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Daam1 regulates fascin for actin assembly in mouse oocyte meiosis
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ABSTRACT
As a formin protein, Daam1 (Dishevelled-associated activator of morphogenesis 1) is reported to regulate
series of cell processes like endocytosis, cell morphology and migration via its effects on actin assembly in
mitosis. However, whether Daam1 plays roles in female meiosis remains uncertain. In this study, we
investigated the expression and functions of Daam1 during mouse oocyte meiosis. Our results indicated
that Daam1 localized at the cortex of oocytes, which was similar with actin filaments. After Daam1
morpholino (MO) microinjection, the expression of Daam1 significantly decreased, which resulted in the
failure of oocyte polar body extrusion. These results might be due to the defects of actin assembly, since
the decreased fluorescence intensity of actin filaments in oocyte cortex and cytoplasm were observed.
However, Daam1 knockdown seemed not to affect the meiotic spindle movement. In addition, we found
that fascin might be the down effector of Daam1, since the protein expression of fascin decreased after
Daam1 knockdown. Thus, our data suggested that Daam1 affected actin assembly during oocyte meiotic
division via the regulation of fascin expression.
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Introduction

During mouse oocyte meiosis, the primary oocyte generates
a functional haploid gamete and 2 small polar bodies with
minimal cytoplasmic content, while the larger ovum pre-
serves a haploid genome and most cytoplasmic content,
which is essential for fertilization and early embryo develop-
ment. When maturing in vitro, the oocyte initiates meiosis
after germinal vesicle breakdown (GVBD), then the meiotic
spindle forms near the center and moves to the cortex in
metaphase I (MI), after polar body extrusion, the oocyte is
arrested in metaphase II (MII) until fertilized. In mammalian
oocyte meiotic progress, many of the events like spindle
position, cortical polarization and cytokinesis depend on
actin dynamics.1 For spindle position, F-actin networks are
the key players in spindle migration,2,3 and cortical actin fila-
ments reorganize and form an F-actin enriched domain
termed the actin cap above the spindle. At anaphase, actin
constitutes contractile ring, a pivotal organelle to the cytoki-
nesis. When inhibiting microfilament, cleavage can be
blocked, leading to the failure of polar body extrusion.4

Formins are the most important actin nucleators, which
are classified into 7 subfamilies including Diaphanous (Dia),
Disheveled-associated activator of morphogenesis (DAAM),
formin related gene in leukocytes (FRL), formin homology
domain containing protein (FHOD), formin-like protein
(FMN), inverted formin (INF) and Delphilin. All of the formins
have formin-homology-1 (FH1) and FH2 domians. The FH2
domain directly nucleates actin assembly, binds to actin

filament barded ends and protects these ends from elongation
inhibitory.5 The FH1 domain binds to profilin and enhances
the actin filament elongation rate.6,7 Daam1 is a formin protein,
which has been showed to regulate actin assembly through FH1
and FH2 domain.8,9 Daam1 can nucleate, elongate 8 and bundle
actin,10 then regulates series of cell processes from cell shapes
change to migration.11 In recent years Daam1 is also shown to
be related with the pronephric tubulogenesis,12 congential heart
defect,13 and required for myocardial maturation and sarco-
mere assembly.14 There are several proteins that communicate
with Daam1 including fascin,10 Rho GTPases RhoA, Cdc42,
CIP4, Src,15 Profilin,16 Piccolo,17 EphB 18 and Dvl.19 Generally,
Daam1 is in an auto-inhibited conformation, resulting from
the interaction between GTPase-binding domain (GBD) and
Diaphanous auto-regulatory domain (DAD). Rho binding to
the GBD breaks the interaction between GBD and DAD, lead-
ing to Daam1 activation, however, it is reported that Daam1 is
not significantly activated by Rho binding but rather by its
interaction with Dishevelled (Dvl).20 Although Daam1 is shown
to be involved into multiple critical biological processes during
mitosis, its physiological functions and the signaling cascade
involved during oocyte meiosis have not been investigated.

Based on the previous findings, we proposed that Daam1
might act as the critical regulator in oocyte meiosis. In the pres-
ent study, by using knockdown analysis, we found that Daam1
predominately expressed in mouse oocyte, and specific reduc-
tion of Daam1 expression prevented polar body emission and
disrupted actin assembly through affecting fascin expression.
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Results

Localization of Daam1 during mouse oocyte meiotic
maturation

To investigate the expression pattern of Daam1, oocytes were cul-
tured for 0, 4, 8, or 12 h, corresponding to the time points when
most oocytes reached the GV, GVBD, MI, MII stages, respec-
tively. Daam1 antibody was used to observe the Daam1 localiza-
tion in oocytes. As Daam1 was demonstrated to be an actin
related protein, we also performed double staining of Daam1 and
actin. As shown in Fig. 1, Daam1 localized at the cortex of
oocytes, which co-localized with actin through the whole oocyte
meiosis. The distribution pattern of Daam1 indicated that
Daam1 might function in meiosis through its effect on actin.

Daam1 knockdown (KD) leads to the failure of first polar
body extrusion in mouse oocyte

To explore the function of Daam1 during oocyte meiosis, Daam1
MO was used to decrease the expression of Daam1 protein. As
shown in Fig. 2A, Daam1 expression was significantly reduced
after Daam1 MO injection (1 vs 0.26 § 0.15, n D 150, p < 0.01,
western blot analysis). The oocytes injected with Daam1 MO
were cultured for 12 h when the normal oocytes reached to MII
stage. Fig. 2B showed that polar body extrusion was disturbed
greatly compared with control groups (67.79 § 6.34% vs 31.93 §
18.69%, n D 50, p < 0.01). These results suggested the reduction
of Daam1 caused the failure of polar body extrusion, indicating a
vital role of Daam1 during mouse oocyte meiotic maturation.

Daam1 regulates actin assembly but not spindle
positioning

As actin dynamics and spindle positioning were essential for
oocyte meiosis, we examined the actin assembly and spindle
positioning in control and treated oocytes after 8 h of culture
using immunofluorescent staining. As shown in Fig. 3A,
Daam1 knockdown caused an arresting alteration in the
arrangement of the actin cytoskeleton. Immunofluorescence
analysis showed that the accumulation of actin signals in the
cortex or cytoplasm were weaker in Daam1-knock down
oocytes as compared with control oocytes. Furthermore, the
decreased actin expression in Daam1 KD oocytes was investi-
gated by a statistical analysis of fluorescence intensity levels.
Fig. 3B showed that actin intensity in cortex of treated
groups was significantly weaker than that of control groups
(1 vs 0.61 § 0.14, n D 30, p < 0.001). Similarly, actin inten-
sity in cytoplasm of treated groups was decreased than con-
trol groups (1 vs 0.67 § 0.17, n D 30, p < 0.01). Thus, our
results suggested that Daam1 played a vital role in actin
assembly during mouse oocyte meiosis.

We then next examined the spindle location in the
oocytes after Daam1 knock down. Fig. 3C showed the typi-
cal spindle position (cortex position and central position) in
mouse oocyte during MI stage. After statistically analyzing
of the spindle position, no difference was found between
the control and treated groups (59.12 § 7.68% vs 62.89 §
5.13%, n D 35, p > 0.05). Therefore, it suggested that
Daam1 did not affect spindle position.

Figure 1. Localization of Daam1 during mouse oocyte meiotic maturation. Confocal imaging analysis of Daam1 and actin localization during mouse oocyte meiotic matu-
ration based on staining with an anti-Daam1 antibody. Daam1 co-localized with actin at the cortex of oocyte from the GV stage to the MII stage. Arrow indicates the loca-
tion of actin cap. Blue: chromatin; Green: Daam1; Red: actin. Bar D 20 mm.
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Figure 2. Daam1 knockdown (KD) leads to the failure of mouse oocyte first polar body extrusion. (A) After Daam1 MO injection, Daam1 protein expression was
siginficantly reduced by Western blot examination. Band intensity analysis by Image J showed that the intensity of Daam1 significantly decreased after Daam1
knock down. (B) DIC picture showed that oocytes failed to extrude polar body after Daam1 MO injection. Arrows showed that the control oocytes with the
polar body while the treated oocytes failed to extrude the polar body. Bar D 100 mm. Analysis of the rate of polar body extrusion showed a significantly
decrease after Daam1 knock down. ��:significant difference (p < 0 .01).

Figure 3. Daam1 affects actin assembly but not spindle position. (A) Actin distribution in oocyte cortex and cytoplasm at MI stage. After Daam1 knock down,
the actin distribution was disrupted at both cortex and cytoplasm. Red: actin; Blue: chromatin. Bar D 20 mm. (B) The fluorescence intensity of actin decreased
in cortex and cytoplasm after Daam1 knock down. ���: significant difference (p < 0.001). ��: significant difference (p < 0.01). (C) For spindle location in the
ooctyes, analysis of the rate of spindle to the cortex showed that there was no difference between control groups and treatment groups (p > 0.05). Green,
a-tubulin; Blue: chromatin, Bar D 20 mm.
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Daam1 knockdown affects the expression of fascin in
mouse oocytes

To investigate the possible mechanism of Daam1 for actin
assembly, we explored the expression of fascin in oocytes
after Daam1 knock down. As shown in Fig. 4, the protein
expression of fascin was significantly decreased after Daam1
knock down. Western blot and quantitative analysis results
showed the relative intensity (fascin/a-tubulin) was reduced,
compared with the control groups (1 vs 0.44 § 0.10, n D
100, p < 0.05). Taken together, these results suggested that
Daam1 was likely essential for fascin expression during
mouse oocyte meiotic maturation.

Discussion

In this study we explored the localization and functions of
Daam1 during mouse oocyte meiotic maturation. Our results
showed that Daam1 localized specifically at cortex of oocyte.
Daam1 MO injection affected polar body extrusion, actin
assembly, and fascin expression. Therefore, the results indi-
cated that Daam1 played a vital role in mouse oocyte matura-
tion and Daam1 promoted meiotic division via the regulation
of fascin expression.

As a formin protein which functioned in actin nucleation
and elongation, Daam1 is involved in a series of cell progress
associated with actin. However, its function and mechanisms
during mouse oocyte meiosis have remained uncertain. In this
study, we first determined whether Daam1 expressed in mouse
oocytes. Our results revealed that Daam1 co-localized with
actin at the cortex of oocyte, which was similar to previous
results that Daam1 co-localized with actin stress fibers.21 More-
over, in primary human macrophages, endogenous Daam1
localized to filopodia and F-actin-rich uptake structures.22

Based on the localization pattern of Daam1, we speculated that
Daam1 might be involved in actin-related cellular processes
during mouse oocyte maturation. Then, we used Daam1 MO
to explore the roles of Daam1 in mouse oocyte meiosis. And we
found that compared with control oocytes, the majority of
oocytes injected with Daam1 MO failed to undergo cytokinesis
and extrude the polar body. Thus, these findings suggested that
Daam1 was an important regulator for cytokinesis during
oocyte meiosis.

As reported, the extrusion of polar body depended on cortical
polarization and spindle position,4 and both of them relied on

actin dynamics.2,23 In addition, previous studies demonstrated
that chromosomes signal the establishment of cortical polarity.24

To figure out how Daam1 was involved in cytokinesis in mouse
oocyte meiosis, we examined actin filament distribution and
spindle position. Our results showed actin filament distribution
in oocyte cytoplasm and cortex was significantly disrupted. Sev-
eral previous reports had demonstrated that Daam1 was linked
to actin dynamics.8,15,25-27 Depletion of Daam1 expression
impaired presynaptic-F-actin assembly in neurons.17 Addition-
ally, a similar phenomenon showed that the subapical actin web
was disrupted when Daam1 knockdown in Xenopus epider-
mis.28 Active Daam1 could induce actin polymerization in endo-
thelial cells.29 In addition, abrogation of Daam1 resulted in
disorganized filamentous actin and a-tubulin in habenula.30

Thus, our results suggested that Daam1 might play conserved
roles between difference species or cell types, and positively
affect actin assembly, followed by disrupted polar body extrusion
in mouse oocytes.

In mammalian oocytes, actin filaments drive spindle to
the cortex, resulting in asymmetric division.31 Recently, a
vesicle-driven mechanism for the regulation of the F-actin
cytoplasmic meshwork during oocyte asymmetric division
had been proposed.32 And several molecules like LIMK1/2,33

ROCK,34 WASH,35 Dynamin 2 36 were reported to regulate
actin for spindle migration in oocytes. Whereas we found
that Daam1 knock down did not affect spindle positioning
in mouse oocytes, despite the reduction of actin intensity in
cytoplasm. This result raised the question about the relation-
ship between actin and spindle movement. Recently some
actin nucleators in oocyte like Cdc42,37 N-WASP 38 were
also reported to influence actin assembly but not spindle
migration. One possibility is that the cytokinesis needs more
actin filaments power while spindle movement needs less
actin filaments power, since we could observe strong actin
signal at the oocyte cortex but weak signal in the oocyte
cytoplasm. While knock down of Daam1 reduced the actin
filaments, however, the actin filaments are still enough for
the movement of the spindle. Further work needs to be per-
formed to study how exactly actin pushes the spindle to the
cortex and how actin mediates cytokinesis in mammalian
oocytes.

We also explored the possible signaling pathway for
Daam1 functions in oocytes, and we found that fascin
expression was decreased after Daam1 KD. Fascin was a
actin-binding protein, it was shown to cross-link actin fila-
ments into unipolar and tightly packed bundles.39,40 Besides,
fascin was demonstrated to have a vital role in cell adhesion
and motility.41 A recent study also reported that Daam1
and fascin collaborated to promote filopodia formation.10

One possibility is that Daam1 is necessary for the binding
of fascin to the actin filaments: once there is no Daam1, the
assembly and transport of facsin protein is disturbed since
the lack of signal. Further study is needed to explore the
accurate interaction and mechanism between Daam1 and
fascin. Therefore, we suggested that Daam1 cooperated with
fascin to affect oocyte maturation.

In conclusion, our results suggested that Daam1 affected
actin assembly for polar body extrusion during oocyte matura-
tion via the regulation of fascin.

Figure 4. Daam1 knockdown affects the expression of Fascin in mouse oocytes.
Fascin protein expression was decreased after Daam1 knock down showing with
Western blot analysis. The band intensity of fascin measured by Image J also
confirmed this. �: significant difference (p < 0.05).
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Materials and methods

Antibodies and chemicals

Goat polyclonal anti-Daam1 antibody for immunofluorescence
staining was purchased from Santa Cruz (Santa Cruz, CA).
Phalloidin-TRITC and mouse monoclonal anti-a-tubulin-
FITC antibodies were obtained from Sigma (St. Louis, MO,
USA). FITC-conjugated rabbit anti-goat IgG was from Zhong-
shan Golden Bridge Biotechnology (Beijing). Mouse monoclo-
nal anti-Daam1 antibody (for Western blot) and rabbit
monoclonal anti-fascin antibody were purchased from Abcam
(Cambridge, UK). a-tubulin (11H10) Rabbit mAb and HRP-
conjugated anti-mouse IgG were from Cell Signaling Technol-
ogy (Beverly, MA, USA). HRP-conjugated goat anti-rabbit IgG
was bought from Vazyme (Nanjing, China). All other chemi-
cals and reagents were from Sigma-Aldrich Corp., unless other-
wise stated.

Oocyte collection and culture

All the operations with mice were conducted followed the
guidelines of Animal Research Institute Committee of Nanjing
Agricultural University. Germinal vesicle-intact oocytes were
obtained from ovaries of 3- to 5-week old ICR mice, cultured
with M16 medium (Sigma Chemical Co., St. Louis, MO) under
the paraffin oil and placed at 37�C with an atmosphere of 5%
CO2. The oocytes cultured to different time points were used
for immunostaining, microinjection and western blot.

Daam1 morpholino microinjection

Morpholino (MO) for mouse Daam1 (50-TGA TAT TTC TAT
ACT CTA CTG GCC C-30) was purchased from Gene Tools
Corp. and diluted with reagent grade water (Sigma) to give a
stock concentration of 2 mM. Each GV oocyte was microin-
jected with 5–10 pl MO solution by Eppendorf FemtoJet
(Eppendorf AG, Hamburg, Germany) under an inverted micro-
scope (Olympus IX53, Japan). After injection, oocytes were cul-
tured with M16 medium containing 2.5 mM milrinone for 20–
24 h, then washed 5 times (2 min each wash) and cultured in
milrinone-free M16 medium under paraffin oil at 37�C in an
atmosphere of 5% CO2 in air. For the control group, oocytes
were microinjected with 5–10 pl water.

Confocal microscopy

For double staining of Daam1 and actin, oocytes were fixed in
4% paraformaldehyde (in PBS) for 30 min and permeabilized
with 0.5% Triton X-100 in PBS for 20min, then blocked in
blocking buffer (1% BSA-supplemented PBS) for 1 h at room
temperature. For Daam1 staining, oocytes were incubated with
goat polyclonal anti-Daam1 antibody (1:100) overnight at 4�C.
After washing for 3 times (2 min each time) with wash buffer
(0.1% Tween 20 and 0.01% Triton X-100 in PBS), oocytes were
incubated with FITC-anti-rabbit IgG (1:100) for 1 h at room
temperature. For co-staining with actin, oocytes were incubated
with Phalloidin-TRITC (5 mg/ml in PBS) at room temperature
for 1 h. After washing oocytes were co-staining with Hoechst
33342 for 10 min at room temperature, and then mounted on

glass slides. A confocal laser-scanning microscope (Zeiss LSM
700 META, Germany) were adopted to examine the oocytes, at
least 30 oocytes were tested for each group.

Western blot analysis

The oocytes for western blot were first lysed in 10 ml Laemmli
sample buffer (SDS sample buffer and 2-Mercaptoethanol),
then heated at 100�C for 10 min and frozen at -20�C. Proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) at 180 v for 90 min, and electro-
phoretically transferred to polyvinylidene fluoride membranes
(Millipore, Billerica, MA, USA) at 20 V for 60 min. After trans-
ferring, we used TBST (TBS containing 0.1% Tween 20) con-
taining 5% non-fat milk to block the membranes at room
temperature for 1 h, then mouse monoclonal anti-Daam1
(1:1000), a rabbit monoclonal anti-fascin (1:10000) or a rabbit
monoclonal anti-a-tubulin antibody (1:2000) were used to
incubate the corresponding membrane overnight at 4�C. After
washing in TBST for 3 times (10 min each time), the mem-
branes were incubated with HRP-conjugated anti-mouse IgG
(1:1000) and HRP-conjugated goat anti-rabbit IgG (1:5000) for
1 h at room temperature. The membranes were tested by
chemiluminescence reagent (Millipore, Billerica, MA). Differ-
ent samples were used to repeat experiment for at least 3 times.

Statistical analysis

For fluorescence intensity analysis, the control and treated
oocytes were mounted on the same glass slide and used the same
parameters to normalize across the replicates. Using Image J, the
average fluorescence intensity per unit area within the region of
interest (ROI) of immunofluorescence images was determined.
The independent measures which used sized ROIs were used for
the cell cortex. We omitted the abnormal oocytes with strong or
weak fluorescence intensity. Average intensities of control and
treated oocytes were made after testing all of the measurements.

For western blot results, the band intensity was measured by
Image J and control band intensity was set to 1. Three replicates
were used for the analysis.

Each analysis used at least 3 replicates and each replicate was
finished by an independent experiment. Results were endowed
as means § SEM. Statistical evaluation of the data was per-
formed with a 2-tailed Student’s t test in prism. A p-value
of < 0.05 was considered significant.
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