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Abstract

RNA interference (RNAi) has diverse functions across cellular processes, including a role in the development of the mammalian oocyte.

Mouse primary oocytes deficient in the key RNAi enzyme DICER1 exhibit pronounced defects in chromosome congression and spindle

formation during meiotic maturation. The cause of this meiotic maturation failure is unknown. In this study, observations of

chromosomes and spindle microtubules during prometaphase in DICER1-deficient oocytes indicate that chromosome congression and

spindle formation are overtly normal. Spindle breakdown and chromosome displacement occur after the metaphase plate has formed,

during the metaphase to anaphase transition. We hypothesised that this defect could be attributed to either RNAi-mediated regulation of

nuclear factors, such as the regulation of centromere chromatin assembly, or the regulation of mRNA expression within the cytoplasm. By

transplanting germinal vesicles between DICER1-deficient and wild-type primary oocytes, we show that, unexpectedly, the meiotic

failure is not caused by a deficiency derived from the germinal vesicle component. Instead, we reveal that the ooplasm of primary oocytes

contains DICER1-dependent factors that are crucial for chromosome segregation and meiotic maturation.
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Introduction

The onset of meiotic maturation is marked in fully grown
primary oocytes by nuclear dissolution or germinal vesicle
breakdown (GVBD). Mouseprimaryoocytes induced tobe
deficient in the key RNA interference (RNAi) enzyme
‘Dicer1, Dcr-1 homologue (Drosophila)’ (DICER1), at an
early stage in their growth phase are able to grow to full
size, undergo GVBD and be ovulated. However, when
examined at the stage when meiosis I should be complete,
they have pronounced and variable meiotic defects, with
mosthaving failed inextrusionof the first polarbody (PB1E;
Murchison et al. 2007, Tang et al. 2007). At this point,
oocytes quickly degenerate. The cause of this meiotic
defect is unknown. Small RNAs such as micro RNAs
(miRNAs) and short interfering RNAs (siRNAs), which are
the products of DICER1 processing, have a pervading
influence on biological processes, and have been
implicated in transcriptional and post-transcriptional
regulation of mRNA levels, along with the regulation of
translation (Liu et al. 2004, Matzke & Birchler 2005).
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As meiosis is a complex and intricately regulated process,
the DICER1 pathway could be influencing a number of
meiotic mechanisms.

Oocytes are arrested in prophase I until recruitment
into the growing phase and initiation of meiotic
maturation. At ovulation, oocytes complete meiosis I,
extrude a polar body and arrest at metaphase of meiosis
II, awaiting fertilisation. This meiotic maturation occurs
in the absence of transcription, and is entirely dependent
on the translation of stores of maternal transcripts and
localisation of proteins. By the end of prophase, or
GVBD, fundamental structures such as the centromere
and kinetochore, essential for chromosome congression
and segregation, are essentially fully assembled. The
assembly of both of these systems relies on the
successful establishment of centric heterochromatin
by DICER1-dependent RNAi mechanisms, which are
thought to be universal in eukaryotes (Bernard et al.
2001, Choo 2001, Volpe et al. 2003, Fukagawa et al.
2004, Motamedi et al. 2004, Pal-Bhadra et al. 2004,
Folco et al. 2008). Therefore, for DICER1-deficient
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oocytes, defects in centromere heterochromatinisation,
with consequent defects in kinetochore assembly,
would seem likely causes of meiotic maturation failure.
Alternatively, DICER1 could play a role in the post-
transcriptional control of mRNA content and expression
within the oocyte cytoplasm. At what stage during
development oocytes become dependent on DICER1 for
any of the above processes is also unknown.

The purpose of this study was to determine at which
point meiotic failure occurs in the maturation of
DICER1-deficient oocytes, and to investigate whether
the primary cause of meiotic failure could be attributed
to either cytoplasmic or nuclear factors. Depleting
DICER1 in oocytes at two different time points of oocyte
development both resulted in the same meiotic failure
phenotype. A time course analysis through the first
meiotic division demonstrates that meiosis proceeds
normally until metaphase I. Using nuclear trans-
plantation, we have investigated the extent to which
there is a deficiency in the prophase nucleus, and hence
possibly in centromeric heterochromatin organisation.
Results show that, rather than there being a significant
deficiency residing in this component, meiotic failure in
DICER1-deficient oocytes is largely derived from defici-
encies in the ooplasm.
Figure 1 Phenotype of DICER1-deficient ovulated oocytes. (A and B)
Wild type. (C and D) DICER1 deficient, induced by the Zp3-cre
transgene. (E and F) Presumptive DICER1 deficient, induced by the
Alpl-cre transgene. Green, tubulin, b-staining. Red, DNA stained with
PI. Scale bars, 20 mm.
Results

Mutant Dicer1K/K oocytes generated by the Zp3-cre
transgene exhibited the same abnormal phenotype as
previously described (Murchison et al. 2007, Tang et al.
2007). Dicer1c/K, Zp3-cre/0 females had ovaries with
normal numbers of oocytes at normal stages of
maturation, but were infertile (DM Mattiske, unpub-
lished observations). Wild-type oocytes displayed bipo-
lar metaphase spindles with chromosomes aligned along
the spindle equator (Fig. 1A and B). By contrast, ovulated
DICER1-deficient oocytes exhibited pronounced defects
of the spindle, scattered chromosomes, PB1E failure
(Fig. 1C and D), lacked detectable wild-type Dicer1
mRNA (Fig. 2A), and were very low in miRNA content,
as indicated by low expression of Mirn16-1 and Mirn30b
(Fig. 2B). These results confirm previous studies that
demonstrate that reduced DICER1 expression results in
reduced expression of siRNAs and miRNAs (Murchison
et al. 2007, Tang et al. 2007, Watanabe et al. 2008).
Interestingly, we observed this same abnormal spindle
phenotype in ovulated oocytes of Dicer1c/K, Alpl-cre/0
females (Fig. 1E and F). The only difference seen in the
Zp3-cre- and Alpl-cre-mediated phenotypes was that
while nearly all Zp3-cre derived oocytes (O90%) had
abnormal spindles, approximately half of Alpl-cre
derived oocytes had abnormal spindles – 21 out of 40
examined. In this latter set, the oocytes with normal
spindles were likely to have been excision escapees,
as a similar effect in oocytes was observed in previous
Reproduction (2009) 137 625–632
uses of the Alpl-cre transgene (Kehler et al. 2004,
Tachibana et al. 2007), although not as frequently as in
the present study.

Oocytes were cultured from GV stages through to
GVBD and matured for a further 8 h in order to
determine when meiotic maturation failed in mutant
oocytes generated by the Zp3-cre transgene. Two hours
after GVBD, all wild-type and mutant oocytes appeared
normal (Fig. 3A and E). Chromosomes had condensed
and were congressing onto the forming spindle. Bet-
ween 4 and 6 h after GVBD, the spindle was fully formed
and chromosomes were aligning on the metaphase plate
(Fig. 3B, C and F). At 6-h post GVBD, only some mutant
oocytes (7 out of 23) showed signs of abnormalities
(Fig. 3G). These oocytes contained a few chromosomes
scattered along the metaphase spindle, rather than being
aligned along the equator. By 8-h post GVBD, most wild-
type oocytes (24 out of 25) expelled a polar body and
formed a metaphase II spindle (Fig. 3D). However, nearly
www.reproduction-online.org
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Figure 2 Dicer1 mRNA and miRNA content in DICER1-deficient
ovulated oocytes. (A) RTC, PCR amplification after incubation with
reverse transcriptase. RT-, PCR amplification after incubation without
reverse transcriptase. (B) The amounts of Mirn16-1 and Mirn30b are
relative, or normalised, to the Ct values obtained for Actb QPCR and
are on a linear scale. Normalised Ct values were calibrated to that for
Dicer1C/C, Mirn16-1, equal to 1.0. Error bars are S.D. of values
obtained in triplicate reactions.
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all mutant oocytes (11 out of 12) contained spindle
defects, including abnormal chromosome arrangement
and multiple spindles (Fig. 3H).

GV transplantation experiments were carried out to
determine the extent to which the mutant phenotype is
derived from the GV or ooplasm components of the
prophase oocyte, with results shown in Table 1. In these
experiments, the Zp3-cre transgene was used for
conditional mutagenesis. Mutant GVs were transplanted
to the enucleated ooplasm of wild-type oocytes. If the
defect was intrinsic to the mutant GV, or defects acquired
by chromosomes in the absence of DICER1, then the
aberrant phenotype would be expected to be retained in
these reconstituted oocytes. Instead, a significant
frequency of normalisation was obtained. Out of 50,
30 (60%) reconstituted oocytes underwent PB1E, a
frequency similar to non-manipulated and transplant
controls, 28 out of 49 (57%) and 34 out of 66 (52%)
respectively. Out of 23 examined, 17 (74%) had a
normal spindle – two are shown (Fig. 4C and D). This
frequency was not as high as in transplant controls, all of
which had a normal spindle, 34 out of 34 (100%). In
oocytes that did not undergo PB1E, 15 out of 20 (75%)
had a normal spindle, again this frequency not as high as
in transplant controls, 18 out of 18 (100%). In testing
www.reproduction-online.org
primary oocyte culture conditions, we obtained the
highest frequency of PB1E with oocytes of (C57BL/6J
! CBA/CaH)F1 (B6CBF1) females, 40 out of 45 (89%).
Mutant GVs were therefore transplanted to wild-type
enucleated oocytes of this strain to see whether greater
frequencies of normalisation would occur. Indeed, 19
out of 24 (79%) reconstituted oocytes underwent PB1E,
a frequency similar to that obtained in non-manipulated
B6CBF1 controls, 40 out of 45 (89%), and 19 out of 19
(100%) of these possessed a normal spindle. Of oocytes
that failed in PB1E, five out of five (100%) had a normal
spindle. These results show that, while the mutant GV is
responsible at some level for the overall defect, it is likely
that mutant ooplasm is the major determinant.

Wild-type GVs were then transplanted to enucleated
mutant ooplasm. Only 8 out of 40 (20%) reconstituted
oocytes underwent PB1E, a frequency similar to
transplant controls, 3 out of 25 (12%). Out of the eight
that underwent PB1E, only two (25%) had a normal
spindle – two with an abnormal spindle are shown
(Fig. 4E and F). This compares with zero out of three (0%)
in transplant controls. Of reconstituted oocytes that
failed in PB1E, only 7 out of 36 (19%) had a normal
spindle, a frequency similar to transplant controls, 2 out
of 10 (20%). When wild-type GVs of B6CBF1 oocytes
were transplanted to mutant enucleated ooplasm, only 9
out of 30 (30%) reconstituted oocytes underwent PB1E,
while 3 out of 9 (33%) of these possessed a normal
spindle. Furthermore, out of the 21 oocytes that failed in
PB1E, none had a normal spindle. In both of these sets of
reciprocal transplantations, there was little, if any,
improvement in the frequency of PB1E and normal
spindle formation relative to transplant controls and non-
manipulated mutant oocytes (DM Mattiske, unpublished
observations), thereby confirming that mutant ooplasm is
primarily responsible for the meiotic defect. Indeed,
some of the cases of normal spindle may have been the
result of rescue affected by the carry-over of wild-type
ooplasm on transplantation, which was 2–5% of the total
oocyte volume. While this amount is relatively small, it is
more than the volume of a typical somatic cell and
would contain thousands of copies of any highly
expressed miRNA (Chen et al. 2005).
Discussion

In this study, we have shown that DICER1-conditioned
ooplasm is essential for chromosome segregation and
completion of the first meiotic division. During meiotic
maturation, spindle microtubules capture and orches-
trate chromosome movements to form the metaphase
plate. The centromere is an essential component of
chromosomes where kinetochore assembly occurs,
allowing attachment to microtubules, chromosome
congression and segregation. We show here that, up to
metaphase of the first meiotic division, DICER1-deficient
oocytes undergo overtly normal spindle formation and
Reproduction (2009) 137 625–632
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Figure 3 Spindle and chromosome configuration in (A–D) wild-type and (E–H) DICER1-deficient oocytes from GVBD through to metaphase of MII.
(A and E) At 2 h after GVBD, both wild-type and DICER1-deficient oocytes had started to form a bipolar spindle and chromosomes had become
attached to spindle microtubules. (B and F) Four hours after GVBD, the spindle was complete and chromosomes were congressing to the midline.
(C and G) Six hours after GVBD, chromosomes were aligned along the equator of the spindle. The majority (w70%) of DICER1-deficient oocytes
showed a normal spindle and chromosome arrangement; however, some displayed misaligned chromosomes at this stage. (D and H) More than 8 h
after GVBD, wild-type oocytes had completed MI, extruded a polar body and chromosomes had realigned on the second metaphase spindle.
DICER1-deficient oocytes failed to undergo the metaphase to anaphase transition and formed multiple spindles and misaligned chromosomes.
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chromosome congression, indicating that establishment
of prometaphase centromere–kinetochore interaction is
not a DICER1-dependent mechanism. Furthermore, the
development of mutant GVs after transplantation into
normal cytoplasm confirms that both kinetochores and
centromeres are intact and functioning. Mutant oocytes
exhibit normal patterns of CREST staining, although the
appearance of unattached centromeres suggests that
kinetochore microtubule attachment may be disrupted
(Murchison et al. 2007). Kinetochores are essential for
the initial attachment of chromosomes to the spindle,
Table 1 Development of primary oocytes.

Oocyte type
Cultured (number
of experiments) GVBD at 1.5 h

Controlb

Wild type (Wt) 55 (2) 49 (89%)
Wt-B6CBF1 77 (2) 45 (58%)

GV/enucleated oocyte
Controld

Wt/Wt 71 (4) 66 (93%)
Mutant (Mut)/Mut 31 (2) 25 (81%)

Experimental
Mut/Wt 63 (5) 50 (79%)
Mut/Wt-B6CBFl 39 (3) 24 (62%)

Experimental
Wt/Mut 51 (5) 40 (70%)
Wt-B6CBFl/Mut 41 (3) 30 (73%)

aOocytes that failed in PB1E. bControl for culture conditions; primary oocyte
transplantation procedure.

Reproduction (2009) 137 625–632
controlling chromosome movement and maintenance of
the spindle assembly checkpoint (SAC). The SAC is a
highly conserved mechanism in both mitosis and meiosis
that controls the onset of anaphase through the
monitoring of spindle integrity and chromosome align-
ment (Karess 2005). Unattached kinetochores activate
the SAC, recruiting a group of checkpoint proteins that
inhibit the anaphase-promoting complex (APC/C) and
arrests cells at the metaphase stage (Maney et al. 1999).
The observed defect in DICER1-deficient oocytes after
formation of the metaphase plate suggests that the
Nimber of oocytes

PB1E at 17 h
Normal spindle
PB1E

Normal spindle
N-PB1Ea

28/49 (57%) n.d.c n.d.
40/45 (89%) n.d. n.d.

34/66 (52%) 34/34 (100%) 18/18 (100%)
3/25 (12%) 0/3 (0%) 2/10 (20%)

30/50 (60%) 17/23 (74%) 15/20 (75%)
19/24 (79%) 19/19 (100%) 5/5 (100%)

8/40 (20%) 2/8 (25%) 7/36 (19%)
9/30 (30%) 3/9 (33%) 0/21 (0%)

s cultured immediately on removal from ovaries. cNot done. dControl for

www.reproduction-online.org

Downloaded from Bioscientifica.com at 04/28/2025 09:20:56AM
via free access



Figure 4 Phenotype of oocytes reconstituted by germinal vesicle
transplantation. (A) Control; wild-type GV transplanted into enucleated
wild-type ooplasm. (B) Control; mutant GV transplanted into
enucleated mutant ooplasm. (C and D) Experimental; mutant GV
transplanted into enucleated wild-type ooplasm – mostly normal
spindles. (E and F) Experimental; wild-type GV transplanted into
enucleated mutant ooplasm – mostly abnormal spindles. Red, DNA
stained with PI. Scale bars, 20 mm.
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defect lies in either the SAC or in the APC/C.
Interestingly, the expression of mRNAs coding several
SAC proteins are upregulated in DICER1-deficient
oocytes (Murchison et al. 2007, Tang et al. 2007) and
overexpression of several SAC components results in
spindle abnormalities and chromosome segregation
defects similar to that seen in the mutant oocytes
described here (Echeverri et al. 1996, Niault et al. 2007).

Interestingly, the same abnormal meiotic phenotype
induced by the Zp3-cre transgene was seen in oocytes
when Dicer1 was excised much earlier in female germ
cell development by the Alpl-cre transgene. Indeed,
many of the excision events are likely to have occurred at
the primordial germ cells (PGC) stage. These findings
raise the intriguing possibility that DICER1 deficiency
does not affect the development of the female germ line
www.reproduction-online.org
at any stage until meiotic maturation. The possibility that
PGC proliferation is unaffected by DICER1 deficiency is
supported by other studies using this same cre transgene
for conditional mutagenesis. Near normal numbers of
oogonia were observed at 13.5 dpc when Dicer1 was
conditionally mutated (Hayashi et al. 2008), whereas the
number of mitotic PGCs at 10.5 dpc was severely
depleted when the POU domain, class 5, transcription
factor 1 (Pou5f1) gene was conditionally mutated (Kehler
et al. 2004). A clearer indication of the effect of DICER1
deficiency in PGCs could be obtained with a cre
transgene that excises consistently at this stage.

Formation of a normal spindle and completion of the
first meiotic metaphase following mutant GV transplants
into wild-type enucleated oocytes show that the meiotic
defect in DICER1-deficient oocytes is not due to a major
deficiency in one or more components of the GV. The
prophase nucleus contributes important meiotic com-
ponents, including those involved in kinetochore
specification and assembly. These are the constitutive
centromere associated network (CCAN), the foundation
of which is centromere protein A (CENPA), and the
assemblage of kinetochore protein complexes required
for microtubule binding – the KMN network. Other GV
components important for kinetochore function are the
kinetochore nucleoporins, which, at least in mitotic
cells, relocalise to kinetochores after nuclear envelope
breakdown (Zuccolo et al. 2007, Cheeseman & Desai
2008). With respect to the maintenance of the CCAN, in
yeast, the deposition, but not the maintenance, of
CENPA is dependent on RNAi-directed heterochromati-
nisation of regions flanking centromeres (Volpe et al.
2003, Fukagawa et al. 2004, Motamedi et al. 2004,
Pal-Bhadra et al. 2004, Folco et al. 2008). By
extrapolation, this could explain why an RNAi-depen-
dent CCAN is relatively unaffected in the present
conditional mutagenesis system, as this network could
be in a state of stable maintenance well before DICER1
deficiency is induced by the Zp3-cre transgene. Another
important GV component needed for successful com-
pletion of meiotic maturation is cohesin, which has key
roles in synapsis, microtubule attachment and chromo-
some segregation (Petronczki et al. 2003, Xu et al. 2005).
Like CENPA, its deposition is dependent on RNAi-
directed centromeric heterochromatinisation (Fukagawa
et al. 2004). Furthermore, the APC/C, which promotes
cohesin degradation and chromosome separation, is
present in inhibited form in the meiotic prophase
nucleus (Oelschlaegel et al. 2005). However, the results
here make the important distinction that DICER1 is
essential for spindle integrity and meiotic maturation
following kinetochore specification and assembly, and is
involved in processes within the oocyte cytoplasm.

The ooplasmic defect is likely to involve the loss of
miRNAs, which are the end products of DICER1
processing and required for translational regulation of
mRNAs in the ooplasm. Indeed, the loss of DICER1
Reproduction (2009) 137 625–632
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results in the misregulation of a number of mRNA
transcripts in the mature primary oocyte, many of which
are candidates for contributing to the observed spindle
defects (Murchison et al. 2007, Tang et al. 2007).
However, it is also conceivable that the defect could
be related to molecules upstream in the DICER1
pathway, such as double-stranded RNA DICER1 sub-
strate and exportin 5, which transports pre-miRNAs from
the nucleus. An abnormally high accumulation of such
molecules could be deleterious to ooplasmic processes
unrelated to the RNAi system.

In conclusion, our results reveal a previously
unknown role for DICER1-dependent factors within
the ooplasm of GV oocytes which is essential for the
progression of metaphase to anaphase during meiotic
maturation. It is likely that several biological processes
are being driven by DICER1 to regulate spindle
dynamics. Further molecular studies, in conjunction
with precise time course experiments through the
metaphase to anaphase transition, are required to
determine the expression and function of components
of the SAC and APC in DICER1-deficient oocytes, and
provide insights into the mechanisms regulating
mammalian meiotic maturation.
Materials and Methods

Production of Dicer1 conditional mutation

A replacement vector (Mansour et al. 1988) was used to make a
Cre/loxP conditional mutation of Dicer1 (see Supplementary
Figure 1, which can be viewed online at www.reproduction-
online.org/supplemental/). A 2.06 kb region was flanked by
loxP sites (floxed) for conditional excision by Cre recombinase.
This region contains the last three Dicer1 exons – nos 25, 26
and 27, encoding 76 out of 213 residues of the second RNAse
III catalytic domain and all 57 residues of the double-strand
RNA-binding domain (dsRBM) – the translation stop codon and
the putative polyadenylation signal. After excision, a null allele
(Dicer1K) is expected because 1) the deleted exons encode
highly conserved protein motifs which presumably are
indispensable for miRNA and siRNA production, 2) it is
unlikely that the truncated RNA will be polyadenylated and
exported to the cytoplasm, and 3) if the truncated RNA enters
the ribosome, it would be subject to non-stop decay
(Frischmeyer et al. 2002).

In electroporated embryonic stem cells of XY line 2A, mouse
strain 129S1/SvImJ (Szabo et al. 2006), 5 out of 194 clones
assayed were correctly targeted and germ line transmission
obtained (see Supplementary Figure 1). For the present studies,
the conditional Dicer1 allele (Dicer1c) of one clone (no. 14)
was bred to homozygosity and maintained on a mixed
genetic background of strains 129S and FVB/NJ. Sequences
of all primers used in targeting vector construction and
genotype identification are provided in Supplementary
Table 1, which can be viewed online at www.reproduction-
online.org/supplemental/.
Reproduction (2009) 137 625–632
Production of oocytes

For conditional mutagenesis, a transgenic line in which the
murine zona pellucida glycoprotein 3 (Zp3) promoter driving
the cre coding sequence was used. This excises floxed
sequences early in the oocyte growth phase (de Vries et al.
2000). In experiments with this transgene, mutant and wild-
type females for oocyte production were of genotype
Dicer1c/K, 0/Zp3-cre and Dicer1c/C, 0/0 respectively.

A transgenic line in which the endogenous alkaline
phosphatase, liver/bone/kidney (Alpl) promoter drives the cre
coding sequence was also used. Previous studies with this
transgene have shown that excision begins in PGCs. In oogonia,
at least 60% of cells have undergone excision by 13.5 days post
coitum (dpc, day 0.5 dpcZmorning of vaginal plug), at the time
when meiosis commences, and can progress to higher
percentages thereafter (Lomeli et al. 2000, Kimura et al. 2003,
Kehler et al. 2004, Tachibana et al. 2007, Hayashi et al. 2008).
Excision probably ceases at 17.5 dpc, the stage when Alpl
expression is downregulated in germ cells (Cooke et al. 1993). In
experiments with this transgene, mutant and wild-type females
for oocyte production were of genotype Dicer1c/c, 0/Alpl-cre or
Dicer1c/K, 0/Alpl-cre and Dicer1c/C, 0/0 respectively.
Immunohistochemistry and microscopy

Oocytes collected for staining of tubulin were fixed in a
microtubule stabilising buffer (0.1 M PIPES, 5 mM MgCl2,
2.5 mM EGTA, 2% formaldehyde, 0.1% Triton X-100, 1 mM
taxol, 10 U/ml aprotinin and 50% deutronium oxide) for 30 min
at 37 8C and washed in PBS with 0.1% BSA (PBSB). Oocytes
were blocked in a solution of 2% BSA, 2% serum and 0.01%
Triton X-100 overnight at 4 8C. The primary antibody used was
b-tubulin (1:5; E7, Developmental Studies Hybridoma Bank,
University of Iowa, IA, USA). Samples were incubated in the
primary antibody for 1 h at room temperature (RT). After
washing in PBSB, samples were incubated with a fluorescent-
conjugated antibody (Jackson ImmunoResearch, West Grove,
PA, USA; 1:400) for 1 h at RT. Oocytes were counterstained with
propidium iodide (PI; 0.25 mg/ml in blocking solution), washed
in PBSB and mounted in 1, 4-diaza bicyclo[2.2.2]octane
(DABCO).

Oocytes collected for PI staining alone were fixed in 4% PFA
for 20 min at RT, stained with PI and mounted in DABCO.
Images were collected with a Radiance confocal laser
(Bio-Rad).
Quantitative PCR

Approximately 100 oocytes obtained by superovulation were
pooled and RNA extracted using the mirVana miRNA Isolation
Kit (Ambion). RT reactions for Dicer1, and RT and quantitative
PCRs for actin, beta, cytoplasmic (Actb) transcripts were
carried out as previously described (Lefevre & Mann 2008).
Primers used; Dicer1, internal to the floxed DNA, 5 0–3 0, CAT
TTT TGA GTC TGT TGC TGG TGC and GGC AGT TTC TGG
TTC CAT CTC G, Actb (Carmell et al. 2007). To confirm that a
loss of DICER1 activity results in a reduction in the DICER1-
dependent small RNA population as previously shown
www.reproduction-online.org
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(Murchison et al. 2007, Tang et al. 2007), the expression of two
small RNAs was analysed. miRNAs Mirn16-1 and Mirn30b,
two miRNAs known to be expressed at high levels in oocytes
(Murchison et al. 2007), were assayed using the TaqMan
MicroRNA RT Kit and TaqMan MicroRNA assays (Applied
Biosystems). Assays were performed in triplicate. miRNA
expression was normalised to Actb and expressed relative to
the amount of Mirn16-1 in wild-type oocytes.
GV transplantation

GV transplantation was carried out essentially as described
(McGrath & Solter 1983, Liu et al. 1999, Takeuchi et al. 1999;
see Supplementary Figure 2, which can be viewed online at
www.reproduction-online.org/supplemental/) using inacti-
vated Sendai virus (Cosmo Bio Co., Tokyo, Japan) for karyoplast
fusion. Mice of 8–16 weeks of age were used as oocyte donors.
Following micromanipulation, oocytes were placed in culture,
then after 100 min were scored for karyoplast fusion – which
occurred in 100% of manipulated oocytes – and GVBD. Those
undergoing GVBD were cultured for a further 16 h, scored for
extrusion of a polar body and processed for confocal
microscopy.
Oocyte culture

GV oocytes were collected from ovaries of 5- to 6-week-old
mice following superovulation as per GV transplantation
procedure. Denuded oocytes were placed into culture with
KSOMAA

g (Biggers et al. 2005), except that L-glutamine was
replaced by alanyl-glutamine, and observed until GVBD.
Oocytes were removed from culture, fixed at intervals of 2, 4,
6 and O8 h following GVBD and processed for
immunohistochemistry.
Declaration of interest

The authors declare that there is no conflict of interest that
could be perceived as prejudicing the impartiality of the
research reported.
Funding

This work was supported by grants awarded to JRM by the
National Health and Medical Research Council, Australia, and
the National Institutes of Health, USA.
References

Bernard P, Maure JF, Partridge JF, Genier S, Javerzat JP & Allshire RC 2001
Requirement of heterochromatin for cohesion at centromeres. Science
294 2539–2542.

Biggers JD, McGinnis LK & Lawitts JA 2005 One-step versus two-step
culture of mouse preimplantation embryos: is there a difference? Human
Reproduction 20 3376–3384.

Carmell MA, Girard A, van de Kant HJ, Bourc’his D, Bestor TH, de
Rooij DG&Hannon GJ 2007 MIWI2 is essential for spermatogenesis and
repression of transposons in the mouse male germline. Developmental
Cell 12 503–514.
www.reproduction-online.org
Cheeseman IM & Desai A 2008 Molecular architecture of the kinetochore–
microtubule interface. Nature Reviews. Molecular Cell Biology 9 33–46.

Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, Nguyen JT, Barbisin M,
Xu NL, Mahuvakar VR, Andersen MR et al. 2005 Real-time
quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids
Research 33 e179.

Choo KH 2001 Domain organization at the centromere and neocen-
tromere. Developmental Cell 1 165–177.

Cooke JE, Godin I, Ffrench-Constant C, Heasman J & Wylie CC 1993
Culture and manipulation of primordial germ cells. Methods in
Enzymology 225 37–58.

Echeverri CJ, Paschal BM, Vaughan KT & Vallee RB 1996 Molecular
characterization of the 50-kDa subunit of dynactin reveals function for
the complex in chromosome alignment and spindle organization during
mitosis. Journal of Cell Biology 132 617–633.

Folco HD, Pidoux AL, Urano T & Allshire RC 2008 Heterochromatin and
RNAi are required to establish CENP-A chromatin at centromeres.
Science 319 94–97.

Frischmeyer PA, van Hoof A, O’Donnell K, Guerrerio AL, Parker R &
Dietz HC 2002 An mRNA surveillance mechanism that eliminates
transcripts lacking termination codons. Science 295 2258–2261.

Fukagawa T, Nogami M, Yoshikawa M, Ikeno M, Okazaki T, Takami Y,
Nakayama T & Oshimura M 2004 Dicer is essential for formation of the
heterochromatin structure in vertebrate cells. Nature Cell Biology 6
784–791.

Hayashi K, Chuva de Sousa Lopes SM, Kaneda M, Tang F, Hajkova P, Lao K,
O’Carroll D, Das PP, Tarakhovsky A, Miska EA et al. 2008 microRNA
biogenesis is required for mouse primordial germ cell development and
spermatogenesis. PLoS ONE 3 e1738.

Karess R 2005 Rod-Zw10-Zwilch: a key player in the spindle checkpoint.
Trends in Cell Biology 15 386–392.

Kehler J, Tolkunova E, Koschorz B, Pesce M, Gentile L, Boiani M, Lomeli H,
Nagy A, McLaughlin KJ, Scholer HR et al. 2004 Oct4 is required for
primordial germ cell survival. EMBO Reports 5 1078–1083.

Kimura T, Suzuki A, Fujita Y, Yomogida K, Lomeli H, Asada N, Ikeuchi M,
Nagy A, Mak TW & Nakano T 2003 Conditional loss of PTEN leads to
testicular teratoma and enhances embryonic germ cell production.
Development 130 1691–1700.

Lefevre C & Mann JR 2008 RNA expression microarray analysis in mouse
prospermatogonia: identification of candidate epigenetic modifiers.
Developmental Dynamics 237 1082–1089.

Liu H, Wang CW, Grifo JA, Krey LC & Zhang J 1999 Reconstruction of
mouse oocytes by germinal vesicle transfer: maturity of host oocyte
cytoplasm determines meiosis. Human Reproduction 14 2357–2361.

Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson JM, Song JJ,
Hammond SM, Joshua-Tor L & Hannon GJ 2004 Argonaute2 is the
catalytic engine of mammalian RNAi. Science 305 1437–1441.

Lomeli H, Ramos-Mejia V, Gertsenstein M, Lobe CG & Nagy A 2000
Targeted insertion of Cre recombinase into the TNAP gene: excision in
primordial germ cells. Genesis 26 116–117.

Maney T, Ginkel LM, Hunter AW & Wordeman L 1999 The kinetochore of
higher eucaryotes: a molecular view. International Review of Cytology
194 67–132.

Mansour SL, Thomas KR & Capecchi MR 1988 Disruption of the proto-
oncogene int-2 in mouse embryo-derived stem cells: a general strategy
for targeting mutations to non-selectable genes. Nature 336 348–352.

Matzke MA & Birchler JA 2005 RNAi-mediated pathways in the nucleus.
Nature Reviews. Genetics 6 24–35.

McGrath J & Solter D 1983 Nuclear transplantation in the mouse embryo
by microsurgery and cell fusion. Science 220 1300–1302.

Motamedi MR, Verdel A, Colmenares SU, Gerber SA, Gygi SP &Moazed D
2004 Two RNAi complexes, RITS and RDRC, physically interact and
localize to noncoding centromeric RNAs. Cell 119 789–802.

Murchison EP, Stein P, Xuan Z, Pan H, Zhang MQ, Schultz RM &
Hannon GJ 2007 Critical roles for Dicer in the female germline. Genes
and Development 21 682–693.

Niault T, Hached K, Sotillo R, Sorger PK, Maro B, Benezra R &Wassmann K
2007 Changing Mad2 levels affects chromosome segregation and
spindle assembly checkpoint control in female mouse meiosis I. PLoS
ONE 11 e1165.
Reproduction (2009) 137 625–632

Downloaded from Bioscientifica.com at 04/28/2025 09:20:56AM
via free access



632 D M Mattiske and others
Oelschlaegel T, Schwickart M, Matos J, Bogdanova A, Camasses A, Havlis J,
Shevchenko A & Zachariae W 2005 The yeast APC/C subunit Mnd2
prevents premature sister chromatid separation triggered by the meiosis-
specific APC/C-Ama1. Cell 120 773–788.

Pal-Bhadra M, Leibovitch BA, Gandhi SG, Rao M, Bhadra U, Birchler JA &
Elgin SC 2004 Heterochromatic silencing and HP1 localization in
Drosophila are dependent on the RNAi machinery. Science 303 669–672.

Petronczki M, Siomos MF & Nasmyth K 2003 Un menage a quatre: the
molecular biology of chromosome segregation in meiosis. Cell 112
423–440.

Szabo PE, Han L, Hyo-Jung J & Mann JR 2006 Mutagenesis in mice of
nuclear hormone receptor binding sites in the Igf2/H19 imprinting
control region. Cytogenetic and Genome Research 113 238–246.

Tachibana M, Nozaki M, Takeda N & Shinkai Y 2007 Functional dynamics
of H3K9 methylation during meiotic prophase progression. EMBO
Journal 26 3346–3359.

Takeuchi T, Ergun B, Huang TH, Rosenwaks Z & Palermo GD 1999 A
reliable technique of nuclear transplantation for immature mammalian
oocytes. Human Reproduction 14 1312–1317.

Tang F, Kaneda M, O’Carroll D, Hajkova P, Barton SC, Sun YA, Lee C,
Tarakhovsky A, Lao K & Surani MA 2007 Maternal microRNAs are
essential for mouse zygotic development. Genes and Development 21
644–648.
Reproduction (2009) 137 625–632
Volpe T, Schramke V, Hamilton GL, White SA, Teng G, Martienssen RA &
Allshire RC 2003 RNA interference is required for normal centromere
function in fission yeast. Chromosome Research 11 137–146.

de Vries WN, Binns LT, Fancher KS, Dean J, Moore R, Kemler R &
Knowles BB 2000 Expression of Cre recombinase in mouse oocytes: a
means to study maternal effect genes. Genesis 26 110–112.

Watanabe T, Totoki Y, Toyoda A, Kaneda M, Kuramochi-Miyagawa S,
Obata Y, Chiba H, Kohara Y, Kono T, Nakano T, Surani MA et al. 2008
Endogenous siRNAs from naturally formed dsRNAs regulate transcripts in
mouse oocytes. Nature 453 539–543.

Xu H, Beasley MD, Warren WD, van der Horst GT & McKay MJ 2005
Absence of mouse REC8 cohesin promotes synapsis of sister chromatids
in meiosis. Developmental Cell 8 949–961.

Zuccolo M, Alves A, Galy V, Bolhy S, Formstecher E, Racine V, Sibarita JB,
Fukagawa T, Shiekhattar R, Yen T et al. 2007 The human Nup107-160
nuclear pore subcomplex contributes to proper kinetochore functions.
EMBO Journal 26 1853–1864.

Received 12 November 2008

First decision 9 December 2008

Accepted 7 January 2009
www.reproduction-online.org

Downloaded from Bioscientifica.com at 04/28/2025 09:20:56AM
via free access


	Outline placeholder
	Introduction
	Results
	Discussion
	Materials and Methods
	Production of Dicer1 conditional mutation
	Production of oocytes
	Immunohistochemistry and microscopy
	Quantitative PCR
	GV transplantation
	Oocyte culture

	Declaration of interest
	Funding
	References


