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ORIGINAL ARTICLE

Oocyte-specific deletion ofN-WASP
does not affect oocyte polarity, but
causes failure of meiosis II completion
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STUDY QUESTION: There is an unexplored physiological role of N-WASP (neural Wiskott-Aldrich syndrome protein) in oocyte matur-
ation that prevents completion of second meiosis.

SUMMARY ANSWER: In mice, N-WASP deletion did not affect oocyte polarity and asymmetric meiotic division in first meiosis, but did
impair midbody formation and second meiosis completion.

WHAT IS KNOWN ALREADY: N-WASP regulates actin dynamics and participates in various cell activities through the RHO-GTPase-
Arp2/3 (actin-related protein 2/3 complex) pathway, and specifically the Cdc42 (cell division cycle 42)-N-WASP-Arp2/3 pathway.
Differences in the functions of Cdc42 have been obtained from in vitro compared to in vivo studies.

STUDY DESIGN, SAMPLES/MATERIALS, METHODS: By conditional knockout of N-WASP in mouse oocytes, we analyzed its
in vivo functions by employing a variety of different methods including oocyte culture, immunofluorescent staining and live oocyte imaging.
Each experiment was repeated at least three times, and data were analyzed by paired-samples t-test.

MAIN RESULTS AND THE ROLE OF CHANCE: Oocyte-specific deletion of N-WASP did not affect the process of oocyte maturation
including spindle formation, spindle migration, polarity establishment and maintenance, and homologous chromosome or sister chromatid
segregation, but caused failure of cytokinesis completion during second meiosis (P < 0.001 compared to control). Further analysis showed
that a defective midbody may be responsible for the failure of cytokinesis completion.

LIMITATIONS, REASONS FOR CAUTION: The present study did not include a detailed analysis of the mechanisms underlying the
results, which will require more extensive further investigations.

WIDER IMPLICATIONS OF THE FINDINGS: N-WASP may play an important role in mediating and co-ordinating the activity of the
spindle (midbody) and actin (contractile ring constriction) when cell division occurs. The findings are important for understanding the regula-
tion of oocyte meiosis completion and failures in this process that affect oocyte quality.
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Introduction
For most mammals, oocytes are arrested in the ovaries at prophase of
the first meiosis after birth, indicated by the germinal vesicle (GV)
located at the center of the oocyte. Oocyte maturation includes ger-
minal vesicle breakdown (GVBD), followed by the first asymmetric
meiotic division, resulting in the formation of a mature oocyte arrested
at the metaphase II (MII) stage, awaiting fertilization. Upon fertilization,
the MII oocyte undergoes the second asymmetric division and emits
the second polar body. During the process of oocyte maturation and
fertilization, two important events take place. First, during meiosis I
and meiosis II, homologous chromosomes and sister chromatids seg-
regate, respectively, to ensure haploid gamete production. Second,
the two meiotic divisions occur asymmetrically to emit small polar
bodies, while maintaining almost all the cytoplasm in the egg to sup-
port early embryogenesis (Wang et al., 2010, 2011; Qiao et al., 2014).
The asymmetric cell divisions depend on asymmetric positioning of the
meiotic spindles. During oocyte maturation, the centrally organized
metaphase 1 (MI) spindle migrates to the cortex, inducing formation of
a polarized actin cap and oocyte polarity, in preparation for asymmet-
ric division (Wang et al., 2008, 2013).

The migration of the MI spindle to the cortex mainly depends on
microfilament functions (Verlhac et al., 2000). Two actin nucleators,
Formin-2 (Dumont et al., 2007; Azoury et al., 2008) and Spire1/
Spire2 (Pfender et al., 2011), play a role in spindle migration and in
polar body emission by allowing the formation of filamentous actin
(Leader et al., 2002). The third actin nucleator, the actin-related pro-
tein 2/3 (Arp2/3) complex, has recently been shown to regulate MI
spindle migration to the cortex and polar body formation (Sun et al.,
2011; Yi et al., 2013). Arp2/3 is widely known to nucleate the
branched actin filament network by directing the formation of a new

filament at a 70° branch on the side of an existing filament (Pollard
and Beltzner, 2002). The Arp2/3 complex has relatively poor nucle-
ating activity on its own (Higgs and Pollard, 1999), and the nucleation
promoting factors (NPFs), which are divided into two types, function
as activators for the Arp2/3 complex to nucleate branched filaments.
Type I NPFs contain a characteristic VCA domain [verprolin-hom-
ology domain (also known as WH2), the cofilin-homology domain
(also known as central domain) and the acidic domain] composed of
three conserved motifs that allow for the binding of G-actin (through
the V motif) and ARP2/3 (through the CA motif). Type I NPFs
include the Wiskott-Aldrich syndrome protein (WASP) family verpro-
lin-homologous protein (WAVE; also known as SCAR), WASP,
neural WASP (N-WASP), WASP and SCAR homolog (WASH) and
junction-mediating and regulatory protein (Rotty et al., 2013). Type II
NPFs such as cortactin lack complete VCA domains, but they have
acidic domains at their amino terminus that bind the ARP2/3 com-
plex and tandem repeat domains that bind F-actin. WASP and
N-WASP remain inactive by auto-inhibition through intramolecular
association between their VCA domain and GTPase-binding domain,
and their activation depends on Cdc42 (cell division cycle 42) binding
(Higgs and Pollard, 2001; Padrick and Rosen, 2010).

N-WASP was first discovered in brain to regulate the cortical cyto-
skeletal rearrangement (Miki et al., 1996). N-WASP regulates actin
dynamics and participates in various kinds of cell activities through the
RHO-GTPase -Arp2/3 pathway, especially the Cdc42-N-WASP-Arp2/3
pathway. Cdc42 regulates dendritic spine morphogenesis and synapse
formation via its effector N-WASP, activating the Arp2/3 complex
(Wegner et al., 2008; Rocca and Hanley, 2015). In neuroendocrine
cells, the Cdc42-N-WASP-Arp2/3 pathway mediates exocytosis by
regulating actin reorganization (Gasman et al., 2004). In the regulation
of cell migration, the Cdc42-N-WASP-Arp2/3 pathway regulates

Figure 1 Specific deletion of N-WASP in mouse oocyte. (A) Schematic representation of N-WASP exon 2 deletion by GDF9-Cre (Causes recombin-
ation)-mediated recombinase in oocytes. (B) Western blots showing the absence of N-WASP in oocytes of N-WASPloxP/loxP; GCre+(GDF9-Cre+) mice.
Proteins from a total of 150 GV (germinal vesical) oocytes were loaded for each sample. β-Actin levels were used as internal controls. Experiments
were repeated three times and a representative image is shown. (C) Absence of N-WASP in N-WASPloxP/loxP; GCre+ oocyte during Meiosis I. Oocytes
undergoing maturation (Meiosis I) were fixed and stained with anti-N-WASP antibody (red) and counterstained with DAPI to visualize DNA (blue).
Bar = 50 μm. Experiments were repeated at least three times and representative images are shown.
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lamellipodia protrusion (Nakagawa et al., 2001) or filopodium forma-
tion (Martinez-Quiles et al., 2001) and invadopodium formation in can-
cer cells (Yamaguchi et al., 2005; Beaty and Condeelis, 2014).

A recent study showed that knockdown of N-WASP by morpholino
or dominant-negative mutant affected the localization of Arp2/3 and
anchoring of the MII spindle at the cortex (Yi et al., 2013). However,
our recent study by conditional knockout showed that Cdc42, an
important element in the Cdc42-N-WASP-Arp2/3 pathway, is not
required for MI spindle migration, but for the first polar body emission
in vivo (Wang et al., 2013). Considering the difference between the
roles of Cdc42 obtained from knockdown experiments in vitro and
knockout experiments in vivo (Wang et al., 2013), we further investi-
gated the in vivo role of N-WASP in mouse oocytes. We found that
oocyte-specific deletion of N-WASP did not affect the process of
oocyte maturation including spindle formation, migration, polarity
establishment and maintenance, and homologous chromosome or sis-
ter chromatid segregation, but caused failure of cytokinesis completion
during the second meiosis. Further analysis showed that a defective
midbody may be responsible for the failure of cytokinesis completion.

Materials andMethods
All chemicals were purchased from Sigma (St. Louis, MO, USA) unless
otherwise indicated.

Mice
Homozygous N-WASPloxP/loxP mice (129 and C57BL/6 J mixed background)
were intercrossed with GDF9-Cre transgenic mice (C57BL/6 backround)
to generate N-WASPloxP/loxP; GCre+ animals. Control mice were littermates
possessing two loxP flanked alleles without Cre (N-WASPloxP/loxP). Mice
were maintained in alternating 12-h light/dark cycles. Animal care and use
were carried out in accordance with the Animal Research Committee
guidelines of the Institute of Zoology, Chinese Academy of Sciences,
China.

Oocyte collection, culture and
pathenogenetic activation
Four-to-eight-week-old female mice were used in the experiments. For
in vitro maturation, GV oocytes were collected and cultured in M16

medium under liquid paraffin oil at 37°C in an atmosphere of 5% CO2 in
air. To obtain MII oocytes, mice were induced to superovulate by i.p. injec-
tion of eight IU PMSG followed 48 h later by injection of eight IU hCG.
Fourteen to 15 h after hCG injection, mice were sacrificed and the ovi-
ductal ampullae were broken to release the cumulus–oocyte complexes.
MII oocytes were freed of cumulus cells by exposure to 300 μg/ml hyalur-
onidase. Oocytes were collected for immunofluorescent staining, micro-
injection or immunoblot analysis. For pathenogenetic activation, the
ovulated MII oocytes were cultured in Ca2+, Mg2+-free CZB medium sup-
plemented with 10 mM SrCl2.

Microinjection and live oocyte imaging
Microinjection of Alexa 488-phalloidine (Invitrogen, Carlsbad, CA, USA)
into GV oocytes was performed using a Nikon Diaphot ECLIPSE TE 300
(Nikon UK Ltd, Kingston upon Thames, Surrey, UK) inverted microscope
equipped with Narishige MM0202N hydraulic three-dimensional microma-
nipulators (Narishige, Inc., Sea Cliff, NY, USA) and completed within
30 minutes. After 1–2 h of culture, the microinjected oocytes were used
for live oocyte imaging on a PerkinElmer precisely Ultra VIEW VOX con-
focal Imaging System (PerkinElmer, Waltham, MA,USA).

Figure 2 Oocyte-specific deletion of N-WASP causes female sub-
fertility in mice. Comparison of the average number of pups per litter
per female mice during a period of 6 months between N-WASPloxP/loxP;
GCre+ (n = 3, 2.3 ± 1.7) and N-WASPloxP/loxP (n = 3, 7.8 ± 3.4) mice.
**P < 0.01. The data are mean ± SEM. The data were analyzed by
paired-samples t-test.

Figure 3 Normal MII oocytes superovulated from N-WASPloxP/loxP;
GCre+ mouse. (A) Comparison of the rates of MII oocytes with the
first polar body from superovulated N-WASPloxP/loxP female (n = 3,
86.2% ± 7.7%) and N-WASPloxP/loxP; GCre+ female (n = 3,
83.0% ± 8.0%). The data are mean ± SEM. (B) DIC (differential inter-
ference contrast), representative images of ovulated oocytes are pre-
sented (×20). Ovulated oocytes were fixed and stained with anti-α-
tubulin-fluorescein isothiocyanate antibody (green) and counter-
stained with the fluorescent dye PI to visualize DNA (red).
Bar = 50 μm for the two images in “IF” column. Experiments were
repeated at least three times and representative images are shown.
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Immunofluorescence and confocal
microscopy
For single staining of α-tubulin or actin, oocytes were fixed in 4% parafor-
maldehyde in phosphate-buffered saline (PBS, pH 7.4) for at least 30 min
at room temperature. After being permeabilized with 0.5% Triton X-100
at room temperature for 20 min, oocytes were blocked in 1% bovine ser-
um albumin-supplemented PBS for 1 h and incubated overnight at 4°C
with 1:200 anti-α-tubulin-fluorescein isothiocyanate antibody or 1:200
Alexa 488-phalloidine or 1:100 anti-N-WASP antibody. After three
washes in PBS containing 0.1% Tween-20 and 0.01% Triton X-100, the
oocytes were stained with propidium iodide (PI) (10 μg/ml in PBS) or 4′,6-
diamidino-2-phenylindole (DAPI, 10 μg/ml in PBS). Then, the oocytes
were mounted on glass slides and examined with a confocal laser scanning
microscope (Zeiss LSM 780, Berlin, Germany).

Immunoblot analysis
Samples each containing 150 mouse oocytes were collected in sodium
dodecyl sulfate (SDS) sample buffer and heated for 5 min at 100°C. The
proteins were separated by SDS-polyacrylamide gel electrophoresis and
then electrically transferred to polyvinylidene fluoride membranes. After
transfer, membranes were blocked in TBST buffer (TBS containing 0.1%
Tween-20) containing 5% skimmed milk for 2 h, followed by incubation
overnight at 4°C with 1:1000 rabbit monoclonal anti-N-WASP antibody
(Cell Signaling Technology, Boston, MA, USA) and 1:1000 mouse mono-
clonal anti-β-actin antibody (Proteintech, Chicago, IL, USA). After three
washes 10 min each in TBST, the membranes were incubated for 1 h at

37°C with 1:1000 horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G. Finally, the membranes were processed using the
enhanced chemiluminescence detection system (Amersham, Piscataway,
NJ, USA).

Statistics
All percentages from at least three repeated experiments were expressed
as mean ± SEM. Data were analyzed by paired-samples t-test. P < 0.05
was considered statistically significant. The statistical software package
SPSS was used (IBM, Armonk, New York, USA).

Results

Generation of mutant mice with oocyte-
specific deletion of N-WASP
To study the functions of N-WASP during mouse oocyte meiotic mat-
uration in vivo, we generated mutant mice in which the N-WASP gene
was deleted in oocytes of primordial follicles and follicles at later
stages. The mutant mice (referred to as N-WASPloxP/loxP; GCre+ mice)
were generated by crossing N-WASPloxP/loxP mice (Cotta-de-Almeida
et al., 2007) with transgenic mice expressing growth differentiation fac-
tor 9 (GDF9)-promoter-mediated Cre recombinase (Hu et al., 2014;
Jiang et al., 2014) (Fig. 1A). By Western blot and immuno-staining, we
found that the expression of N-WASP protein was absent in oocytes

Figure 4 N-WASP deletion does not affect actin cap formation. Red arrow indicates the actin cap in N-WASPloxP/loxP oocytes; blue arrow indicates
the actin cap in N-WASPloxP/loxP; GCre+ oocytes. For A and B, chromosomes are stained in blue by Hoechst 33342 (2 ng/ml in M16 medium) and the
color was changed into red. Alexa 488-phalloidine was microinjected into GV oocytes to show the actin dynamics during oocyte maturation.
Bar = 20 μM. (A) The dynamics of Alexa 488-phalloidine during N-WASPloxP/loxP oocyte maturation. MI, metaphase I; MII, metaphase II. (B) The dynam-
ics of Alexa 488- phalloidine during N-WASPloxP/loxP; GCre+ maturation. MI, metaphase I; MII, metaphase II. (C) Normal actin cap and absence of
N-WASP in N-WASPloxP/loxP; GCre+ MII oocytes. Oocytes were stained with anti-N-WASP antibody (red), Alexa 488-phalloidine (green) and DAPI
(10 μg/ml, blue), and viewed with confocal microscopy. Green arrow indicates the actin cap in N-WASPloxP/loxP MII oocytes; red arrow indicates
N-WASP in N-WASPloxP/loxP MII oocytes; white arrow indicates the actin cap inWASPloxP/loxP; GCre+ MII oocytes. Bar = 50 μM.
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of mutant mice (Fig. 1B and C), showing successful deletion of the N-
WASP gene from oocytes.

Subfertility in N-WASPloxP/loxP; GCre+ mice
To investigate the effect of N-WASP deletion on female fertility,
breeding assay was carried out by mating N-WASPflox/flox or N-
WASPflox/flox; GCre+ mice with males of proven fertility for 6 months.
As shown in Fig. 2, female N-WASP; GCre+ mice were severely subfer-
tile and gave birth to ~70% fewer pups compared to control mice
(mean ± SEM: 2.3 ± 1.7 versus 7.8 ± 3.4).

Normal oocyte maturation in N-WASPloxP/loxP;
GCre+ mice
To investigate the possible reasons for the subfertility, we first per-
formed superovulation experiments. There was no difference between
the numbers of ovulated oocytes from N-WASPloxP/loxP and N-
WASPloxP/loxP; GCre+ ovaries (24.1 ± 4.2 versus 26.4 ± 5.1), and the
rates of the ovulated eggs with the first polar body were similar
(Fig. 3A). The oocytes ovulated from both N-WASPloxP/loxP and N-
WASPloxP/loxP; GCre+ ovaries displayed normal features of mature MII
eggs, with the first polar body and a typical MII spindle (Fig. 3B). It
appeared that the oocytes from mutant ovaries underwent matur-
ation; we then tracked the process of oocyte maturation to determine
whether maturational defects were present. As an in vitro study has
reported that N-WASP is required for actin cap formation in mouse
oocytes, it was of interest to explore if the subfertility originated from
polarity impairment although the process of oocyte maturation
appears normal. We carried out live oocyte imaging experiments in
which we monitored chromosome and actin dynamics during oocyte
maturation. As shown in Fig. 4A (also see Supplementary Movie 1),
oocytes from N-WASPloxP/loxP ovaries underwent a normal meiotic
maturation process. At 8 h of GVBD, the chromosomes had attached
to the cortex and induced the formation of the actin cap (Fig. 4A, MI,
red arrow). The homologous chromosomes then segregated and the
first polar body was emitted. After polar body formation, the MII chro-
mosomes underneath the membrane and oocyte polarity (actin cap)
were maintained. Thus, the N-WASPloxP/loxP; GCre+ oocytes underwent
maturation normally and similar to the control oocytes (Fig. 4B and
Supplementary Movie 2). We further carried out immunofluorescent
experiments to show that the actin cap remained intact in the fixed N-
WASPloxP/loxP; GCre+ MII oocytes (Fig. 4C, blue arrow; Supplementary
Fig. S1).

N-WASP deletion disrupts cytokinesis during
secondmeiosis
To explore the reason underlying the subfertility, we continued to ana-
lyze whether the fertilization process (the second meiosis) was
affected. Eighteen hours after mating with male mice with proven fertil-
ity, the N-WASPloxP/loxP and N-WASPloxP/loxP; GCre+ females were sacri-
ficed to obtain the one-cell embryos. The control embryos showed
two normal pronuclei (129/135) (Fig. 5A, red arrow), while most of
the embryos from N-WASPloxP/loxP; GCre+ females failed to form the
two pronuclei (115/146). By immunofluorescent staining, we found
several defective phenotypes in pronucleus formation in embryos from

N-WASPloxP/loxP; GCre+ females (Fig. 5B), which are listed below:
embryos with pairs of sister chromatids (MII) [(21/75) versus (5/45,
control)]; embryos with segregated sister chromatids (Anaphase II)
but without pronucleus [(6/75) versus (2/45, control)]; embryos with
one pronucleus [(19/75) versus (3/45, control)] and embryos with
two pronuclei [(24/75) versus (35/45, control)].

Next we carried out parthenogenetic activation experiments to
explore the possible mechanism(s) underlying the phenotypes. First,
we analyzed the rates of normal single pronuclei. As shown in Fig. 6A,
at 5 h of activation, a single pronucleus formed in most N-WASPloxP/loxP

Figure 5 Disrupted pronuleus formation in embryos from N-
WASPloxP/loxP; GCre+ females. The female mice were injected with
eight IU PMSG (pregnant mare’s serum gonadotrophin) followed 48 h
later by injection of eight IU hCG, and then mated with male mice
with proven fertility. Eighteen hours after hCG injection, mice were
sacrificed and the oviductal ampullae were broken to release the
cumulus-enclosed embryos. The embryos were freed of cumulus cells
by exposure to 300 μg/ml hyaluronidase. (A) DIC images for
embryos from both groups (×10). Red arrows indicate the two nor-
mal pronuclei in control embryos. Experiments were repeated at least
three times (two female mice per group each time), and representa-
tive images are shown. (B) Confocal images of embryos from N-
WASPloxP/loxP and N-WASPloxP/loxP; GCre+ females. 1, indicates the
embryos with pairs of sister chromatids (failed fertilization). 2, indi-
cates the embryos with segregated sister chromatids but without pro-
nucleus. 3 and 4, indicate the embryos with one pronucleus; the
pronucleus in 3 has some nucleoli. 5 and 6, indicate the embryos with
two pronuclei; the pronucleus in 5 has some nucleoli. The experi-
ments were repeated at least three times and the representative
images were shown. Bar = 50 μm.
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eggs (97.4 ± 0.4%), while the rate of single pronuclei became sharply
reduced in N-WASPloxP/loxP; GCre+ eggs (16.7 ± 2.7%). The status of
pronuclei in eggs was examined based on immunofluorescent staining,
as shown in Fig. 6B. Compared with normal single pronuclei in N-
WASPloxP/loxP eggs, several defects existed in N-WASPloxP/loxP; GCre+

eggs (Fig. 6B), including: an egg with two sets of chromosomes, with-
out a pronucleus; an egg with one pronucleus and a set of chromo-
somes; an egg with two pronuclei of different sizes and an egg with
two equal-sized pronuclei. Accordingly, the differential interference
contrast (DIC) images in Fig. 6C also provide indications of the defects
in the N-WASPloxP/loxP; GCre+ eggs at 5 h of parthenogenetic activation.

To explore the events occurring during the parthenogenetic activa-
tion process, we carried out live oocyte imaging experiments. As
shown in Fig. 7A, sister chromatids separated at the expected time at
about 1 h of activation in N-WASPloxP/loxP oocytes, and then oocytes
emitted the second polar body (Fig. 7A, 1 h 20 min, 2 h; also see
Supplementary Movie 3). For N-WASPloxP/loxP; GCre+ oocytes, sister
chromatids separated normally and at the expected time (Fig. 7B, 1 h;
also see Supplementary Movie 4), and second polar body emission
was initiated (membrane protrusion) (Fig. 7B, 2 h, 2 h 20 min; also see
Supplementary Movie 4) but eventually failed (Fig. 7B, 3 h 40 min; also
see Supplementary Movie 4). To determine the possible reason, we
fixed both the N-WASPloxP/loxP and N-WASPloxP/loxP; GCre+ MII oocytes
undergoing MII exit and observed some N-WASPloxP/loxP MII oocytes
emitting the second polar body. As shown in Fig. 7C, we could see the
normal anaphase spindle and the midbody (blue arrow) in control
oocytes, while the midbody was abnormal in N-WASPloxP/loxP; GCre+

oocytes, although the MII spindle looked intact (Fig. 3B). Surprisingly,

we observed an impaired (non-constricted) contractile ring in N-
WASPloxP/loxP; GCre+ MII oocytes undergoing MII exit (32/46)
(Fig. 7D), which may link the abnormal midbody to the failed MII exit
phenotype in these oocytes.

Discussion
In this study, we explored the functions of N-WASP in mouse oocyte
maturation in vivo by conditional knockout technology. Oocyte-
specific deletion of N-WASP does not affect the process of mouse
oocyte maturation, including normal spindle formation, homologous
chromosome segregation, polarity formation and first polar body
emission. However, N-WASP deletion inhibited the second polar body
emission by impairing the midbody formation and cytokinesis comple-
tion during the second meiosis.

N-WASP is not required for oocyte
maturation in vivo
In various kinds of cell types, N-WASP functions play a role in a con-
served Cdc42-N-WASP-Arp2/3 pathway to regulate actin filament
dynamics, and this pathway has been observed in mouse oocytes but
it is not understood well (Yi et al., 2011; Dehapiot et al., 2013). In a
recent study, we found that oocyte-specific deletion of Cdc42 resulted
in female infertility, and further investigation showed that Cdc42 dele-
tion inhibited first polar body emission by inhibiting the formation of
the polarized actin cap and cytokinesis, but it had little effect on spindle

Figure 6 N-WASP deletion results in defects of meiosis II. (A) Decreased normal phenotype (embryos with normal morphology and with single pro-
nuclear formation) for N-WASPloxP/loxP; GCre+ MII eggs 5 h after parthenogenetic activation. **P < 0.001. The data were analyzed by paired-samples t-
test. (B) Typical images of N-WASPloxP/loxP and N-WASPloxP/loxP; GCre+ MII eggs 5 h of parthenogenetic activation. Red, DNA. White arrow indicates fur-
row between the two pronuclei. 1, representative image of the egg with two sets of chromosomes, without pronucleus; 2, typical image of an egg with
one pronucleus and a set of chromosomes; 3, representative image of an egg with two different-size pronuclei; 4, typical image of an egg with two
equal-sized pronuclei. The experiments were repeated at least three times. Bar = 50 μm. (C) DIC images show the N-WASPloxP/loxP and N-WASPloxP/
loxP; GCre+ MII eggs 5 h of parthenogenetic activation (×10). For N-WASPloxP/loxP, red arrow indicates the normal single pronucleus. For N-WASPloxP/loxP;
GCre+, blue arrow indicates the eggs with normal pronucleus, green arrow indicates the eggs without pronucleus and orange arrow indicates the eggs
with furrow.
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organization, spindle migration to the cortex or homologous chromo-
some segregation during first meiosis (Wang et al., 2013).
Interestingly, Cdc42 displays similar and important functions during the
first polar body emission in Xenopus oocytes (Ma et al. 2006). In this
study, we showed that oocyte-specific deletion of N-WASP caused
female subfertility, but reduced fertility was not rooted from the first
meiosis, because N-WASP deletion had little effect on the process of
oocyte meiotic maturation as well as the first polar body emission (Figs
2 and 3), in accordance with the in vitro results reported recently
(Dehapiot et al., 2013). Compared with the in vivo function of Cdc42
that is required for actin cap formation through the Arp2/3 complex,

it is unexpected that oocyte-specific N-WASP deletion does not inhibit
actin cap formation and the first polar body emission (Figs 3 and 4).
Strikingly, the actin cap is normal in N-WASP-deleted MII oocytes, and
the MII spindle attaches to the cortex normally (Fig. 4). However, it is
reported that in vitro inhibition of N-WASP (Yi et al., 2011; Dehapiot
et al., 2013) or the Arp2/3 complex (Yi et al., 2011) in MII oocytes
resulted in compromised polarity and detachment of MII spindle/chro-
mosomes from the cortex. As described previously, like N-WASP, the
type I NPFs all have the domains for binding of G-actin or the Arp2/3
complex, and could function in actin dynamics (Padrick and Rosen,
2010). Thus, some other WASP protein or proteins might replace N-

Figure 7 N-WASP deletion causes cytokinesis failure during meiosis II. For A and B, chromosomes were stained in blue by Hoechst 33342 [2 ng/ml
in KSOM medium (Ca2+, Mg2+ free)] and the color was changed into red. Bar = 20 μM for all images. (A) Dynamics of chromosomes during N-
WASPloxP/loxP MII oocyte parthenogenetic activation. (B) Dynamics of chromosomes during N-WASPloxP/loxP; GCre+ MII oocyte parthenogenetic activa-
tion. (C) Disrupted midbody formation in anaphase II during N-WASPloxP/loxP; GCre+ MII oocyte parthenogenetic activation (×10). Blue arrow indicates
the midbody in anaphase II during N-WASPloxP/loxP MII oocyte parthenogenetic activation. White arrow indicates no midbody in anaphase II during N-
WASPloxP/loxP; GCre+ MII oocyte parthenogenetic activation. Green, α-tubulin; Red, DNA. Bar = 50 μm for all images except the zoom. (D) Impaired
contractile ring in anaphase II during N-WASPloxP/loxP; GCre+ MII oocyte parthenogenetic activation. White arrow, indicates the gap in the contractile
ring in N-WASPloxP/loxP; GCre+ MII oocytes. Blue arrow indicates the severely disrupted second polar body emission. Green, Alexa 488-phalloidine; Red,
DNA. Bar = 20 μm for all images except the zoom.
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WASP to function within the pathway for polarity establishment and
maintenance in mouse oocytes. Considering that only WASP and N-
WASP among the type I NPFs have the GTPase-binding domain and
WASP is expressed exclusively in hematopoietic cells (Takenawa and
Miki, 2001), another possibility exists. It is worth noting that the type II
NPF also has acidic domains at the amino terminus that bind the
ARP2/3 complex and tandem repeat domains that bind F-actin,
although lack complete VCA domains, and cortactin is a member of
the type II NPF. Knockout of cortactin results in disruption of the actin
cap and inhibition of second polar body emission in MII oocytes (Yu
et al., 2010). Cortactin might be the redundant player for the polarity
formation and maintenance when N-WASP was deleted, though the
direct relationship between Cdc42 and cortactin is still lacking.

N-WASP is involved in cytokinesis during
secondmeiosis
It appears that both N-WASP-deleted and control MII oocytes show
normal polarity and normal asymmetric localization of the MII spindle.
Through parthenogenetic activation experiments, we showed that
the N-WASP-deleted MII oocytes could not emit the second polar
body as a result of cytokinesis failure. During cell division, the midbody,
as remnant of the spindle, directs cytokinesis initiation and finally forms
the two daughter cells. As shown in Fig. 7C, the midbody is normal in
the N-WASPloxP/loxP MII oocytes undergoing anaphase, while the mid-
body formation is compromised in N-WASP-deleted oocytes although
the MII spindle is well-organized, consistent with the existence of the
defect in the contractile ring (Fig. 7D). Considering that N-WASP
deletion has no effect on spindle formation as well as cytokinesis dur-
ing the first meiosis (oocyte maturation), some differences may exist in
the midbody-mediated cytokinesis between the two meioses.
Different mechanisms may underlie the MI and MII spindle organization
in mouse oocytes. Though a RanGTP gradient has been established
during meiosis I in mouse oocytes, it is not required for MI spindle
organization, but it is pivotal for MII spindle formation. N-WASP dele-
tion has no effect on both MI and MII spindle organization, while
N-WASP functions in spindle separation and cytokinesis completion
during meiosis II. Interestingly, N-WASPloxP/loxP deletion results in the
failed constriction of the contractile ring with an obvious gap, which
might be caused directly or indirectly by the impaired midbody. Taken
together, N-WASP may play an important role in mediating and co-
ordinating the activity of the spindle (midbody) and actin (contractile
ring constriction) when cell division occurs.

Supplementary data
Supplementary data are available at http://molehr.oxfordjournals.org/.
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