Each line represents one DNA fragment
sequenced. Only methylated CpGs are
shown as closed circles. (B) Aberrant
hypermethylation throughoue the -DMR.
in the placenta of a cloned mousc. There
are 31 CpGs within the Saft3 T-DMR., and
the CpG sites are shown as open circles at
the very top. The positions of two CpGs
affecting Not] 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 nucleotide sequences of
the mouse and human Sall3/SALL3 5°
region. Within the 5 kb orthologous regions,
nucleotide sequences of a putative prototer
with exonl and T-DMR are conserved,
{Right panel) Gene muap of the telomeric
region of mouse and human chromosome
18. The order of genes in this region is
conscrved in the mouse and in the huinan
but in the reversed order.
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Figure 3 Methylation status at the Sall3 locus in the brain and
Jiver of cloned fetuses, Methylation status of the Nad 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 trom the same BAD2F1 conceptuses analysed in
Figure 1. M and U indicate methylated and unmethylated bands,
respectively. The Sali3 locus is harely methylated both in cloned
and contro] fetuses,

inherited human diseases (OMIM #159430, 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 Iof2 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 DNA methylation of
the Sall3 T-DMR. in the regulation of MBP, GALR{ and
NTATC. 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 interspecific hybrids have been reported to
show a hypertrophic placental phenotype quite similar to
that of cloned placentas (Zechner er al. 1996). As found
i cloned placentas, these interspecific placentas also
exhibited a wide range of placental weight, enlarged
spongiotrophoblast layer, increased incidence of glycogen
cell differentiation and obscure borders at spongiotro-
phoblast and labyrinth layers (Zechner et al. 1996; Tanaka
ef al. 2001). Since the methylation rate of the Sall3 T-
DMR correlated with the typical placental phenotype
(placentomegaly) in cloned mice, it will be interesting to
investigate DNA methylation status of the Sail3 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
oftspring (Solter 2000; Renard et al. 2002; Wilmut et al.
2002). Most embryos/fetuses die 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, genoniic loci frequently
associated with the epigenetic error have been explored
in the cloned animals. The finding of the Safl3 locus showing
frequent abnormal DNA methylation is crucial. From
the data, we concluded that there is a genomic locus highly
susceptible to epigenetic error caused by nuclear transfer.

Experimental procedures
Animals

Placentas, brains and livers of cloned and control fetuses at 19.5
dpe were collected and analysed for DNA methylation, One terin
placenta of naturally mated mouse was mechanically dissected into
the junctional and labyrinth zones after removal of the embryo.
Donor cells for cloning were adult cumulus cells { Wakayama er al.
1998), adult tail tip fibroblast (Wakayama & Yanagimachi 1999)
and foctal fibroblast (Ogura cf . 2000b). Control fetuses were
obtained by natural mating. in vitro fertilization (Toyoda ef al, 1971)
or intracyteplasniic sperm injection (Kimum & Yanagimachi 1995).
Strains of males and females used for the production of fetuses
are described in figure legends.

Database search and RLGS spot cloning

DNA of an RLGS spot showing aberrant methylation in one
cloned mouse (spot 8 in Ohgane et al. 2001) was purified by the
Notl trapper method as described elsewhere (Ohgane er of. 1998,
2002). The puriticd DNA was initially ligated into the NotI and
Pstl sites of pBluescripe 1L (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 manufacturers instruc-
tions, The nucleotide sequence obtained from spot DNA cloning
was compared with NCBI (http:#/www.ncbi.nlm.nih gov) and
Ensemble (hutp:/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 (hetp:/#/www.nebinlninih gov/
entrez/queryfegi?db = OMIM).

Southern blotting

Genomic DNAs (5 pg cach) from cloned and control mouse
tissues (placenta, brain and liver) were double-digested with Notl
and Psrl, and separated on a 1.4% agarose gel followed by blotting
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on to nylon membrane. A probe specific to spot 8§ (the Salt3 locus)
sequence was labelled 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 ct of. 1994). Signals were detected
with a DIG luminescent nucleotide detection kit (Roche
Daagnostics) containing alkaline phosphatase (AP)-conjugued
anti-DIG antibody and AP substrate, and visualized on X-ray filn
(Fujt Film, Tokyo, Japan).

Statistical analysis

The intensities of the methylated and unmethylated bands were
measured by NIH inmge software provided by the National
Insticutes of Health (ftp:/#/nsbweb.nih.gov/pub/nih-image/nih-
image161_fat.hqx). Methylation rate of the Notl site of the Sail3
locus was caiculated by the formula: (intensity of methylared band)/
{(intensity of methylated band) + (ntensity of unmethylated band)
and presented by mean * standard deviation, The difference in
methylation rate between cloned and control mice was evatuated
by the independent Student’s t-test. The relationship between pla-
cental weight and the Salf3 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 (Imamwra cf ¢l. 2001). In brief, 5 pg each of EcoRI1-
digested genomic DINA were modified with sodium metabi-
sulfite, and one-tenth of each modified DNA was amplified with
AmpliTag Gold (Perkin Ehmer, Norwalk, CT, USA) and the
following primer sets: BisFl, 5'-GGGAAGTAAATGTTTTTT-
GGTT-¥; BiR 1, 5-AACTAACTAAAAAAACTCTATATC-3,
BisF2, 8 -GTTAGGGTTTTTTTAGGGTATTAGT-3,
BisR2, 5-CCCTAATCTACCCAACATATACAAA-Y; DisF3,
5'-GATTAAATGAATCCATTTATTTTTCGT-3 and DBusR3,
5-ATTAACTATCTAAAATTTTCAACAC-Y. Amplified frag-
ments were cloned into pGEM-T vector (Promega), and 10 or 12
independent clones for each primer set were sequenced to deter-
mine methylation status.

Real time PCR

Real time genomic PCR. was performed wsing the ABI PRISM
7500 HT Sequence Detection System (Applied Biosystems, CA)
following the manufacturer’s instructions. Placental genomic
DNAs (40 ng). with or without Nufl-digestion {methylated DNA
or total DNA, respectively) were analysed by real tume PCR using
F5> (5-TACCAGCACGGAGGCCGAGGA-3) and R3 (5'-
GATCATAAAAAGTTGGCTTTTAAGG-3") primer pair flank-
ing the differennially methylated Notl site. TagMan Rodent
GAPDH Control Reagent (Applied Biosystems) was used for
nornmalization of the template DINA amount. Methylation degree
of the Notl site was calculated by the formula: (quantity of methyl-
ared DNA)/{quantity of total DNA).

© Blackwell Publishing Limited
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Summary

Although germline cells can form multipotential em-
bryonic stem (ES)/embryonic germ (EG) cells, these
cells can be derived only from embryonic tissues, and
such multipotent cells have not been available from
neonatal gonads. Here we reportthe successful estab-
lishment of ES-like cells from neonatal mouse testis.
These ES-like calls were phenotypically similar to ES/
EG cells except in their genomic imprinting pattem.
They ditterentiated into various types of somatic cells
invitro under conditions used to induce the differentia-
tion of ES cells and produced teratomas after inocula-
tion into mice. Furthermore, these ES-like cells formed
germline chimeras when injected into blastocysts.
Thus, the capacity to form multipotent cells persists
in neonatal testis. The ability to derive multipotential
stem cells from the necnatal testis has important im-

*Cormrespondence: takashi@mfour.med.kyoto-u.ac.jp
*Present address: Department of Molecular Genetics, Graduate
School of Medicine, Kyoto University, Kyoto 606-8507, Japan.

plications for germ cell biclogy and opens the possibil-
ity of using these cells for biotechnology and medicine,

Introduction

Germ cells are unique in that they have the capacity to
contribute genes to offspring. Although germ cells are
highly specialized cells for the generation of gametes,
several lines of evidence suggest their multipotentiality.
For example, teratomas are tumors containing many
kinds of cells and tissues at various stages of matura-
tion, which occur almost exclusively in the gonads (Ste-
vens, 1984). Furthermore, primordial germ cells (PGCs)
from embryos between 8.5 and 12.5 days postcoitum
{dpc) give rise to pluripotent cells when cultured under
appropriate conditions (Resnick et al., 1992; Matsui et
al., 1992). These EG cells have differentiation properties
similar to ES cells isolated from inner cell mass (Martin,
1981; Evans and Kautman, 1981). While these cbserva-
tions suggest that the germline lineage retains the ability
to generate pluripotent cells, it has not been possible to
establish pluripotent cells from normal neonatal gonads
{Labosky et al,, 1994).

We recently reported the in vitro culture of mouse
spermatogonial stem cells {Kanatsu-Shinohara et al.,
2003a), the only type of stem cell in the body that trans-
mits genetic information to offspring (Meistrich and van
Beek, 1993; de Rooij and Russell, 2000). When neonatal
testis cells were cultured in the presence of glial celt line-
derived neurotrophic factor (GDNF), leukemia Inhibitory
factor {LIF), epidermal growth factor (EGF), and basic
fibroblast growth factor (bFGF), the germ cells devel-
oped uniquely shaped colonies, and the stem cells pro-
liferated logarithmically over a 5 month period. Upon
transplantation into the seminiferous tubules of infertile
mice, the cultured cells produced normal sperm and
offspring, and neither somatic differentiation nor tera-
toma formation was observed, indicating that the cul-
tured cells were fully committed to the germ cell lineage
{Kanatsu-Shinohara et al., 2003a). This was in contrast
to ES cells, which preduced teratoma after being trans-
ferred into seminiferous tubules (Brinster and Avarbock,
1994). Based on these results, we named these cells
germmline stem (GS) cells to distinguish them from ES or
EG cells. Thus, GS cells represent a third method of
expanding germline cells, but they are clearly distinct
trom ES/EG cells in their differentiation capacity.

In this manuscript, we describe the derivation of pluri-
potent stem cells from the neonatal mouse testis. Neo-
natal testis cells were cultured in conditions similar to
those used for GS cell culture. In addition to the GS
cell colonies, colonies indistinguishable from ES cell
colonies appeared. This second cell type could be ex-
panded selectively under culture conditions used for ES
cells. Although they produced teratomas when trans-
Planted subcutaneously orinto the seminiferous tubules
of the testis, they participated in normal embryonic de-
velopment following injection into blastocysts.
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Results

Development of ES-Like Colonies from Neonatal
Testis Cells in the Presence of Growth Factors
When neonatal ddY mouse testis cells were cultured in
a primary medium containing GDNF, bFGF, EGF, and
LIF, the majority of the colonies that formed had the
typical appearance of GS cells, which are characterized
by intercellular bridges and a morula-like structure (Fig-
ure 1A, top left) (Kanatsu-Shinchara et al., 2003a). How-
ever, we occasionally found colonies that were remark-
ably similar to ES cells or cultured epiblast cells {Figure
1A, top right} (Kanatsu and Nishikawa, 1996). These col-
onies were more tightly packed and generally appeared
within 4-7 weeks after initiation of the culture (~four
to seven passages). After thess ES cell-like colonies
appeared, they outgrew the GS cells and became the
dominant population within 2-3 weeks. Although these
ES-like colonies generally differentiated to lose their ES
cell-like appearance after several passages under GS
cell culture conditions, they retained ES-like appearance
and could be selectively expanded when cultured in a
secondary medium containing 15% fetal calf serum
(FCS) and LIF (standard ES cell culture conditions).
After two to three passages, most colonies in the
culture consisted of these ES-like colonies (Figure 1A,
bottom left}, which could be maintained with standard
ES cell culture conditions. In contrast, GS cells could
not be propagated under these conditions due to the

Figure 1. ES-Like Colonies from Neonatal
Testis Cells

{A) Morphotogy of ES-llke cells. (Top, left) A
typical cotony of GS cells. (Top, rdght) ES-
like colony {arrow) and cultured epiblast-like
colony (arrowhead), which appeared under
GS cell culture conditions, at 40 days afterthe
initiatlon of culture. (Bottom, left) Established
culture of ES-like cells at 50 days. (Bottom,
right) A typical colony of ES-like cells at 95
days.

{B) Distribution of metaphase spreads with
ditferent chromosome numbers. At least 20
cells were counted. Scale bar, 50 um,

B 39 4
Numbef of chromosomes

absence of GDNF, an essential growth factor for the self-
renawing division of spermatogonial stem cells (Meng
et al., 2000). Cytogenetic analysis by quinacrine plus
Hoechst 33258 staining showed that the ES-like cells
had a normal karyotype (40, XY) in 70%—-85% of meta-
phase spreads (Figure 1B). The morphology of the ES-
like cells did not change as long as the cells were main-
tained in ES cell culture conditions, and they could be
propagated in vitre for more than § months with 48
passages while maintaining an undifferentiated state
{Figure 1A, bottom right). Established cultures were
passed at a dilution of 1:3 to 1:6 every 3 days.

These results were reproducible; similar cells were
obtained from mice with a different genotype (DBA/2},
and ES-like cells were successfully established in four
of 21 experiments {19%). The overall frequency of form-
ing ES-like cells was 1 in 1.5 X 107 cells {equivalent to
~35 newbomn testes). Significantly, neither GS nor ES-
like cells appeared when newborn testis cells were cul-
tured directly in ES culture conditions in at least 20
experiments. Likewise, neither GS nor ES-like cells ap-
peared when neonatal testis cells were cultured in the
presence of membrane bound Stee! factor (mSCF}, LIF,
and bFGF (EG cell culture condition) in atleast 15 experi-
ments; the addition of GDNF was a prerequisite for the
development of both GS and ES-like colonies. In addi-
tion, when CD9-selected adult spermatogonial stem
cellsfrom 3- to 8-week-old mice were cultured (Kanatsu-
Shinchara et al., 2004), GS cells appeared in three of 15
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experiments, but no ES-like cells appeared. We also
did not observe GS or ES-like cell colonies when male
genital ridges from 12.5 dpc embryos were cultured in
GS cell medium in 12 experiments.

Development of ES-Like Colonies from GS Cells
Derived from p53 Knockout Mice

To determine whether GS cells can convert to ES-like
cells, we picked a total of 266 GS cell colonies by micro-
manipulation at 2 months after culture initiation. These
GS cells were transferred to a 96-well plate and ex-
panded for an additional 3 months, but none of them
became ES-like cells. Although the result strongly sug-
gested the distinct origin of ES-like cells, it was still
possible that the conversion occured at lower fre-
quency. To address this possibility, we used p53 knock-
out mice (Tsukada et al., 1993), which have a high fre-
quency of testicular teratoma (Lam and Nadeau, 2003).
We hypothesized that ES-like cells have a close relation-
ship with teratoma-forming cells and asked whether es-
tablished GS cells from this strain convert more easily
to ES-like cells. GS cells were established from a new-
bom p53 knockout mouse in an ICR background. The
growth speed and morphelogy of GS cells were indistin-
guishable from those of wild-type cells, and GONF was
similarly required to obtain GS cells.

Two months after culture, 30-40 GS cell colonies of
undifferentiated morphology were picked by micromani-
pulation, transferred to a S6-well plate, and cultured
in GS cell culture medium. Significantly, ES-like cells
appeared in these GS cell-derived culftures in two sepa-
rate experiments within 2 months, and the colonies were
morphologically indistinguishable from ES-like colonies
from wild-type cells. Interestingly, although ES-like cells
never appeared from fully established wild-type GS cells
after long-tenmn culture, p53 knockout GS cells produced
ES-like cells as long as 6 months after the initiation
of culture.

Using p53 knockout mice, we also examined whether
GS cells from mature testis can produce ES-like cells,
Spermatogonial stem cells were collected from 3- to
8-week-old mice using anti-CD9 antibedy and cultured
in GS cell medium. GS cells developed in two of three
experiments. GS cells of undifferentiated morphology
were picked 4~7 days after culture initiation, and the
colonies were expanded in vitro on mitomycin C-inacti-
vated mouse embryonic fibroblast (MEF). In total, ES-
like cells appeared in two of efght experiments within 4
weeks of cufture.

Phenotypic Analysis of ES-Like Cells

To examine the phenotype of the ES-like cells, we estab-
lished a population from a newbom transgenic mouse
line C57BL6/Tg14(act-EGFP-OsbY01) that was bredinto
the DBA/2 background (designated Green). Since these
Green mice express the enhanced green fluorescence
protein (EGFP) gene ubiquitously, including in sper-
matogenic cells (Kanatsu-Shinohara et al., 2003a), cul-
tured cells can be distinguished from feeder cells under
excitation with UV light. The ES-like cells comprised a
single phenotypic population by flow cytometric analy-

sis of surface antigens (Figure 2A}. They were strongly
positive for SSEA-1 (ES cell marker) (Solter and Knowles,
1978), EE2 (spermatogonia marker) (Koshimizu et al.,
1995), B1- and ab-integrin (GS cell marker} (Kanatsu-
Shinchara et al., 2003a), CD9 (ES and GS cell marker)
{Kanatsu-Shinohara et al., 2004), and EpCAM {ES and
spermatogonia cell marker) {Anderson et al., 1999). The
ES-like cells were weakly positive for Forssman antigen
{ES cell marker) (Evans and Kaufman, 1981) and c-kit
{differentiated spermatogonia marker) (Schrans-Stas-
sen et al., 1999). In contrast, GS cells were completely
negative for SSEA-1 and Forssman antigen, confirming
that ES-like cells are phenotypically distinct from GS
cells. GS cells from p53 knockout mice showed similar
expression profile {data not shown). Although we found
some expression of Forssman antigen in the neonatal
testis cell population before culture, it was expressed
by a non-germ cell population, and no SSEA-1-positive
cells were found (Figures 2A and 2B). The ES-like cells
were also strongly positive for alkaline phosphatase
(ALP), whichischaracteristic of ES and EG cells {Resnick
et al.,, 1992; Matsui et al., 1892) (Figure 2C).

Next, we used the reverse transcriptase-polymerase
chain reaction {RT-PCR) to examine several molecules
that are specifically expressed in embryonal carcinoma
(EC) or ES cells, In addition to Oct-4, Rex-1, and Nanog,
which are essential for maintaining undifferentiated ES
cells (Pesce and Schdler, 2001; Goolshy et al,, 2003;
Mitsui et al., 2003; Chambers et al., 2003), the ES-like
cells expressed Cripto, ERas, UTF1, Esg-1, and ZFP57
at similar levels to ES cells (Kimura et al., 2001; Taka-
hashi et al., 2003; Okuda et al., 1998; Tanaka et al., 2002;
Ahn et al., 2004). GS cells also expressed some of these
molecules, but the expression was generally weaker.
Significantly, we could not detect expression of Nanog
in GS cells, suggesting that they have a differentmecha-
nism for self-renewal from that of ES cells (Figure 2D).

Analysis of Genomic Imprinting in ES-Like Cells

To analyze the imprinting pattern of ES-like cells, differ-
entially methylated regions (DMRs) of three patemally
imprinted regions (H19, Meg3 IG, and Rasgrff regions)
and two maternally imprinted regions {{gf2r and Peg10
regions) were examined by hisulfite sequencing with
two independent cells (Figure 3A). While the paternally
imprinted regions were methylated to different degrees,
the matemally imprinted regions were rarely methylated
in ES-like cells. DMRs in ES cells were generally more
methylated than those in ES-like cells, including mater-
nally imprinted regions, and the DMRs of the H19 region
were methylated more extensively than the DMRs of
other regions. In contrast, GS cells showed a complete
androgenetic imprinting pattem: the complete methyla-
tion of both the H19 and Meg3 IG DMRs and demethyl-
ation of the Igf2r DMR,

Next, we examined the imprint status of GS or ES-
like cells from p53 knockout mice. Genomic DNA was
isolated from the same cell population at four different
time points during the conversion of GS cells into ES-
like cells. In these experiments, the imprint status in the
DMRs was determined by combined bisulfite restriction
analysis (COBRA) {Xiong and Laird, 1997) {Figure 3B).
As expected from the analysis of wild-type GS cells, GS
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(A) Flow cytometric characterization of ES-like cells. Black line, control immunoglobulin; red line, specific antibody.

(B} Double immunostaining of neonatat testis cells by anti-EE2 and anti-Forssman antigen antibodles.

(C) ALP staining. GS cells (left) are weakly positive, whereas ES-like {middla) and ES cells (right) are strongly positive.

{D) RT-PCR analysis. Three-fold serial dilutions of cDNA from GS, ES-like, and ES cealls were amplified with specific primers, Scale bar, 200 pm.

cells from p53 KO mice had an androgenetic imprint
pattern. However, a loss of methylation in the DMRs of
H19, Meg 31G, and Rasgrf? regions and methylation of
the DMRs in the /gf2r region were observed immediately
after the appearance of ES-like cells. The perturbation
of imprint pattermns continued even when GS cells disap-
peared, and only the DMR of the Peg70 region was
intact, 18 days after the appearance of ES-like cells.
DMR of Oct-4 region in ES and ES-like cells were all
hypomethylated, which confirms their undifferentiated
state (Hattori et al., 2004) (Figure 3C). :

Ditferentiation Potential of ES-Like Cells

In Vitro and In Vivo

To determine whether ES-like cells can differentiate into
somatic cell lineages, we used methods designed to
induce differentiation of ES cells in vitro. ES-ike cells
were first transferred to an OP9 stromal feeder layer,
which can support differentiation of mesodermal cells
such as hematopoietic or muscle cells (Nakano et al.,
1994; Schroeder et al., 2003). Within 10 days, a variety

of cell types were identified including hematopoietic
cells, vascular cells, and spontaneously beating myo-
cytes (Figures 4A-4H). Hematopoiesis could also be in-
duced when ES-like cells were cultured in methylcellu-
lose to form embryoid bodies (Figure 41). When we
transferred ES-like cells onto gelatin-coated dishes for
the differentiation of neural-lineage cells (Ying et al,,
2003}, they formed neurons or glial cells (Figures 4J-4L).
Dopaminergic neurons were also found, albeit at low
frequency (Figure 4M). When we compared the differen-
tiation efficiency using ES cells, ES-like cells produced
more glial cells than did ES cells, and there were signifi-
cantly more vessel or heart muscle cell colonies from
ES-like cells. However, ES-like cells could produce all
of the expected lineages using protocols for ES cell
differentiation (Table 1).

ES-like cells were further examined for their ability to
form teratomas in vivo by subcutaneous injection into
nude mice. Transplanted cells gave rise to typical terato-
mas in all recipients {eight of eight) by 4 weeks after
transplantation (Figure 4N). The tumors contained deriv-
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(A) DMR methylation of H79, Mag3 IG, Rasgrfl, Igf2r, and Peg10 regions. DNA methylation was analyzed by bisulfite genomic sequencing.
Black ovals indicate methylated cytosine-guanine sites (CpGs), and white ovals indicate unmethylated CpGs.

(B) COBRA cf GS and ES-like cells from p53 knockout mice. The day when ES-like colonies were found was designated day G, and cells were
collected at the indicated time. In this culture, only ES-like cells were found by day 12.

(C) COBRA of Oct-4 gene upstream region. Open arrowhsads indicate the size of unmethylated DNA. Closed arrowheads indicate the size
of methylated DNA. Enzymes used o cleave each locus are indicated in parentheses. U, uncleaved; C, cleaved.

atives of the three embryonic germ layers: squamous
cell epithelium, neurcepithelium, and muscle. Similar
results were obtained with three different clones or with
ES-like cells from p53 knockout mice (eight of eight),
and we did not ohserve a significant histological differ-
ence from teratomas derived from ES cells. In contrast,
no tumors developed after transplantation of GS cells
or fresh testis cells (data not shown).

Since the ES-like cells originated from testis, their
ability to differentiate into germline cells was examined

using the spermatogonial transplantation technique
{Brinster and Zimmermann, 1994). This method allows
spermatogonial stem cells to recolonize the empty semi-
niferous tubules of infertile animals and differentiate into
mature sperm. We transplanted the cultured cells into
immune-suppressed immature W mice {Kanatsu-Shino-
hara et al., 2003b). These mice are congenitally infertile
and have no differentiating germ cells (Brinster and Zim-
mermann, 1994). One month after transplantation, all
recipient animals (ten of ten) developed teratomas in
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Figure 4. In Vitro and In Vivo Differentiation of ES-Like Cells

{(A-H) Differentiation on OP9 cells. (A) Cobblestone formation on day 8. (B) CD45-positive hematopoietic cell development on day 7 after
coculture (eft). In this cell population, Grl-poshive granulocytes, Mac1-positive macraphages, or Ter119-positive erythrocytes were found
{right). (C) May-Giemsa staining of harvested cells. Myelold progenitor (arrowhead) and erythroblast (arrow) were observed. (D and E) Vascular
cell differentiation. Flk-1-positive cells were sorted on day 4 after coculture, and CD31-positive (D) or VE-cadherin-positive (E} vascular cells
appeared at 6 days after cell sorting. (F-H) Heart muscle differentiation. Tha Flk-1-positive cells were differentiated Inta MF20-positive {F} or
¢Tn-l-positive (G} heart muscle at 6 days after sorting. (H) ANP-positive (blue) atrial muscle and MLC2v-positive (brown) ventricular muscle.
{l) Erythroid cells that developed from embryoid body in methylceliulose at 8 days after culture. Note the red color of the cells.

{J-M) Neuronal cell differentiation on gelatin-coated plates. Tuj-positive neurons (J) on day 5, GFAP-posktive astrocytes (K) and MBP-positive
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Table 1. In Vitro Differentiation of ES-Like Cells from Testis
Hamatopoiesis*®

Vasculogenesis* Naurogenesia’

Increass in call Granulocyte/ .
Cell type number ffold)  Macrophage (%) Erythrocyte® (%) Vessel Heart* Newron® Astrocyte® Oligodendrocyte*

ES-like  118.7 = 154 7.6 £ 0.2 199+ 0.7 1115+ 120 80245 1267+ 144 34644 4625
EScell 1023+ 116 76+04 247+ 09 49,0 + 92 3820 1622+145 10533 0201

Values are mean *+ SEM. Results from at least three experiments. ES cells were derived from 129 mice, whereas ES-like cells ware derived
from DBA/2 mice. ’

'Flk-1-positive calls (5 X 10%) were sorted 4 days after coculture and replated on OPg feeder in a 24-well plate.

®Calls wera recovered 7 days after sorting and analyzed by flow cytometry. Erythrocytes, macrophages. and granulocytes were identified by
anti-Ter119, antl-Mac1, and anti-Gr1 antibodies, respectively.

*Numbers of positive cells in each well, 8 days after sorting. Vascular cells were determined by the uptake of Dil-acetylated Iow-dans!ty
lipoprotein. Heart muscle colonies were identiflad by counting beating colonles.

4Cells (2.5 X 10%) were plated on gelatin in a 48-well plate, and numbers of positive cells per cm? were detarmined by immunocytochemistry
5 (neuron) or 7 (astrocytes or oligodendrocytes) days after plating. Neurons were identifled by anti-Tu] antibody, whereas astrocytes and
oligodendrocytes were identified by antl-GFAP or anti-MBP antibodtes, respectively. Dopaminergic neurons were produced ~10 cells per well.

* Statistically significant by Student’s t test {p < 0.08).

the testis. The seminiferous tubules were disorganized,
and no sign of spermatogenesis was found in histologi-
cal sections. The cell composition found in the terato-
mas was similar to that of tumors that developed after
subcutaneous injection {data not shown). In contrast,
both wild-type and p53 KO GS cells produced normal
spermatogenesis when transplanted into the seminifer-
ous tubules (Figures 40-4Q).

Contribution of ES-Like Cells to Normat

Embryonic Development

after Blastocyst Injection

Finally, we microinjected ES-like cells into blastocysts
to examing whether they can contribute to chimeras
in vivo. Five to fifteen cells were injected into C57BL/8
blastocysts. The ratio of euploid cells, which signifi-
cantly influences the rate of chimerism or germline trans-
mission {Longo et al., 1997; Liu et al., 1997), was 70%
at the time of Injection.

Some of the recipient animals were analyzed at 12.5
dpc to look for chimerism, and others were allowed to
develop to term. Chimerism was observed in 25% (three
of 12) of the 12.5 dpc embryos (Figure 5A) and in 36%
{13 ot 36) of the newbom animals (Figure 5B), as judged
by the expression of EGFFP observable under UV illumi-
nation. Chimerism was also confirmed by the coat color
at mature stage (Figure 5C). We found six dead fetuses
that showed EGFP expression, and some embryos were
partially or completely absorbed. The pattemn of contri-
bution was similar at both stages analyzed; EGFP-posi-
tive donor cells were found in the central nervous sys-
tem, liver, heart, lung, somites, intestine, and other
tissues, including the yolk sac and chorionic membrane
of the placenta (Figures 5D-6I).

Since donor cells were also found in the testis of
a chimeric animal at 6 weeks of age (Figure 5J), we
performed microinsemination te obtain offspring. Round
spermatids were collected and microinjected Into
C57BL/6 X DBA/2 (BDF1) cocytes. Of 81 cultured em-
bryos, 64 (79%) developed into 2-cells and were trans-
ferred into five psudopregnant females. Eighteen (22%)
embryos were implanted, and one of the two offspring
from arecipient mouse showed EGFP flucrescence, In-
dicating the donor origin {Figure 5K). Interestingly, while
control ES cells showed wide contribution to embryos,
no donor cell contribution was observed in expeﬂments
using GS cells (Table 2).

To determine the full developmental potential of ES-
like cells, we used tetraploid complementation tech-
nique (Nagy et al., 1993). This technique allows the pro-
duction of live animals that consist entirely of donor ES
cells. A total of 92 tetraploid embryos were created by
electrofusion, aggregated with ES-like cells, and trans-
ferred to pseudopregnant ICR females. When some of
the recipient animals were sacrificed at 10.5 dpc, we
tound one normal-looking fetus and several resorptions
with normal placentas. The fetus showed some growth
retardation but clearly expressed the EGFP gene
throughout its body, including the yolk sac (Figure 5L),
indicating that it was derived from donor ES-like cells.
However, none of the pseudopregnant mothers sired
live offspring from both ES-like and ES cells.

Discussion

The results of cur experiments revealed the presence of
multipotential stem cells In the neonatal testis, Although
some cases of the “stemn cell plasticity” phenomenon

oligodendrocytes {L) on day 7 after induction. TH and Tuj-double positive dopaminergic neurons {arrow) appeared among Tuj-poshive neuvrons
(arrowhead) (M).

{N) Section of a teratoma under the skin. The tumors contained a varisty of differentiated cell types, including muscle {m), neura! (n), and
epithellal (e} tissues.

{0-0) Spermatogenesis from p53 knockout GS cells. (O) A macroscoplc comparison of untransplanted {left} and transplanted {right} recipient
testes. Note the Increased size of the transplanted testis. (P and Q) Histological appearance of the untransplanted (P} and transplarted (Q}
W testes. Nota the normal appearance of spermatogenesis (Q). Color staining: Cy3, red (J-M); Alexa Fluor 488, green (M. Scale bar, 50 um
{A, D, J, K, and M), 20 um (C and L), 200 wm (N, P, and Q), 1 mm {C).
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Figure 5, Production of Chimeric Animals

(A) A 12.5 dpc chimeric embryo {arrow) showing flucrescence under
UV light. No flucrescence was observed in a control embryo (ar-
rowhead).

(B) A newborn chimeric animal (arrow} showing fiuorescence.

{C) Mature chimeric animals. Note the donor cell-derived coat
color (clnnamon).

{D-l) Parasagittal section of 2 12.5 dpc chimeric embryo. Fluores-
cence was chserved in the brain (D), intestine (€), heart {F), Ilver {G),
lower spinal cord (H}, and placenta ().

(J) A testis from a chimeric mousa showing fluorescence. EGFP
expression was observed in some germ cells in the testis cell sus-
pension (inset),

{K} Oftspring derived from a chimera. One of the offspring showed
flucrescence, confirming tha danor crigin {amow).

{L) A 10.5 dpc embryo (arrow) and yolk sac produced from an aggre-
gation of ES-like cells with tetraplold embryo showing flucrescence.

have been attributed to cell fusion (Wagers and Weiss-
man, 2004}, our case cannot be explained by the same
mechanism because the ES-like cells formed teratomas
after subcutaneous transplantation. These ES-like cells
from the testis can be considered the neonatal counter-
parts of ES/EG cells. The result was unexpected, since
PGCs become resistant to experimental teratocarcino-
genesis or EG cell formation after 13.5 dpc (Stevens,
1984; Labosky et al., 1994). To our knowledge, EG cells
are the only example of the isolation of multipotent stem
cells from primary germ cells (Resnick et al., 1992; Mat-
sui et al.,, 1992). EG cells were derived from primary
germ cells harvested from 8.5 to 12.5 dp¢ fetuses and
cultured in vitro with a mixture of mSCF, LIF, and bFGF.
However, pluripotent cells could not be isolated from
neonatal germ cells using the same culture conditions
({Labosky et al., 1994), except when cells from teratomas
were used (Robertson and Bradley, 1986). ES-like cells
are unlikely to be derived from teratoma celis for two
reasons. First, the frequency of derivation of ES-like
cells in our study was significantly higher than the negli-
gible rate of spontaneous teratoma formation in strains
other than 129 and A/He mice (one teratoma out of
11,292 males in 129 hybrid backgrounds) (Stevens and
Mackensen, 1961). Second, growth factor supplementa-
tion was essential for the establishment of ES-like cells.
In fact, few EG cell lines have been obtained from spon-
taneously occurmring teratocarcinomas (Robertsen and
Bradley, 1986). These findings strongly suggest that the
ability to become multipotent stem cells persists in neo-
natal testis. Based on the results reported here, we pro-
pose to name these ES-like cells multipotent germline
stem cells, or mGS cells, to distinguish them from GS
cells, which can differentiate only into germline cells
(Kanatsu-Shinohara et al., 2003a).

Animportant question that arises from this study is the
origin of mGS cells. One possibility is that they appear
independently from GS cells and originate from a popu-
lation of undifferentiated pluripotent cells that persistin
the testis from the fetal stage. Although EG cells have
been established from ~12.5 dpc PGCs (Matsui et al.,
1992; Labosky et al., 1994), cells with similar characteris-
tics might remain in neonatal testis and produce ES-
like cells. Indeed, the results of the imprinting analysis
of wild-type mGS cells suggest a distinct origin for mGS
cells. In male germ cells, genomic imprinting is erased
during the fetal stage, and male-specific imprinting be-
gins to be acquired around birth in prospermatogonia
and is completed after birth (Davis et al., 1999, 2000;
Kafri et al., 1992}, While GS cells had atypical androgen-
etic imprinting pattem, the imprinting pattern of mGS
cells clearly differed from those of androgenetic germ
cells or somatic cells, which suggested that mGS cells
originate from partially androgenetic germ cells that
have undergone imprint erasure.

Another possibility is that mGS cells are derived from
spermatogonial stem cells and that the ability to become
multipotential cells may be one of the general character-

No fluorescence was observed in the placenta (arrowhead). Coun-
terstained with propidium lodide (P} (D-!). Color staining: EGFP,
green (A, B, and D-1); Pi, red {D-0). Scale bar, 100 um (D-I), 1 mm (J}.
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Table 2. Contribution of ES-Like Cells to Embryonic Development

Number of Numberof  Number of Number of Chimera (%}
Type of Cells Embryas Transfarred Reciplents Pups Borm* Live Pups® Mala Female
ES-ike 193 1 36 9/22 (41} 4714 (29)
ES N 14 4 2/2 (100) 2/2 (100)
GS 124 7 16 0/8 (0) 0/8 {0}
4n rescue ES-like a2 4 NA NA NA
4n rescus ES 30 2 NA NA NA

NA, not applicable,

*In some experiments, fetuses were delivered by cesarean section at 19.5 dpe.

"Number of live pups on the next day after birth,

istics of germline cells. Possibly, the interaction with
Sertoli cells normally directs genm cells to spermatogen-
esis and inhibits multilineage differentiation in the testis.
However, when germline cells are continuously stimu-
lated to expand in the absence of Sertoli cells, as in our
culture conditions, germ cells may be released from this
inhibition and some of the cells converted to pluripotent
cells. Teratogenesis from germline cells is susceptible
to environmental influences; for example, teratoma for-
mation can be significantly enhanced {~10-fold} in vivo
by ectopic transpiantation of the fetal genital ridge (Ste-
vens, 1984). As PGCs can become pluripotential only
after in vitro culture and cytokine supplementation was
also necessary for EG cell conversion (Matsui et al.,
1992; Resnick et al.,, 1992}, growth stimulation and re-
lease from somatic cells may modify the differentiation
program of germline cells.

Several lines of evidence in our study provide support
for the multipotential nature of spermatogonial stem
cells. First, we did not find PGC-like germ cells in the
neonatal testis, and we failed to induce mGS cells from
neonatal testis in EG cell culture conditions (mSCF +
LIF + bFGF). Therefore, the mGS cells arose through a
different mechanism from that of EG cells, and the re-
sults suggest that PGC-like cells in neonatal testis, if
any, are not responsible for the generation of mGS cells.
Second, results of p53 knockout mouse experiments
showed thatmGS cells develop from GS cells. The use of
the p53 knockout mouse was based on previous studies
that showed an increased frequency of teratoma in this
strain; it is estimated that loss of the p53 gene results
in a 100-fold increase in the susceptibility to testicular
teratoma (Lam and Nadeau, 2003). Nevertheless, GS
cells from this strain were phenotypically similar to wild-
type spermatogonia and could produce normal-appearing
spermatogenesis when transferred into seminiferous tu-
bules. In this sense, they are indistinguishable from wild-
type GS cells and fulfill the criteria for spermatogonial
stem cells. Using this model, we found that the partial
androgenetic imprint in mGS cells occurred with loss of
the androgenetic imprint in GS cells. Perhaps the same
is true of wild-type mGS cells; the partial andregenetic
imprint pattems may not indicate the origin of mGS cells
directly but rather reflect epigenetic instability in vitro,
as reported for ES/EG cells (Labosky et al., 1994; Dean
et al.,, 1998; Humpherys et al., 2001}. Although these
results are based on a mutant mouse model, they
strongly suggest that GS cells are multipotential or can
acquire multipotentiality by loss of a single gene. Spon-

taneous teratomas in mice occur almost exclusively in
the 129/Sv background and are considered to develop
from PGCs (Stevens, 1984). However, our results
strongly suggest that spermatogonial stem cells are
multipotential.

Interestingly, the acquisition of multipotentiality in
m@GS cells was concurrent with the loss of spermatogo-
nial stem cell potential. Despite their testicular origin,
mGS cells formed teratomasin the seminiferous tubules,
indicating that this environment was no longer sufficient
for spermatogenesis after the cells became pluripotent.
This contrasts with GS cells, which produce spermato-
genesis on transfer to the seminiferous tubules (Ka-
natsu-Shinohara et al., 2003a}. Therefore, mGS cells are
more closely related to ES/EG cells in terms of cell func-
tion. The reason for the loss of spermatogonial stem
cell potential is unknown; however, we speculate that
it may be related to the loss of responsiveness to GDNF
during the course of the establishment of mGS cells,
as GDNF is essential for the self-renewing division of
spermatogonial stem cells (Meng et al., 2000). Another
question that remains to be answered is why GS cells
converted to mGS cells only at early passages. In our
experiments, mGS cells appeared within 7 weeks of
culture initiation but not at later stages. Once estab-
lished, however, GS cells were stably committed to the
germline, because we did not observe any mGS cell
conversion when they were expanded in large-scale cul-
ture or transplanted in vivo. The loss of multipotentiality
might be ascribed to the nonoptimal culture condition;
it is widely known that ES cells differentiate easily and
lose germtine potential in the absence of LIF (Smith,
2001). Likewise, germline cells may tend to lose somatic
cell potential in nonoptimal culture conditions. In this
sense, itisinteresting that, in contrast to mGS cells from
wild-type mice, mGS cells developed in the long-term
in p53 knockout mice. Although the mechanism for the
maintenance or loss of multipotentiality of germline cells
is currently unclear, the results suggest that this gene
is involved In these processes, and GS cells from p53
knockout mice may be useful for analyzing how germiline
cells retain multipotentiality.

The most striking result from our experiments is the
contribution of mGS cells to normal embryo develop-
ment. Donor cell makers were present in various parts
of the body, including the germline cells. These results
demonstrate thatmGS cells notonly produce tumors but
also can contribute to normal embryonic development.
However, the function of the cells may not be completely
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normal, because we could not recover live offspring in
tetraploid complementation experiments, which indi-
cates that mGS cells alone cannot produce a normal
whole embryo. The failure is most likely related to the
imprint status of mGS cells, since altered imprinted gene
methylation causes fetal abnormalities with ES cells
(Dean et al., 1998; Surani, 2001). Nevertheless, the im-
print status of mGS cells did not influence the germline
competence, and normal offspring were obtained from
the chimeric animal. This agrees with the previous re-
ports that both ES and EG cells can produce germline
chimera (Robertson and Bradley, 1986; Labosky et al.,
1994; Stewart et al., 1994}, even with androgenetic im-
print pattems (Narasimha et al., 1997).

The derivation of multipotent stem cells from the neo-
natal testis may have practical value for medicine and
biotechnology. These cells are different from other re-
ported multipotent cells in terms of morphology, marker
expression, and capacity for differentiation (Verfaillie,
2002; Wagers and Welssman, 2004). While it is important
to study the biology of individual cell types and assess
their potential for clinical application, amajor advantage
of mGS cells is that technigques currently used to derive
specific lineages of cells from ES cells are applicable
directly. Clearly, the derivation of mGS cells has fewer
ethical concerns than does the derivation of ES cells,
because mGS cells can be obtained without sacrificing
the conceptus or embryos. Furthermore, the availability
of histocompatible, multipotent tissue for autotrans-
plantation would circumvent immunological problems
associated with ES cell-based technology. Although we
failed to obtain mGS cells from mature wild-type ani-
mals, this was likely due to the low success rate of
@GS cell establishment. The results of the p53 knockout
mouse experiment suggest that mGS cells can arise
from mature testis. Development of more efficient sys-
tems to derive GS cells from mature testis is necessary
at this stage of research, and suppression of p53 expres-
sion in GS cells, such as by RNA interference, may be
useful for enhancing the frequency of derivation. Future
studies should also be directed toward examining the
effect of Imprinting on the range and efficiency of differ-
entiation. Such studies will provide Important informa-
tion for potential clinical applications.

Experimental Procedures

Cell Culture

Testis cells were collected from newborn {0-2 days old) dd¥Y or
DBA/2 mice (Japan SLC, Shizuoka, Japan). For some experiments,
testis cells wera collected from a newborn Green mouse (Kanatsu-
Shinchara et al., 2003a) or p53 knockout mouse in ICR background
(Tsukada et al., 1933). Testis cell cutture was performed according to
the previcusty published protoce! (Kanatsu-Shinchara et al., 2003a),
with slight modifications. In brief, testis cells were allocated to a
gelatin-coated tissue culture plate (2 X 10° cells/3.8 cm?. The next
day, floating cells were recovered and passed to secondary culture
plates. After 7 days in culture, the cells were passed to a fresh
culture plate at a 1:2 dilution. When the cells were confluent {~7 days
after the second passage), they were passed again (1:1 dllution), At
the third or fourth passags, the cells were malntained on mitomycin
C-inactivated MEF, ES-like cells wera cultured In Dulbecco’s modi-
fled Eagle’s medium supplemented with 15% FCS, § x 10* M
2-mercaptoethano!, and 10? units/mi ESGRO (Invitrogen, Carisbad,
CA). To induce EG cells from neonatal testis, the same medium was
also supplemented with 20 ng/ml human bFGF (invitrogen), and

cells were cultured on SI-m220 (gift from Dr. T. Nakano, Osaka Uni-
versity).

For adult testls culture, 2 x 107 cells from 3- to 8-weak-old wild-
type and p53 knockout mice were used to recover spermatogonial
stem cells with antl-CD9 antibody as described elsewhers (Kanatsu-
Shinchara et al., 2004), and selected calls were plated on gelatin-
coated plate (3 X 10% cells/9.5 cm?). GS coll colonles were picked
by micromanipulation and transferred to MEF for expansion.

Standard ES cell medium was used to culture D3 ES cells that
ublquitously express the EGFP gene under the CAG promoter (pro-
vided by Dr. M. Okabe, Osaka University; Niwa et al,, 1991).

Antibedies and Staining

The following primary antibodies were used: rat antl-EpCAM {GB.8),
mouse anti-SSEA-1 (MC-480), mouse anti-sarcomeric protein (MF20;
Developmental Studies Hybridoma Bank, University of lowa), rat anti-
mouse Forssman antigen (M1/87), rat anti-hurman aoS-integrin
{GoH3), biotinylated hamster antl-rat p1-integrin (Ha2/5), bictinyi-
gted rat anti-mouse CD9 (KMC8), allophycocyanin (APC)-conju-
gated rat anti-mouse c-kit {2B8), rat anti-mouse CD31 (MEC 13.3),
phycoerythrin (PE)-conjugated rat anti-mouse Ter119 (TER-119),
blotinytated rat anti-mousa Mac1 (M1/70), biotinylated rat anti-
mouse Grl (RB8-8C5), rat antl-mouse VE-cadherin (11D4.1), APC-
conjugated rat anti-mouse CD45 {(30-F11; BD Bloscisnces), rat anti-
TDA (EEZ; provided by Dr. Y. Nishimune, Osaka University), APC-
conjugated rat anti-mouse Flk-1 {Avas 12x1; provided by Dr. S.
Nishlkawa, RIKEN), goat antl~nouse cardlac troponin-l (cTn-l)
{Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-human
myosin light chain 2v (MLC2v) (Alexis Blochemicals Inc, Montreal,
Canada), rabbit anti-mousa atrial natriuretic peptide (ANP) (Protos
Biotech Corporation, NY), mouse anti-human myelin basic protein
(MBP)} (Pm43), rabbit anti-gllal fibrillary acidic protain {GFAP), rabblt
anti-mouse tyrosine hydroxylase (TH), and mouse anti-human
B-tubulin 11 (Tuf) (SDL.3D10) {Sigma, St. Louis, MO). APC-conjugated
goat anti-rat-lgG {Cedarlane Laberatories, ON, Canada), APC-conju-
gated streptavidin (BD Blosciences), Alaxa Fluor 488-conjupated goat
antl-mouse IgG, Alexa Fluor 847-conjugated goat anti-rat IgM, Alexa
Fluor 833-conjugated goat anti-mouse IgM {Molecular Probes, Eu-
gene, OR), Cy3-conjugated donkey anti-mouse IgG, Cy3-conjugated
donkey anti-rabbit IgG, ALP or peroxldase-conjugated donkey anti-
mouse IgG, ALP-conjugated denkey anti-rabbit 19Q {Jackson Immu-
noresearch, West Grove, PA), ALP-cenjugated rabbit anti-goat 1gG
{Vector Laboratories, Burlingame, CA), or ALP-conjugated goat anti-
rat lgG (Chemicon} were used as secondary antibodies. The cell
staining and analysls was caned out with a FACSCalibur system
{BD Biosciences) {Kanatsu-Shinohara et al., 2003a). ALP or DAB
staining was camied out using a VECTOR alkaline phosphatase sub-
strate kit or DAB substrate kit (Vector Laboratertes), respectively,
according to manufacturer's protocol.

Ditferentiation into Specific Lineages In Vitro

For differentiation Into mesodermal lineages, ES-like cells were cul-
tured on OPY feeder layers, and cell differentiation was Induced as
described (Nishikawa et al., 1998; Schroeder et al., 2003, Hirashima
ot al.,, 1999). Vascular cells were identified by the uptake of Dil-
acetylated low-denslity ipoprotein (Molecular Probes). Methyicellu-
lose culture was performed as described previously (Nishikawa et
al., 1998). All cytokines were provided by Kirn Brewery (Tokyo,
Japan). Neural cell differentiation was induced as previously de-
scribed {Ying et al., 2003).

Analysis of Marker GGene Expression

RT-PCR for Nanog, Rex-1, ERas, Esg-1, Cripto, and ZFP57 were
carrled out using specific primers, as described (Mitsul ot al., 2003;
Goolsby et al., 2003; Takahashl et al,, 2003; Tanaka et al,, 2002;
Kimura et al., 2001; Ahn at al., 2004). PCR amplifications for Oct-4,
UTF1, and HPRT were carried out by using specific primers (5'-
AGCTGCTGAAGCAGAAGAGG-3' and 5'-GGTTCTCATTGTTGTCG
GCT-3' for Oct-4, 5'-GATGTCCCGGTGACTACGTCT-3 and 5'-TCG
GGGAGGATTCGAAGGTAT-3 for UTF1, and 5'-GCTGGTGAAAAG
GACCTCT -3" and 5'- CACAGGACTAGAACACCTGC-3 for HPRT).
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Analysis of Imprinted Qenes

Bisuffite genomic sequencing of DMRs of imprinted genes was car-
ried out as describad (L.ee et al., 2002). PCR amplifications of each
DMR region from bisulfite-trested genomic DNAs was carrled out
by using speciic primers (5'-GGAATATTTGTGTTTITGGAGGG-3"
and 5'-AATTTGGGTTGGAGATGAAAATATTG-23' for H19, 5'-GGTTT
GGTATATATGGATGTATTGTAATATAGG-3' and 5'-ATAAAACACCA
AATCTATACCAAAATATACC-3' for Mag3 IG, 5'-GTGTAGAATATG
GGGTTGTTTTATATTG-3' and 5'-ATAATACAACAACAACAATAACA
ATC-3' for Rasgrf1, 5'-TTAGTGGGGTATTTTTATITGTATGG-3' and
5'-AAATATCCTAAAAATACABACTACACAA-Y for lgfer, 5'-GTAAAG
TGATTGGTTTTGTATTTTTAAGTG-3' and 5'-TTAATTACTCTCCTAC
AACTTTCCAAATT-3' for Peg10, and 5'- GGTTTTTTAGAG GATGGT
TGAGTG-3' and 5'- TCCAACCCTACTAACCCATCACC-3' for Oct-4).
The DNA sequences were determined In both directions. For CO-
BRA, PCR products were digasted with restriction enzymes with a
recognition sequence containing CpG in the original unconverted
DNA (Xiong and Lalrd, 1937). Intensity of digested DNA bands was
quantified with ImageGauge software (Fuji Photo Film, Tokyo,
Japan).

Transplantation

For subcutaneous Injections, approximately 2 X 10* cells ware in-
jected into KSN nude mice {(Japan SLC). For microinjections into
the seminifarous tubules, approximately 3 X 10° cells were injected
into the seminiferous tubules of an immune-suppressed W mouse
{Japan SLC} recipiert through the efferent duct (Kanatsu-Shinohara
ot al,, 2003b).

Chimera Formation and Microinsemination

Cells were injected into the blastocoel of 3.5 dpe biastocysts of
CS57BL/8 mice using a Piezo-driven micromanipulator (Kimura and
Yanagimachl, 1995). The blastocysts ware retumed to the oviducts
or uteri of 2.5 dpe pseudopregnant ICR foster mothers on the day
of microinjection. Tetraplold embryo aggregation chimeras were
produced using the method developed by Nagy et al. (1993}, except
that two-cell blastomeres were electrofused by applying an electric
pulse (2500 Vicm, 10 psec) in 300 mM mannitol sofution. Mi-
croinsemination was carrled out as described using BOF1 oocytes
{KImura and Yanagimachl, 1995). The embrycs were transferred on
the next day after culture,

Histology

Tissues were fixed in 10% formalin and processed for paraffin sec-
tioning. Chimeric embryos ware fixed in 4% paraformaldehyde and
frozen in Tissue-Tek OCT compound {Sakura Finetechnical, Tokyo,
Japan) for cryosectioning. Slides were analyzed with an Olympus
corfocal laser scanning microscope.
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Abstract

The transportation of cryopreserved spermatozoa is an economical, efficient, and safe method for
the distribution of mouse strains from one facility to arother. However, spermatozoa from some
strains, including C57BL/6 (B6), are very sensitive to freezing and thawing and frequently fail to
fertilize eggs by conventional in vitro fertilization methods at the recipient mouse facility. Since many
genetically engineered mice have the B6 genetic background, this sensitivity poses a major obstacle
to studies of mouse genetics. We investigated the feasibility of transporting spermatozoa within
epididymides under non-freezing conditions. First, we examined the interval that B6 and B6D2F1
(BDF1) spermatozoa retained their ability to fertilize when stored within epididymides at low
temperatures (5 °C or 7 °C). Fertilization rates were >50%, irrespective of the spermatozoa used,
when epididymides were stored for 3d at 7 °C. B6 spermatozoa, but not BDF1 sperm, had better
retention of fertilizing ability at 7 °C versus 5 °C. We then transported freshly collected B6 and BDF1
epididymides from a sender colony to a recipient colony using a common package delivery service,
during which the temperature was maintained at 5 °C or 7 °C for 2 d. Sufficiently high fertilization
rates (68.0=77.5%) were obtained for all experimental groups, except for B6é spermatozoa transported
at 5 °C. These spermatozoa were successfully cryopreserved at the recipient facility and, yielded
post-thaw fertilization rates of 27.6-66.4%. When embryos derived from the B6 spermatozoa that

* Corresponding author. Tel.: +81 29 836 9165; fax: +81 29 836 9172.
E-mail address: ogura@ric.riken.go.jp (A. Ogura),
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were transported at 7 °C were transferred into recipient females, 52.7% (38/72) developed to term. In
conclusion, transportation of epididymides at refrigerated temperatures is a practical method for the
exchange of mouse genetic resources between facilities, especially when these facilities do not
spectalize in sperm cryopreservation. For the B6 mouse strain, the transportation of epididymides at
7 °C rather than 5 °C, is recommended.

@© 2004 Published by Elsevier Inc.

Keywords: Cryopreservation; Epididymis; IVF; Mouse; Spermatozoa

1. Introduction

The mouse is the animal species that is most commonly used in biomedical research,
owing to the availability of large amounts of information on its genetics and biology.
Technical advances in mouse genetic engineering have substantially increased the
research value of the mouse and greatly increased the number of available genetically
modified mouse strains, including transgenic and gene-targeted mice as the need to share
these valuable genetic resources grows, strains are transferred from one facility to another
with increasing frequency. However, the transportation of live mice is very costly, and
there is anincreased risk of spreading diseases in recipient colonies. The transportation of
cryopreserved embryos and spermatozoa is the current preferred method for the exchange
of mouse strains because it avoids the problems associated with handling live animals [1].
The recent development of rapid and easy-freezing methods has significantly improved
embryo/sperm cryopreservation techniques [2-5]. Although this should have enabled
widespread transportation of cryopreserved embryos and sperm between mouse
facilities, conventional live mouse transportation is still commonly employed. This is
mainly due to the technical requirements for transporting frozen materials; both the
sending and receiving facilities should specialize in freeze-thaw methods, and the
embryos/spermatozoa should be kept in liquid nitrogen during transportation.
Furthermore, for some of the most commonly used inbred strains, including CS7BL/6
(B6), fertilization rates using frozen-thawed spermatozoa are generally at the low end of
desirability in terms of establishing mouse colonies [1,4,6], although this problem can be
overcome by special micromanipulative techniques (intracytoplasmic sperm injection [7]
and partial zona dissection [8]). This is a major obstacle for the widespread exchange of
cryopreserved spermatozoa because many useful genetically modified mice have the B6
genetic background. Recently, the potential for storage of gametes and gonadal tissues
under non-freezing conditions has beenrecognized in several species [9-15]. The method
does not require specialized freezing devices or technical skills. Even mouse spermatozoa
that have been retrieved postmortem and stored at low temperature for a few days can
subsequently be used to fertilize oocytes, and the resultant embryos develop normally
[9,15]. We wanted to assess the feasibility of transporting spermatozoa under non-
freezing conditions as an alternative to shipping cryopreserved spermatozoa. For this
purpose, we transported fresh epididymides of B6 males by commercial courier under
refrigeration, and examined the fertilizing ability of the spermatozoa at the recipient
laboratory.
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2. Materials and methods
2.1. Preparation of epididymides

We used fully mature C57BL/6Cr Slc (B6) and B6D2F! (BDF1) males (SLC Co. Ltd.,
Shizuoka, Japan) aged 3-12 months. The mice were sacrificed by cervical dislocation, and
the cauda epididymides were removed, together with a part of the corpus epididymis and
vas deferens. Each epididymis was stored in a 1.8-mL cryotube (no. 363401; Nunc,
Roskilde, Denmark) that contained ~0.5 mL mineral oil (M-8410; Sigma Chemical Co.,
St. Louis, MO, USA) or silicone oil (no. 146153; Sigma Chemical Co.) at two different
temperatures, 5 °C or 7 °C. In vitro fertilization (IVF) was attempted 1—4 d later. The
experiments were performed with two or three replicates.

2.2. Transportation of epididymides

For the transportation experiments, fresh cauda epididymides were placed into a 1.8-mL
cryotube that contained ~0.5 mL mineral oil. The cryotubes were packed in plastic bags with
a small temperature data logger (Thermochron; OnSolution Pty Ltd., Sydney, Australia), and
then placed in a thermos that contained water at 5 °C or 7 °C. The samples were transported
under refrigeration from Kochi to Tsukuba {a distance of about %00 km) using a commercial
courier service. The epididymides were delivered to the recipient facility and were stored
overnight at the transportation temperature, in order to conduct IVF experiments according
to our standard experimental schedule. The total duration of epididymal storage was ~48 h,
including transportation. The experiments were performed in triplicate.

2.3. In vitro fertilization

Caunda epididymides that had been refrigerated for 14 d or transported (with a total
refrigerated storage time of 48 h) were used for IVE. Spermatozoa from each epididymis
were suspended in 450 uL human tubal fluid (HTF) medium that contained 0.5% bovine
serum albumin, covered with silicone oil (Sigma Chemical Co.), and pre-incubated at
37 °C under 5% CO; in air for 1-2 h. Superovulation was induced in females of the same
strain as the male, by treatment with 7.5 IU pregnant mare’s serum goenadotropin (PMSG;
Peamex, Sankyo Co., Tokyo, Japan), followed 48-54 h later by 7.5 IU human chorionic
gonadotropin (hCG, Puberogen; Sankyo Co., Tokyo, Japan). Cumulus-oocyte complexes
were collected from the oviducts and placed into 80-uL drops of HTF under silicone oil.

Insemination was carried out by adding a small drop of sperm suspension to these HTF
drops (final sperm concentration of ~5 x 10° cellsymL). Four to six hours after
insemination, the eggs were removed from the fertilization drops, washed in PB1
medium, and cultured overnight in 10-20-pL drops of glucese-containing CZB medium
f16]. The next morning, the number of two-cell embryos was scored, and the embryos were
either cultured through to the blastocyst stage or surgically transferred into the oviducts of
pseudopregnant ICR mice (CLEA Japan Inc., Tokyo, Japan) for the evaluation of in vivo
development. Recipients were allowed to deliver their young. After weaning, the mothers
were sactificed and implantation sites examined.
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