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ABSTRACT. The DNA methylation pattern is reprogrammed in embryonic germ cells. In female germ cells, the
short-form DNA methyltransferase Dnmtl, which is an alternative isoform specifically expressed in growing
oocytes, plays a crucial role in maintaining imprinted genes. To evaluate the contribution of Dnmt1 to the DNA
methylation in male germ cells, the expression profiles of Dnmt1 in embryonic gonocytes were investigated. We
detected a significant expression of Dnmt1 in primordial germ cellsin 12.5-14.5 day postcoitum (dpc) embryos.
The expression of Dnmtl was downregulated after 14.5 dpc after which almost no Dnmtl was detected in
gonocytes prepared from 18.5 dpc embryos. The short-form Dnmtl also was not detected in the 16.5-18.5 dpc
gonocytes. On the other hand, Dnmt1 was constantly detected in Sertoli cells at 12.5-18.5 dpc. The expression
profiles of Dnmtl were similar to that of proliferating cell nuclear antigen (PCNA), a marker for proliferating
cells, suggesting that Dnmt1 was specifically expressed in the proliferating male germ cells. Inversely, genome-
wide DNA methylation occurred after germ cell proliferation was arrested, when the Dnmtl expression was
downregulated. The present results indicate that not Dnmtl but some other type of DNA methyltransferase

contributesto the creation of DNA methylation patternsin male germ cells.
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In mammals, genomic DNA is often methylated at the
5th position of the cytosine residues in CpG seguences
(Antequera and Bird, 1993). Dynamic regulation of DNA
methylation is known to contribute to various biological
phenomena such as tissue-specific gene expression (Shen
and Maniatis, 1980; Razin and Cedar, 1991; Tgima
and Suetake, 1998), genomic imprinting (Jaenisch, 1997),
X chromosome inactivation (Riggs and Porter, 1996),
and carcinogenesis (Laird and Jaenisch, 1996). In mam-
mals, two types of DNA methyltransferase activity have
been reported: de novo- and maintenance-type DNA
methyltransferase activities. In mouse, de novo-type DNA
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methyltransferase activity contributes to the creation of
DNA methylation patterns at the implantation stage of
embryogenesis (Monk, 1990) and during gametogenesis
(Kafri et al., 1992; Jaenisch, 1997; Tada et al., 1998: Cof-
figny et al., 1999). To date, three DNA methyltransferases,
Dnmtl, Dnmt3a, and Dnmt3b, have been reported (Tagjima
and Suetake, 1998; Okano et al., 1998). Although Dnmt3a
and Dnmt3b are the strong candidates for de novo-type
DNA methyltransferases (Okano et al., 1998; Okano et al.,
1999), Dnmt1, which contributes to the maintenance of
methylation patterns during replication and maintains cell
lineage-specific methylation patterns in somatic cells, also
catalyzes de novo DNA methylation activity in vivo (Tgjima
et al., 1995; Takagi et al., 1995; Pradhan et al., 1999).
Reprogramming of DNA methylation patterns occurs in
mouse embryo after implantation in both somatic and germ
cells (Kafri et al., 1992; Jaenisch, 1997; Tada et al., 1998:
Coffigny et al., 1999). A subset of mammalian genes is
marked differently in male and female gametes by an epige-



netic process, possibly DNA methylation, which is called
genomic imprinting. The marking for genomic imprinting in
female germ cells starts at the stage of growing oocytes
(Kono et al., 1996; Obata et al., 1998), and at that stage,
oocyte-specific Dnmtl, which lacks amino-terminal 118
amino acids starts to accumulate (Carlson et al., 1992;
Mertineit et al., 1998). Unlike somatic cells, in which the
expression of Dnmt1 is under the control of cell cycle (Szyf
etal., 1991; Leonhardt et al., 1992; Liu et al., 1996; Suetake
et al., 1998), Dnmt1 is highly accumulated in the cytoplasm
of growing oocytes, where the cells are arrested (Mertineit
et al., 1998). Recently, it has been shown that the depletion
of this oocyte-type Dnmtl does not contribute to the
methylation pattern formation in oocytes, but is crucia for
maintaining the methylation state of imprinted genes during
embryogenesis (Howell et al., 2001). On the other hand, in
male germ cells, the DNA methylation patterns of imprinted
genes are formed earlier, around 16.5 days postcoitum
(dpc), when the cells are in diploid (Ueda et al., 2000).
However, it is not known which DNA methylating enzymes
play crucia roles in the genome-wide DNA methylation
including imprinting genes in primordial germ cells in
gonad, which were designated as gonocytes (Roosen-
Runge, 1977).

In the present study, we examined whether or not the
expression of Dnmtl in testis prepared from 12.5 to 18.5
dpc and newborn mouse coincides with the stage of creation
of DNA methylation pattern. Dnmt1 was highly expressed
ingerm cellsat 12.5 and 14.5 dpc, downregul ated after 15.5
dpc, and increased in newborn mouse. The expression of
Dnmt1 was positively correlated with the proliferative state
of germ cells as it was in somatic cells, and inversely
correlated to the DNA methylation level in gonocytes. It
was therefore suggested that not Dnmtl but some other
DNA methyltransferase plays a primary role in creating
DNA methylation patterns in mouse male germ cells.

Materials and Methods

Antibodies

Anti-mouse Dnmt1 antibodies were raised against amino-terminal
118 amino acid sequence (anti-amino-terminal antibodies) and
carboxyl-terminal sequence (anti-carboxyl-terminal antibodies) of
Dnmt1 as described elsewhere (Takagi et al., 1995; Suetake et al .,
2001). Monaoclonal antibody reactive with 5-methyl-2’ -deoxycyti-
dine, FMC9, was used to detect methylated DNA (Mizugaki et al.,
1996). Rat monoclonal antibody, TRA104, which reacts with
germ-cell-specific nuclear antigen (GENA), was kindly provided
by “Dr. H. Tanaka” at the Research Institute of Microbial Diseases,
Osaka University. GENA starts its expression in testis at 12 dpc
(Tanaka et al., 1997). Mouse monoclonal antibody reactive with
PCNA was purchased from Oncogene, Cambridge, NY.
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Immunostaining

Testis was dissected from embryos of each stage or newborn
mouse, and fixed with 4% paraformaldehyde for 12 hr. After over-
night washing with sucrose-PBS (10 mM phosphate buffer (pH
7.2), 0.9% NaCl, 7% sucrose), the tissues were embedded in
Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo), and
were cryosectioned at 10um in cryostat microtome. The sections
were pretreated with 1% BSA, 0.3% SDS, 2% Triton X-100 in
PBS for the anti-carboxyl-termina Dnmt1 antibodies or 1% BSA,
0.1% Triton X-100 in PBS for the anti-amino-terminal Dnmt1 anti-
bodies. For the staining with anti-Dnmt1 antibodies reactive with
the amino- and carboxyl-terminal region, sections were incubated
for 1 hr at room temperature with the antibodies. After the incuba-
tion, the specimens were incubated with anti-rabbit 1gG conjugat-
ed to ALEXA 488 (Molecular Probe, Eugene, OR) as secondary
antibodies.

For the staining of GENA, monoclonal antibody TRA104 was
detected with rhodamine-conjugated anti-rat 1gG. For the detection
of PCNA, cryostat sections were irradiated with microwave for 2
min, blocked with 1% BSA, 1% skimmed milk for 1 hr and incu-
bated overnight at 4°C with anti-PCNA antibody. PCNA was
detected with Cy5-conjugated anti-mouse 1gG.

For the staining of methylated DNA, testes were fixed with a
mixture of 4% paraformaldehyde and 0.1% glutaraldehyde in 50
mM phosphate buffer (pH 7.4) for 12 hr at 4°C. After washing
with sucrose-PBS, the tissues were embedded in paraffin. The para-
ffin sections were sequentially treated with pepsin (4 mg/ml in 10
mM HCI) for 20 min at 37°C, 50 mM glycine for 10 min, 4 M HCI
for 5min, 50 mM glycine for 10 min, and 1% BSA in PBSfor 1 hr.
The samples were incubated with anti-5-methyl-2'-deoxycytidine
monoclona antibody overnight at 4°C. After the washing, speci-
mens were incubated with Cy5-conjugated anti-mouse 1gG for 1
hr. All samples were observed with Confocal Laser scaning micro-
scope (Biorad MRC1024, Nippon Bio-Rad Lab., Tokyo, Japan).

I mmunoprecipitation

Excised testis was washed with PBS added with 1 mM PMSF,
homogenized with 8 volumes of 1% SDS, and then boiled for 15
min. Dnmt1l was immunoprecipitated, electrophoresed, \Western
blotted, and detected as described elsewhere (Suetake et al., 2001).

Results

DNA methylation in embryonic testis

In mammalian germ cells, DNA methylation pattern is
erased and then created thereafter (Kafri et al., 1992
Jaenisch, 1997; Tada et al., 1998; Coffigny et al., 1999).
This reprogramming of the DNA methylation pattern in
male germ cells, both genome-wide and imprinted gene-
specific ones, occurs during the differentiation of gonocytes
to spermatogonia (Coffigny et al., 1999; Ueda et al., 2000).
The genome-wide DNA methylation level in testis cellswas
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Fig. 1. Methylated DNA in germ cellsin mouse testis was stained with methylated DNA-specific antibody. Samples prepared from 12.5 (a), 14.5 (b), 16.5

(c), 18.5 dpc (d), and newborn (e) testis were stained with anti-5-methyl-2' -deoxycytidine, FMC9 (a2—€2, green). Arrows indicate gonocytes and arrow-
heads indicate typical Sertoli cells.

Fig. 2. Expression of Dnmtl in germ cells in mouse testis. Samples prepared from 12.5 (a). 14.5 (b), 16.5 (c), 18.5 dpc (d), and newborn (€) testis were
stained with anti-amino-terminal Dnmt1 antibodies (green, 1) and TRA104 (red, 2), and images of 1 and 2 were merged (3). Arrows indicate typical
gonocytes and those expressing GENA reactive to TRA104. Arrowheadsin b indicate typical Sertoli cellsthat are GENA-negative cells. Double arrowsin ¢
indicate typical stromacells.

monitored by anti-5-methyl-2’'-deoxycytidine monoclonal 16.5 dpc (Fig. 1c) and strongly stained in 18.5 dpc and
antibody that reacts with methylated DNA (Fig. 1). Large  newborn mice (Figs. 1d and 1€). Asthe exposing conditions
gonocytes in seminiferous tubules were weakly stained in  were identical in each specimen, the intensities of the stain-
12.5 (Fig. 1a) and 14.5 dpc (Fig. 1b), but became positivein ing positively correlated to DNA methylation level. As
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Fig. 3. Expression of Dnmtl in germ cellsin mouse testis. Samples prepared asin Fig. 2, 12.5 (a), 14.5 (b), 16.5 (c), 18.5 dpc (d), and newborn () testis,

were stained with anti-carboxyl-terminal antibodies (green).

gonocytes are arrested the cell division after 15.5-16.5 dpc
(Coffigny et al., 1999), genome-wide methylation increased
in the non-proliferating cells.

Dnmt1 expression was downregulated after 14.5 dpc

To see if Dnmtl contributed to the formation of DNA
methylation observed in late stage of gonocytes, Dnmtl
protein was immuno-detected in testis obtained from 12.5 to
18.5 dpc and newborn mice. In testis at 12.5 dpc embryos,
round-shaped gonocytes, which were positively stained
with the monoclonal antibody TRA 104 reactive with the
antigen expressed in germline cells (Tanaka et al., 1997)
(Fig. 2a2), expressed a significant amount of Dnmt1 in their
nuclel (Fig. 2al). Sertoli and stroma cells also expressed
Dnmtl at this stage (Fig. 2al and 2a3 merge). Similar
expression profiles were observed at 14.5 dpc (Fig. 2b). The
gonocytes at this stage expressed a significant amount of
Dnmtl (Fig. 2bl and 3). At stages 12.5 and 14.5 dpc,
sporadic localization of Dnmtl was observed in some
Sertoli cells, but was not found in gonocytes (Fig. 2b1 and
3, arrowheads).

At 16.5 dpc, amost al of the gonocytes were faintly or
negative stained with anti-Dnmt1 antibodies (Fig. 2c1 and
3). By contrast, the nuclei of Sertoli cells at the periphery of
the seminiferous tubules and stroma cells were strongly
stained with anti-Dnmt1 antibodies (Fig. 2c1 and 3). At 18.5
dpc, Dnmtl was completely negative in gonocytes but
strongly expressed in Sertoli cells and stroma cells at this
stage (Fig. 2d1 and 3).

After birth, germ cells are differentiated into
spermatogonia to enter the proliferation stage. As shown
with arrows in Fig. 2el and 3, Dnmt1 was highly expressed
in some gonocytes as reported previoudly (Trasler et al.,
1992).

Gonocytes and Sertoli cells mainly expressed somatic-
type Dnmtl

It was reported that growing oocytes, female germ cells,
express alarge amount of short-form Dnmt1 lacking amino-
terminal 118 amino acid residues and play a crucia role in
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maintaining the methylation state of imprinted genes
(Carlson et al., 1992; Mertineit et al., 1998; Howell et al.,
2001). Since we used anti-Dnmt1 antibodies raised against
the amino-terminal 118 amino acid sequences, the staining
did not detect the short-form Dnmt1. It might be possible
that the short-form Dnmt1 was expressed in the gonocytes
after 14.5 dpc and contributed to the formation or mainte-
nance of methylation pattern. To see if the gonocytes, mae
germ cells, expressed the short-form Dnmt1 after 14.5 dpc,
we next detected both the full-length and short-form Dnmt 1
molecules expressed in testis using the anti-Dnmtl
antibodies rai sed against the carboxyl-terminal region of the
molecule. As shown in Fig. 3, the staining profiles of
Dnmt1 were basically identical to those in Fig. 2. The result
indicates that no specific expression of the short-form
Dnmt1 occurred in male germ cells after 16.5 dpc at least at

205- ||

- [S—— « full-length

<A short-form

ol — Lo

116-
97-

66-

45-

kDa

1234

56 78 910

Fig. 4. Detection of Dnmt1 by Western blotting in germ cells in mouse
testis. Samples (40 g protein per lane) prepared from 14.5 (lanes 1 and 5),
16.5 (lanes 2 and 6), 18.5 dpc (lanes 3 and 7), and newborn (lanes 4 and 8)
testes were separated by SDS-PAGE. The protein bands were Coomassie
stained (lanes 1-4), and Dnmtl bands were immunodetected with the
anti-carboxyl-terminal antibodies (lanes 5-10). Lanes 9 and 10 indicate the
sizes of short-form and full-length Dnmt1 exogenously expressed in HEK
293T cells, respectively. The full-length-sized band in lane 9 is an
endogenous full-length Dnmt1 expressed in HEK 293T cells. Molecular
weight markers are also indicated (kDa).
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high level. In addition, no short-form Dnmt1 was detected
throughout the stages of 14.5-18.5 dpc and newborn testis
by Western blotting (Fig. 4). A significant amount of full-
length Dnmt1 was detected in 16.5 and 18.5 dpc testes by
Western blotting (Fig. 4, lanes 7 and 8). The major contribu-
tion of the full-length Dnmt1 at these stages could be due to
non-gonocytes, since the gonocytes expressed negligible
amounts of Dnmt1 by immunofluorescence detection under
microscope (Figs. 2cl and 2d1).

Proliferation stage-dependent expression of Dnmtl in
testis

Although there are a few exceptions to Dnmt1 being highly
expressed in non-proliferating cells (Mertineit et al., 1998;
Inano et al., 2000), the expression level of Dnmt1 is basical-
ly under the control of the cell cycle (Szyf et al., 1991; Liu
et al., 1996; Suetake et al., 1998; Suetake et al., 2001), that
is, it is high under proliferative conditions and low at post-
mitotic stage. Since it is reported that Dnmt1 interacts with

PCNA (Chuang et al., 1997), a marker for proliferating
cells, we next detected the expression of PCNA in embry-
onic testis. As expected, stage-specific expression profiles
of PCNA in the cellsin seminiferous tubules were identical
to that for Dnmtl (Fig. 5a—€). PCNA was expressed in
12.5-14.5 dpc gonocytes and downregulated in 16.5-18.5
dpc gonocytes (Fig. 5a2—e2). By contrast, PCNA was ex-
pressed in 12.5-18.5 dpc Sertali cells.

Discussion

In the present study, we demonstrated that in male germ
cells, full-length, somatic-type Dnmt1 was highly expressed
in gonocytes in 12.5-14.5 dpc, and downregulated in 16.5—
18.5 dpc. It is reported that in mouse non-proliferating
growing oocytes, a short-form Dnmt1 lacking amino-termi-
nal 118 amino acid residuesis expressed, and plays acrucial
role in early embryogenesis, especialy in the maintenance
of the methylated state of imprinted genes (Mertineit et al.,

Fig. 5. Expression of Dnmtl and PCNA in germ cells in mouse testis. Samples prepared from 12.5 (a). 14.5 (b), 16.5 (c), 18.5 dpc (d), and newborn
(e) testis were stained with anti-amino-terminal Dnmt1 antibodies (green, 1) and anti-PCNA antibodies (purple, 2), and the images were merged (3).
Arrowsin b and arrowheads in d indicate typical gonocytes and Sertoli cells, respectively.
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1998; Howell et al., 2001). Thus there exists a possibility
that this short-form Dnmtl might be expressed in male
germ cells, gonocytes, even after the arrest of cell division
after 15.5 dpc till birth (Coffigny et al., 1999) to affect the
DNA methylation state. However, this short-form Dnmtl
was not detected in 16.5-18.5 dpc and 14.5-18.5 dpc
gonocytes, by immunofluorescent detection under micro-
scope and by Western blotting, respectively.

In male germ cells, DNA methylation imprinting in H19
gene is established in the arrested gonocytes around 16.5
dpc (Tada et al., 1998; Ueda et al., 2000), and the
methylation of specific genes (Kafri et al., 1992) aswell as
a genome-wide DNA methylation occurs at 16.5-18.5 dpc
(Coffigny et al., 1999; Fig. 1). Since the expression levels
of Dnmt1 and DNA methylation were in inverse correlation
(Fig. 6), it strongly suggested that not Dnmtl but some
other DNA methyltransferase(s) such as Dnmt3a or Dnmt3b
contributes to the creation of DNA methylation patterns
including the imprinted genes. This conclusion, however,
does not mean that once the DNA methylation pattern is
formed in the arrested gonocytes, it is not maintained by
Dnmt1 in spermatogonia when the cells reenter the prolifer-
ation stage and Dnmt1 is strongly expressed in those cells
(Jue et al., 1995).

The expression profiles of Dnmtl in gonocytes and
Sertoli cells, in which Dnmtl was expressed throughout
12.5-18.5 dpc, were similar to that of PCNA, a prerequisite
factor for replication and repair and a marker for proliferat-
ing cells. It is reported that Dnmt1 is highly expressed in
proliferating cells (Szyf et al., 1991), and interacts directly
with PCNA with its amino-terminal region (Chuang et al.,
1997). Therefore, it is reasonable that the expression stage
of Dnmtl was quite similar to that of PCNA in testicular
cells. Recently it was reported that gonocytes incorporate
bromodeoxyuridine until 15.5 dpc (Coffigny et al., 1999),
suggesting that in in vivo state gonocytes still proliferate at
12.5-15.5 dpc. At stages 12.5 and 14.5 dpc, sporadic locali-
zation of Dnmtl was observed in some Sertoli cells and
stroma cells, but was not found in gonocytes (Fig. 2b1 and
3, arrowheads). In mouse somatic cells, replication foci
combine to form large dots, and Dnmt1l accumulates in
these dots (Leonhardt et al., 1992). The replication foci may
not combine in gonocytes at these stages, perhaps due to

DNA methylation

Dnmtl
PCNA
proliferation

dpc 12.5 14.5 16.5 18.5

Fig. 6. Schematic illustration of the expression profiles of Dnmtl and
PCNA, DNA methylation levels, and proliferation state in gonocytes.
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low DNA methylation levels or differences in chromatin
state. The present results confirm that Dnmt1 in gonocytes
are also under the control of the cell cycle asistrue for PC-
NA. When Dnmt1 in somatic cells is eliminated, apoptosis
is induced in the cells (Jackson-Grusby et al., 2001),
suggesting that the expression of Dnmtl in proliferating
somatic cells is indispensable for cell survival. The Dnmtl
in gonocytes during the proliferative state may contribute
basically to the survival of the cells.

Acknowledgments. We would like to thank Dr. H. Tanaka at the Reseach
Institute of Microbial Diseas es, Osaka University, for kindly providing
the germ-cell-specific rat monoclonal antibody. This work was supported
by the Program for the Promotion of Fundamental Studies in Health Sci-
ences of the Organization for Pharmaceutical Safety and Research of Japan
(to ST and IS), the Program for the Promotion of Basic Research Activities
for Innovative Biosciences of the Bio-oriented Technology Research Ad-
vancement Institution (to ST and |1S), and a Grant-in-Aid from the Ministry
of Education, Science, Sports and Culture of Japan.

References

Antequera, F. and Bird, A. 1993. CpG islands in DNA methylation in
molecular Biology and Biological Sgnificance (Jost, J.P. and Saluz,
H.P., eds), Birkhauser Verlag, Basel. pp. 169-185.

Carlson, L.L., Page, A.W., and Bestor, T.H. 1992. Properties and locali-
zation of DNA methyltransferase in preimplantation mouse embryos:
implications for genomic imprinting. Genes Dev., 6: 2536-2541.

Chuang, L.S.-H., lan, H.-I, Koh, T.-W., Ng, H.-H., Xu, G., and Li, B.F.L.
1997. Human DNA-(cytosine-5) methyltransferase-PCNA complex asa
target for p21WAFL, Science, 277: 1996—2000.

Coffigny, H., Bourgeois, C., Ricoul, M., Bernardino, J.,, Vilain, A.,
Niveleau, A., Mafoy, B., and Dutrillaux, B. 1999. Alteration of DNA
methylation patterns in germ cells and Sertoli cells from developing
mouse testis. Cytogenet. Cell Genet., 87: 175-181.

Howell, C.Y., Bestor, T.H., Ding, F., Latham, K.E., Mertineit, C., Tradler,
JM., and Chaillet, J.R. 2001. Genomic imprinting disrupted by a mater-
nal effect mutation in the Dnmt1 gene. Cell, 104: 829-838.

Inano, K., Suetake,l., Ueda, T., Miyake, Y., Nakamura, M., Okada, M., and
Tajima, S. 2000. Maintenance-type DNA methyltransferase is highly
expressed in post-mitotic neurona and localized in the cytoplasm com-
partment. J. Biochem., 128: 315-321.

Jackson-Grusby, L., Beard, C., Possemato, R., Tudor, M., Fambrough, D.,
Csankovzki, G., Dausman, J.,, Lee, P., Wilson, C., Lander, E., and
Jaenisch, R. 2001. Loss of genomic methylation causes p53-dependent
apoptosis and epigenetic degeneration. Nature Genet., 27: 31-39.

Jaenisch, R. 1997. DNA methylation and imprinting: Why bother? Trends
Genet., 13: 323-329.

Jue, K., Bestor, T.H., and Traslar, JM. 1995. Regulated synthesis and
localization of DNA methyltransferase during spermatogenesis. Biol.
Reprod., 53: 561-569.

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.

Kono, T., Obata, Y., Yoshimizu, T., Nakahara, T., and Carroll, J. 1996.
Epigenetic modification during oocyte growth correlates with extended
parthenogenetic devel opment in the mouse. Nature Genet., 13; 91-94.

Laird, P.W. and Jaenisch, R. 1996. The role of DNA methylation in cancer
genetics and epigenetics. Ann. Rev. Genet., 30: 441-464.

Leonhardt, H., Page, A.W., Weler, H.-U., and Bestor, T.H. 1992. A target-



Dnmt1 in Gonocytes

ing sequence directs DNA methyltransferase to site of DNA replication
in mammalian nuclei. Cell, 71: 865-873.

Liu, Y., Sun, L., and Jost, J.P. 1996. In differentiating mouse myoblast
DNA methyltransferase is posttranscriptionally and posttranslationally
regulated. Nucleic Acids Res., 24: 2718-2722.

Mertineit, G., Yoder, JA., Taketo, T., Laird, D.W., Trader, JM., and
Bestor, T.H. 1998. Sex-specific exons control DNA methyltransferase
in mammalian germ cells. Development, 125: 889-897.

Mizugaki, M., Itoh, K., Yamaguchi, T., Ishiwata, S, Hishinuma, T.,
Nozaki, S., and Ishida, N. 1996. Preparation of a monoclonal antibody
specific for 5-methyl-2’ deoxycytidine and its application for the detec-
tion of DNA methylation levels in human peripheral blood cells. Bial.
Pharm. Bull., 19: 1537-1540.

Monk, M. 1990. Changes in DNA methylation during mouse embryonic
development in relation to X-chromosome activity and imprinting. Phil.
Trans. R. Soc. Lond., 326: 299-312.

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. Development, 125: 1553—1560.

Okano, M., Xie, S, and Li, E. 1998. Cloning and characterization of a
family of novel mammaian DNA (cytosine-5) methyltransferase.
Nature Genet., 19: 219-220.

Okano, M., Bell, D.W., Haber, D.A., and Li, E. 1999. DNA methyl-
transferases Dnmt3a and Dnmt3b are essential for de novo methylation
and mammalian development. Cell, 99: 247-257.

Pradhan, S., Bacolla, A., Wells, R.D., and Roberts, R.J. 1999. Recombi-
nant human DNA (cytosine-5) methyltransferase. 1. Expression, purifi-
cation, and comparison of de novo and maintenance methylation. J. Biol.
Chem., 274: 33002—-33010.

Razin, A. and Cedar, H. 1991. DNA methylation and gene expression.
Microbiol. Rev., 55: 451-458.

Riggs, A.D. and Porter, T.N. 1996. X-chromosome inactivation and epige-
netic mechanism in Epigenetic Mechanisms of Gene Regulation (Russo,
V.EAA., Martinssen, R.A. and Riggs, A.D., eds) pp. 231-248, Cold
Spring Harbor Press, Cold Spring Harbor, NY.

Roosen-Runge, E.C. 1977. The process of spermatogenesis in animals.
Cambridge University Press, Cambridge.

691

Shen, C.K.J. and Maniatis, T. 1980. Tissue-specific DNA methylationin a
cluster of rabbit 3-like globin genes. Proc. Natl. Acad. Sci. USA, 77:
6634-6638.

Suetake, I., Kanou, Y., and Tgjima, S. 1998. Effect of aphidicolin on DNA
methyltransferase in the nucleus. Cell Sruct. Funct., 23: 137-142.

Suetake, 1., Shi, L., Watanabe, D., Nakamura, M., and Tgjima, S. 2001.
Proliferation stage-dependent expression of DNA methyltransferase
(Dnmt1) in mouse small intestine. Cell Sruct. Funct., 26: 79-86.

Szyf, M., Bozovie, V., and Tanigawa, G. 1991. Growth regulation of
mouse DNA methyltransferase gene expression. J. Biol. Chem., 266:
10027-10030.

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.

Tajima, S. and Suetake, 1. 1998. Regulation and function of DNA methy-
lation in vertebrates. J. Biochem., 123: 993-999.

Taima, S, Tsuda, H., Wakabayashi, N., Asano, A., Mizuno, S., and
Nishimori, K. 1995. Isolation and expression of a chicken DNA
methyltransferase cDNA. J. Biochem., 117: 1050-1057.

Takagi, H., Tgjima, S, and Asano, A. 1995. Overexpression of DNA
methyltransferase in myoblast cells accel erates myotube formation. Eur.
J. Biochem.,, 231: 282-291.

Tanaka, H., Pereira, L.A.V.D., Nozaki, M., Tsuchida, J., Sawada, K., Mori,
H., and Nishimune, Y. 1997. A germ cell-specific nuclear antigen
recognized by a monoclonal antibody raised against mouse testicular
germ cells. International J. Andrology, 20: 361-366.

Trader, JM., Alcivar, A.A., Hake, L.E., Bestor, T., and Hecht, B. 1992.
DNA methyltransferase is developmentally expressed in replicating and
non-replicating male germ cells. Nucleic Acids Res., 20: 2541-2545.

Ueda, T., Abe, K., Miura, A., Yuzuriha, M., Zubair, M., Noguchi, M.,
Niwa, K., Kawase, Y ., Kono, T., Matsuda, Y ., Fujimoto, H., Shibata, H.,
Hayashizaki, Y ., and Sasaki, H. 2000. The paternal methylation imprint
of the mouse H19 locus is acquired in the gonocyte stage during fetal
testis development. Genes Cell, 5: 649-659.

(Received for publication, August 8, 2001
and in revised form, October 10, 2001)



