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Abstract

Dicer1, an RNAse III enzyme, is a key factor for the production of microRNAs involved in post-transcriptional gene silencing. To
elucidate the roles of Dicer1 and the microRNA pathway in early embryo development, we initially evaluated its gene expression in
mouse oocytes and embryos in vitro. The transcript levels in GV stage oocytes steadily decreased up to the 2-cell embryo stage, and
expression remained stable during morulae and blastocyst formation. DICER1 protein synthesis was additionally observed in mouse
oocytes and early embryos. Silencing of mRNA expression by RNA interference (siRNA) did not inhibit development up to the blas-
tocyst stage. Real-time RT-PCR experiments confirmed the decreased expression of selected transcription factors, including POU
domain, class 5, transcription factor 1 (Pou5f1), SRY-box containing gene 2 (Sox2), and Nanog homeobox (Nanog). Moreover, POU5F1
protein expression was suppressed by Dicer1 siRNA. The results suggest that Dicer1 gene expression is associated with the levels of tran-
scription factors, Pou5f1, Sox2, and Nanog which possibly regulate differentiation processes at the blastocyst stage.
� 2006 Elsevier Inc. All rights reserved.
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MicroRNAs (miRNAs) generated from endogenous
transcripts are single-stranded RNA sequences 19–25 nucle-
otides (nt) in length that form hairpin structures [1,2]. These
miRNAs act as guide molecules by base-pairing with target
mRNAs, and lead to transcriptional repression and/or
mRNA cleavage. Mature animal miRNAs are about 22 nt
in length, and are produced as a result of sequential process-
ing by a series of RNase III-related enzymes, Drosha and
Dicer. Drosha processes a pri-miRNA hairpin transcript
of about 70 nt (pre-miRNA) from a longer precursor
RNA [1]. Pre-miRNA is cleaved by a second Rnase III
enzyme, Dicer, to yield the 22 nt mature miRNA [3–5]. The-
oretically, targeted deletion of Dicer should yield mice defi-
cient in all mature miRNAs. Dicer is also required for the
processing of long double-stranded RNA or miRNA pre-
cursors into mature effective RNA molecules [6].
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DICER proteins are involved in a variety of gene-silenc-
ing phenomena at the transcriptional, post-transcriptional,
or translational level, depending on the organism. In
Caenorhabditis elegans, Dicer is required for RNA interfer-
ence and development [7–10]. Knock-down of Dicer with
RNAi in a human cell line led to defects in both miRNA
production and short hairpin RNA (shRNA)-mediated
RNAi [11,12]. In addition, inactivation of Dicer1 in the
mouse germline results in cell death at day 7.5 and loss
of multipotent stem cells [13].

miRNA machinery is implicated in maintaining the stem
cell character, as well as the control of differentiation pro-
cesses [14,15]. Conditional gene targeting of Dicer1 in a
mouse embryonic stem (ES) cell resulted in defective gener-
ation of miRNAs, in RNA interference, and in differentia-
tion [14]. Homozygous Dicer1 null ES cells could not be
generated by sequentially targeting both alleles or by isolat-
ing cell lines from blastocysts of heterozygous intercrosses
[14]. Furthermore, Dicer knockout mutant embryos
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produce Pou5f1 mRNA, but have nonetheless significantly
lower levels of POU5F1 protein [15]. ES cells are transient
pluripotent cells that can be cultured in vitro without losing
their ability to differentiate into various mouse tissues. Since
ES cells are produced from the inner cell mass of the blasto-
cyst, it is possible that Dicer1 functions in blastocyst stage
embryos. Previously, Svoboda et al. [16] demonstrated that
targeted destruction of Dicer mRNA by injecting 1-cell
embryos with double strand RNA resulted in a 50%
increase in murine endogenous retrovirus-L and intracister-
nal A particles. This suggests that the microRNA system
constrains expression of repetitive parasitic sequences in
preimpantation embryos [16].

Pou5f1, also known as Oct3/4 [17], belongs to the class V
family of POU proteins and mediates pluritropic control as
a transcription factor [18,19]. Pou5f1 mRNA and protein
have been identified in the blastomeres of preimplantation
embryos, in the inner cell mass (ICM) of blastocysts, in epi-
blasts and primordial germ cells, and in most germ cells
[3,17,20]. Loss of Pou5f1 in blastocysts leads to terminal dif-
ferentiation of the inner cell mass into the trophoblast line-
age [21], and a precise dose of Pou5f1 is required for cell fate
decisions [22]. Recent studies show that Sox2 and Nanog

interact with Pou5f1 to regulate the transcriptional hierar-
chy that specifies ES cell identity [21,23,24].

Despite clear evidence of developmental regulation, lim-
ited information is currently available on the expression and
functions of Dicer1 genes during the early embryonic devel-
opment in mammals. To elucidate the role of Dicer1 in pre-
implantation embryos, we initially determined its mRNA
and protein levels in mouse early embryos using real-time
Table 1
List of primers used for real-time RT-PCR

Genes GenBank Accession Nos. Primer sequen

Dicer1 NM_148948 F: ggtggtctggc
R: cctgaggctgg

Cdc42 NM_009861 F: ttgttggtgatg
R: aatcctcttgcc

Cdh1 X06115 F: ttgaggagttg
R: agctcgaactt

Rhobtb2 AF420001 F: acccagatgat
R: ccaccggtgtt

Ilk NM_010562 F: tgttgtgaaga
R: cagtgtgtgat

Tuba1 NM_011653 F: tcgtgatccac
R: actggatggta

Plat NM_008872 F: gctgagtgcat
R: gccacggtaa

Tie1 BC060182 F: caggcacagc
R: gtgccaccatt

Pou5f1 NM_013633 F: cgtggagactt
R: ggcgatgtaag

Nanog AY278951 F: aagtacctcag
R: gtgctgagccc

Sox2 NM_011443 F: cacaactcgga
R: ctccgggaag

H2a X16495 F: acaacaagaa
R: cttggccttgtg

Globin (Rabbit) X04751 F: gcagccacgg
R: gtgggacagg
reverse transcription-polymerase chain reaction (RT-
PCR) and immunocytochemistry. We then examined the
possible role of these genes in oocyte maturation and preim-
plantation development using RNA interference analysis.
Materials and methods

Generation of mouse embryos. To obtain oocytes or fertilized embryos,
5-week-old B6D2 F1 female mice were superovulated by intraperitoneal
injections of 5 IU pregnant mare serum gonadotropin (PMSG, Sigma,
St. Louis, MO), followed by 5 IU gonadotropin (hCG, Sigma) 48 h later.
Experiments were performed in accordance with the Guiding Principles
for the Care and Use of Laboratory Animals. Germinal vesicle (GV) stage
oocytes were collected 45 h after PMSG injection from the ovary by
slicing. The medium for GV oocyte collection was M2 (Sigma) supple-
mented with 300 lM dibutyryl cyclic adenosine monophosphate
(dbcAMP, Sigma) to inhibit germinal vesicle breakdown (GVBD) during
collection. Unfertilized metaphase II eggs (MII) or one-cell (1C) embryos
were collected from ampullae of superovulated females without mating or
via mating within a day (20 h) after the hCG injection. Cumulus cells were
removed with 0.1 mg/ml hyarulonidase (Sigma) by pipetting in M2 (Sig-
ma) medium. Two-cell (2C), four-cell (4C), morula (MO), and blastocyst
(BL) stage embryos were flushed out from oviducts or collected from the
uterus at 40, 55, 82, or 96 h after hCG injection. Harvested embryos were
washed in Ca2+- and Mg2+-free PBS, and either fixed with 4% formal-
dehyde (Sigma) for 20 min and stored at 4 �C or snap-frozen in liquid
nitrogen and stored at –70 �C until use.

siRNA microinjection and in vitro culture. Zygotes were collected and
denuded of cumulus cells. We purchase pre-designed siRNAs to silence
mouse Dicer1 (siRNA ID No., 173425, Ambion, Inc., Houston, TX, USA)
or Pou5f1 (siRNA ID No., 151960, Ambion), positive control (glyceral-
dehyde-3-phosphate dehydrogenase (Gapdh) siRNA, siRNA ID No.
407972, Ambion), and negative control (Cat. No. 4611G, Ambion). The
siRNA was diluted with buffer (Ambion) to a final concentration of
100 lM, and stored at �20 �C. Approximately 10 pL of siRNA was
ce Annealing temperature (�C) Base pairs

aggtgtact 60 272
ttagctttg
gtgctgtt 60 168
ctgcagta

aatgctgac 55 485
tccaagcag
ggtggacat 60 195
tctcaaagt
aggtgctgaagg 60 162
gagggttgg
ttccctctgg 60 239
cgcttggtc
caactggaa 60 243
gtcacacctt
aggttgtaga 60 160
ttgacactg
tgcagcctga 55 519
tgatctgctg
cctccagca 60 163
ttctgaatc
gatcagcaa 60 190

cgtgtactta
gacccgcatc 60 167
gtgactct

tgtcgagtat 55 257
agcttgaaat
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Fig. 1. Relative mRNA expression levels of Dicer1 at various develop-
mental stages of oocytes and embryos analyzed by real-time RT-PCR.
Messenger RNA expression at the BL stage (h) was arbitrarily set as
onefold. (A) Fold differences in mRNA expression from equivalent
numbers of germinal vesicle (GV), metaphase II (MII), zygote (1C), 2-cell
(2C), 4-cell (4C), morula (MO), and blastocyst (BL) stage oocytes or
embryos after normalization to the external reference (rabbit Globin

mRNA). (B) Fold differences in mRNA expression from equivalent
numbers of GV, MII, 1C, 2C, 4C, MO, and BL stage oocytes or embryos
after normalization to the internal reference (mouse H2a). Data are
presented as means ± SEM of four separate experiments.

Fig. 2. (A) Laser scanning confocal microscopy images of DICER1 expressio
(2C), 4-cell (4C), morula (MO), and blastocyst (BL) stage oocytes or embryo
(green) and chromatin (red) merged images; a, a 0 and A: b, b 0 and B: c, c 0 and
oocyte or embryo, respectively, 63·, Zoom 2; g, g 0 and G: BL stage embryo,
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injected into the cytoplasm of GV stage oocytes or zygotes using an
Eppendorf microinjector system (Eppendorf, Hamburg, Germany). Buffer
or siRNA-microinjected oocytes or embryos were cultured in M16 (Sigma)
medium supplemented with 0.4% BSA at 37 �C in a humidified atmo-
sphere of 5% CO2 and 95% air to determine the rates of MII state oocyte
or development to the blastocyst stage.

Immunofluorescence staining. Mouse embryos were fixed with 4%
formaldehyde for 20 min and permeabilized with 0.2% Triton X-100 for
10 min. To determine the distribution of DICER1 or POU5F1, fixed
embryos were incubated with mouse DICER1 (Abcam plc. Cat. #
ab14601) monoclonal antibodies or anti-POU5F1 (Santa Cruz) for 1 h,
followed by FITC-labeled secondary antibodies (Sigma). PI was used to
stain nuclei. Slides were examined by laser scanning confocal microscopy
using Leica DM IRB equipped with a krypton–argon ion laser for the
simultaneous excitation of fluorescence for proteins and PI for DNA.

Real-time reverse transcriptase-polymerase chain reaction (real-time

RT-PCR). Messenger RNA was extracted with the Dynabeads mRNA
Direct Kit (Dynal Asa, Oslo, Norway), according to the manufacturer’s
instructions. As the external reference, rabbit Globin mRNA (Sigma) was
added at 0.1 pg per oocyte or embryo before extraction [25]. Initially,
standard cDNA synthesis was achieved by reverse transcription of RNA
using the oligo(dT)12–18 primer and superscript reverse transcriptase
(Invitrogen Co., Grand Island, NY). Real-time RT-PCR was performed
using the 16 primer sets shown in Table 1 by DNA Engine OPTICOJ 2 (MJ
research, USA) [26]. The relative quantification of gene expression was
analyzed using the 2-ddCt method [27]. In all experiments, histone H2a
(H2a) mRNA was employed as an internal standard and rabbit Globin

mRNA as an external reference for the analysis of relative transcript levels
of Dicer1 in various developmental stages of oocytes and embryos.

Statistical analysis. The general linear model (GLM) procedure in the
SAS program [28] was applied to analyze data from all experiments.
Significant differences were determined using Tukey’s multiple range test
[29] and P < 0.05 was considered statistically significant.
Results

Expression of Dicer1 in mouse oocytes and embryos

The relative abundance of Dicer1 transcripts was
established by RT-PCR using the 2-ddCt method. Ten
oocytes/embryos per treatment group were analyzed four
n in mouse germinal vesicle (GV), metaphase II (MII), zygote (1C), 2-cell
s. a–g: DICER1 protein (green); a 0–g 0: chromatin (red); A–G: DICER1

C: d, d́ and D: e, e 0 and E: f, f 0 and F: GV, MII, 1C, 2C, 4C, or MO stage
40·, Zoom 1.5.
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times with three replicates (Fig. 1). Samples were normal-
ized using rabbit Globin mRNA as an external reference
(Fig. 1A). To normalize the RT-PCR reaction efficiency
and quantify Dicer1 mRNA, H2a was applied as an
internal standard (Fig. 1B). Following normalization to
the Globin mRNA (Fig. 1A), the Dicer1 transcript level
was elevated in GV stage oocytes, decreased at the MII
stage, and was further reduced after fertilization. When
normalized to the internal reference (H2a), Dicer1 mRNA
A

B

C

Fig. 3. Relative mRNA levels in blastocyst stage embryos were examined
by real-time RT-PCR. (A) Relative mRNA levels of Dicer1. Zygotes
injected with negative control (Nega), buffer (Buff), positive control
(Gapdh, Gapdh siRNA), and Dicer1 siRNA (Dicer1) or non-injected
(Non) and in vitro cultured to the blastocyst stage. (B) Relative mRNA
expression of non-target genes from buffer (control, h), Gapdh siRNA
(Q), or Dicer1 siRNA (j) injected group. (C) Relative mRNA expression
of transcription related genes from buffer (control, h), Gapdh siRNA (Q),
or Dicer1 siRNA (j) injected group. Three replicates of 10 embryos each
were assayed from each group and H2a was used as an internal standard.
Statistically significant differences are indicated: **P < 0.01, ***P < 0.005.
Values are means ± SEM of four separate experiments.
expression was higher in MII stage oocytes (Fig. 1B).
DICER1 proteins were detected in all oocytes and embryos
(Fig. 2) by immunofluorescence staining using the primary
antibody (Abcam plc. Cat. # ab14601) and FITC-labeled
anti-mouse IgG (Sigma) secondary antibody.

Effects of each siRNA on target or non-target mRNA
expression

As a control experiment, we injected zygotes with Dicer1

siRNA, Gapdh siRNA (ID No. 407972, Ambion) as a
positive control, a negative control (Cat. No. 4611G, Ambi-
on), buffer only or left them untreated. The mRNA levels
were then measured at the blastocyst stage by real-time
RT-PCR. Dicer1 siRNA-injected blastocysts displayed sig-
nificant decrease in target mRNA, which were significantly
lower than those in other groups (P < 0.001, Fig. 3A). The
developmental ability of zygotes following Gapdh siRNA
injection was comparable to those administered buffer only.
Additionally, mRNA expression following the injection of
siRNA dilution buffer (Buff) alone was similar to that of
the negative control (Nega) and non-injected (Non) groups,
which showed no reduction in Gapdh or Dicer1 transcript
levels. Similarly, the injection of Dicer1 siRNA into GV
stage oocyte significantly (P < 0.05) reduced (about 80%,
data not shown) Dicer1 mRNA expression and DICER1
protein levels compared to the negative controls, non-inject-
ed or buffer injected GV oocytes and the MII stage oocytes
injected with Gapdh siRNA. In addition, immunofluores-
cent staining showed that siRNA injection reduced DIC-
ER1 protein levels in the blastocyst stage (Fig. 4a and b)
compared to the control (Fig. 4A and B).

Several non-target genes, including Dicer1-related Tie1

[30] and selected transcription factors, Pou5f1, Nanog,
and Sox2 were analyzed by real-time RT-PCR (Fig. 3B
and C). Mouse H2a was used as an internal standard.
Following Dicer1 siRNA microinjection into zygotes, cell
division cycle 42 homolog (Cdc42), E-cadherin (Cdh1),
Rho-related BTB domain containing 2 (Rhobtb2), integrin
linked kinase (ILK), tubulin, a1 (Tuba1), plasminogen
activator, tissue (Plat), and tyrosine kinase receptor 1
(Tie1) transcript levels were not altered in BL stage embryos
(Fig. 3B). However, Pou5f1 (P < 0.01), Nanog (P < 0.005),
and Sox2 (P < 0.01) in BL were significantly down-regulated
(Fig. 3C). POU5F1 protein synthesis was additionally sup-
pressed (Fig. 4c and d) compared to the control (Fig. 4C
and D). However, the Dicer1 mRNA level was not affected,
following Pou5f1 siRNA injection (data not shown).

Effects of Dicer1 siRNA on mouse oocyte maturation and

embryo development

Germinal vesicle stage oocytes microinjected with Dicer1

siRNA displayed no differences from the buffer or Gapdh

siRNA injected group with regard to first polar body
extrusion (MII: Dicer1, 78.8 ± 6.9% vs. Gapdh, 73.2 ±
5.8% and buffer, 70.3 ± 6.5%). Similarly, development of



Fig. 4. (A) Laser scanning confocal microscopy images of DICER1 (A, B, and a, b) , POU5F1 (C, D, and c, d) protein expression in mouse blastocysts
(40·, Zoom 1.5) after injection with either Gapdh (control, A–D) or Dicer1 siRNA (a–d). Green, DICER1, or POU5F1 protein; red, chromatin.
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siRNA-treated zygotes to the cleavage (2C, Dicer1,
96.8 ± 8.1% vs. Gapdh, 95.1 ± 8.3% and buffer, 98.1 ±
7.9%) and BL (Dicer1, 82.2 ± 9.3% vs. Gapdh, 83.2 ± 7.8%
and buffer, 85.2 ± 8.9%) stages was not significantly
different from the buffer or Gapdh siRNA injected zygotes.

Discussion

In the present study, we determined the expression pat-
terns of Dicer1 and its possible role in mouse preimplanta-
tion development. We initially demonstrated the presence
of Dicer1 mRNA in mouse preimplantation embryos using
quantitative real-time RT-PCR and immunocytochemistry.
Specifically, real-time RT-PCR results revealed elevated
expression of Dicer1 transcripts in GV oocytes and lower
expression during oocyte maturation, which was further
reduced up until the 2-cell stage embryo. The transcript
level remained stable up to the morula and blastocyst stag-
es. High expression of Dicer1 in GV oocytes may be related
to maternal mRNA expression. DICER1 protein synthesis
was mainly observed in the cytoplasm of oocytes and dur-
ing the early embryonic development. The reason for the
slight differences between DICER1 transcript and protein
levels is currently unknown but probably reflects supple-
mentary controls at the post-transcription level. While ade-
quate information is available on DICER protein levels in
stem cells and day 7–17 mouse embryos [13], to our knowl-
edge this is the first report about expression in preimplan-
tation mouse embryos.

Dicer is essential for development of mice and zebrafish.
In mice, at 7.5 days, Dicer mutant embryos appeared small
and morphologically abnormal, although they were distin-
guishable because of differences between their embryonic
and extraembryonic regions [15]. Target-selected inactiva-
tion of the Dicer gene in zebrafish was arrested at day 10
[31]. Moreover, Dicer mutant embryos had impaired angi-
ogenesis, and had altered levels of angiogenesis regulators,
such as Tie1 [30]. In the present study, we show that specif-
ic silencing of Dicer1 expression using double-stranded
RNA does not influence oocyte maturation or early
embryo development. Furthermore, the levels of early
development related genes, such as Cdh1 (cell compaction),
Cdc42 (polarity, blastocoel formation), Rhobtb2, and Plat

(housekeeping gene) were not altered in Dicer1 knockdown
blastocysts. In agreement with earlier published results,
[15,16], Dicer1 gene expression is not required in develop-
mental events up to the blastocyst stage, but may be
involved in subsequent embryonic development following
blastocoel formation.

Dicer1 is implicated in the RNAi machinery involved in
maintaining the stem cell population during the early
mouse development [15]. ES cells are transient pluripotent
cells recovered from mammalian blastocysts that can be
cultured in vitro without loss of their ability to contribute
to all mouse tissues. Mouse ES cells contain Dicer1 and
express a substantial number of miRNAs, including some
that are unique to ES cells [14]. Interestingly, Dicer1�/�
embryos failed to express the stem cell marker, Pou5f1,
and the primitive streak marker, brachyury (T) [15]. The
transcription factors Pou5f1, Sox2, and Nanog have essen-
tial roles in early development, and are required for the
propagation of undifferentiated ES cells in culture. In fact,
Pou5f1 has a substantial number of target genes, and col-
laborates with these genes to form regulatory and feed for-
ward loops [32]. In the present study, we observe that
specific gene silencing of Dicer1 at the blastocyst stage
reduces Pou5f1, Sox2, and Nanog expression. Moreover,
Pou5f1 silencing does not affect Dicer1 gene regulation.
This finding suggests that Dicer1 expression at the blasto-
cyst stage may be implicated in the differentiation via reg-
ulation of Pou5f1, Sox2, and/or Nanog gene levels.

In conclusion, our results demonstrate Dicer1 expres-
sion in preimplantation mouse embryos. Expression of this
gene is not essential for developmental events up to the
blastocyst stage, but appears to be associated with the lev-
els of transcription factors, Pou5f1, Sox2, and Nanog

which possibly regulate gene transcription. Further analy-
ses are required to determine the mechanisms involved in
regulation of transcription factors and other functions at
the blastocyst stage.
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