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Abstract
Background: Ral family is a member of Ras-like GTPase superfamily, which includes RalA and RalB. RalA/B play
important roles in many cell biological functions, including cytoskeleton dynamics, cell division, membrane transport,
gene expression and signal transduction. However, whether RalA/B involve into the mammalian oocyte meiosis is still
unclear. This study aimed to explore the roles of RalA/B during mouse oocyte maturation.
Results: Our results showed that RalA/B expressed at all stages of oocyte maturation, and they were enriched at the
spindle periphery area after meiosis resumption. The injection of RalA/B siRNAs into the oocytes significantly dis‑
turbed the polar body extrusion, indicating the essential roles of RalA/B for oocyte maturation. We observed that in
the RalA/B knockdown oocytes the actin filament fluorescence intensity was significantly increased at the both cortex
and cytoplasm, and the chromosomes were failed to locate near the cortex, indicating that RalA/B regulate actin
dynamics for spindle migration in mouse oocytes. Moreover, we also found that the Golgi apparatus distribution at
the spindle periphery was disturbed after RalA/B depletion.
Conclusions: In summary, our results indicated that RalA/B affect actin dynamics for chromosome positioning and
Golgi apparatus distribution in mouse oocytes.
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Background
The quality of oocyte maturation is one of the important
factors that determine the following embryonic development. In mammals, the oocytes undergo two consecutive cell divisions during the maturation process [37].
First, the oocytes are arrested at the germinal vesicle
(GV) stage in ovarian follicles that the nucleus is in the
center of the oocyte at this point. After germinal vesicle
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breakdown (GVBD), the meiosis resumes and the meiotic
spindle is anchored at or near the center of the cytoplasm
during the development of oocyte to the metaphase
I (MI) of the first meiosis. When the chromosomes are
neatly arranged on the equatorial plate, the meiotic spindle starts to migrate along the long axis to the nearest
cell cortex. After producing a haploid oocyte and a small
polar body, the oocytes are arrested at metaphase II (MII)
until fertilization [2]. Oocyte asymmetric division is a
delicate and complex cellular process, which requires the
cytoskeleton, chromosomes and various protein molecules in the oocyte to work in an orderly manner together
to ensure precise regulation of the normal progress [33].
Actin filaments play critical roles in nucleus positioning, spindle migration and anchoring, long-range vesicle
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transport, chromosome separation and polar body extrusion during oocyte meiosis [1, 31, 34, 40]. Actin nucleators are the main regulators for the actin dynamics in
mammalian oocytes. For example, Arp2/3 complex is
reported to involve into actin-mediated spindle migration to the oocyte cortex [38]; while Formin 2 deficiency
caused the central-arrested chromosomes in mouse
oocytes [19]. Other formin subfamilies such as mDia1,
Formin like 1 (FMNL1), FMNL3 and FHOD1 are also
shown to affect actin assembly or distribution for spindle migration in mouse oocytes [28, 29, 47]. Besides actin
nucleators, small GTPases recently are shown to be the
upstream molecules for the actin nucleators. Rho GTPase
RhoA-mediated ROCK-LIMK pathway and Arf GTPase
Arf6 are shown to affect Arp2/3 complex or cofilin for
actin assembly/disassembly in mammalian oocytes [6–8].
The Golgi apparatus plays an important role in many
intracellular trafficking events, mainly including the protein modification and delivery [23]. In mouse oocytes,
the Golgi apparatus go through the fragmentation after
GVBD and is further fragmented and distributed around
the spindle until the MII stage [26]. GM130 is a cis-Golgi
protein, which can regulate microtubule and cooperate
with the MAPK pathway for spindle organization, migration and asymmetric division in mouse oocyte maturation [45]. The loss of the trans-Golgi protein TGN38
would lead to an increase in metaphase I arrest, accompanied by the failure of the spindle checkpoint activation and actin cap formation, which ultimately leads to a
decrease in the discharge rate of the first polar body [5].
Ral (Ras-like) family are the members of the Ras branch
of the Ras superfamily of small GTPases [24]. Ral family is a kind of low molecular weight protein, which has
the cycle between inactive GDP-bound and active GTPbound states [12]. Ral has high homology with other Ras
proteins, and play an important role in regulating many
cell biological functions, including membrane transport,
signal transduction, cell division and cytoskeletal dynamics [24, 44]. The Ral family consists of RalA and RalB,
that are composed of 206 amino acids with nearly 85%
of the amino acid sequence is same [3, 4]. The major differences between RalA and RalB is the C-terminal region
(hypervariable region), 180 residues in RalA (181 residues in RalB) and four C-terminal residues of the membrane-bound domain [10]. The functions of Ral protein
on the regulation of actin filaments have been reported
in a variety of models. In X. laevis embryos, the interaction between active Ral and its downstream effector
RalBP1 involves in endocytosis and regulates the dynamics of the actin cytoskeleton, and active Ral determines
the localization and expression level of RalBP1 on the
actin cytoskeleton. In HeLa cells, RalBP1 also relates to
the mitotic spindle and the centrosome, a localization
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that could be negatively regulated by active Ral [11]. In
enterocytes, the interaction of Ral-exocyst is also related
to the membrane nanotube formation, which is a new
type of cell–cell communication that based on the formation of actin thin-membranous nanotubes between
adjacent cells [15]. RalA has been reported to be a signal transduction intermediate product that regulates
the actin cytoskeleton. GTP-RalA could elicit actin-rich
filopods on the surface of Swiss 3T3 cells and recruits filamin into the filopodial cytoskeleton [27]. In Drosophila
oogenesis, the expression of dominant negative RalA disrupted the migration and assembly of border cell and led
to defects in oocyte polarization [14, 21]. However, the
function of RalA/B in meiosis of mammalian oocytes
have not been studied.
In this study, we adopted the knock down approach
and explored the role of RalA/B in the process of mouse
oocyte maturation by injection RalA/B siRNAs. Our
results showed that the perturbation of RalA/B affected
chromosome positioning and Golgi apparatus distribution by regulating actin dynamics, which further led to
the failure of polar body extrusion during mouse oocyte
meiosis.

Results
Expression and subcellular localization of RalA/B
during mouse oocyte meiosis

In order to explore the role of RalA/B in the meiosis
process of mouse oocytes, we first detected the expression and localization of RalA/B at all stages of oocytes
by Western blotting and immunofluorescence staining.
We cultured oocytes for 0, 4, 9, and 12 h, corresponding
to vesicles (GV), germinal vesicle breakdown (GVBD),
metaphase I (MI) and metaphase II (MII) during meiosis,
respectively. As shown in Fig. 1A, RalA/B were expressed
at all stages of oocyte maturation. Moreover, the results
of densitometry analysis showed that the expression
of RalA/B gradually decreased during the meiosis I of
mouse oocytes (Fig. 1B). Next, the oocytes were stained
with RalA/B antibody to detect their localization. As
shown in Fig. 1C, in GV stage, RalA/B were enriched
inside the germinal vesicle. After GVBD, RalA/B were
mainly located around the chromosomes. When oocytes
were in the MI and MII stages, RalA/B were mainly distributed around the spindle. The expression and localization of RalA/B in oocyte indicate that RalA/B play
important roles during meiotic maturation.
Knockdown of RalA/B affects mouse oocyte polar body
extrusion

To investigate the potential functions of RalA/B in the
process of oocyte meiosis maturation, we employed
microinjection of siRNAs to knockdown the expression
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Fig. 1 Subcellular localization of RalA/B during mouse oocyte meiosis. A Results of the expression of RalA/B protein in different stages by Western
blotting. B The band intensity analysis for the RalA/B. RalA/B were all expressed at GV, GVBD, MI and MII stages. C Subcellular RalA/B localization
during mouse oocyte meiosis based on staining with an anti-RalA/B antibody. In GV stage, RalA/B were enriched inside the germinal vesicle. After
GVBD, RalA/B were mainly around the chromosomes. When oocytes were in the MI and MII stages, RalA/B were mainly distributed around the
spindle. Red, RalA/B. Bar = 20 µm. *P < 0.05, **P < 0.01
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of RalA/B protein and used real-time quantitative PCR
to detect the knockdown efficiency. As shown in Fig. 2A,
after injection of RalA/B siRNAs, the relative expression levels of RalA and RalB mRNA in RalA/B-KD group
oocytes were significantly reduced compared with the
control group (RalA: control group, 100.00%, n = 120;
RalA/B-KD group, 34.08 ± 1.68%, n = 120, P < 0.001.
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RalB: control group, 100.00% 0, n = 120; RalA/B-KD
group, 22.28 ± 3.14%, n = 120, P < 0.01). Using western
blotting, it was found that the expression of RalA/B protein in the RalA/B-KD group was significantly decreased,
and the results of densitometry analysis were also consistent with this (control group, 1.00 ± 0.00, n = 380;
RalA/B-KD group, 0.52 ± 0.06, n = 380, P < 0.05) (Fig. 2B).

Fig. 2 Knockdown of RalA/B affects mouse oocyte maturation. A Real-time quantitative PCR result of RalA and RalB mRNAs expression level
in RalA/B-KD group and control group. The relative mRNAs expression of RalA and RalB were significantly decreased in RalA/B-KD group.
*P < 0.05.**P < 0.01, ***P < 0.001. B Western blot result of the protein expression of RalA/B after RalA/B siRNAs injection. The band intensity analysis
for the RalA/B after RalA/B siRNAs injection. Compared with the control group, the protein expression of RalA/B was significantly decreased in
RalA/B-KD group. *P < 0.05. C The typical picture for the oocytes polar body extrusion after RalA/B siRNAs injection. Bar = 80 µm. D The rate of polar
body extrusion after RalA/B siRNAs injection. The rate of polar body extrusion was significantly reduced after RalA/B siRNAs injection. *P < 0.05
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We then cultured the oocytes for 12 h after RalA/B
knockdown to examine the oocyte polar body extrusion,
and we observed that oocyte maturation was disturbed:
most oocytes extruded the first polar body in the control
group while a big proportion of oocytes failed to develop
to MII stage in the RalA/B-KD group (Fig. 2C). The rate
of polar body extrusion of the two groups were analyzed
respectively, and we found that compared with the control group, the rate of polar body extrusion in RalA/BKD group was significantly reduced (control group,
64.92 ± 1.17%, n = 162; RalA/B-KD group, 50.33 ± 0.48%,
n = 205, P < 0.01) (Fig. 2D). Therefore, the results indicate that the knockdown of RalA/B lead to the failure of
oocyte maturation.
Knockdown of RalA/B increases the actin density in mouse
oocytes

Since the localization of RalA/B is similar with the actin
filaments in the oocyte cytoplasm (Fig. 3A), we next
examined the effects of RalA/B on the distribution and
assembly of actin. We employed F-actin staining with
phalloidin to observe the distribution of actin both in
the membrane and cytoplasm of MI mouse oocytes.
As shown in Fig. 3B, after RalA/B siRNAs injection, the
accumulation of actin fluorescence signal at the cortex was significantly increased compared with that of
the control group. The result of fluorescence intensity
analysis was also consistent with this (control group,
1.00 ± 0.00, n = 66; RalA/B-KD group, 1.88 ± 0.20, n = 68,
P < 0.05) (Fig. 3C). In addition, our study also showed that
the fluorescence intensity of cytoplasmic actin was also
significantly increased after RalA/B siRNAs injection
(Fig. 3D). Fluorescence intensity analysis also confirmed
this (control group, 1.00 ± 0.00, n = 66; RalA/B-KD
group, 2.45 ± 0.24, n = 68, P < 0.05) (Fig. 3E). These results
indicate that knock down of RalA/B in mouse oocytes
disturbs the actin dynamics.
Knockdown of RalA/B disrupts chromosome positioning
in mouse oocytes

Since the chromosomal positioning to the cortex at the
late MI stage of mammalian oocytes is mediated by
F-actin, we further explored the distance of chromosomes to the cortex in oocytes of the control group and
RalA/B-KD group after RalA/B knockdown. As shown in
Fig. 4A, we found that after injection of RalA/B siRNAs
and cultured for 10 h, the chromosomes of most oocytes
in the control group migrated to the cortex, while in the
RalA/B-KD group, the chromosomes showed centralarrested position (Fig. 4A). In addition, we also measured
the distance ratio between the central axis of the chromosomes and the cortex in oocytes (Fig. 4B). As shown
in Fig. 4C, the average distance ratio in the RalA/B-KD
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group increased significantly compared with the control
group (control group, 1.00 ± 0.00, n = 43; RalA/B-KD
group, 0.77 ± 0.05, n = 46, P < 0.05) (Fig. 4C). Our results
suggest that RalA/B play an important role in the positioning of chromosomes in oocytes.
Knockdown of RalA/B disturbs Golgi apparatus
distribution in mouse oocytes

Previous studies indicated that RalA/B were related with
Golgi apparatus, we then examined the distribution of
Golgi apparatus by staining GM130. As shown in Fig. 5A,
in the control group, the Golgi apparatus were located
at the spindle periphery in the oocytes, while the signal
of GM130 was significantly decreased in the RalA/B-KD
group compared with the control oocytes. The statistical
analysis data showed that the abnormal rate of GM130
localization was significantly higher than the control
group (30.27 ± 3.47%, n = 40 vs 67.57 ± 8.2%, n = 40;
P < 0.01) (Fig. 5B), and the fluorescence intensity analysis
data also confirmed this (1, n = 30 vs 0.48 ± 0.07, n = 30;
P < 0.01) (Fig. 5C). We also examined the GM130 protein expression, and the results showed that after RalA/B
depletion, the expression of GM130 was significantly
decreased compared with the control group (Fig. 5D).
These data indicate that RalA/B are essential for the
Golgi apparatus distribution in the oocytes.

Discussion
Our current study was designed to explore the functions
of RalA/B in the meiosis of mouse oocytes. The results
indicated that knockdown of RalA/B affected the position of chromosomes and Golgi apparatus by disrupting
the distribution and assembly of actin, and ultimately
lead to the failure of oocyte maturation.
RalA and RalB, as two homologous isomers of Ral
family, which are found only in animal cells and are
important regulators of biological processes such as cell
migration, cytoskeleton dynamics, cell proliferation,
apoptosis, and carcinogenesis [9]. In mouse embryonic
fibroblasts, RalA and RalB both showed plasma membrane and endosome localization [13]. And in CFPAC-I
cells, endogenous RalB was found to be strongly localized
to the leading edge, which a specific area on the plasma
membrane. Compared with RalB, the endogenous RalA
localization was shown to be cytoplasmic pattern, instead
of the leading edge localization [41]. Studies have also
reported that endogenous RalA was found abundantly
at the plasma membrane as well as throughout the cytoplasm and at internal membranes in HEK-TtH cells that
stably expressed either empty vector or kinase-inactive
Aurora-AK162R [22]. Our data showed that RalA/B were
expressed in all developmental stages of mouse oocyte
meiosis, and were mainly distributed around the spindle
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Fig. 3 Knockdown of RalA/B increases the actin density in mouse oocytes. A The typical picture of RalA/B and actin localization. RalA/B showed
similar localization pattern with actin in the MI stage oocytes. DIC, differential interference contrast. Red, actin; Green, RalA/B; Bar = 20 μm. B The
typical picture for the intensity of actin at cortex after RalA/B siRNAs injection. Red, actin. Blue, DNA. Bar = 20 µm. C The fluorescence intensity
of actin at the cortex after RalA/B siRNAs injection. Compared with the control group, the relative fluorescence intensity of actin at cortex was
significantly increased in RalA/B-KD group. *P < 0.05. D The typical picture for the intensity of actin in the cytoplasm after RalA/B siRNAs injection.
Red, actin. Blue, DNA. Bar = 5 µm. E The fluorescence intensity of actin in the cytoplasm after RalA/B siRNAs injection. Compared with the control
group, the relative fluorescence intensity of actin in the cytoplasm was significantly increased in RalA/B-KD group. *P < 0.05

after GVBD, which were similar to the localization of
actin filaments in the cytoplasm of mouse oocytes, indicating that RalA/B have a potential relationship with
actin filaments.

To explore the potential role of RalA/B in the process of
meiosis in mouse oocytes, we microinjected RalA/B siRNAs to knock down the expression of RalA/B in oocytes.
After the knockdown of RalA/B, we found that perturbation of RalA/B affected the first polar body extrusion of
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Fig. 4 Knockdown of RalA/B disrupts chromosomes positioning during mouse oocytes meiosis. A The typical picture for the chromosomes
position after RalA/B siRNAs injection. Green, actin. Blue, DNA. Bar = 20 µm. B The typical picture for the distance ratio between the central axis of
the chromosomes and the cortex in oocytes after RalA/B siRNAs injection. We defined the diameter of oocyte as D and the length of the central
axis of the chromosomes to oocyte cortex as L. Green, actin. Blue, DNA. Bar = 20 µm. C The average distance ratio after RalA/B siRNAs injection.
Compared with the control group, the average distance ratio was significantly increased in RalA/B-KD group. Green, actin. Blue, DNA. Bar = 20 µm.
*P < 0.05
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Fig. 5 Knockdown of RalA/B disturbs Golgi apparatus distribution in mouse oocytes. A The typical picture for the Golgi apparatus distribution at
MI stage of oocytes after RalA/B siRNAs injection. Green, GM130; blue, DNA. Bar = 20 µm. B The rate of abnormal GM130 localization after RalA/B
siRNAs injection. **P < 0.01. C The relative fluorescence intensity of GM130 after RalA/B siRNAs injection. **P < 0.01. D The western blot results for the
expression of RalA/B, GM130, Profilin after RalA/B siRNAs injection. *P < 0.05

oocytes. Studies have shown that in PC12 cells, knockdown of Ral GTPase activating protein β (RalGAPβ)
could down-regulate the activity of RalA and RalB [35],
and the metaphase-to-anaphase transition would be
delayed when RalGAPβ is deficient in HeLa cells [32]. It
has also been reported that in the process of cell death
induced by cisplatin, cytoprotective effect of RalA overexpression is consistently observed. Overexpression of
RalA also could induce a statistically significant difference
in the cell cycle. When detecting the effect of small G

protein on cycloheximide (CHX) cytotoxicity, it is found
that knock down of RalA enhances CHX cytotoxicity of
COS7 cells [17]. In addition, depletion of RalB inhibits
cell cycle progression in a p53 and p21-dependent manner by reducing the proportion of S phase in A549 cells
[39]. Overall, our results indicated that RalA/B deficiency
delayed the meiosis and disturbed oocyte maturation.
For further confirm the role of RalA/B in the maturation of oocytes, based on the fact that the location
of RalA/B are similar to the actin in the cytoplasm,
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we detected the distribution and assembly of actin in
oocytes after RalA/B knockdown. Our results showed
that the density of actin both in the cytoplasm and
at the cortex were increased. Ral GTPases act downstream of the Ras protein and play a key role in the
coordination between membrane trafficking and actin
polymerization [43]. The study on RalB during the
oogenesis and early development of Xenopus showed
that the embryonic cortex and nuclear actin network
were destroyed after the injection of mutant RalB
RNAs, which led to the abnormal movement of pigment granules in the embryo [25]. Ras/RalGDS/Ral
pathway was activated during Xenopus morphogenesis,
which participated in controlling the dynamic equilibrium between F-actin and G-actin, and directly acts on
F-actin. Furthermore, overexpression of activated RalB
would lead to cortical F-actin disassembly [20].
In mammalian oocytes, actin directly involves in
asymmetric spindle positioning and cortical polarization. It is also the main driving force of the spindle movement to ensure the asymmetric division of
oocyte [42]. Furthermore, the polarized movement
of the chromosomes also depends on microfilamentmediated process during the maturation of mouse
oocytes [36]. We then detected the position of the
chromosomes and found that most of meiotic chromosomes were arrested in the center of oocytes, indicating that the failure of spindle migration. Besides Ral
GTPases, other GTPases such as Rab35, a member of
Rab GTPases, has also been reported that has multiple
roles in the stability of the spindle and actin-mediated
spindle migration during mouse oocyte meiosis [46].
The spindle in mouse oocytes was failed to migrate
without Rab11a-positive vesicles, and the spindle and
chromosomes were arrested at the cytoplasmic center.
Meanwhile, although the density of actin network
was increased, the actin network is static [16]. This is
similar with the finding in our study, the increase of
actin fluorescence intensity caused by the depletion of
RalA/B in oocytes may be just an increase in actin network density, but the actin dynamic is disturbed. The
distribution and functions of the Golgi/centriole complex are depended on a multitude of factors, including
the actin filament cytoskeleton [18]. In mouse oocytes,
it is shown that Rab8 mediated ROCK activity for actin
assembly is essential for Golgi apparatus distribution
[30]. While in present study we showed that deficiency
of RalA/B also caused the aberrant distribution of
Golgi apparatus, indicating that besides Rab subfamily, RalA/B are also another regulator for actin-based
Golgi distribution in oocytes.
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Conclusions
In summary, our results show that RalA/B depletion
affects the chromosomes positioning and Golgi apparatus distribution by regulating actin dynamics during
meiotic maturation of mouse oocytes.
Materials and methods
Ethics statement

Our study was approved by the Animal Research Committee guidelines of Nanjing Agriculture University,
China. All operations related to mice were performed
under the guidelines of the committee. The female
4-week-old ICR mice used in our study were fed with a
regular diet and kept in a room with a constant temperature of 22 °C and an appropriate 12-h light–dark cycle.
The mice were euthanized by cervical dislocation.
Oocyte harvest and culture

The ovaries were removed from the abdomen of female
ICR mice and transferred to fresh M16 medium. Only
the germinal vesicle intact oocytes were collected and
put in M16 covered with liquid paraffin oil, and cultured in an atmosphere at 37 °C containing 5% C
 O2 to
the appropriate stages for subsequent study.
Antibodies and chemicals

Rabbit
anti-RalA/B
polyclonal
antibody
(bs6170R-A350) was purchased from Bioss (Beijing,
China), mouse anti-RalA/B monoclonal antibody (sc374582) was purchased from Santa Cruz (Santa Cruz,
CA), Phalloidin-TRITC and Hoechst 33342 were purchased from Sigma-Aldrich Corp. (St. Louis, MO). All
other chemicals and reagents were from Sigma-Aldrich
Corp. unless otherwise stated.
Microinjection of RalA/B siRNAs

To knock down the expression of endogenous RalA/B
mRNA in mouse oocytes, we diluted RalA (5′-GGA
CUA UGA ACC UAC CAA ATT-3′) and RalB (5′-CCC
UGA CGC UUC AGU UCA UTT-3′) siRNA respectively with DEPC water to 50 μM and mixed them (1:1).
Eppendorf FemtoJet (Eppendorf AG) with an inverted
microscope (Olympus IX53, Japan) was used to microinject 5–10 pl RalA/B siRNAs into GV oocytes. The
oocytes were moved into M16 medium containing milrinone and cultured for 20–24 h, and then washed six
times with M2 medium for 3 min each. After washing,
we transfered the oocytes into fresh M16 medium for
culture. In the negative control group, siRNA 5′-UUC
UCC GAA CGU GUC ACG UTT-3′ was injected into
the oocytes.
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Western blotting

We lysed at least 120 oocytes from the control group
and RalA/B-KD group with 10 μl of ice-cold Laemmli
sample buffer (SDS sample buffer containing 2-mercaptoethanol). Then we heated the buffer at 100 °C for
10 min and stored at − 20 °C. The protein extracts were
separated by 12% sodium lauryl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and transferred
to a polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA) by electroblotting. Nonspecific
binding sites were blocked with TBST (Tris buffered
saline tween-20) containing 5% skimmed milk powder
or BSA for 1 h at room temperature. The membranes
were then incubated with mouse anti-RalA/B monoclonal antibody (1:500) in blocking solution overnight at
4 °C. After washing in TBST three times (10 min each
time), the membranes were incubated with Horse Radish Peroxidase (HRP)-conjugated secondary antibody
(1:1000) for 1 h at room temperature. Finally, the signal
detection of the bands was performed using a high-sig
ECL Western blotting System (Tanon, China). The band
intensity values were analyzed by Image J software.
Real‑time quantitative PCR

The knockdown efficiency of RalA/B mRNAs was analyzed by using real-time quantitative PCR. In the control
and RalA/B-KD group, 40 oocytes were taken and the
total RNA was extracted with Dynabears mRNA Direct
Kit (Invitrogen Dynal AS, Norway), then the first-strand
cDNA was synthesized with PrimeScript RT Master Mix
(Takara, Japan). The cDNA fragments were amplified
using Rala and Ralb primers (Rala: Forward, ATG TAC
GAC GAG TTT GTA GAG GA; Reverse, CCC GCT
GTA TCT AAG ATG TCG A. Ralb: Forward, GCT CCC
TGG TAC TTC ACA AGG; Reverse, CAG GAT GTC
TAT CTG GAC CTC TT). The relative expression of the
gene was determined by the 2−ΔΔCt method.
Immunofluorescent staining and confocal microscopy

The oocytes in the control and RalA/B-KD groups were
fixed for 30 min with 4% paraformaldehyde at room temperature. After permeating in 0.1% Triton X-100 (in PBS,
v/v) for 20 min at room temperature, we transfered the
oocytes into blocking buffer (1% bovine serum albumin
supplemented with PBS) for 1 h at room temperature
or overnight at 4 °C. For RalA/B staining, oocytes were
incubated with Rabbit anti-RalA/B polyclonal antibody
(bs-6170R-A350, 1:100) overnight at 4 °C, and then
washed with washing buffer (0.1% Tween 20–10 and
0.01% Triton X-100) three times, 3 min each time. To visualize actin filaments, oocytes were incubated with Phalloidin-TRITC (5 μg/ml PBS) for 1 h at room temperature.
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After washing three times in the same way, we incubated
the oocytes with Hoechst 33342 at room temperature for
15 min. Finally, the oocytes were mounted on glass slides
and observed under a confocal laser scanning microscope (Zeiss LSM 800 META; Germany).
Statistical analysis

At least three biological replicates were used for each
experimental analysis, and each replicate was completed
by an independent experiment at the different time. The
data was analyzed using GraphPad Prism 5 software
(GraphPad, San Diego, California), Shapiro–Wilk normality test was used to detect whether the data obeyed
a normal distribution and comparative statistics were
performed by independent sample T test. Expressed
as means ± SEM. When the P < 0.05, was considered
significant.
Acknowledgements
Not applicable.
Authors’ contributions
MHS, SCS designed the experiments; MHS, LLH performed the majority
of experiments; CYZ, XL, YPR, JLW, XSC contributed to the materials; MHS,
XSC, SCS analyzed the data and wrote the manuscript. All authors approved
the submission of the manuscript. All authors read and approved the final
manuscript.
Funding
This work was supported by 2020 scientific research and technological devel‑
opment foundation of Baise in China; the National Natural Science Founda‑
tion of China (31860329); and a research funding from Chungbuk National
University (2019) for XSC, Republic of Korea.
Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
The authors agree with publishing this manuscript.
Competing interests
There are no potential conflicts of interests for all authors to declare.
Author details
1
Department of Animal Sciences, Chungbuk National University,
Cheongju 28644, South Korea. 2 The Affiliated Hospital of Youjiang Medical
University for Nationalities, Baise 533000, China. 3 College of Animal Science
and Technology, Nanjing Agricultural University, Nanjing, China. 4 College
of Basic Medical Sciences, Zunyi Medical University, Zunyi, China.
Received: 22 March 2021 Accepted: 2 June 2021

References
1. Almonacid M, AlJord A, El-Hayek S, Othmani A, Coulpier F, Lemoine S,
Miyamoto K, Grosse R, Klein C, Piolot T, Mailly P, Voituriez A, Genovesio

Sun et al. Cell Div

2.
3.
4.
5.

6.
7.

8.

9.
10.

11.

12.
13.

14.
15.

16.
17.

18.

19.
20.
21.
22.
23.

(2021) 16:3

A, Verlhac MH. Active fluctuations of the nuclear envelope shape the
transcriptional dynamics in oocytes. Dev Cell. 2019;51:145-57 e10.
Brunet S, Verlhac MH. Positioning to get out of meiosis: the asymmetry
of division. Hum Reprod Update. 2011;17:68–75.
Chardin P, Tavitian A. The ral gene: a new ras related gene isolated by
the use of a synthetic probe. EMBO J. 1986;5:2203–8.
Chardin P, Tavitian A. Coding sequences of human ralA and ralB cDNAs.
Nucleic Acids Res. 1989;17:4380.
Chen L, Ge ZJ, Wang ZB, Sun T, Ouyang YC, Sun QY, Sun YP. TGN38 is
required for the metaphase I/anaphase I transition and asymmetric
cell division during mouse oocyte meiotic maturation. Cell Cycle.
2014;13:2723–32.
Duan X, Liu J, Dai XX, Liu HL, Cui XS, Kim NH, Wang ZB, Wang Q, Sun SC.
Rho-GTPase effector ROCK phosphorylates cofilin in actin-meditated
cytokinesis during mouse oocyte meiosis. Biol Reprod. 2014;90:37.
Duan X, Zhang HL, Pan MH, Zhang Y, Sun SC. Vesicular transport
protein Arf6 modulates cytoskeleton dynamics for polar body extru‑
sion in mouse oocyte meiosis. Biochim Biophys Acta Mol Cell Res.
2018;1865:455–62.
Duan X, Zhang Y, Chen KL, Zhang HL, Wu LL, Liu HL, Wang ZB, Sun
SC. The small GTPase RhoA regulates the LIMK1/2-cofilin pathway
to modulate cytoskeletal dynamics in oocyte meiosis. J Cell Physiol.
2018;233:6088–97.
Feig LA. Ral-GTPases: approaching their 15 minutes of fame. Trends Cell
Biol. 2003;13:419–25.
Fenwick RB, Prasannan S, Campbell LJ, Nietlispach D, Evetts KA,
Camonis J, Mott HR, Owen D. Solution structure and dynamics of the
small GTPase RalB in its active conformation: significance for effector
protein binding. Biochemistry. 2009;48:2192–06.
Fillatre J, Delacour D, Van Hove L, Bagarre T, Houssin N, Soulika M, Veitia
RA, Moreau J. Dynamics of the subcellular localization of RalBP1/RLIP
through the cell cycle: the role of targeting signals and of proteinprotein interactions. FASEB J. 2012;26:2164–74.
Gentry LR, Martin TD, Reiner DJ, Der CJ. Ral small GTPase signaling and
oncogenesis: more than just 15minutes of fame. Biochim Biophys Acta.
2014;1843:2976–88.
Gentry LR, Nishimura A, Cox AD, Martin TD, Tsygankov D, Nishida M,
Elston TC, Der CJ. Divergent roles of CAAX motif-signaled posttransla‑
tional modifications in the regulation and subcellular localization of Ral
GTPases. J Biol Chem. 2015;290:22851–61.
Ghiglione C, Devergne O, Cerezo D, Noselli S. Drosophila RalA is essen‑
tial for the maintenance of Jak/Stat signalling in ovarian follicles. EMBO
Rep. 2008;9:676–82.
Hase K, Kimura S, Takatsu H, Ohmae M, Kawano S, Kitamura H, Ito M,
Watarai H, Hazelett CC, Yeaman C, Ohno H. M-Sec promotes membrane
nanotube formation by interacting with Ral and the exocyst complex.
Nat Cell Biol. 2009;11:1427–32.
Holubcova Z, Howard G, Schuh M. Vesicles modulate an actin network
for asymmetric spindle positioning. Nat Cell Biol. 2013;15:937–47.
Jeon H, Zheng LT, Lee S, Lee WH, Park N, Park JY, Heo WD, Lee MS, Suk
K. Comparative analysis of the role of small G proteins in cell migration
and cell death: cytoprotective and promigratory effects of RalA. Exp
Cell Res. 2011;317:2007–18.
Kloc M, Uosef A, Wosik J, Kubiak JZ, Ghobrial RM. RhoA pathway and
actin regulation of the Golgi/centriole complex. In: Kloc M, editor. The
Golgi apparatus and centriole. Results and problems in cell differentia‑
tion, vol. 67. Cham: Springer; 2019. p. 81–93.
Leader B, Lim H, Carabatsos MJ, Harrington A, Ecsedy J, Pellman D,
Maas R, Leder P. Formin-2, polyploidy, hypofertility and positioning of
the meiotic spindle in mouse oocytes. Nat Cell Biol. 2002;4:921–8.
Lebreton S, Boissel L, Moreau J. Control of embryonic Xenopus mor‑
phogenesis by a Ral-GDS/Xral branch of the Ras signalling pathway. J
Cell Sci. 2003;116:4651–62.
Lee T, Feig L, Montell DJ. Two distinct roles for Ras in a developmentally
regulated cell migration. Development. 1996;122:409–18.
Lim KH, Brady DC, Kashatus DF, Ancrile BB, Der CJ, Cox AD, Counter CM.
Aurora-A phosphorylates, activates, and relocalizes the small GTPase
RalA. Mol Cell Biol. 2010;30:508–23.
Mao L, Lou H, Lou Y, Wang N, Jin F. Behaviour of cytoplasmic organelles
and cytoskeleton during oocyte maturation. Reprod Biomed Online.
2014;28:284–99.

Page 11 of 12

24. Moghadam AR, Patrad E, Tafsiri E, Peng W, Fangman B, Pluard TJ,
Accurso A, Salacz M, Shah K, Ricke B, Bi D, Kimura K, Graves L, Najad
MK, Dolatkhah R, Sanaat Z, Yazdi M, Tavakolinia N, Mazani M, Amani M,
Ghavami S, Gartell R, Reilly C, Naima Z, Esfandyari T, Farassati F. Ral sign‑
aling pathway in health and cancer. Cancer Med. 2017;6:2998–3013.
25. Moreau J, Lebreton S, Iouzalen N, Mechali M. Characterization of Xenopus RalB and its involvement in F-actin control during early develop‑
ment. Dev Biol. 1999;209:268–81.
26. Moreno RD, Schatten G, Ramalho-Santos J. Golgi apparatus dynamics
during mouse oocyte in vitro maturation: effect of the membrane traf‑
ficking inhibitor brefeldin A. Biol Reprod. 2002;66:1259–66.
27. Ohta Y, Suzuki N, Nakamura S, Hartwig JH, Stossel TP. The small GTPase
RalA targets filamin to induce filopodia. Proc Natl Acad Sci USA.
1999;96:2122–8.
28. Pan MH, Wan X, Wang HH, Pan ZN, Zhang Y, Sun SC. FMNL3 regulates
FASCIN for actin-mediated spindle migration and cytokinesis in mouse
oocytesdagger. Biol Reprod. 2020;102:1203–12.
29. Pan MH, Wang F, Lu Y, Tang F, Duan X, Zhang Y, Xiong B, Sun SC. FHOD1
regulates cytoplasmic actin-based spindle migration for mouse oocyte
asymmetric cell division. J Cell Physiol. 2018;233:2270–8.
30. Pan ZN, Lu Y, Tang F, Pan MH, Wan X, Lan M, Zhang Y, Sun SC. RAB8A
GTPase regulates spindle migration and Golgi apparatus distribution
via ROCK-mediated actin assembly in mouse oocyte meiosisdagger.
Biol Reprod. 2019;100:711–20.
31. Pan ZN, Pan MH, Sun MH, Li XH, Zhang Y, Sun SC. RAB7 GTPase regu‑
lates actin dynamics for DRP1-mediated mitochondria function and
spindle migration in mouse oocyte meiosis. FASEB J. 2020. https://doi.
org/10.1096/fj.201903013R.
32. Personnic N, Lakisic G, Gouin E, Rousseau A, Gautreau A, Cossart P,
Bierne H. A role for Ral GTPase-activating protein subunit beta in
mitotic regulation. FEBS J. 2014;281:2977–89.
33. Sanders JR, Jones KT. Regulation of the meiotic divisions of mammalian
oocytes and eggs. Biochem Soc Trans. 2018;46:797–806.
34. Schuh M. An actin-dependent mechanism for long-range vesicle
transport. Nat Cell Biol. 2011;13:1431–6.
35. Shirakawa R, Fukai S, Kawato M, Higashi T, Kondo H, Ikeda T, Nakayama
E, Okawa K, Nureki O, Kimura T, Kita T, Horiuchi H. Tuberous sclerosis
tumor suppressor complex-like complexes act as GTPase-activating
proteins for Ral GTPases. J Biol Chem. 2009;284:21580–8.
36. Sun QY, Schatten H. Regulation of dynamic events by microfila‑
ments during oocyte maturation and fertilization. Reproduction.
2006;131:193–205.
37. Sun SC, Kim NH. Molecular mechanisms of asymmetric division in
oocytes. Microsc Microanal. 2013;19:883–97.
38. Sun SC, Wang ZB, Xu YN, Lee SE, Cui XS, Kim NH. Arp2/3 complex regu‑
lates asymmetric division and cytokinesis in mouse oocytes. PLoS ONE.
2011;6:e18392.
39. Tecleab A, Zhang X, Sebti SM. Ral GTPase down-regulation stabilizes
and reactivates p53 to inhibit malignant transformation. J Biol Chem.
2014;289:31296–09.
40. Uraji J, Scheffler K, Schuh M. Functions of actin in mouse oocytes at a
glance. J Cell Sci. 2018. https://doi.org/10.1242/jcs.218099.
41. Vigil D, Martin TD, Williams F, Yeh JJ, Campbell SL, Der CJ. Aberrant
overexpression of the Rgl2 Ral small GTPase-specific guanine nucleo‑
tide exchange factor promotes pancreatic cancer growth through
Ral-dependent and Ral-independent mechanisms. J Biol Chem.
2010;285:34729–40.
42. Yi K, Rubinstein B, Li R. Symmetry breaking and polarity establishment
during mouse oocyte maturation. Philos Trans R Soc Lond B Biol Sci.
2013;368:20130002.
43. Zago G, Biondini M, Camonis J, Parrini MC. A family affair: a Ral-exocystcentered network links Ras Rac, Rho signaling to control cell migration.
Small GTPases. 2019;10:323–30.
44. Zeng J, Feng S, Wu B, Guo W. Polarized exocytosis. Cold Spring Harb
Perspect Biol. 2017. https://doi.org/10.1101/cshperspect.a027870.
45. Zhang CH, Wang ZB, Quan S, Huang X, Tong JS, Ma JY, Guo L, Wei
YC, Ouyang YC, Hou Y, Xing FQ, Sun QY. GM130, a cis-Golgi protein,
regulates meiotic spindle assembly and asymmetric division in mouse
oocyte. Cell Cycle. 2011;10:1861–70.

Sun et al. Cell Div

(2021) 16:3

46. Zhang Y, Wan X, Wang HH, Pan MH, Pan ZN, Sun SC. RAB35 depletion
affects spindle formation and actin-based spindle migration in mouse
oocyte meiosis. Mol Hum Reprod. 2019;25:359–72.
47. Zhang Y, Wang F, Niu YJ, Liu HL, Rui R, Cui XS, Kim NH, Sun SC. Formin
mDia1, a downstream molecule of FMNL1, regulates Profilin1 for actin
assembly and spindle organization during mouse oocyte meiosis.
Biochim Biophys Acta. 2015;1853:317–27.

Page 12 of 12

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

