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Abstract:  Double stranded RNA (dsRNA) interference
is a useful tool for interfering with gene function by
promoting the sequence-dependent degradation of
targeted mRNA in several organisms.  In the present
study, in order to confirm and improve the effect of
dsRNA, we investigated an inhibitory effect of dsRNA on
both transient and stable gene expression of enhanced
g reen  f l uo rescen t  p ro te in  (EGFP)  i n  mouse
preimplantation embryos.  In the transient expression
system, the ra tes of f luorescent  embryos were
significantly decreased by co-injection of EGFP dsRNA
and EGFP express ion vector  f ragment  into  the
pronucleus of zygotes.  In the stable expression system,
EGFP expression in transgenic embryos was significantly
decreased by injection of EGFP dsRNA into both the
pronucleus and cytoplasm of zygotes, but, cytoplasmic
injection caused a more significant EGFP inhibition than
pronuclear injection.  In quantitative PCR analysis, the
expression of the EGFP gene was also inhibited by
dsRNA inject ion, whereas the endogenous gene
expression was not affected.  These data suggest that
dsRNA can inhibit the specific gene expression without
affecting the development and expression of other genes.
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Double-s t randed RNA (dsRNA) inh ib i ts gene
expression in a sequence-specific manner by triggering
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the degradation of targeted mRNA.  This effect, called
as RNA interference (RNAi), has been studied initially in
Caenorhabdi t is  e legans  [1 ,  2 ]  and  Drosoph i la
melanogaster [3, 4].  Recently, dsRNA-mediated
inhibition of gene expression has also been widely
studied in mammalian cell systems.  In mammalian
embryos, it has been reported that microinjection of
dsRNA into cytoplasm of mouse embryos resulted in the
specific inhibition of both maternally and zygotically
expressed proteins [5, 6].  Wianny and Goetz showed
the specific inhibition of three different genes (c-mos, E-
cadherin, GFP) in early embryos [5].  In the case of the
two endogenous mouse genes, the gene expression
patterns inhibitied by dsRNAs were similar to those of
null mutants.  Also it was reported that transfection of
dsRNA into mouse embryo teratocarcinoma (EC) P19
and F9 cells resulted in a sequence specific decrease in
the level of protein expressed from either exogenous or
endogenous genes [7].  But, gene specific interference
with dsRNA has not been fully studied in mammalian
preimplantation embryos.  So far, cytoplasmic injection
of dsRNA has showed effective interference [5, 6], but
there is no clear information on the effect of other
injection sites.  In the present study, in order to establish
the system for RNAi and to confirm the effect of dsRNA
in mouse preimplantation embryo, we investigated 1)
the ef fect  o f dsRNA on the gene expression of
enhanced green fluorescence protein (EGFP) by using
a transient and stable EGFP expression system, and 2)
an effective injection site for dsRNA.
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Materials and Methods

Preparation of EGFP expression vector fragment and
dsRNA

The expression vector was prepared by modification
of EGFP-inserted plasmid by addition of the promotor
and poly A sequence.  The expression vector was then
linearized by digestion with restriction enzyme.

EGFP dsRNA was essentially synthesized according
to the procedure described by Wianny and Goetz [5].
After amplification of the EGFP coding region in the
EGFP expression vector, then PCR product (600 bp)
was cloned into a plasmid by using TA cloning vector
(Invitrogen, Carlsbad, CA) that has a dual RNA
po lymerase  p romoter  f o r  Sp6  and  T7  p r im ing
sequences.  After cloning, the purified plasmid DNA
containing the EGFP fragment was used for the dsRNA
synthesis.  Then PCR was carried out with an M13
forward and reverse primer pair to amplify the fragment
containing the EGFP, SP6 and T7 regions.  The sense
and antisense single-stranded RNAs were synthesized
with the PCR product containing the SP6 or  T7
polymerase with SP6 or T7 RNA polymerase (Wako,
Tokyo).  DNA templates were then digested by DNase
(Wako) treatment.  The single-stranded RNA products
were extracted with phenol/chloroform followed by
ethanol precipitation.  The RNAs were then dissolved
with annealing buffer (10 mM Tris, pH7.4, 0.1 mM
EDTA) and annealed for an initial heat denaturation at
68°C for 10 min followed by incubation at 37°C for 3�4
h.  Formation of dsRNA was confirmed by migration on
an agarose gel: for each dsRNA, the mobility on the gel
was shifted compared to the single stranded RNAs.

Oocyte collection and experiment
Matured female F1 (DBA × C57Bl/6J) mice (Charles

River Japan Inc.) were superovulated by intraperioneal
i n j ec t i ons  o f  5  IU  o f  p r egnant  ma re �s  se rum
gonadotrophin (SEROTOROPIN, Teikokuzoki) followed
48 hrs later by 5 IU human chorionic gonadotrophin
(hCG; PUBEROGEN, Sankyo).  Then the female mice
were mated with male ICR mice (Charles River Japan
Inc. )  for  exper iment 1 or  a transgenic strain  of
homozygous male mice that express EGFP under the
control of the ubiquitous CAG promoter for experiment
2.  Fertilized one-cell embryos were collected from
fallopian tubes 20 hrs after hCG injection.

Experiment 1
In order to investigate the inhibitory effect of dsRNA

on t ransient expression of  the EGFP gene,  the
l inearized EGFP expression vector fragment and
dsRNA were coinjected into zygotes.  The small amount
(~2 pl) of EGFP expression vector fragment (10 µg/ml)
was microinjected into each male pronucleus of zygotes
with or without a 600 bp EGFP dsRNA (10 µg/ml) by
means of a cell injector (CIJ-1, Shimazu).  As a control,
zygotes were injected with TE buffer.  After the injection,
embryos were then cultured in M16 medium (Sigma) for
4 days at 37.5°C in a 5% CO2 atmosphere.  Expression
of EGFP in the embryos was observed by fluorescence
microscopy (Nikon).

Experiment 2
In order to investigate the effective injection site of

dsRNA and the inhibitory effect of dsRNA on the
expression of the EGFP gene, we used a stable EGFP
expression system with EGFP transgenic mouse.  To
avoid the effect of maternal gene expression, we used
heterozygous embryos in which the transgene is only
expressed from paternally derived genes.  After
superovulation and mating of F1 females with EGFP
transgenic males establ ished in our laboratory,
collected zygotes were microinjected with EGFP dsRNA
(70 µg/ml) into the pronucleus or cytoplasm.  Although
the EGFP expression in our system starts from the 2-
cell stage, the fluorescence was too weak for the
analysis by the 8-cell stage in the transgenic strain used
for the experiments.  Therefore we evaluated the EGFP
expression at the morula and blastocyst stages.
Expression of EGFP in the embryos was observed by
fluorescence microscopy.  In some embryos, the
intensity of EGFP was captured and analyzed with
image analyzing software (NIH image, NIH, USA).

Quantitative Reverse Transcriptation-Polymerase Chain
Reaction (Quantitative RT-PCR)

After injection of EGFP dsRNA into the cytoplasm,
embryos developed to the morula stage were collected
and used for RT-PCR analysis.  As a control, embryos
developed to morula af ter  in ject ion of TE were
analyzed.  For quantitative RT-PCR assay, total RNAs
were extracted by using a QIAGEN RNeasy mini kit
(QIAGEN, Hilden, Germany) with DNase treatment
according to the manufacturer�s protocol.  Oligo-dT
primed reverse-transcriptation with MMLV-reverse
transecriptase (Promega, Madison, WI, USA) was
carried out with total RNAs from 6�10 morulae.  The
cDNA was treated with RNase and purified with a PCR
purification kit (QIAGEN).  Approximately 1/30 to 1/10 of
to ta l  cDNA products  were  used  for  each  PCR
amplification.  Quantitative RT-PCR was carried out
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using the Light Cycler FastStart DNA Master SYBR
Green I (Roche, IN, USA) with a LightCycler instrument
(Roche).  Gene-specific primers were designed based
on  pub l i shed  sequences :  GFP  sense ,  5 � -
TAA ACGG CCACAAG TTCAGCG TGT-3 � ;  G FP
antisense, 5�-TTCTCGTTGGGGTCTTTGCTCAG-3�;
Oct3/4 sense, 5�-GGCGTTCTCTTTGGAAAGGTGTTC-
3�; Oct3/4 antisense, 5�- CTCGAACCACATCCTTCTCT-
3�.  The reaction conditions of each gene were carried
out followed according to the instruction manual.

Statistical analysis
Statistical analysis of each experiment was carried

out by ANOVA.  When p<0.05, the difference was
considered as significant.

RESULTS

Experiment 1: Effect of dsRNA on EGFP expression in
the transient EGFP expression system

Table 1 shows the effect of dsRNA on development
and expression of EGFP in embryos coinjected with
EGFP vector fragment.  There were no significant
d i f f e rence  i n  the  c l eavage  ra te  be tw een  t he
experimental groups and the control.  The rates of
morula were signif icantly decreased (P<0.01) by
coinjection of EGFP expression vector with dsRNA
(45.9 ± 9.1%) compared with the two control groups
(87.8 ± 5%) and the EGFP expression vector-injected
embryos (85.9 ±  9.1%).  The rates of blastocyst

Table 1. Effect of dsRNA on EGFP expression in mouse embryo

Treatment No. of ova No. of % of
used replications cleaved

control   57 4 88.8 ± 7.9
EGFP 164 4 90.5 ± 4.1
EGFP+dsRNA 145 4 86.6 ± 7.3

Significant difference within each column.  *: P<0.05, **: P<0.01
M: fluorescence expressed as morulae/total morulae, FL BL/BL:

Table 2. Effect of injection site of dsRNA on EGFP expression in

Injection No. of ova No. of % of
site used replications cleaved

control 71 4 100
pronucleus 124 4 100
cytoplasm 122 4 100

Significant difference within each column.  *: P<0.05, **: P<0.01
M: fluorescence expressed as morulae/total morulae, FL BL/BL:
formation were significantly decreased by injection of
both EGFP expression vector (56.0 ± 7.3%, P<0.05)
and EGFP expression vector with dsRNA (25.3 ± 5.4%,
P<0.01), when compared with the control (84.6 ± 7.1%).

More than half of the embryos which developed to the
morula and blastocyst stage showed the fluorescence
expressed from the injected EGFP vector (54.7 ± 5.4%
and 59.5 ± 21.5%, respectively).  At the blastocyst
stage, the coinjection of EGFP dsRNA still significantly
inhibited the fluorescence (3.7 ±  3.7%, P<0.05)
compared with embryos which were injected with only
EGFP expression vector (59.5 ± 21.5%).

Experiment 2: Effect of dsRNA injection site on EGFP
expression in EGFP transgenic embryos

Table 2 shows the effect of the dsRNA injection site
on the expression of EGFP in EGFP transgenic
embryos.  Almost all control embryos derived from the
transgenic mice strongly expressed EGFP in morulae
(Fig. 1A and B).  Injection of dsRNA into the pronucleus
or cytoplasm did not inhibit the embryonic development
to morula and blastocyst (Table 2).  A signif icant
decrease in EGFP expression was observed in morulae
after injection of dsRNA into the pronucleus (59.8 ±
9.8%, P<0.01) and cytoplasm (37.4 ± 8.9%, P<0.01)
(Figs. 1B and D, respectively).  Between the two
dsRNA- injected groups,  EGFP expression was
significantly decreased in morulae when dsRNA was
injected into the cytoplasm (37.4 ± 8.9%) rather than the
pronucleus (59.8 ± 9.8) (P<0.05).  Expression of EGFP

s with co-injection of EGFP expression vector fragment

% of % of %of % of
morulae blastocysts FL M/M FL BL/BL

87.8 ± 10.5 84.6 ± 7.1 0 0
85.9 ± 3.9 56.0 ± 7.3*a 54.7 ± 37.6** 59.5 ± 21.5**c

45.9 ± 9.1** 25.3 ± 5.4**b 18.3 ± 11.7**   3.7 ± 3.7**d

 compared with control, a vs. b: P<0.01, c vs. d: P<0.05, FL M/
 fluorescence expressed as blastocysts/ total blastocysts.

 EGFP transgenic mouse embryos

% of % of %of % of
morulae blastocysts FL M/M FL BL/BL

100 88.4 ± 9.3 100 100
92.9 ± 2.4 81.9 ± 2.3 59.8 ± 9.8**a 80.8 ± 8.4*c

95.3 ± 3.3 87.1 ± 4.9 37.4 ± 8.9**b 70.9 ± 10.4**d

 compared with control, a vs. b: P<0.01, c vs. d: P<0.05, FL M/
 fluorescence expressed blastocysts/ total blastocysts.
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was gradually restored at the blastocyst stage (70.9 ±
10.4 vs 80.8 ± 7.4%) (Fig. 2).

 Quantitative analysis showed a significant decrease

Fig. 1. EGFP expression in EGFP transgenic e
stage.  A, B: Control embryos (A: Ligh
injected with EGFP dsRNA (C: Light m

Fig. 2. EGFP expression in EGFP transgenic 
blastocyst stage.  A: Light microscopy; B
in the intensity of EGFP in the morula and blastocyst
stage embryos caused by cytoplasmic injection of
dsRNA compared with control embryos (Fig. 3A and B).

mbryos after injection of dsRNA at the morula
t microscopy; B: Fluorescence), C, D: Embryos
icroscopy; D: Fluorescence).  × 200.

embryos injected with EGFP dsRNA at the
: Fluorescence.  × 100.
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Quantitative RT-PCR showed a decrease in EGFP
mRNA in molurae injected with EGFP dsRNA, whereas
the Oct 4 mRNA was not changed (Fig. 4).

DISCUSSION

In the present study, we have shown that injection of
EGFP dsRNA leads to a reduction in the amount of
transient and stably expressed EGFP protein in mouse
preimplantation embryos.  Since the initial finding of
RNAi in C elegans [1], effective gene silencing with RNAi
has been widely used in many species [3�6, 8].  The use
of dsRNA has also provided an effective method for
studying the gene regulation in mammalian embryo
development [5, 6].  In the present study, we tried to
establish a transient and stable EGFP expression
system in mouse embryos and also tried to investigate
the effect of dsRNA in both expression systems.  Our
present experiments confirmed the previous report that

Fig. 3. Relative amount of EGFP fluorescence in morula (A)
and blastocyst (B) stage embryos after injection of
EGFP dsRNA.  Data show the intensity of EGFP
fluorescence in embryos relative to the intensity of
control embryos as 100 arbitrary units.
the injection of dsRNA for E-cadherin and a modified
form of GFP (MmGFP) inhibited the expression of
mRNA and protein synthesis in mouse embryos [5].  The
duration of dsRNA for inhibiting the target mRNA is
reported to be up to 6.5 days post-implantation [5].  In
the present study, dsRNA almost completely inhibited
the EGFP expression by the blastocyst stage in a
transient expression system (Table 1).  In contrast,
f luorescence was ful ly restored by blastocysts in
transgenic embryos after injection of dsRNA (Table 2).
The possible reason for the different inhibitory effect of
dsRNA in the two EGFP expression systems is the
difference in the concentration of the inserted EGFP
gene or the different transcriptional systems.  The
concentration of injected EGFP-expression vector may
be sufficient for the inhibitory effect of injected dsRNA in
the transient expression system.

In contrast, in the stable expression system, the
continuous transcription or the copy number of EGFP
gene inserted into the genome might cause the increase
in the transcription of EGFP genes.  In fact, the intensity
of EGFP is higher in EGFP transgenic embryos than in
EGFP expression vector-injected embryos (data not
shown).  Therefore, the number of EGFP genes
transcribed or translated to EGFP in the different
expression systems should be noted.  Besides, the
earlier restoration of fluorescence may be caused by the
concentration of dsRNA injected into zygotes.  We used
about 1/20 of the concentration of EGFP dsRNA in the
previous report  by Wianny and Goetz [5] .   This
supposition is supported by the results of Svoboda et al.
who reported that the reduction in the target mRNA
caused by dsRNA is both time and concentration
dependent [6].

The specificity of interference by dsRNA is important
for the evaluation of RNAi.  In the present study, the
rates of development were not decreased in the EGFP

Fig. 4. Effect of dsRNA on the expression of EGFP gene in
EGFP transgenic embryos at the morula stage.
A moun t  o f  EG F P  mRN A  w a s  qua nt i f i ed  by
quantitative RT-PCR.  As a control, the expression of
Oct 3/4, a housekeeping gene, was quantified.
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transgenic embryos by injection of EGFP dsRNA.
These results support the previous report stating that
dsRNA did not inhibit genes other than the target gene
[5, 6].  And the injection of TE solution into zygotes
instead of dsRNA did not inhibit development of the
transient EGFP expression system (Table 1) and stable
expression system (unpublished data).  In addition, the
fact that the expression of oct 3/4 was not affected by
EGFP dsRNA in transgenic embryos also strongly
supports the specificity of dsRNA.  To confirm whether
dsRNA has a toxic effect on embryonic development,
the result obtained in experiment 1, i.e. the decrease in
deve lopment  caused  by co- in jec t ion  of  EGFP
expression vector and dsRNA, needs to be carefully
discussed.  In comparison with the lower toxic effect of
dsRNA injection on the development of transgenic
embryos in experiment 2, the cause of the toxic effect
might be other factors such as contaminants involved
during the purification of vectors or dsRNA.  These
possibilities are supported by the previous report [5] that
the injection of a 20 times higher concentration of
dsRNA (2 mg/ml) did not inhibit the development in
comparison with the concentration of dsRNA (70 µg/ml)
used for the co-injection in our study.

The results obtained in the present study showed that
the injection of dsRNA into cytoplasm was more
effective than pronuclear injection.  Nevertheless,
messenger RNA is synthesized from the DNA template
in the nucleus, and these molecules are actively
exported from the nucleus and rapidly transported
through the pores into the cytoplasm [9�11] where they
are translated [12, 13].  The reason for the difference in
the inhibitory effect of dsRNA on the different sites is not
clear, but, it is possible that some of the injected dsRNA
is retained in the nuclear region.  Recent studies have
revealed that the initial procedure of RNAi by dsRNA is
the degradation of dsRNA by a dicer, a kind of bidentate
ribonuclease in cytoplasm [7, 14].  For this reason,
some dsRNA might not be degradated for the latter
interference in the EGFP gene.  Since the finding of the
accumulat ion of  shor t  25 nt  RNA f ragments in
Drosophila [14], plant [15], and mouse cells [7], the
short RNA fragment has become an important key to
mRNA degradation [3].  Recently specific interference
with short dsRNA was reported in mammalian cells [7,
16, 17].  These reports strongly suggest simi lar
mechanisms related to a short dsRNA fragment in
mammalian embryos including mouse embryos.

Further studies are necessary to clarify and regulate
the specific gene expression in mammalian embryo
development.
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