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RhoA-mediated MLC2 regulates actin dynamics for cytokinesis in meiosis
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ABSTRACT
During oocyte meiosis, the bipolar spindle forms in the central cytoplasm and then migrates to the cortex.
Subsequently, the oocyte extrudes the polar body through two successive asymmetric divisions, which are
regulated primarily by actin filaments. Myosin light chain2 (MLC2) phosphorylation plays pivotal roles in
smooth muscle contraction, stress fiber formation, cell motility and cytokinesis. However, whether MLC2
phosphorylation participates in the oocyte polarization and asymmetric division has not been clarified.
The present study investigated the expression and functions of MLC2 during mouse oocyte meiosis. Our
result showed that p-MLC2 was localized in the oocyte cortex, with a thickened cap above the
chromosomes. Meanwhile, p-MLC2 was also localized in the poles of spindle. Disruption of MLC2 activity
by MLC2 knock down (KD) caused the failure of polar body extrusion. Immunofluorescent staining showed
that a large proportion of oocytes arrested in telophase stage and failed to undergo cytokinesis after
culturing for 12 hours. In the meantime, actin filament staining at oocyte membrane and cytoplasm were
reduced in MLC2 KD oocytes. Finally, we found that the phosphorylation of MLC2 protein levels was
decreased after disruption of RhoA activity. Above all, our data indicated that the RhoA-mediated MLC2
regulates the actin organization for cytokinesis during mouse oocyte maturation.
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Introduction

In mammalian oocyte meiosis, successful haploidization of
maternal genome is achieved through two successive asymmet-
ric divisions, forming a large haploid egg and two much smaller
polar bodies.1 This process involves in several events which are
essential for asymmetric division during oocyte maturation,
including spindle organization and positioning, the establish-
ment of cortical polarity.2 After germinal vesicle breakdown
(GVBD), a meiotic spindle assembles in the central cytoplasm
and then moves to the subcortical area in an actin filament
dependent process; meanwhile, a thickened F-actin cap forms
which is surrounded by a myosin II ring above the metaphase I
(MI) spindle.3 Therefore, oocyte develops to a specialized corti-
cal domain overlying the subcortical positioned meiotic spindle
that is characterized by the actin enrichment, the cortical gran-
ules and microvilli free domain, which play key roles in the
polar body extrusion.3-5

Recent studies have showed that several molecules are
involved in the development and maintenance of oocyte polar-
ity during mouse oocyte meiosis. Disruption of activities of
actin nucleators Arp2/3 and Formin 2 causes aberrant actin
expression and the failure of polar body extrusion.6,7 In addi-
tion, Cdc42, Ran and Rac1 are also involved in the regulation
of cortical polarity during mouse oocyte maturation.8-10

Although various molecules have been proposed to contribute
to cortical polarity during oocyte meiosis, the pathways and

mechanisms that modulate the meiotic apparatus remain to be
determined. It has been known that activated myosin II
enriched at the spindle poles could pull the actin filaments and
generate a force to drive the spindle migration during oocyte
meiosis.11 In addition, Myosin II is activated by phosphoryla-
tion of its regulatory myosin light chain 2 (MLC2) which is cru-
cial for the execution of cell division12. Previous study has
shown that myosin light chain 2 (MLC2) is phosphorylated at
Ser19, which allows myosin 2 to interact with actin, assemble
an actomyosin complex and initiate contraction.13,14

Myosin light chain2 (MLC2) phosphorylation plays pivotal
roles in actin/myosin motor activation to provide essential con-
tractile forces for several cellular processes, such as cell contrac-
tion, cytokinesis, cell migration, and membrane blebbing.15-17

During the mitosis, the active myosin rapidly accumulates at
the equator between two separating sister chromatids, which
indicates that the phosphorylation of MLC2 is important for
cytokinesis.18

It has been reported that four candidate molecules ROCK,
MLCK, citron kinase and myosin phosphatase are involved in
MLC phosphorylation during cytokinesis.19 Rho-kinase
(ROCK) is an effector of the small GTPase RhoA and has
important roles in the formation of actin fibers and actin
dynamics; it is also essential for oocyte polarity establishment
and oocyte meiosis.20,21 In addition, the small GTPase RhoA is
a key regulator of cytoskeletal organization which regulates cell
polarity, migration and division. It also suggests that RhoA
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regulates cytoskeleton dynamics during porcine oocyte matura-
tion.22 However, the potential function of MLC2 phosphoryla-
tion during mouse oocyte meiosis has not been clarified.

In this study, we injected MLC2 morpholino (MO) to exam-
ine the functional roles of MLC2 during mouse oocyte meiosis.
The failure of polar body extrusion and actin assembly defects
indicated that MLC2 participated in oocyte maturation. Our
results also demonstrated that this regulation was dependent
on the activity of RhoA.

Results

Subcellular distribution of p-MLC2 during oocyte meiosis

We first examined the p-MLC2 distribution during mouse
oocyte maturation by immunofluorescent staining. Our result
showed that p-MLC2 was present in the oocyte at different
developmental stages. At GV stage, p-MLC2 was primarily dis-
tributed at the cortex of oocytes. As oocyte enters into meta-
phase, the meiotic spindle formed in the center of oocyte, and
p-MLC2 accumulated in the cortical cap domain overlying the
chromosomes; meanwhile, p-MLC2 also concentrated at the
poles of oocyte spindle. During telophase stage, p-MLC2
formed a myosin ring, which may play a key role in the con-
tractile ring formation. When oocyte entered into metaphase II
(MII) stage, p-MLC2 again concentrated in the oocyte cortical
cap domain and spindle poles (Fig. 1A). Our result also showed
that p-MLC2 was co-localized with actin in the oocyte mem-
brane (Fig. 1B). The dynamic distribution pattern indicated
that p-MLC2 plays essential roles in oocyte meiosis, which
might be related to actin filaments.

MLC2 knockdown (KD) blocks polar body extrusion in
mouse oocytes

To examine the functional roles of MLC2 during oocyte mei-
otic maturation, we employed injection with MLC2 morpho-
lino into GV oocytes. As shown in Figure 2A, p-MLC2
expression was significantly reduced after MLC2 morpholino
injection, which was verified by western blot analysis (1 vs 0.55
§ 0.14, p < 0 .05). Our results showed that after MLC2 knock-
down (KD), oocytes failed to extrude the first polar body. The
rate of polar body extrusion was significantly reduced com-
pared with controls (76.2 § 1.62% vs 52.5 § 2.10%, p < 0 .05),
indicating that MLC2 participated in the oocyte meiotic pro-
cess. We also injected p-MLC2 antibody to confirm this. Simi-
larly, the p-MLC2 antibody injection also decreased the polar
body extrusion compared with controls (77.8 § 2.14% vs 54.7
§ 0.95%, p < 0 .05) (Fig. 2B).

MLC2 KD causes the failure of cytokinesis in oocyte meiosis

We tried to find the cause of polar body extrusion defect, and
we focused on the earlier process: cytokinesis. Cytokinesis
begins at anaphase with the assembly of transient structure
called the contractile ring. Previous study showed that MLC2
phosphorylation controls the assembly of the actomyosin con-
tractile apparatus and its contractility.19 Therefore, MLC2
phosphorylation might be related to the contractile ring

formation during mouse oocyte meiosis. After culturing for
12h, more than half of oocytes in control group extruded the
polar body and arrested at the MII stage. In contrast, some
oocytes in MLC2-KD group arrested at telophase I and failed to
extrude the polar body (Fig. 3). After culturing for 12 hours,
the rate of telophase I-arrested oocytes was significantly higher
than that of controls (4.7 § 2.42% vs18.4 § 0.89%, p < 0 .05),
the MI arrested oocytes was no significantly increased com-
pared with controls (Control: 20.6 § 4.5, MLC2 KD: 28.1 § 3.9,
p>0 .05). In addition, the MII arrested oocytes was significantly
decreased compared with controls (Control: 74.1 § 3.5,
MLC2 KD: 53.0 § 4.7, p < 0 .05). This result indicated that
depletion of MLC2 affects the completion of cytokinesis and
the final polar body extrusion.

MLC2-KD affects actin distribution and oocyte cortical
polarity

To examine the cause of cytokinesis failure, we examined the
actin filament by fluorescent staining in MI oocytes. As shown

Figure 1. (A) Confocal imaging analysis of the p-MLC2 localization during mouse
oocyte meiotic maturation. Oocyte at GV, metaphase I (MI), telophase (ATI) and
metaphase II stages were immunolabeled with p-MLC2 antibody. (B) p-MLC2 was
co-localized with actin in oocyte membrane. Arrows showed that the localization
of p-MLC2 at the spindle poles. Blue: chromatin; Green: p-MLC2; Red: actin. Bar D
20 mm.
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in Figure 4A, the oocyte chromosome migrated to the cortex
and formed actin cap in the later of MI, however, in the MLC2-
KD group, the oocyte could not formed actin cap. After cultur-
ing for 12h, most of oocytes formed small polar bodies and
spindles were located under the region of cortex where the actin
cap had formed. However, in MLC2-KD group, the oocyte
could not formed actin cap.

Next we determined the actin distribution after MLC2
knockdown treatment. The result showed that the actin fila-
ment staining was decreased during oocyte maturation in either

oocyte membrane or cytoplasm (Fig. 4B). Meanwhile, we quan-
titatively analyzed the fluorescence intensity of actin in the con-
trol and knockdown oocytes. As shown in Figure 4C, the actin
fluorescence intensity was significantly reduced compared to
that in control oocyte of membrane after MLC2 knockdown
(1 vs 0.50 § 0.08, p < 0 .05). Similarly, the fluorescence inten-
sity of cytoplasmic actin was also lower than that of control
oocytes after MLC2 knockdown (1 vs 0.49 § 0.09, p < 0 .05).
Therefore, our results indicated that MLC2 is involved in the
actin assembly during mouse oocyte meiosis, which further
affects the polar body extrusion.

MLC2 functions in the RhoA-MLC2 signaling pathway in
mouse oocyte meiosis

To investigate the possible signaling pathway of MLC2 for actin
assembly during mouse oocyte meiosis, we investigated the
expression of p-MLC2 after disruption of RhoA activity. As
shown in Figure 5A, immunofluorescent staining revealed that
the pole localization of p-MLC2 was disrupted and the expres-
sion of p-MLC2 also decreased after RhoA inhibitor (Rhosin)
treatment. Western blot analysis also showed that p-MLC2 pro-
tein expression was significantly reduced after treatment with
RhoA inhibitor. The relative intensity (p-MLC2/a-tubulin) also
significantly reduced compare to that in control group (1 vs
0.28 § 0.08, p < 0 .05) (Fig. 5B). Our result indicated that the
RhoA-MLC2 signaling pathway is involved in the mouse
oocyte meiosis.

Discussion

Asymmetric division is a unique characteristic of meiotic divi-
sion in mammalian oocytes, and eventually produces oocyte

Figure 2. Effect of MLC2 KD on mouse oocyte maturation. Fully grown oocytes microinjected with MLC2-MO were arrested at GV stage with milrinone for 22–24 h to
block mRNA translation, washed in milrinone-free medium, and then cultured for 12 h to examine the rate of polar body extrusion. (A) p-MLC2 expression was signifi-
cantly reduced after MLC2 morpholino injection by protein gel blot. (B) Polar body extrusion failure after MLC2 morpholino injection. The rate of polar body extrusion
was decreased after MLC2 morpholino injection or antibody (Ab) injection. Images were acquired with a camera on a stereomicroscope. Arrows showed that the control
oocytes extruded the polar body while the treated oocytes failed. �, significant difference (p < 0.05).

Figure 3. Effect of MLC2 KD on mouse oocyte cytokinesis. (A) In control group, the
oocytes extruded the first polar body after culturing for 12h, however, in MLC2 KD
oocytes, the oocytes arrested occurred during telophase I. Green: a-tubulin, blue:
DNA. (B) The rate of telophase I oocyte was significantly increased after MLC2 KD.�, significant difference (p < 0.05), Bar D 20 mm.

CELL CYCLE 473



with the high polarity. Our present study investigated the possi-
ble functions and mechanisms of myosin light chain 2 (MLC2)
during mouse oocyte meiotic maturation. The results showed
that disruption of MLC2 activity affected actin assembly and
following polar body extrusion. Furthermore, the regulation of
MLC2 on actin cytoskeleton integrity was dependent on the
RhoA activity during mouse oocyte meiosis.

It is well known that MLC2 phosphorylation involves in
cell polarity and cell cytokinesis in somatic cell, however,
its localization and roles in mouse oocyte has remained
unclear. Our results showed that p-MLC2 accumulated at
the oocyte cortex and the poles of spindle, which was con-
sistent with previous research.23 Previous studies showed
that the actin filament close to spindle poles was pulled to

Figure 4. Effect of MLC2 KD on actin dynamics during mouse oocyte meiosis. (A) At MI and MII stages, actin cap formed in the control group, whereas there was no actin
cap formed in MLC2 KD treatment oocytes. Red, actin; Green, spindle; Blue, chromatin. Bar D 20 mm. (B) Actin expression in oocyte membrane and cytoplasm after
MLC2 KD treatment. (C) Average actin fluorescence intensity in mouse oocyte membrane and cytoplasm. Red: actin; Blue: chromatin. Bar D 20 mm.�, significant difference
(p < 0.05).

Figure 5. Disruption of RhoA activity caused MLC2 protein phosphorylation level decreased during mouse oocyte meiosis. (A) Immunofluorescent staining result showed
that MLC2 phosphorylation level was reduced after disruption of RhoA activity. (B) Western blot result also showed MLC2 phosphorylation level was significantly
decreased after disruption of RhoA activity. Red: p-MLC2; Blue: chromatin. Bar D 20 mm.�, significant difference (p < 0.05).
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spindle poles and accumulated around the spindle poles
during oocyte meiosis. Also, a dynamic meshwork of actin
filaments extended from the spindle poles to the cortex and
myosin pulled on these actin to move the spindle during
oocyte meiosis.11,24 Therefore, the localization pattern of p-
MLC2 in mouse oocyte suggested that MLC2 phosphoryla-
tion was involved in the actin dynamics during oocyte mei-
osis. To confirm our hypothesis, we disrupted the MLC2
activity by morpholino injection, which led to the failure of
oocyte polar body extrusion and the increased rate of
arrested telophase I. These results were somewhat expected,
because disruption of MLC2 phosphorylation caused multi-
polar spindles and cytokinesis failure in cancer cells.25 It
was also reported that expression of unphosphorylated
MLC2 in mammalian cells caused failure of cytokinesis.26

Thus, our result suggested that MLC2 phosphorylation may
positively affect polar body extrusion in mouse oocytes
meiosis.

To determine the possible reason of polar body extrusion
defects after MLC2 depletion, we examined actin filament dis-
tribution, which plays essential roles in oocyte polarity forma-
tion and cytokinesis.27 During mouse oocyte meiotic
maturation, actin was required for the chromosome migra-
tion,9,28 cortical spindle anchorage,29,30 cortex development
and polarity establishment 2,31 and first polar body extru-
sion.6,27 Additionally, some actin nucleation factors such as
Arp2/3 complex,6 Formin2 7,29 and Spire1/2 32 were involved in
the actin organization during mouse oocyte maturation. Previ-
ous work showed that myosin II was activated by phosphoryla-
tion of its regulatory MLC at Ser19/Thr18, and the
phosphorylation at MLC Ser19 was critical for actin assem-
bly.12,33 It was also reported to be involved in several cellular
processes due to its motor on actin/myosin activation, such as
cell contraction, cytokinesis, cell migration, and membrane
blebbing. Thus, we hypothesized that the dynamic changes of
actin might be related to MLC phosphorylation in mouse
oocytes.

Actin filament staining in MLC2 knockdown oocytes was
significantly decreased in oocyte cytoplasm and membrane
compared to that in control oocytes, confirmed by the fluores-
cence intensity analysis. Our results suggested that MLC2 phos-
phorylation participated in polar body extrusion mediated by
its regulation of actin assembly. Recent evidence has docu-
mented that the Rho-induced activation of ROCK promoted
actin stress fiber formation by directly phosphorylating MLC in
some cells.34 Based on this fact, we hypothesized that MLC2
phosphorylation might participate in the actin-mediated oocyte
meiosis in conjunction with RhoA. Our recent work demon-
strated that both RhoA and ROCK participated in oocyte cyto-
kinesis and spindle migration by mediating actin organization
during oocyte meiosis.20,30 The decreased p-MLC2 expression
after RhoA inhibitor treatment confirmed that MLC2 phos-
phorylation regulated actin organization through RhoA-MLC2
signaling pathway during mouse oocyte meiosis.

In conclusion, our results indicated that MLC2 phosphory-
lation regulates actin-based cytokinesis in mouse oocytes, and
this regulation may be mediated via a RhoA-MLC2-actin
pathway.

Materials and methods

Antibodies and chemicals

A rabbit monoclonal anti-p-Myosin Light Chain2 antibody and
anti-a-tubulin were from Cell Signaling Technology (Danvers,
MA); Phalloidin-TRITC and a mouse monoclonal anti-a-tubu-
lin-FITC antibody were from Sigma (St Louis, MO). Alexa
Fluor 488, 594 antibodies were from Invitrogen (Carlsbad, CA).

Oocyte harvest and culture

All procedures with mice were conducted according to the Ani-
mal Research Institute Committee guidelines of Nanjing Agri-
culture University, China. The experimental protocols were
approved by Nanjing Agriculture University Animal Research
Institute Committee. Mice were housed in a temperature con-
trolled room with appropriate dark-light cycles, fed a regular
diet, and maintained under the care of the Laboratory Animal
Unit, Nanjing Agricultural University, China. Germinal vesi-
cle-intact oocytes were harvested from ovaries of 4–6 week-old
ICR mice and cultured in M16 medium (Sigma, MO) under
paraffin oil at 37�C in a 5% CO2 atmosphere. Oocytes were
removed from culture at different times for microinjection,
immunofluorescent staining and protein gel blot.

MLC2 morpholino (MO) injection

For MLC2 knock-down in mouse oocyte, MLC2 morpholino
50-GTG TCT GAG GCC AGT TGC CAC CTCT-30 (Gene
Tools, Philomath, OR)) was diluted with reagent grade water
(Sigma) to give a 1 mM stock concentration. Each fully grown
GV oocyte was microinjected with 5–10 pl of MLC2 morpho-
lino using an Eppendorf FemtoJet (Eppendorf AG, Hamburg,
Germany) under an inverted microscope (Olympus IX71
Japan). After injection, oocytes were cultured in M16 medium
that contained 5 mMmilrinone for 24 h, and then washed three
times (2 min each wash) in fresh M16 medium. Oocytes were
then transferred to fresh M16 medium and cultured under par-
affin oil at 37�C in a 5% CO2 atmosphere. Each control oocyte
was microinjected with 5–10 pl of MO standard control (50-
CCT CTT ACC TCA GTT ACA ATT TAT A-30). For p-MLC2
antibody injection, each fully grown GV oocyte was microin-
jected with 5–10 pl of p-MLC2 antibody, and then cultured in
fresh M16 medium.

Rhosin (RhoA inhibitor) treatment

RhoA inhibitor, Rhosin was employed to inhibit the activity of
intracellular RhoA during oocytes meiosis. Rhosin was diluted
to 50 mM stock solution in dimethylsulfoxide (DMSO) and
stored at ¡20�C. Rhosin was diluted in M16 medium to con-
centration of 100mM for the experiment.

Confocal microscopy

For single staining of p-MLC2, actin and spindle, oocytes were
fixed in 4% paraformaldehyde in PBS at room temperature for
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30 min and then transferred to a membrane permeabilization
solution (0.5% Triton X-100) for 20 min. After 1 h in blocking
buffer (1% BSA-supplemented PBS), oocytes were incubated at
4�C overnight with rabbit anti-p-MLC2 (1:100), 10 mg/ml of
Phalloidin-TRITC. After three washes in wash buffer (0.1%
Tween 20 and 0.01% Triton X-100 in PBS), oocytes were labeled
with Alexa Fluor 488 goat-anti-rabbit IgG (1:100; for p-MLC2
staining) at room temperature for 1 h. Samples were co-stained
with Hoechst 33342 for 10 min. For double staining of spindle
and actin, oocytes were stained with anti-a-tubulin-FITC anti-
body three hours in room temperature and then labeled with
Phalloidin-TRITC for 1h, washed three times in PBS containing
0.1% Tween 20 and 0.01% Triton X-100 for 2 min, and stained
with Hoechst 33342 (10 mg/ml in PBS) for 10 min.

Samples were mounted on glass slides and examined with a
confocal laser-scanning microscope (Zeiss LSM 700 META).
At least 30 oocytes were examined for each experimental group.

Western blot analysis

A total of 150 mouse oocytes were placed in Laemmli sample
buffer (SDS sample buffer and 2-Mercaptoethanol) and heated
at 100�C for 5 min. Proteins were separated by SDS-PAGE and
then electrophoretically transferred to polyvinylidene fluoride
membranes. After transfer, membranes were blocked in PBST
(PBS containing 0.1% Tween 20) containing 5% non-fat milk
for 1 h, followed by incubation at 4�C overnight with a rabbit
monoclonal anti-p-MLC2 (1:1000) and a rabbit monoclonal
anti-a-tubulin antibody (1:1000; for p-MLC2, incubation buffer
was 5% BSA in PBST). After washing 3 times in PBST (10 min
each), membranes were incubated at 37�C for 1 h with HRP
conjugated Pierce Goat anti-Rabbit IgG (1:1000). Finally, mem-
branes were washed 3 times in TBST and then the membranes
were visualized using chemiluminescence reagent (Millipore,
Billerica, MA). This experiment was repeated at least 3 times
using different samples.

Fluorescence and western band intensity analysis

Fluorescence intensity was assessed using Image J software
(NIH). For fluorescence intensity analysis, samples of control
and treated oocytes were mounted on the same glass slide. And
we used the same parameters to normalize across replicates.
After immunofluorescent staining, the average fluorescence
intensity per unit area within the region of interest (ROI) of
immunofluorescence images was examined. Independent meas-
urements using identically sized ROIs were taken for the cell
cytoplasm. When calculating the fluorescence intensity, we
ignored the abnormal ones (little oocytes with extreme strong or
weak). Average values of all measurements were used to deter-
mine the final average intensities for control and treated oocytes.

For quantification of the western blot results, intensity val-
ues of bands were measured using the Image J. Three different
replicates were used for the analysis.

Statistical analysis

At least three biological replicates were used for each analysis.
Each replicate was done by an independent experiment at the

different time. Results are given as means § SEM. Statistical
comparisons were made using analysis of variance (ANOVA)
and differences between treatments groups were assessed with
Duncan’s multiple comparisons test. A p-value of < 0.05 was
considered significant.
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