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ABSTRACT

MicroRNAs (miRNAs) are a recently discovered class of small noncoding RNAs and are implicated in an increasing number of
biological processes. To examine whether miRNAs might contribute to sexual differentiation, we performed expression profiling
of miRNAs in mouse embryonic gonads with the use of a highly sensitive cloning method, mRAP. Our profiling data revealed
substantial differences in the miRNA repertoire between male and female gonads at embryonic (E) day 13.5 (E13.5), suggesting
that such differentially expressed miRNAs may function in sexual differentiation. Female-specific miRNAs included miR-29b,
which also has been known to be expressed in a similar sex-dependent manner in the gonads of chicken embryos, suggestive of a
conserved role in gonadogenesis. Transcripts of the human genes for the de novo methyltransferases DNMT3A and DNMT3B
have been identified as targets of miR-29b, and we found that mouse miR-29b also negatively regulates Dnmt3a and Dnmt3b
expression in luciferase reporter assays. We also found that miR-29b is expressed in mouse primordial germ cells (PGCs) at
E13.5 and that its expression is up-regulated in a female-specific manner between E13.5 and E17.5, when male-specific de novo
methylation of the PGC genome is known to occur. Our data thus suggest that miR-29b may play an important role in female
gonadal development by targeting Dnmt3a and Dnmt3b and thereby modulating methylation of genomic DNA in PGCs.
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INTRODUCTION

MicroRNAs (miRNAs) are short noncoding RNAs of 20–24
nucleotides (nt) that negatively regulate protein production
from target mRNAs. They function by interacting with
their target mRNAs through incomplete base-pairing to the
39 untranslated region (39UTR) (Filipowicz 2005; Hammond
2005; Hannon 2002; Mattick and Makunin 2005) and
thereby either trigger degradation of the target mRNAs or
suppress their translation. MicroRNAs have been identified
in a wide range of organisms, including plants and animals
(Carrington and Ambros 2003; Bartel 2004). Many miRNAs

are conserved throughout evolution, but substantial diver-
sity is also apparent for some miRNAs even between closely
related species (Berezikov et al. 2006a).

Expression of miRNAs has been shown to be tightly
regulated in a developmental stage-dependent, as well as
in an organ-dependent, manner (Aboobaker et al. 2005;
Wienholds et al. 2005; Ason et al. 2006; Kloosterman et al.
2006; Takada et al. 2006a), suggesting that they may play
important roles in embryonic development and tissue or-
ganization. The miRNAs miR-1 and miR-124, for example,
are specifically expressed in muscle and the central nervous
system, respectively, in zebrafish, medaka, mouse, and fly,
suggesting that the function of these miRNAs is conserved
across animal phyla (Kloosterman and Plasterk 2006).

Although the precise function of most miRNAs remains
unclear, some have been shown to contribute to a variety of
biological phenomena, including intracellular signaling,
apoptosis, metabolism, cardiogenesis, myogenesis, and brain
development (Kloosterman and Plasterk 2006). Essential
roles for miRNAs in animal development have been revealed
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by analysis of cells deficient in Dicer, an enzyme required
for the production of miRNAs from their precursors. Dicer
null mutant mice thus die in utero at embryonic (E) day 7.5
(E7.5) and lack stem cell compartments (Bernstein et al.
2003). Mice with conditional ablation of this gene have
also revealed that Dicer (and, therefore, probably also
miRNAs) is required for morphogenesis of the limb (Harfe
et al. 2005), skin (Andl et al. 2006; Yi et al. 2006), and lung
epithelium (Harris et al. 2006). However, the genes tar-
geted by miRNAs to achieve their effects remain largely
unknown.

The heterogametic pairing of the sex chromosomes, X and
Y, results in male development in mammals, whereas females
are the heterogametic sex (ZW) in birds. Despite this dif-
ference in sex determination, several important genes for
sexual differentiation are expressed in a similar manner in the
gonads of both mammals and birds, suggesting the existence
of a shared mechanism for this process. In mammals, the
gonads first emerge as bipotential organs that subsequently
develop into testes or ovaries depending on whether Sry, a
sex-determining gene on the Y chromosome, is expressed or
not (Gubbay et al. 1990; Koopman et al. 1991).

Identification of a function for miRNAs in mammalian
gonadal development would be facilitated by characteriza-
tion of miRNA expression profiles in developing gonads.
However, most current technologies for measurement of
miRNA expression either require substantial amounts of
RNA for analysis (in the case of conventional cloning meth-
ods) or are unable to examine unknown miRNA species (in
the case of microarray- or stem–loop-based detection meth-
ods). Neither of these types of approach is, therefore, suit-
able for extensive miRNA profiling of the gonads, for which
only small quantities of tissue are usually available and
many unknown miRNAs may be present.

We have recently developed a highly sensitive cloning
procedure for miRNAs (Mano and Takada 2007; Takada et al.
2006a; Takada and Mano 2007). This procedure, designated
miRNA amplification profiling (mRAP), allows the isolation
of tens of thousands of miRNA clones from small quantities
of starting material (even from as few as 10,000 cells). Cou-
pling of mRAP to a computational pipeline in order to detect
or predict miRNAs thus represents an optimal means for
quantitative measurement of miRNA expression profiles in
small amounts of tissue or clinical specimens. We have now
applied such technology to mouse gonads in order to identify
sex-dependent expression of miRNAs.

RESULTS

miRNA expression profiling of mouse embryonic
gonads

To identify miRNAs expressed differentially between male
and female mouse gonads at E13.5, we constructed small
RNA-derived cDNA libraries by the mRAP protocol from

these tissues. Totals of 672 and 1440 cDNA concatamers
were sequenced, resulting in the identification of 1153
and 1480 small RNA sequences, for male and female em-
bryonic gonads, respectively. Totals of 180 and 184 of these
sequences from male and female gonad libraries, respec-
tively, matched known miRNAs (Table 1). In addition,
three candidates for novel miRNAs (miR-143*, miR-715*,
miR-689*) were identified, each of which is present in
the hairpin structure of known miRNAs. The remaining
small RNA sequences likely represent RNA degradation
products.

Identification of miRNAs that are expressed
in a sex-dependent manner at E13.5

We have previously shown that mRAP cloning frequency
reflects relative miRNA abundance in cells, provided that
sufficient numbers of small RNA-derived cDNAs are se-
quenced (Takada et al. 2006a; S Takada and H Mano,
unpubl.). In the current data set, many miRNAs were found
to be expressed in a sex-dependent manner. For instance, the
most abundant miRNA in both sexes, miR-29b, is prefer-
entially expressed (by a factor of z2) in the female gonad
(Table 1).

To confirm such sexually differential expression of
miRNAs, we performed Northern blot analysis. The abun-
dance of miR-29b normalized by that of U6 RNA was 2.3
arbitrary units (U) in the female gonad and 1.0 U in the
male gonad at E13.5 (Fig. 1), consistent with the mRAP
data (read counts of 73.0% and 30.4% for female and male,
respectively) (Table 1). In contrast, the fourth most
abundant miRNA, miR-143, was found to be preferentially
expressed in male gonads by both Northern blot analysis
(1.7 versus 1.0 U in male and female, respectively) (Fig. 1)
and mRAP analysis (8.70% versus 0.51%) (Table 1), al-
though the male-to-female ratio differed between the two
approaches. The sex-related expression of other miRNAs
(miR-24, miR-142-3p, miR-126-5p) revealed by mRAP was
not detected by Northern analysis (Fig. 1). Together, these
data thus showed that certain miRNAs are expressed in the
gonads in a sex-dependent manner.

Expression patterns of miR-29b and miR-143
during sexual differentiation

With the use of Northern blot analysis, we next examined
the expression profiles of the sex-specific miRNAs miR-29b
and miR-143 during mouse gonadogenesis. In the female
gonad, expression of miR-29b was increased at E15.5
compared with that at E13.5, and the increased level of
expression was maintained through E17.5 (Fig. 2). In the
male gonad, the relative abundance of miR-29b increased
gradually from E13.5 to E17.5 but was consistently lower
than that in stage-matched female gonads, suggesting that
miR-29b may play different roles in male and female
gonads.
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The expression of miR-143 in the male gonad increased
from E13.5 to E15.5 but decreased to an intermediate level
at E17.5 (Fig. 2). In contrast, the relative amount of miR-

143 increased gradually between E13.5 and E17.5 in the
female gonad, suggesting that this miRNA might have a
specific function in male gonadogenesis at E15.5.

Evolutionary conservation of miR-29b and miR-143
expression

If miR-29b or miR-143 contributes directly to sex-dependent
differentiation of the gonads in mice, their expression pro-
files might be expected to be evolutionarily conserved. This
has been, indeed, shown in the cases for Sox9, Amh, and
FoxL2, all of which are essential for sexual differentiation of
the gonads (Carre-Eusebe et al. 1996; Kent et al. 1996;
Morais da Silva et al. 1996; Loffler et al. 2003). We therefore
examined the expression of miR-29b and miR-143 in
chicken embryonic gonads during sexual differentiation
with Northern blot analysis using male and female chicken
embryonic gonads. The right and left gonads were treated
separately, because there is a left–right asymmetry associ-
ated with the chicken gonadal differentiation. The relative
abundance of miR-29b was greater in female gonads than
in male gonads of chicken embryos at days 12 and 18 (Fig.
3), an expression profile similar to that apparent for mouse
gonads (Fig. 2). In contrast, the expression of miR-143 was
greater in male than in female chicken gonads at day 18
(Fig. 3). The preferential expression of miR-143 in male
gonads was thus confirmed in chicken in a similar pattern
to that in mouse (Fig. 2).

Identification of cell types in which miR-29b
and miR-143 are expressed

We next investigated which cells express miR-29b or
miR-143 in the gonads of mouse embryos. To determine

TABLE 1. Profiling of miRNAs by mRAP in mouse embryonic gonads
at E13.5

Read counts (%)a

miRNA Male Female

mmu-mir-29b 56 (30.43) 143 (72.96)
mmu-mir-142-3p 28 (15.22) 8 (4.08)
mmu-mir-124 14 (7.61) 5 (2.55)
mmu-mir-143 16 (8.70) 1 (0.51)
mmu-mir-689 1 (0.54) 11 (5.61)
mmu-mir-24 9 (4.89) 1 (0.51)
mmu-mir-1 5 (2.72) 2 (1.02)
mmu-mir-126-5p 4 (2.17) 1 (0.51)
mmu-let-7c 3 (1.63) 1 (0.51)
mmu-mir-142-5p 2 (1.09) 2 (1.02)
mmu-let-7b 1 (0.54) 3 (1.53)
mmu-mir-143* 4 (2.17) 0 (0)
mmu-mir-19b 2 (1.09) 2 (1.02)
mmu-mir-191 3 (1.63) 0 (0)
mmu-mir-146a 1 (0.54) 2 (1.02)
mmu-mir-351 3 (1.63) 0 (0)
mmu-let-7g 2 (1.09) 0 (0)
mmu-mir-541 2 (1.09) 0 (0)
mmu-mir-194 2 (1.09) 0 (0)
mmu-mir-126-3p 2 (1.09) 0 (0)
mmu-mir-30c 2 (1.09) 0 (0)
mmu-mir-130a 1 (0.54) 1 (0.51)
mmu-mir-217 2 (1.09) 0 (0)
mmu-mir-145 1 (0.54) 1 (0.51)
mmu-mir-99b 1 (0.54) 1 (0.51)
mmu-mir-30b 2 (1.09) 0 (0)
mmu-mir-28* 0 (0) 2 (1.02)
mmu-mir-141 2 (1.09) 0 (0)
mmu-mir-715* 0 (0) 1 (0.51)
mmu-mir-223 1 (0.54) 0 (0)
mmu-mir-136* 0 (0) 1 (0.51)
mmu-mir-29c 1 (0.54) 0 (0)
mmu-mir-19a 0 (0) 1 (0.51)
mmu-mir-184 1 (0.54) 0 (0)
mmu-mir-27b 1 (0.54) 0 (0)
mmu-mir-27a 1 (0.54) 0 (0)
mmu-mir-301a 0 (0) 1 (0.51)
mmu-mir-715 0 (0) 1 (0.51)
mmu-mir-298 0 (0) 1 (0.51)
mmu-mir-30a 1 (0.54) 0 (0)
mmu-mir-378 1 (0.54) 0 (0)
mmu-mir-744 1 (0.54) 0 (0)
mmu-mir-33 0 (0) 1 (0.51)
mmu-mir-125a-5p 1 (0.54) 0 (0)
mmu-mir-125b-5p 1 (0.54) 0 (0)
mmu-mir-139-5p 1 (0.54) 0 (0)
mmu-mir-92a 1 (0.54) 0 (0)
mmu-mir-214 1 (0.54) 0 (0)
mmu-mir-122 0 (0) 1 (0.51)
mmu-mir-689* 0 (0) 1 (0.51)
Total 184 (100) 196 (100)

aCloning frequency of each miRNA in the library was expressed as
a percentage of the total counts for all miRNA reads in each organ.

FIGURE 1. Validation of mRAP data by Northern blot analysis.
Fractions containing small RNAs (0.5–0.8 mg per lane) isolated from
(left lanes) male or (right lanes) female mouse gonads at E13.5 were
subjected to Northern analysis with LNA probes specific for the
indicated miRNAs or U6 RNA. The signal intensity for each miRNA
normalized by that of U6 RNA is shown at the bottom of each lane.
(Closed and open arrowheads) The positions corresponding to 24 and
19 nt, respectively.
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whether such expression is restricted to somatic or germ
cells, we performed Northern blot analysis with RNA iso-
lated from embryos exposed in utero to busulfan, which is
known to eliminate germ cells (Forsberg and Olivecrona
1966). Depletion of germ cells in busulfan-treated mouse
gonads was confirmed by measurement of the expression of
Oct4 that is restricted to primordial germ cells (PGCs) in
both testis and ovary at E13.5 (Pesce et al. 1998). Whole-
mount in situ hybridization thus revealed the presence of
Oct4 mRNA in E13.5 mouse gonads exposed to DMSO
vehicle but not in those exposed to busulfan (Fig. 4A).

Northern blot analysis with an LNA probe for miR-29b
detected a discrete signal with RNA recovered from DMSO-
treated female gonads, whereas the signal was mostly lost
with RNA from those treated with busulfan (Fig. 4B),
indicating that miR-29b is expressed exclusively in PGCs
in female embryonic gonads. Although miR-143 was also
found to be preferentially expressed in PGCs, a substantial
amount of this miRNA remained in busulfan-treated male
gonads, suggesting that miR-143 may be expressed in both
somatic cells and PGCs of the testis.

Target genes of miR-29b in mouse PGCs

Our findings that miR-29b is expressed almost exclusively
in PGCs of female gonads and that the expression profile
of this miRNA is conserved between mouse and chicken
suggests that miR-29b function is likely important for
PGCs in female gonads. The genes for DNA methyltrans-
ferases 3A (DNMT3A) and 3B (DNMT3B) were recently
shown to be direct targets of miR-29b, and overexpression

of this miRNA results in a reduction in the global level of
DNA methylation in the human genome (Fabbri et al.
2007). Given that mouse Dnmt3a and Dnmt3b are ex-
pressed in PGCs at E12.5–E17.5 (Lees-Murdock et al. 2005),
these genes are candidates for regulation by miR-29b in
mouse PGCs. Indeed, the TargetScan program (Lewis et al.
2003; Grimson et al. 2007), an in silico approach to the
prediction of miRNA targets, indicated that both Dnmt3a
and Dnmt3b are potential targets of this mouse miRNA
(Fig. 5A). We, therefore, examined whether Dnmt3a or
Dnmt3b is regulated by miR-29b in mouse.

To this end, we utilized a luciferase reporter assay. As a
host cell line, using Northern blot analysis we searched for
a cell line in which miR-29b does not exist; however, such a
cell line was not found (data not shown). Since transfection
efficiency of NIH3T3 is high, we used this cell line as a host
cell. DNA fragments corresponding to portions of the
39UTRs of Dnmt3a or Dnmt3b mRNAs containing the
predicted miR-29b target sites were inserted into the
39UTR of firefly luciferase cDNA, and the resulting reporter
plasmids were introduced with or without miR-29b into
NIH3T3 fibroblasts. The same target sequences but with a
1-base-pair (bp) mismatch were similarly inserted into the
luciferase cDNA to yield negative control constructs (Fig.
5A). The luciferase activities of the constructs with the
wild-type target regions of Dnmt3a or Dnmt3b were re-
duced compared with those of the corresponding mutant

FIGURE 2. Sex-dependent expression profiles of miR-29b and miR-
143 in mouse embryos. (A) Fractions containing small RNAs isolated
from male (M) or female (F) mouse gonads at E13.5, E15.5, or E17.5
were subjected to Northern blot analysis with probes specific for miR-
29b, miR-143, or U6 RNA. (Closed and open arrowheads) The
positions corresponding to 24 and 19 nt, respectively. (B) The
hybridization signal intensity for each miRNA in A was normalized
by that of U6 RNA and plotted against embryonic stage.

FIGURE 3. Sex-specific up-regulation of miR-29b and miR-143
expression in chicken embryos. (A) Fractions containing small RNAs
isolated from male (M) or female (F) chicken gonads at day (D) 8, 12,
or 18 were subjected to Northern blot analysis with probes specific for
miR-29b, miR-143, or U6 RNA. (L) Left gonad; (R) right gonad.
(Closed and open arrowheads) The positions corresponding to 24 and
19 nt, respectively. (B) The hybridization signal intensity for each
miRNA in A was normalized by that of U6 RNA and plotted against
embryonic stage. (ML) Male left gonad; (MR) male right gonad; (FL)
female left gonad; (FR) female right gonads.
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constructs (Fig. 5B), likely because miR-29b is expressed in
NIH3T3 cells (data not shown). Furthermore, the luciferase
activities of the wild-type constructs for Dnmt3a or Dnmt3b
were reduced by cotransfection with miR-29b, whereas
those of the mutant constructs were not (Fig. 5B). These
results thus suggested that both genes may be targets of
miR-29b in mouse.

DISCUSSION

We have determined the miRNA expression profiles of
male and female embryonic mouse gonads at E13.5. Given
that most conventional methods for cloning of miRNAs
require >100 mg of total RNA (Lagos-Quintana et al. 2002),
it would have been difficult to profile miRNA expression in
embryonic gonads by such approaches with the small
amounts of tissue available. We therefore adopted mRAP,
a cloning- and sequencing-based method with a high sen-
sitivity, for miRNA profiling in embryonic gonads.

We obtained a total of 380 miRNA-derived sequences,
consisting of 374 reads for known miRNAs and six reads
for previously unreported ones (four corresponding to
miR-143*, one to miR-715*, and one to miR-689*). Al-
though 2000 mRAP clones were sequenced in the present
study, most of the miRNAs (both known and novel) in our
data set were detected five or fewer times (Table 1), indi-
cating that all miRNAs in the gonads may not yet have been
identified. Extensive sequencing of mRAP clones may there-
fore result in the identification of additional novel hairpin
structures containing unreported miRNA candidates.

We found that miR-29b is the most abundant miRNA in
mouse gonads at E13.5. Northern blot analysis of PGC-
depleted gonadal tissue further indicated that miR-29b is
expressed almost exclusively in PGCs of female gonads (at

least at E13.5). This finding contrasts with results of
Hayashi et al. (2008) showing that miR-29b was virtually
undetectable in mouse PGCs at this stage by RT-PCR
analysis. This discrepancy may be attributable to the dif-
ferences in methodology or in genetic background of the
mice between the two studies.

Although the differences in mRAP cloning frequency
between male and female gonads for some miRNAs were
reflected in differences in expression as determined by
Northern blot analysis, those for others were not. We have
recently performed deep sequencing of mRAP clones from
various mouse organs and found that the correlation
between cloning frequency and Northern blot data was
dependent on miRNA sequence (S Takada and H Mano,
unpubl.). Even some miRNAs with a read number of
>100,000 per organ were not detected by Northern blot
analysis. The nucleotide sequence of miRNAs may thus
greatly affect their sensitivity to detection by Northern blot
analysis or by RT-PCR (a hybridization-based detection
system). However, it remains possible that mRAP may have
a cloning bias for some miRNAs.

Both Dnmt3a and Dnmt3b are expressed in mouse PGCs
of both sexes at E13.5 (Lees-Murdock et al. 2005), suggesting

FIGURE 4. Expression of miR-29b and miR-143 in PGCs of mouse
embryos at E13.5. (A) Male (M) and female (F) embryonic gonads
were recovered at E13.5 from dams injected with DMSO or busulfan
and were subjected to whole-mount in situ hybridization with a probe
specific for Oct4 mRNA. (B) Fractions containing small RNAs isolated
from female or male gonads treated as in A were subjected to
Northern blot analysis with probes specific for miR-29b or miR-
143, respectively. The same blots were also subjected to hybridization
with a probe specific for U6 RNA. (Closed and open arrowheads) The
positions corresponding to 24 and 19 nt, respectively. Embryos
exposed to (D) DMSO or (B) busulfan.

FIGURE 5. Identification of Dnmt3a and Dnmt3b as potential targets
of miR-29b in mouse. (A) Potential target sites for miR-29b in the
39UTRs of Dnmt3a and Dnmt3b mRNAs are shown aligned with the
miR-29b sequence. The same 39UTR sequences with a 1-bp mismatch
(M1) were used as negative controls in luciferase reporter assays.
Complementary bases between miR-29b (red) and the 39UTRs (blue)
are shown, respectively. (B) Luciferase reporter assays were performed
with vectors containing DNA fragments corresponding to the putative
wild-type or mutant target sites for miR-29b in the 39UTRs of
Dnmt3a or Dnmt3b mRNAs. The assays were performed in NIH3T3
cells cotransfected (or not) with the miR-29b precursor. Vec indicates
cells transfected with the luciferase vector without Dnmt3 sequences.
Firefly luciferase activity was normalized by that of Renilla luciferase,
and the data are means 6 SD from three independent experiments.
(*) P < 0.05 for the indicated comparisons (Student’s t-test).
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a possibility that DNA methylation of the genome is
regulated by miR-29b. Methylation of cytosine residues is
the only known direct epigenetic modification of mamma-
lian genomic DNA and contributes to various biological
phenomena including transposon silencing and genomic
imprinting (Reik et al. 2001; Bird 2002). There are two
main types of DNA methyltransferase: maintenance meth-
yltransferases that methylate hemimethylated CpG sequen-
ces after DNA replication, and de novo methyltransferases
that methylate cytosine residues of unmethylated CpG
sequences, and which include DNMT3A and DNMT3B
(Okano et al. 1998). Genome-wide demethylation occurs
early during development and is complete around E13 to
E14 in PGCs of both male and female mouse embryos
(Monk et al. 1987; Kafri et al. 1992; Brandeis et al. 1993;
Surani 1998; Tada et al. 1998). Re-methylation then takes
place earlier in the male germ cells (from E15 to E16) (Kafri
et al. 1992; Brandeis et al. 1993; Coffigny et al. 1999) than
in the female cells (after birth, during the growth of
oocytes) (Lucifero et al. 2002, 2004; Hiura et al. 2006).
DNMT3A and DNMT3B were recently shown to mediate
de novo methylation of differentially methylated genomic
regions corresponding to imprinted genes and some repet-
itive elements in male germ cells (Kato et al. 2007). It is
thus possible that the expression of these two enzymes is
repressed by miR-29b in female germ cells, allowing an
escape from male-type methylation of the genome and
underlying female-type methylation.

MicroRNAs have been shown to contribute to the fine-
tuning of physiological events or to function as molecular
switches in cellular signaling (Lee et al. 1993; Wightman
et al. 1993; Moss et al. 1997; Reinhart et al. 2000; Brennecke
et al. 2003; Johnston and Hobert 2003; Sokol and Ambros
2005). In addition, some miRNAs function in a fail-safe
mechanism to silence mRNAs that are unwanted in specific
cell types (Hornstein et al. 2005; Cohen et al. 2006). It
seems likely that miR-29b may function in such a mech-
anism to regulate methylation of the genome, given that the
amount of Dnmt3a mRNA in PGCs is similar in male and
female mouse embryos at E13.5 but is greater in male than
in female PGCs at E15.5 and E17.5 (Iwahashi et al. 2007).

Further extensive sequencing of mRAP clones from the
gonads will provide additional insight into the cell type-
dependent and developmental stage-dependent expression
profiles of miRNAs, and such information will likely con-
tribute to understanding of the function of miRNAs in
sex determination and differentiation.

MATERIALS AND METHODS

Mice and tissues

C57BL/6J mice (Mus musculus domesticus) were obtained from
a local supplier (Japan SLC). The mice were allowed to mate
naturally, and at noon of the day in which a vaginal plug was

observed were considered to be E0.5. Gonads depleted of germ
cells were prepared by intraperitoneal injection of pregnant
females at E9.5 with 100 mL of a warmed solution (16 mg/mL)
of busulfan (Sigma-Aldrich) in 50% dimethly sulfoxide (DMSO),
and harvesting of the embryos occurred on E13.5 (Forsberg and
Olivecrona 1966); as a control, dams were injected with 50%
DMSO alone. The sex of each embryo was determined on the basis
of the presence (male) or absence (female) of a testis cord.

Chickens and tissues

Fertilized chicken (Gallus gallus domestica) eggs were obtained
from a local supplier (Saitama Experimental Animal Supply) and
were maintained at 18°C until their transfer to an incubator at
37.8°C. Staging of chicken embryos was confirmed at dissection as
described by Hamburger and Hamilton (1951). The gonads of
each embryo were snap frozen, and the sex of the embryos was
determined as described previously (Clinton et al. 2001; Takada
et al. 2006b,c) with the use of a polymerase chain reaction (PCR)-
based method performed with genomic DNA extracted from the
hind limbs.

mRAP

The mRAP procedure was performed as described previously
(Takada et al. 2006a; Mano and Takada 2007; Takada and Mano
2007), and miRNAs were identified from mRAP clones with the
use of the computational pipeline developed by Berezikov et al.
(2006b).

Northern blot analysis

A fraction of small RNA molecules (<200 nt) was prepared with
the use of a mirVana miRNA Isolation Kit (Applied Biosystems),
and portions of the fraction (0.5–0.8 mg per lane) were subjected
to electrophoresis on a 15% polyacrylamide gel under denaturing
conditions. The separated RNA molecules were transferred elec-
trophoretically to a Hybond-N membrane (GE Healthcare UK)
and were subjected to hybridization with the use of the ULTRAhyb-
Oligo reagent (Applied Biosystems) and with 32P-labeled locked
nucleic acid (LNA) probes corresponding to reverse complemen-
tary sequences of mature miRNAs. Signals were detected with a
BAS-1500 image analyzer (Fuji Photo Film), and signal intensities
were measured with the use of Image Gauge version 4.1 software
(Fuji Photo Film). The signal intensities of the miRNAs were
normalized to that of U6 RNA. Probes included:

mmu-miR-29bRCLNA (59-AAcACtGAtTTcAAaTGgTGcTA-39)
for miR-29b;

mmu-miR-142-3pRCLNA (59-CCaTAaAGtAGgAAaCAcTAcA-39)
for miR-142-3p;

mmu-miR-143RCLNA (59-TGaGCtACaGTgCTtCAtCTcA-39) for
miR-143;

mmu-miR-24RCLNA (59-CTgTTcCTgCTgAAcTGaGCcA-39) for
miR-24;

mmu-miR-126-5pRCLNA (59-CgCGtACcAAAAGtAAtAAtG-39)
for miR-126-5p; and

U6AS (59-AACGCTTCACGAATTTGCGT-39) for U6 RNA.

Here, upper- and lowercase letters designate DNA and LNA,
respectively.
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Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed by the maleic
acid buffer (MABT) method as previously described (Xu and
Wilkinson 1998). A probe for Oct4 mRNA was prepared from
total RNA isolated from E12.5 mouse embryos. The RNA was
subjected to reverse transcription (RT), and the resulting cDNA
was subjected to PCR with the primers mOct4probe1F (59-GCC
TTGCAGCTCAGCCTTAAGA-39) and mOct4probe1R (59-CCTC
GCCCTCAGGAAAAGGGAC-39). The amplification product, which
corresponds to the probe described by Thomas et al. (1998), was
cloned into the pGEM-T Easy vector (Promega) for production of
the probe by in vitro transcription.

Luciferase assay

DNA fragments corresponding to a 981-bp portion of the 39UTR
of Dnmt3a or a 637-bp portion of the 39UTR of Dnmt3b were
amplified by PCR from C57BL/6J mouse genomic DNA. The
primers wereDnmt3aAmpF (59-ACTAGTGACTGAAACAAGAGA
GTTA-39) and Dnmt3aAmpR (59-ACGCGTGGACCGGAGCTGC
CATGTGC-39) for Dnmt3a and Dnmt3bAmpF (59-ACTAGTGG
TACAAGGGCTGAAGTCC-39) and Dnmt3bAmpR (59-ACGCGT
AAGGCAGTCTCTCCCCACAC-39) for Dnmt3b, with the under-
lined sequences corresponding to recognition sites for restriction
endonucleases. The PCR products were cloned into pGEM-T Easy
and verified by nucleotide sequencing. Single nucleotide substi-
tutions were introduced into the DNA sequences with the use of a
QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene)
and the primers Dnmt3aM1 (59-GACTTCATAATGGAGCTTT
CAAAACAG-39) for Dnmt3a and Dnmt3bM1 (59-ACCTAATTA
CAGGTCCTATTTTATAG-39) for Dnmt3b, with the underlined
residues corresponding to the substituted bases. The insert of each
clone was subcloned into the SpeI and MluI sites of the multiple
cloning region of the pMIR-Report-luciferase vector (Applied
Biosystems). The coding sequence and 39UTR of the firefly
luciferase cDNA as well as the insert of each of the resulting
vectors were then subcloned into the BamHI and NotI sites of the
pMXS vector (kindly provided by T. Kitamura, Institute of
Medical Science, University of Tokyo).

NIH3T3 cells grown in 24-well plates were transfected with 50
mM miR-29b precursor (Pre-miR miRNA Precursor Molecule;
Applied Biosystems), 0.6 mg of pMXS-based luciferase reporter
vector, and 0.2 mg of a control Renilla luciferase vector (pRL-TK;
Promega) in the presence of the Lipofectamine 2000 reagent
(Invitrogen). Firefly and Renilla luciferase activities in cell lysates
were assayed with the use of a Dual-Luciferase Reporter Assay
System (Promega) 48 h after cell transfection, and the former
activity was normalized by the latter.
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