
INTRODUCTION

The initialization and reprogramming processes of epigenetic
information during germ cell development are not fully
understood. In mammals, a parental-origin-specific gene
regulation mechanism, known as genomic imprinting, plays
an essential role in development, growth and behavior, by
regulating the expression of two kinds of imprinted genes:
paternally and maternally expressed genes (Pegs and Megs,
respectively) (Surani et al., 1984; McGrath and Solter, 1984;
Cattanach and Kirk, 1985; Barlow et al., 1991; Bartolomei et
al., 1991; DeChiara et al., 1991; Kaneko-Ishino et al., 1995;
Miyoshi et al., 1998). Parental imprinted memories persist in
somatic cells after fertilization, while it is necessary for them

to be erased and re-established during germ cell development
to reflect the gender of the individual (Reik and Walter, 2001).
The immigration of PGCs to the genital ridges starts at around
day 10.5 of the embryonic stage and is completed by day 11.5
(Rugh, 1990; Yeom et al., 1996; Molyneaux et al., 2001), when
differentiation of the testes and ovaries commences.

Previous studies have indicated that imprinted memories
were erased from day 11.5 to day 15.5 PGCs, judging from
changes in DNA methylation and the loss of the monoallelic
expression of imprinted genes (Grant et al., 1992; Kafri et al.,
1992; Brandeis et al., 1993; Szabo and Mann, 1995). Region
2 of the Igf2r gene, which shows the fully methylated pattern
of maternal alleles and the unmethylated pattern of paternal
alleles in somatic cells, becomes totally unmethylated in both
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Genomic imprinting is an epigenetic mechanism that
causes functional differences between paternal and
maternal genomes, and plays an essential role in
mammalian development. Stage-specific changes in the
DNA methylation patterns of imprinted genes suggest that
their imprints are erased some time during the primordial
germ cell (PGC) stage, before their gametic patterns are re-
established during gametogenesis according to the sex of
individuals. To define the exact timing and pattern of the
erasure process, we have analyzed parental-origin-specific
expression of imprinted genes and DNA methylation
patterns of differentially methylated regions (DMRs) in
embryos, each derived from a single day 11.5 to day 13.5
PGC by nuclear transfer. Cloned embryos produced from
day 12.5 to day 13.5 PGCs showed growth retardation and
early embryonic lethality around day 9.5. Imprinted genes
lost their parental-origin-specific expression patterns
completely and became biallelic or silenced. We confirmed
that clones derived from both male and female PGCs gave
the same result, demonstrating the existence of a common
default state of genomic imprinting to male and female
germlines. When we produced clone embryos from day 11.5
PGCs, their development was significantly improved,

allowing them to survive until at least the day 11.5
embryonic stage. Interestingly, several intermediate states
of genomic imprinting between somatic cell states and the
default states were seen in these embryos. Loss of the
monoallelic expression of imprinted genes proceeded in
a step-wise manner coordinated specifically for each
imprinted gene. DNA demethylation of the DMRs of the
imprinted genes in exact accordance with the loss of their
imprinted monoallelic expression was also observed.
Analysis of DNA methylation in day 10.5 to day 12.5 PGCs
demonstrated that PGC clones represented the DNA
methylation status of donor PGCs well. These findings
provide strong evidence that the erasure process of genomic
imprinting memory proceeds in the day 10.5 to day 11.5
PGCs, with the timing precisely controlled for each
imprinted gene. The nuclear transfer technique enabled us
to analyze the imprinting status of each PGC and clearly
demonstrated a close relationship between expression and
DNA methylation patterns and the ability of imprinted
genes to support development.
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male and female germ cells by day 13.5 of gestation, indicating
that DNA demethylation plays an important role in this process
(Brandeis et al., 1993). Biallelic expression of Igf2r, Igf2, H19
andSnrpn was reported in day 11.5 PGCs and in day 12.5 to
day 15.5 ovaries and testes, suggesting that erasure of genomic
imprinting occurred before the PGCs reached the genital ridges
(Szabo and Mann, 1995). Similar results were obtained in
studies of EG cells (Labosky et al., 1994; Stewart et al., 1994;
Tada et al., 1998) and of so-called ‘germ cell embryos’ (Kato
et al., 1999). Region 2 of the Igf2r gene was completely
unmethylated in EG cells derived from day 12.5 PGCs
(Labosky et al., 1994). However, half of the EG cell lines
derived from day 8.0 to day 8.5 PGCs showed the normal
somatic cell pattern (paternally unmethylated and maternally
methylated pattern) and the remaining half showed a
completely unmethylated pattern, suggesting that the imprinted
memories of some day 8.0 to day 8.5 PGCs had been erased
(Labosky et al., 1994). Tada et al. (Tada et al., 1998) closely
examined the DNA methylation status of several imprinted
genes in EG cells from day 11.5 to day 12.5 PGCs of both
males and females, and showed that these genes were totally
unmethylated, except the H19 and Igf2 genes, suggesting the
existence of similar epigenetic states between parental alleles.

Kato et al. (Kato et al., 1999) produced germ cell embryos
by transplanting the nuclei of day 14.5 to day 16.5 male PGCs
into enucleated oocytes, and showed the expression pattern of
imprinted genes from an imprint-free genome. Some imprinted
genes, such as Igf2, Igf2r, p57Kip2(Cdkn1c– Mouse Genome
Informatics) andMash2(Ascl2– Mouse Genome Informatics)
were silenced in these embryos, while the DNA methylation
status of the DMRs of imprinted genes such as Mest, Peg3,
Snrpn, Nnat and H19 suggested that they became biallelic.
Therefore, it has been accepted that the imprinted memories in
PGCs are erased and that DNA demethylation plays an
important role in this process. In order to determine the precise
timing and genome-wide progression of the erasing process,
we tried to analyze the imprinting status and DNA methylation
patterns of embryos produced from earlier-stage PGCs (day
11.5 to day 13.5) by DNA polymorphic analysis, which
demonstrate parental-origin-specific active or silenced alleles.

In this work, PGC clones were used to map germ cell
development precisely, as we presume that each clone
represents the genomic status of an individual PGC nucleus.
We reproduced the results of Wakayama et al., who generated
clones from cumulus (Wakayama et al., 1998), tail tip
(Wakayama and Yanagimachi, 1999) and ES cells (Wakayama
et al., 1999; Rideout et al., 2000). In addition, we made somatic
clones from Sertoli cells (Ogura et al., 2000) with similar
efficiency (3%). In these somatic clones, except ES clones, we
observed that the monoallelic expression of the imprinted
genes is maintained properly (Ogura et al., 2000; Inoue et al.,
2002), indicating that the imprinted genomic memories are not
perturbed by the reprogramming process during nuclear
transfer. Therefore, we think that the somatic cloning technique
represents the genomic imprinting status of donor cells in
embryos well. We produced mouse PGC clone embryos from
day 11.5 to day 13.5 PGCs to examine the erasure process of
genomic imprinting in detail. Complete loss of monoallelic
expression of imprinted genes was observed in clone embryos
from day 12.5 to day 13.5 PGCs, as previously reported
(Szabo and Mann, 1995; Kato et al., 1999). Moreover, we

demonstrated the existence of a default state of genomic
imprinting common to female and male germ cell lines.
Interestingly, the process of genomic imprinting memory
erasure is seen in the day 11.5 PGC clones, which show several
intermediate patterns of genomic imprinting. This conclusion
was supported by the fact that the loss of DNA methylation in
the DMRs of several imprinted genes correlated very well to
the loss of parental-origin-specific expression among the day
11.5 PGC clones and that DNA methylation status in PGC
clones represented well that of donor PGCs themselves.

MATERIALS AND METHODS

Preparation of recipient oocytes
Recipient oocytes for nuclear transfer were collected from mature
B6D2F1 females that were superovulated by consecutive injections of
7.5 IU eCG and 7.5 IU hCG at 46- to 52-hour intervals. Cumulus-
enclosed oocytes retrieved 14-17 hours after hCG injection were
treated with 0.1% bovine testicular hyaluronidase in CZB medium
until the cumulus cells were completely dispersed. After washing,
oocytes were placed in a drop containing 6 µg/ml cytochalasin D for
5 minutes and enucleated with a glass pipette, by aspirating the
metaphase II plate with a small volume of the surrounding cytoplasm.

PGC preparation and nuclear transfer
PGCs for nuclear donors were collected from the gonads of day 11.5
to day 13.5 fetuses of C57BL/6 (Mus musculus musculus) × JF1 (Mus
musculus molossinus) F1 shortly before nuclear transfer. Two or three
fetal gonads were placed in a 3 µl drop of HEPES-CZB containing
10% polyvinylpyrrolidone in a micromanipulation chamber, and
punctured using a fine disposable needle to allow the PGCs to spread
into the medium. The nucleus was removed from the donor cells by
gently aspirating it in and out of the injection pipette (4-5 µm inner
diameter). The donor nuclei were injected deep inside the ooplasm
using a Piezo-driven micropipette. Oocytes injected with donor nuclei
were incubated in CZB medium for 1-2 hours under 5% CO2 in air
at 37°C, and then activated by treatment with 10 mM SrCl2 for 6-7
hours. The activation medium also contained 6µg/ml cytochalasin D
to prevent polar body extrusion. After washing, the oocytes were
cultured in CZB medium for 48 or 72 hours under 5% CO2 in air at
37°C.

Embryo transfer
After 72 hours in culture, embryos that had developed to the morula
or blastocyst stages were transferred into the uteri of day 2.5
pseudopregnant ICR females (Clea Japan, Tokyo, Japan). Some
embryos were cultured for 48 hours and those that reached the four-
cell stage were transferred into the oviducts of day 0.5 pseudopregnant
females. Recipient females were killed on days 9.5-11.5 and their uteri
were examined for live or dead fetuses.

Quantitative RT-PCR
Genomic DNA and total RNA were prepared from E9.5 embryos and
placentas in both PGC clones and Dnmt1mutant mice, using ISOGEN
(Nippon Gene), as described previously (Kaneko-Ishino et al., 1995).
cDNA was synthesized from 1 µg of total RNA using Superscript II
reverse transcriptase (Life Technologies) with oligodT as a primer.
Gene expression levels were measured with an ABI PRISM 7700
using SYBR Green PCR Core Reagents (Applied Biosystems),
designed to detect cDNAs. Target cDNA fragments were cloned into
plasmids to be used as standards in the quantitative analysis of gene
expression. Twelve imprinted genes (six Pegs and six Megs) were
selected from eight different chromosomal imprinted regions: Mest
(sub-proximal 6), Igf2 (distal 7), Peg3(proximal 7), Nnat (sub-distal
2), Dlk1 (distal 12), Peg10(proximal 6), Grb10 (proximal 11), H19
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(distal 7), Meg3 (distal 12), p57Kip2 (distal 7), Igf2r (proximal 17)
and Mash2(distal 7). The primers used for quantification are listed
below.

Mest, 5′-GGCTCCTCTATGATGGCCG-3′ and 5′-AAGCCT-
TTCTGAACAGCCAGC-3′;

Peg3, 5′-TAAGCAATACGGGCAGCCT-3′ and 5′-CCAACAAA-
CTTCTGGTAACGC-3′;

Nnat, 5′-TGGCACACATATTCCTGCC-3′ and 5′-GACCACAAC-
TGCTGCGTG-3′;

Peg10, 5′-GGGTAGATAATCATAAGTATTTTGGGC-3′ and
5′-CAATTCTAAACTTTATTCCAGCAAC-3′;

Grb10, 5′-AAATGACGACTCCGTGTAACC-3′ and 5′-TTAAC-
ACCCTCTGCATTCCC-3′.

P57Kip2, 5′-GACGATGGAAGAACTCTGGG-3′ and 5′-AGCGT-
ACTCCTTGCACATGG-3′;

Igf2r, 5′-TAGTTGCAGCTCTTTGCACG-3′ and 5′-ACAGCTC-
AAACCTGAAGCG-3′;

Mash2, 5′-TGTTAACACCCGCTACTCCG-3′ and 5′-AAGTCA-
AGCAGCTCCTGCTC-3′;

H19, 5′-TTGCACTAAGTCGATTGCACT-3′ and 5′-GGAAC-
TGCTTCCAGACTAGGC-3′;

Igf2, 5′-CTAAGACTTGGATCCCAGAACC-3′ and 5′-GTTCTT-
CTCCTTGGGTTCTTTC-3′;

Meg3, 5′-TTGCACATTTCCTGTGGGAC-3′ and 5′-AAGCAC-
CATGAGCCACTAGG-3′;

Dlk1, 5′-TTACCGGGGTTCCTTAGAGC-3′ and 5′-TGCATTA-
ATAGGGAGGAAGGG-3′; and

β-actin, 5′-AAGTGTGACGTTGACATCCG-3′ and 5′-GATCCAC-
ATCTGCTGGAAGG-3′.

Allelic analysis of gene expression
Polymorphisms in 12 imprinted genes between JF1 and C57BL/6
were detected by RFLP (restriction fragment length polymorphism),
LP (length polymorphism) and SSP (single site polymorphism)
analyses. For RT-PCR, 1 ng of cDNA in a 100 µl reaction mixture
containing 1× ExTaq buffer (TaKaRa), 2.5 mM dNTP mixture,
primers and 2.5 U of ExTaq (TaKaRa) was subjected to 30 PCR
cycles. PCR was carried out on a Perkin Elmer GeneAmp PCR system
9600 under the following conditions: 96°C for 15 seconds, 65°C for
30 seconds, and 72°C for 30 seconds. The following primers were
used for DNA amplification:

Mest, 5′-GATTCGCAACAATGACGGC-3′ and 5′-ATCCAGAAT-
CGACACTGTGG-3′;

Peg3, 5′-TAGTCCTGTGAAGGTGTGGG-3′ and 5′-GTAGGGAT-
GGGTTGATTTGG-3′;

Nnat, 5′-ACTTGCCAAGGTCAGTGAGG-3′ and 5′-TCATG-
GTAGGATCTTGTGCG-3′;

Peg10, 5′-GGGTAGATAATCATAAGTATTTTGGGC-3′ and
5′-CAACATTCTAAACTTTATTCCAGCAAC-3′;

Grb10, 5′-CTTGATACCACCCAGAAAGTCTG-3′ and 5′-AACC-
CAAAGCATTTGGCAG-3′;

P57Kip2, 5′-GACGATGGAAGAACTCTGGG-3′ and 5′-AGCGT-
ACTCCTTGCACATGG-3′;

Igf2r, 5′-TTCGACCTATAAGAAGCCTT-3′ and 5′-GGGTACTT-
TGCTTTTGGGTA-3′;

H19, 5′-GGATCCAGCAAGAACAGAAGC-3′ and 5′-TCTGTCC-
TCTCCATCACACC-3′;

Igf2, 5′-GGAGATGTCCAGCAACCATC-3′ and 5′-CTGAAGCA-
ATGACATGCCAC-3′;

Meg3, 5′-TTGCACATTTCCTGTGGGAC-3′ and 5′-AAGCAC-
CATGAGCCACTAGG-3′; and

Dlk1, 5′-CGTCTTTCTCAACAAGTGCG-3′ and 5′-AGATCTCC-
TCATCACCAGCC-3′.

For RFLP analysis of Peg3, Nnat, Grb10, Igf2r, H19, Igf2 and
Meg3, the PCR products were digested with TthHB81, HpaII, BclI
and BstU1 and subjected to 1.5% agarose gel electrophoresis. For
Igf2r LP analysis, the PCR products were directly subjected to

electrophoresis in 2% agarose gels. For SSP analysis of Mest, Peg10,
P57Kip2and Dlk1, the PCR products were sequenced directly.

Methylation analysis of PGC clone embryos and PGCs
Genomic DNA and RNA were isolated from day 11.5 to day 13.5
PGC clone embryos using ISOGEN as described in the RT-PCR
section. To isolate genomic DNA of day 10.5 to day 12.5 PGCs, 300-
500 cells were collected from the gonads of day 10.5 to day 12.5
fetuses of C57BL/6 (Mus musculus musculus) × JF1 (Mus musculus
molossinus) F1. The sex of each fetus was determined by genomic
PCR of Hprt and Sry. Purified genomic DNA (1 µg) was treated with
a sodium bisulfite solution as described previously (Raizis et al.,
1995). The H19 promoter region, Peg10 intron2 and 5′ upstream
region of Peg5 were amplified by PCR with specific primers
(5′-GGAATATTTGTGTTTTTGGAGGG-3′ and 5′-AATTTGGGTT-
GGAGATGAAAATATTG-3′ for H19, 5′-CAAAGTGACTGGCTCT-
GCACTCTTAAGTG-3′ and 5′-AATTTGGAAAGCTGCAGGAGA-
GTAACCAA-3′ for Peg10, and 5′-GAGGATATAAGTT-
TTATTTTGAAATTAGAAG-3 ′ (F1), 5′-TACCTTAAATACCCTCT-
TACCACCTAAG-3′ (R1), 5′-CACACCCAAACCTACAAATTCTA-
C-3′ (R2) for Peg5), during which cytosine was converted to uracil.
DNA fragments were amplified using ExTaq(TaKaRa, Kyoto, Japan)
for 31-35 cycles under the following conditions: 96°C for 15 seconds,
60°C for 30 seconds, and 72°C for 1 minute. For Peg5,two rounds of
PCR were performed consisting of up to 35 and 12 cycles for the first
(using F1 and R1) and second (using F1 and R2) rounds, respectively,
under the same conditions used for H19 and Peg10. Amplified
fragments were cloned into plasmids and sequenced.

RESULTS

Developmental potential of PGC clones
When day 12.5 to day 13.5 PGCs were used as donor cells, 50-
60% of oocytes developed to the morula/blastocyst stage and
were transferred to pseudopregnant recipients. Overall 60%
implanted and 10% gave rise to conceptus (Fig. 1A). The day
12.5 to day 13.5 PGC clones (Fig. 1B, upper column) were
growth-retarded compared with control embryos produced by
in vitro fertilization (Fig. 1B, lower column) on both day 10.5
and 11.5 of pregnancy. Apparently, they showed early
embryonic lethality around embryonic day 9.5 and no further
development was observed in any of these embryos. This
situation was very different from that for somatic clones from
cumulus, tail tip and Sertoli cells, in which using the same
technique, the majority (>70%) of day 9.5 embryos survive to
term, although the overall birth rate is low (2-3% per transfer)
(Wakayama et al., 1998; Wakayama and Yanagimachi, 1999;
Ogura et al., 2000). The development of day-14.5 to day 15.5
PGC clones was almost the same (data not shown), although
the recovery of the morula/blastocyst stage and the
implantation rates were higher than those of the day 12.5 to
day 13.5 PGCs (Fig. 1A).

Regarding retarded growth and early embryonic lethality,
these PGC clone embryos resembled germ cell embryos
produced by the simple nuclear transplantation technique using
day 14.5 to day 16.5 male PGCs, as reported previously by
Kato et al. (Kato et al., 1999). They reported that the majority
were considerably growth retarded and stopped at the 20-25
somite stage on day 9.5, indicating that imprint-free embryos
never develop to term, at least partly because of loss of
genomic imprinting memory (see next paragraph). Our results
indicated that even the somatic cloning technique incorporating
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an ‘initiation’ or ‘reprogramming’ step in unfertilized eggs did
not improve the development of embryos produced from
PGCs, and support the idea of Kato et al.

Interestingly, the development of day 11.5 PGC clones was
significantly improved compared with that of clones from day
12.5 to day 13.5 PGCs. They appeared normal, even at the day
11.5 embryonic stage (Fig. 1B, middle column), although they
were still a little smaller than IVF-derived controls. Regardless
of extended growth, the implantation rate of the day 11.5 PGCs
seemed lower than those of later stage PGCs. It should be noted
that the remnants of imprinted memories in some embryos
could explain the extended growth of the day 11.5 PGC clones.
PGC clones from day 10.5 PGCs could not be obtained because
only 30% of them reached the two-cell stage and few embryos
developed to the morula/blastocyst stage (data not shown).
This is probably due to technical limitations of somatic cloning
using rapidly proliferating cell populations (Campbell et al.,
1996; Ogura et al., 2001). Only a part of the day 10.5 PGCs
may be at G0/G1 stage, but other factors might also have
affected their embryonic development.

Default states of gene expression when genomic
imprinting is lost in both male and female day 12.5
PGC clone embryos
The expression levels and imprint status of imprinted genes
were analyzed in day 12.5 and day 13.5 PGC clones (Fig. 2A-
L, lanes 10-18). Twelve imprinted genes (six Pegs and six
Megs) were selected from eight different chromosomal
imprinted regions (see Materials and Methods), in order to
represent the properties of several imprinted regions in the
genome. The parental-origin-specific expression was
determined by analyzing DNA polymorphism between B6
(Mus musculus musculus) and JF1 (Mus musculus molossinus).
Conversion from monoallelic to biallelic expression was
observed for Mest, Peg3, Nnat, H19 and Meg3 (Fig. 2, white
bars), while Igf2, Dlk1, Igf2r, p57Kip2, Grb10 and Mash2
showed non-expression patterns (Fig. 2, black bars). These
results are consistent with a previous study (Kato et al., 1999).
In this study, we have conclusively demonstrated the biallelic
expression of about half of the imprinted genes examined, as

well as the silenced state of the remaining half, confirming that
genomic imprinting memories were completely erased in these
embryos. We have previously reported that the maternally
imprinted expression pattern was not established in non-
growing oocytes (Obata et al., 1998). It should be noted that
the expression patterns of non-growing alleles are almost the
same as those in the day 12.5 PGC clones in this study and in
germ cell embryos (Kato et al., 1999). Importantly, the day
12.5 female PGC clones (five shown in red, lanes 12-16)
showed patterns identical to those in the day 12.5 male PGC
clones (two shown in blue, lanes 10-11). This evidence
demonstrates that there is a default state of genomic imprinting
common to both male and female germlines at day 12.5 at least.
It should be indicated that biallelic gene expression does not
necessarily result in a twofold increase in the expression level.

Process of genomic imprinting erasure represented
in day 11.5 PGC clones
Surprisingly, imprinted patterns were dramatically altered in
the day 11.5 PGC clone embryos (Fig. 2A-L, lanes 1-9). A total
of nine embryos produced from day 11.5 male (three shown in
blue) and female (six shown in red) PGCs were examined, and
each had a totally different imprinted status. The results are
aligned in descending order of the number of genes that
maintained a monoallelic expression pattern (Fig. 2M). We
only counted a gene as biallelic when over 25% expression
from the originally repressed alleles was detected compared
with normally expressed alleles. In the day 11.5 PGC clones
E1 and E2, 11 out of 12 imprinted genes were preserved and
10 were preserved in E3, indicating that the normal imprinted
gene expression profiles observed in somatic cells (with the
exceptions of the Peg3and Nnat genes) were conserved (Fig.
2B,C). The imprinting of three to nine genes was maintained
in E4-E7, and no imprinting except the Peg10 gene was
detected in E8 or E9 (Fig. 2D). These patterns corresponded to
intermediate states between that in normal somatic cells and
that in the clones from day 12.5 to day 13.5 PGCs. Apparently,
loss of imprinted expression proceeds in a step-wise manner
coordinated specifically for each imprinted gene (see also Fig.
5). These results indicate that what we observed in the day 11.5
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Fig. 1.Development of embryos derived
from enucleated oocytes injected with
primordial germ cell (PGC) nuclei.
(A) Culture and development of PGC
transferred cells from day 11.5 to day 13.5.
*After 72 hours in culture; **some
embryos were cultured for 48 hours and
transferred into the oviducts of day 1
pseudopregnant females. (B) Photographs
of day 12.5 (top) and day 11.5 PGC clone
embryos (middle) at dpc 10.5 (left) and
11.5 (right). Embryos produced by in vitro
fertilization (IVF, bottom) were used as
controls to compare the developmental
stages of the PGC clone embryos.
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PGC clones was the process of erasing genomic imprinting,
and each clone represented an intermediate state in this
process.

Progression of DNA demethylation in day 11.5 PGC
clones
To confirm this idea, we analyzed the methylation pattern of
the DMRs of several imprinted genes that have been implicated
in parental memory in somatic cells. Paternal alleles of H19

are fully methylated and maternal alleles are non-methylated
in normal somatic cells that show imprinted maternal
expression (Bartolomei et al., 1993; Ferguson-Smith et al.,
1993). We carried out allele-specific methylation analysis by
the bisulfite method combined with DNA polymorphism of the
DMRs between B6 and JF1. The day 11.5 PGC clones E1 and
E2, which showed maternal monoallelic expression (Fig. 2I
and Fig. 3C), had fully methylated patterns on paternal alleles
and non-methylated patterns on maternal alleles (Fig. 3A).

Fig. 2.PGC clone embryo expression ratios and
imprinting status. Relative expression levels in PGC
clone embryos at day 9.5 were estimated by quantitative
RT-PCR. The expression levels of IVF control embryos
are shown as 1. Allelic expression was determined by
DNA polymorphism analysis between C57BL6 (Mus
musculus musculus) and JF1 (Mus musculus
molossinus). Blue and red bars show paternal and
maternal allelic expression profiles, respectively, that are
similar to normal imprinted states. In the 11.5 PGC
clone embryos, allele-specific expression of Pegs

(A-D,J,L) and Megs (E-I,K) starts to convert to two of the so-called default states: biallelic expression (white
bars) or non-expression (black bars). The timing of this erasing process differs with the individual imprinting
genes, but the lack of distinction between male (sample number written in blue) and female (red) germ cells
indicates that the erasure process is simultaneous in both germ lines. The ratios of imprinted gene expression
in erased PGC clones and Dnmt1 c/cembryos (light-gray bars) were essentially the same. Placental
expression was examined in the case of Mash2. (M) The numbers of genomic imprinted genes showing an
imprinted monoallelic expression pattern.
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Biallelic expression was observed in E4 and E5 embryos, but
the levels of paternal expression were 27% and 59% that of
maternal expression, respectively (Fig. 3C). Correspondingly,
paternal-specific methylation was absent in 20% and 27% of
these embryos. The degree of DNA methylation of paternal
alleles was dramatically reduced in E7 and E8, which showed
almost equal biallelic expression patterns. There were no
apparent changes in non-methylated maternal alleles in any of
these embryos. The loss of DNA methylation correlated well
with changes in the pattern of H19 expression, supporting the
postulate that the order of the embryos in Fig. 2 represents the
progression of the erasure of parental imprinted memories.
Similar results were also obtained from analyses of DMRs in
Igf2r (Stoger et al., 1993) andNnat. As shown in Fig. 2, Nnat
lost monoallelic expression more rapidly than other imprinted
genes; 60-100% of expression from maternal alleles was
detected in E2-E8. Actually, demethylation of maternal alleles
was observed in E2, and was almost complete in E4-E8 (data
not shown). DNA methylation of region 2 of Igf2r was

maintained in E1-E4, and was completely lost in E7-E8, in
which Igf2r expression was silenced completely (data not
shown).

In the case of Peg10, which was the most resistant to
the erasure process (Fig. 2), the correspondence between
monoallelic expression and DNA methylation was rather low
(Fig. 3B,C). Although expression of maternal alleles was only
observed in E5 and E8, at levels of 18% and 22%, respectively
(Fig. 3C), DNA demethylation of repressed maternal allele was
detected in E4, E5 and E8 at the 20%, 50% and 60% levels,
respectively. Therefore, reactivation from maternal alleles
seemed more tolerant to DNA demethylation levels of the
DMR in Peg10.

Comparison of imprinted gene expression of PGC
clones with that in Dnmt1 KO embryos
Conversion from normal monoallelic expression to biallelic or
non-expression has been reported for several imprinted genes
in Dnmt1 mutant embryos, which lack activity of the major

J. Lee and others

Fig. 3. DMR methylation and expression of H19and Peg10 in the day 11.5 PGC clone embryos. (A) DNA methylation of H19 DMR. (B) DNA
methylation of Peg10DMR. DNA methylation was analyzed by bisulfite genomic sequencing. Paternal and maternal alleles were distinguished
by DNA polymorphism between B6 and JF1 in the DMR sequences. Black ovals indicate methylated CpGs and white ovals indicate
unmethylated CpGs. (C) Expression rates from originally repressed alleles. Expression rates were calculated by comparing the intensity of RT-
PCR products by RFLP methods in H19or by comparing the numbers of subclones containing DNA polymorphic sites by DNA sequencing in
Peg10.
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DNA methyltransferase (Li et al., 1992; Li et al., 1993).
Therefore, we compared the results for the PGC clones with
those of Dnmt1 c/cembryos (Fig. 2, lane 20). It has been
reported that only 2% of genomic DNA methylation remained
in Dnmt1 c/cembryos (Lei et al., 1996). This activity is lower
than inDnmt1 n/nand s/sembryos, which had 30% and 5-10%
DNA methylation levels compared with wild-type embryos,
respectively (Li et al., 1992; Li et al., 1993). The imprinted
gene expression profiles were very similar. This again indicates
the importance of DNA demethylation in the erasure step of
genomic imprinting, and that of DNA methylation in the
maintenance of memory in somatic cells. However, different
levels of expression of the Mash2, Meg3, Peg3andPeg10 genes
were observed in PGC clones and Dnmt1 c/cmutants. Mash2
expression in placentas totally disappeared in the PGC clone
embryos, suggesting that the parental imprint on the Mash2
gene was completely erased. However, no such dramatic
decrement was found in Dnmt1 c/cembryos. This result is
consistent with the previous reports by Caspary et al. (Caspary
et al., 1998) and Tanaka et al. (Tanaka et al., 1999) using Dnmt1
s/sembryos. The residual DNA methylation level (2%) might
be sufficient for Mash2 imprinting or perhaps mechanism(s)
other than DNA methylation play an important role in this. The
expression of the latter three genes decreased to about 50%,
although they changed from monoallelic to biallelic patterns.
On the contrary, approx. twofold increments were detected in
Dnmt1 c/cembryos. These results also suggested that other
mechanism(s) regulate the final gene expression levels during
this process in PGCs together with DNA demethylation.

DNA methylation in day 10.5 to day 12.5 PGCs
Do PGC clones really represent the imprinting status of donor
PGCs, and exactly when does the erasing process start during
PGC development? To address these questions, we further
examined the DNA methylation of three imprinted genes in
PGCs themselves (Fig. 4). PGCs (300-500) were collected
from the genital ridges of day 10.5 to day 12.5 embryos. Nnat,
H19 and Peg10, which represent the fastest, intermediate and

slowest erasing of imprinted patterns (see Figs 2 and 4),
respectively, were analyzed. Several intermediate patterns were
observed both in day 10.5 and day 11.5 PGCs, and almost all
DNA methylation was lost in day 12.5 PGCs. Demethylation
patterns in the DMRs of the three imprinted genes were well
correlated with the order of erasure of imprinted gene
expression observed in day 11.5 PGC clones. In this
experiment, each methylation pattern should correspond to a
single parental allele in the mixture of PGCs. Therefore, this
result indicates that day 10.5 and day 11.5 PGCs are a
heterogenous population as far as DNA methylation status is
concerned. This conclusion is in good agreement with the
finding that PGC clones represent several different
intermediate states of erasure of genomic imprinting memory
of donor PGCs. It was also demonstrated that DNA
demethylation occurred in day 10.5 PGCs that have
immigrated to the genital ridges, suggesting that the erasure of
genomic imprinting memory starts around or just after the time
when PGCs enter the genital ridges.

DISCUSSION

Erasure of genomic imprinting in PGCs, EG cells,
germ cell embryos and PGC clones
It is widely accepted that genomic imprinting memories are
erased in PGCs and that DNA demethylation is an important
factor in this process (Grant et al., 1992; Kafri et al., 1992;
Brandeis et al., 1993; Szabo and Mann, 1995; Kato et al.,
1999). However, it is not known when this erasing process
starts or how it progresses in the PGCs. In this study, we
approached this problem by analyzing clone embryos produced
from day 11.5 to day 13.5 PGCs. Our results demonstrated that
the day 12.5 to day 13.5 PGC clones showed the default states
of gene expression when genomic imprinting was lost, and
confirmed that imprint-free embryos never develop to term, as
indicated previously by Kato et al. (Kato et al., 1999). We also
demonstrated several intermediate states of the erasure process

Fig. 4. DNA methylation of Nnat(previously known as Peg5; A) H19 (B) and Peg10(C) in day 10.5 to day 12.5 PGCs. The DNA
demethylation status of three imprinted genes that had fast, intermediate and slow erasing of imprinted expression, were analyzed using
bisulfite-treated genomic DNA from PGCs isolated from the genital ridges of day 10.5 to day 12.5 embryos. The results were consistent with
the DNA methylation status of day 11.5 and day 12.5 PGC clones shown in Fig. 3.
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in the day 11.5 PGC clones. Combined with DNA methylation
analyses of day 10.5 to day 12.5 PGCs themselves, it is highly
possible that the erasing process has already started in gonadal
PGCs at 10.5 dpc.

In a previous report, PGCs isolated from day 11.5 embryos
showed biallelic expression of Igf2r, Igf2, H19 andSnrpn, and
it was concluded that erasure occurred before the PGCs
reached the genital ridges (Szabo and Mann, 1995). These
authors used a mixture of one hundred PGCs, and their data
showed biased expression between paternal and maternal
alleles of Igf2 and H19. From our data, the day 10.5 to day
11.5 PGCs are heterogenous, judging from DNA methylation
status; they seem to be at different stages in the erasure process,
and to possess the ability to show imprinted expression patterns
that differ from each other. Therefore, in retrospect, these
authors’ results might be interpreted as demonstrating the
process of erasing imprinting in these genes.

Somatic cloning techniques and nuclear transplantation
experiments enable us to examine the developmental potential
of nuclei from single donor cells and the gene expression
profiles of these embryos. However, it is important to note that
the PGC clones represent the property of PGC nuclei in
embryonic development, and not that of PGCs themselves.
Therefore, we should be careful in interpreting the information
from PGC clones by comparing the results with those from
PGCs themselves. There is apparent discord between our
results and those for the expression of Igf2 and Igf2r in the
default state. In the PGC clones, these genes showed no
expression, while it was reported that they showed biallelic
expression in PGCs. The reason for this discrepancy remains
unknown. However, it is accepted that the loss of DNA
methylation silenced the expression of both Igf2 and Igf2r.
Other reports demonstrated the loss of expression of these
genes in Dmnt1knockout mice (Li et al., 1992; Li et al., 1993).
We have previously analyzed the gene expression profiles in
non-growing oocytes combined with fully grown oocytes,
and demonstrated that the maternal-specific imprints were
established during oocyte maturation (Obata et al., 1998). In
the non-growing/fully grown reconstituted conceptus produced
in a nuclear transfer experiment, Peg genes from non-growing

alleles except Igf2 were expressed and Meg genes (including
Igf2r) except H19were silenced. There was also no expression
of Igf2 and Igf2r in germ cell embryos produced from male
day 14.5 to day 16.5 PGCs (Kato et al., 1999). These results
also indicate that these genes are silenced in imprint-free
genomes and are consistent with our results. Thus, it is possible
that the basal expression of these genes in the day 11.5 PGCs
was very low; therefore, they showed no differences between
parental alleles. Alternatively, DNA demethylation might
reactivate silenced alleles in PGCs, while these non-methylated
states induce silenced states in embryonic development.

The actual timing of DNA demethylation in the PGCs is
also important. Labosky et al. (Labosky et al., 1994)
examined EG cells (Matsui et al., 1992; Resnick et al., 1992)
derived from PGCs at developmental stages from day 8.0 to
day 12.5. They showed that region 2 of the Igf2r gene was
completely unmethylated in EG cells from day 12.5 PGCs.
However, half of the EG cell lines from the day 8.0 to day
8.5 PGCs had normal methylation patterns, as observed
in somatic cells, and the remaining half was totally
unmethylated, suggesting that the imprinted memories of
some day 8.0 to day 8.5 PGCs have been erased. However, it
is still possible that the DNA methylation status of imprinted
genes was altered during the establishment and subsequent
cell culture of EG cells.

Recently, Sato et al. (Y. Matsui, personal communication)
analyzed the DNA methylation status of region 2 of the Igf2r
gene in PGCs isolated from Oct4/GFPtransgenic mice by the
HpaII- PCR method. They showed that DNA demethylation of
HpaII site 3 did not occur in migrating PGCs at days 8.5 or
9.5, and was first detected in day 11.5 PGCs in the genital
ridges. Their findings are consistent with our data. Combining
this information, it is likely that the process of imprinting
memory erasure, including Igf2r, starts around day 10.5 of
gestation (Fig. 5). To determine the precise timing of the
initiation of imprinting memory erasure, methylation analysis
of migrating PGCs or non-gonadal PGCs at day 10.5 is
necessary, using PGCs isolated from Oct4/GFP transgenic
mice that also have DNA polymorphism, allowing
discrimination between the alleles derived from each parent. 

J. Lee and others

Fig. 5. Possible scheme for genomic imprinting memory erasure in PGCs. The erasure process is divided into two patterns, which proceed to
biallelic expression as one default state (four Pegs, and H19and Meg3) or non-expression as the other default state (four Megs, and Igf2 and
Dlk1). In the former pattern, status conversion timing depends on individual genes; in the latter pattern, however, conversion occurred almost
simultaneously in all genes examined.
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Process of genomic imprinting erasure
Day 11.5 PGCs showed a variety of states, ranging from almost
normal imprinted gene expression patterns (E1-E3) to nearly
complete loss of monoallelic expression (E8-E9). These
changes in the expression pattern are associated with a
decrement in DNA methylation in DMRs. As DNA
demethylation in the same regions was also observed in day
10.5 and day 11.5 PGCs themselves, we concluded that the
changes in the gene expression profile seen in the day 11.5
PGC clone embryos arose from erasure of genomic imprinting
memories. Assuming that the process starts when the PGCs
enter the genital ridges, the variable imprinting observed in
these embryos could represent temporal stages in donor PGC
immigration. It is known that PGCs arrive at, and begin to
enter, the genital ridges around day 10.5, and immigration is
completed by day 11.5 (Rugh, 1990; Yeom et al., 1996;
Molyneaux et al., 2001). This means that individual PGCs in
the genital ridges must differ by at most 24 hours in
development time. Therefore, the sequence in Fig. 2
presumably represents the time course of the erasure process
(see also Fig. 5).

All imprinted genes (including Mash2) in the PGC clones
were observed in one of two default states: biallelic expression
or non-expression (Figs 2, 5). It should be noted that the genes
in these two categories showed completely different features.
Biallelic conversion occurred at different times, whereas the
conversion to non-expression in six genes seemed to occur
synchronously (Fig. 5). Biallelic expression may be explained
by the differing degree in the progression of DNA
demethylation among the imprinted genes, such as Nnat, H19
and Peg10 (Fig. 4). In the case of Peg10, however, gene
sensitivity to the DNA demethylation level may also be an
important factor for the erasure of genomic imprinting (Fig.
3B). On the contrary, conversion to the non-expressed state
also appears in genes that have different sensitivities to DNA
methylation: Igf2 and Igf2r (sensitive) (Li et al., 1993),
p57Kip2 (resistant) (Caspary et al., 1998) and Mash2(highly
resistant) (Caspary et al., 1998; Tanaka et al., 1999). Therefore,
it seems likely that other factors co-operate with DNA
methylation to produce changes in imprinting.

Although the DNA methylation patterns of PGC clones and
PGCs themselves showed good agreement, it is apparent that
the DNA methylation patterns observed in these PGC embryos
did not precisely mirror those of single donor PGCs. If the
initial DNA methylation patterns of donor nuclei were
completely preserved in the PGC clone embryos, only the
DNA methylation pattern from each parental allele should
appear. However, we detected several intermediate
demethylation patterns from the imprinted parental alleles in
the cases of H19, Igf2r, Nnatand Peg10. These results indicate
that either demethylation continues during PGC clone
development for at least three to four cell divisions, or that the
methylated patterns might not be stably maintained only in the
day 11.5 PGC clones, although the latter is unlikely. Therefore,
we could not ascertain in these experiments whether active or
passive demethylation accounts for the patterns observed.
However, this does not affect the conclusion that the initial
change in the erasure process proceeds in at least day 10.5 and
day 11.5 PGCs.

In the default state, most Megs become silenced while most
Pegs show biallelic expression, with the exceptions of H19,

Igf2 (Leighton et al., 1995), Meg3 (Miyoshi et al., 2000) and
Dlk1 (Kobayashi et al., 2000; Schmidt et al., 2000; Takada
et al., 2000), suggesting that there are different control
mechanisms for the latter genes. In these cases, apparent
DMRs are found only in the upstream regions of Megs, and
Pegs seem to be reciprocally regulated under the control of
Meg regions. The timings of the conversion to the biallelic
form in the two Megs (H19 and Meg3) and to non-expression
in the two Pegs (Igf2 and Dlk1) appear to be coordinated,
suggesting additional common regulatory networks in both sets
of genes. Recently, an insulator model (improved enhancer
competition model) suggesting that binding of CTCF protein
to specific sites in the DMR of H19 regulated both H19
(paternal repression and maternal expression) and Igf2
(paternal expression and maternal repression) simultaneously
was put forward (Bell and Felsenfeld, 2000; Hark et al., 2000).
In our experiment, loss of imprinting of H19 did not seem to
be completely coordinated with that of Igf2 (Fig. 2I,J, Fig. 5).
In three embryos (E4-E6), the former gene converted to
biallelic expression, but the latter gene maintained paternal
expression. The same situation was observed in Meg3and Dlk1
(Fig. 2K,L and Fig. 5). This discrepancy in timing between
Megs and Pegs is probably explained by incomplete biallelic
expression in E4-6. In these embryos, only 30-60% of
repressed paternal alleles were expressed; therefore, it is
possible that half of the cells became biallelic, while the
remaining half kept the monoallelic expression pattern.

Somatic cloning method to elucidate the mechanism
of genomic imprinting
We previously reported that imprinting status was almost
normal in Sertoli clones (Ogura et al., 2000). Mouse somatic
clones almost always have large placentas. Although lots of
gene expression is abnormal in the term placentas of these
clones, expression levels and monoallelic expression patterns
of imprinted genes, such as Igf2, Igf2r and H19, were normal
(Inoue et al., 2002). Moreover, most imprinted genes examined
in this study showed normal imprinted expression in the Sertoli
clone embryos on day 9.5 (Inoue et al., 2002). These data
indicate that the genomic imprinted memories cannot be
perturbed during nuclear transfer, even by the reprogramming
process, and are normally maintained in the somatic clones.

This idea is supported by an X-inactivation study of cloned
mice (Eggan et al., 2000). In the extra-embryonic tissues of the
female, inactivation always occurs in the paternally derived X
chromosome, while random inactivation occurs in embryonic
cells after implantation. When clone mice are produced from
female somatic cells, donor cells have either the paternal or
maternal active X chromosome. In the placentas of these
somatic clones, the memories of X-inactivation of somatic cells
were maintained and nonrandom expression of either the
paternal or maternal X chromosome was observed according
to donor cell type. Recently, clone mice produced from
cultured ES cells have shown abnormal expression of some
imprinted genes, such as H19 and Igf2 (Humpherys et al.,
2001). However, it is highly possible that the abnormal
expression in ES clones simply reflects the properties of ES
cells used as donors. We did not detect such abnormalities in
the somatic clones from cumulus, tail tip or Sertoli cells, as
described above (Inoue et al., 2002). This kind of abnormality
was also observed in ES cells after successive passages (Dean
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et al., 1998). In summary, the application of cloning techniques
gives us important knowledge of basic biology (Eggan et al.,
2000). This study also demonstrates the potential of PGC
cloning for elucidating the reprogramming process of genomic
imprinting. The findings also give rise to a novel paradox:
cloned animals can be born from somatic cells, but not from
germ cells. The crucial roles of genomic imprinting as an
epigenetic mechanism in mammalian development should be
revisited.

We thank E. Li and T. Sado for providing the Dnmt1 c/cembryos,
and T. Wakayama and Y. Matsui for helpful discussion. This work
was supported by grants from the Ministry of Education, Science and
Culture to T. K.-I., T. K. and A. O.; and by grants from CREST (Japan
Science and Technology Corporation), the Ministry of Health and
Welfare, the National Children’s Hospital, Asahi Glass Foundation
and Uehara Memorial Life Science Foundation to F. I.

REFERENCES

Barlow, D. P., Stoger, R., Herrmann, B. G., Saito, K. and Schweifer, N.
(1991). The mouse insulin-like growth factor type-2 receptor is imprinted
and closely linked to the Tmelocus.Nature349, 84-87.

Bartolomei, M. S., Webber, A. L., Brunkow, M. E. and Tilghman, S. M.
(1993). Epigenetic mechanisms underlying the imprinting of the mouse H19
gene.Genes Dev.7, 1663-1673.

Bartolomei, M. S., Zemel, S. and Tilghman, S. M.(1991). Parental
imprinting of the mouse H19 gene.Nature351, 153-155.

Bell, A. C. and Felsenfeld, G.(2000). Methylation of a CTCF-dependent
boundary controls imprinted expression of the Igf2 gene.Nature405, 482-
485.

Brandeis, M., Kafri, T., Ariel, M., Chaillet, J. R., McCarrey, J., Razin, A.
and Cedar, H. (1993). The ontogeny of allele-specific methylation
associated with imprinted genes in the mouse.EMBO J. 12, 3669-3677.

Campbell, K. H. S., McWhir, J., Ritchie, W. A. and Wilmut, I. (1996).
Sheep cloned by nuclear transfer from a cultured cell line.Nature380, 64-
66.

Caspary, T., Cleary, M. A., Baker, C. C., Guan, X. J. and Tilghman, S. M.
(1998). Multiple mechanisms regulate imprinting of the mouse distal
chromosome 7 gene cluster.Mol. Cell. Biol. 18, 3466-3474.

Cattanach, B. M. and Kirk, M. (1985). Differential activity of maternally
and paternally derived chromosome regions in mice.Nature315, 496-498.

Dean, W., Bowden, L., Aitchison, A., Klose, J., Moore, T., Meneses, J. J.,
Reik, W. and Feil, R. (1998). Altered imprinted gene methylation and
expression in completely ES cell-derived mouse fetuses: association with
aberrant phenotypes.Development125, 2273-2282.

DeChiara, T. M., Robertson, E. J. and Efstratiadis, A.(1991). Parental
imprinting of the mouse insulin-like growth factor II gene.Cell 64, 849-859.

Eggan, K., Akutsu, H., Hochedlinger, K., Rideout, W., Yanagimachi, R.
and Jaenisch, R.(2000). X-Chromosome inactivation in cloned mouse
embryos.Science290, 1578-1581.

Ferguson-Smith, A. C., Sasaki, H., Cattanach, B. M. and Surani, M. A.
(1993). Parental-origin-specific epigenetic modification of the mouse H19
gene.Nature362, 751-755.

Grant, M., Zuccotti, M. and Monk, M. (1992). Methylation of CpG sites of
two X-linked genes coincides with X-inactivation in the female mouse
embryo but not in the germ line.Nat. Genet. 2, 161-166.

Hark, A. T., Schoenherr, C. J., Katz, D. J., Ingram, R. S., Levorse, J. M.
and Tilghman, S. M. (2000). CTCF mediates methylation-sensitive
enhancer-blocking activity at the H19/Igf2 locus.Nature405, 486-489.

Humpherys, D., Eggan, K., Akutsu, H., Hochedlinger, K., Rideout, W. M.,
3rd, Biniszkiewicz, D., Yanagimachi, R. and Jaenisch, R.(2001).
Epigenetic instability in ES cells and cloned mice.Science293, 95-97.

Inoue, K., Kohda, T., Lee, J., Ogonuki, N., Mochida, K., Noguchi, Y.,
Tanemura, K., Kaneko-Ishino, T., Ishino, F. and Ogura, A.(2002).
Faithful expression of imprinted genes in cloned mice.Science295, 297.

Kafri, T., Ariel, M., Brandeis, M., Shemer, R., Urven, L., McCarrey, J.,
Cedar, H. and Razin, A. (1992). Developmental pattern of gene-specific
DNA methylation in the mouse embryo and germ line.Genes Dev. 6, 705-
714.

Kaneko-Ishino, T., Kuroiwa, Y., Miyoshi, N., Kohda, T., Suzuki, R.,
Yokoyama, M., Viville, S., Barton, S. C., Ishino, F. and Surani, M. A.
(1995). Peg1/Mestimprinted gene on chromosome 6 identified by cDNA
subtraction hybridization.Nat. Genet. 11, 52-59.

Kato, Y., Rideout, W. M., Hilton, K., Barton, S. C., Tsunoda, Y. and
Surani, M. A. (1999). Developmental potential of mouse primordial germ
cells.Development126, 1823-1832.

Kobayashi, S., Wagatsuma, H., Ono, R., Ichikawa, H., Yamazaki, M.,
Tashiro, H., Aisaka, K., Miyoshi, N., Kohda, T., Ogura, A. et al.(2000).
Mouse Peg9/Dlk1 and human PEG9/DLK1 are paternally expressed
imprinted genes closely located to the maternally expressed imprinted
genes: mouse Meg3/Gtl2and human MEG3. Genes Cells5, 1029-1037.

Labosky, P. A., Barlow, D. P. and Hogan, B. L.(1994). Mouse embryonic
germ (EG) cell lines: transmission through the germline and differences in
the methylation imprint of insulin-like growth factor 2 receptor (Igf2r) gene
compared with embryonic stem (ES) cell lines.Development120, 3197-
3204.

Lei, H., Oh, S. P., Okano, M., Juttermann, R., Goss, K. A., Jaenisch, R.
and Li, E. (1996). De novoDNA cytosine methyltransferase activities in
mouse embryonic stem cells.Development122, 3195-3205.

Leighton, P. A., Saam, J. R., Ingram, R. S., Stewart, C. L. and Tilghman,
S. M. (1995). An enhancer deletion affects both H19 and Igf2 expression.
Genes Dev.9, 2079-2089.

Li, E., Bestor, T. H. and Jaenisch, R.(1992). Targeted mutation of the DNA
methyltransferase gene results in embryonic lethality.Cell 69, 915-926.

Li, E., Beard, C. and Jaenisch, R.(1993). Role for DNA methylation in
genomic imprinting.Nature366, 362-365.

Matsui, Y., Zsebo, K. and Hogan, B. L.(1992). Derivation of pluripotential
embryonic stem cells from murine primordial germ cells in culture.Cell 70,
841-847.

McGrath, J. and Solter, D. (1984). Completion of mouse embryogenesis
requires both the maternal and paternal genomes.Cell 37, 179-183.

Miyoshi, N., Kuroiwa, Y., Kohda, T., Shitara, H., Yonekawa, H., Kawabe,
T., Hasegawa, H., Barton, S. C., Surani, M. A., Kaneko-Ishino, T. and
Ishino, F. (1998). Identification of the Meg1/Grb10 imprinted gene on
mouse proximal chromosome 11, a candidate for the Silver-Russell
syndrome gene.Proc. Natl. Acad. Sci. USA95, 1102-1107.

Miyoshi, N., Wagatsuma, H., Wakana, S., Shiroishi, T., Nomura, M.,
Aisaka, K., Kohda, T., Surani, M. A., Kaneko-Ishino, T. and Ishino, F.
(2000). Identification of an imprinted gene, Meg3/Gtl2 and its human
homologue MEG3, first mapped on mouse distal chromosome 12 and human
chromosome 14q.Genes Cells5, 211-220.

Molyneaux, K. A., Stallock, J., Schaible, K. and Wylie, C.(2001). Time-
lapse analysis of living mouse germ cell migration.Dev. Biol. 240, 488-
498.

Obata, Y., Kaneko-Ishino, T., Koide, T., Takai, Y., Ueda, T., Domeki, I.,
Shiroishi, T., Ishino, F. and Kono, T. (1998). Disruption of primary
imprinting during oocyte growth leads to the modified expression of
imprinted genes during embryogenesis.Development125, 1553-1560.

Ogura, A., Inoue, K., Ogonuki, N., Noguchi, A., Takano, K., Nagano, R.,
Suzuki, O., Lee, J., Ishino, F. and Matsuda, J.(2000). Production of male
cloned mice from fresh, cultured, and cryopreserved immature Sertoli cells.
Biol. Reprod. 62, 1579-1584.

Ogura, A., Ogonuki, N., Takano, K. and Inoue, K. (2001).
Microinsemination, nuclear transfer, and cytoplasmic transfer: the
application of new reproductive engineering techniques to mouse genetics.
Mamm. Genome 12, 803-812.

Raizis, A. M., Schmitt, F. and Jost, J. P.(1995). A bisulfite method of 5-
methylcytosine mapping that minimizes template degradation.Anal.
Biochem. 226, 161-166.

Reik, W. and Walter, J. (2001). Genomic imprinting: parental influence on
the genome.Nat. Rev. Genet. 2, 21-32.

Resnick, J. L., Bixler, L. S., Cheng, L. and Donovan, P. J.(1992). Long-
term proliferation of mouse primordial germ cells in culture.Nature359,
550-551.

Rideout, W. M., Wakayama, T., Wutz, A., Eggan, K., Jackson-Grusby, L.,
Dausman, J., Yanagimachi, R. and Jaenisch, R.(2000). Generation of
mice from wild-type and targeted ES cells by nuclear cloning.Nat. Genet.
24, 109-110.

Rugh, R. (1990). The Mouse: Its Reproduction and Development. Oxford:
Oxford Science Publications.

Schmidt, J. V., Matteson, P. G., Jones, B. K., Guan, X. J. and Tilghman,
S. M. (2000). The Dlk1 and Gtl2 genes are linked and reciprocally
imprinted.Genes Dev. 14, 1997-2002.

J. Lee and others



1817Erasing genomic imprinted memory in PGC clones

Stewart, C. L., Gadi, I. and Bhatt, H. (1994). Stem cells from primordial
germ cells can reenter the germ line.Dev. Biol. 161, 626-628.

Stoger, R., Kubicka, P., Liu, C. G., Kafri, T., Razin, A., Cedar, H. and
Barlow, D. P.(1993). Maternal-specific methylation of the imprinted mouse
Igf2r locus identifies the expressed locus as carrying the imprinting signal.
Cell 73, 61-71.

Surani, M. A., Barton, S. C. and Norris, M. L. (1984). Development of
reconstituted mouse eggs suggests imprinting of the genome during
gametogenesis.Nature308, 548-550.

Szabo, P. E. and Mann, J. R.(1995). Biallelic expression of imprinted genes
in the mouse germ line: implications for erasure, establishment, and
mechanisms of genomic imprinting.Genes Dev. 9, 1857-1868.

Tada, T., Tada, M., Hilton, K., Barton, S. C., Sado, T., Takagi, N. and
Surani, M. A. (1998). Epigenotype switching of imprintable loci in
embryonic germ cells.Dev. Genes Evol. 207, 551-561.

Takada, S., Tevendale, M., Baker, J., Georgiades, P., Campbell, E.,
Freeman, T., Johnson, M. H., Paulsen, M. and Ferguson-Smith, A. C.
(2000). Delta-like and gtl2 are reciprocally expressed, differentially

methylated linked imprinted genes on mouse chromosome 12.Curr. Biol.
10, 1135-1138.

Tanaka, M., Puchyr, M., Gertsenstein, M., Harpal, K., Jaenisch, R., Rossant,
J. and Nagy, A. (1999). Parental origin-specific expression of Mash2 is
established at the time of implantation with its imprinting mechanism highly
resistant to genome-wide demethylation.Mech. Dev. 87, 129-142.

Wakayama, T. and Yanagimachi, R.(1999). Cloning of male mice from
adult tail-tip cells.Nat. Genet. 22, 127-128.

Wakayama, T., Perry, A. C., Zuccotti, M., Johnson, K. R. and
Yanagimachi, R. (1998). Full-term development of mice from enucleated
oocytes injected with cumulus cell nuclei.Nature394, 369-374.

Wakayama, T., Rodriguez, I., Perry, A. C., Yanagimachi, R. and
Mombaerts, P.(1999). Mice cloned from embryonic stem cells.Proc. Natl.
Acad. Sci. USA96, 14984-14989.

Yeom, Y. I., Fuhrmann, G., Ovitt, C. E., Brehm, A., Ohbo, K., Gross, M.,
Hubner, K. and Scholer, H. R.(1996). Germline regulatory element of Oct-
4 specific for the totipotent cycle of embryonal cells.Development122, 881-
894.


