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Non-muscle tropomyosin (Tpm3) is crucial for
asymmetric cell division and maintenance of
cortical integrity in mouse oocytes
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Tropomyosins are actin-binding cytoskeletal proteins that play a pivotal role in regulating the function of actin fila-
ments in muscle and non-muscle cells; however, the roles of non-muscle tropomyosins in mouse oocytes are unknown.
This study investigated the expression and functions of non-muscle tropomyosin (Tpm3) during meiotic maturation of
mouse oocytes. Tpom3 mRNA was detected at all developmental stages in mouse oocytes. Tpm3 protein was localized at
the cortex during the germinal vesicle and germinal vesicle breakdown stages. However, the overall fluorescence inten-
sity of Tpom3 immunostaining was markedly decreased in metaphase Il oocytes. Knockdown of Tpm3 impaired asymmet-
ric division of oocytes and spindle migration, considerably reduced the amount of cortical actin, and caused membrane
blebbing during cytokinesis. Expression of a constitutively active cofilin mutant and Tpm3 overexpression confirmed
that Tpm3 protects cortical actin from depolymerization by cofilin. The data indicate that Tpm3 plays crucial roles in
maintaining cortical actin integrity and asymmetric cell division during oocyte maturation, and that dynamic regulation
of cortical actin by Tpm3 is critical to ensure proper polar body protrusion.

Introduction

In many living cells, the cell cortex consists of a layer of actin
filaments, myosin, and actin-binding proteins.! The actin cor-
tex provides the rigidity required to maintain cell integrity and
shape.? Dynamic remodeling of the cell cortex is crucial for
various cellular processes including cytokinesis, cell migration,
embryogenesis, and oocyte maturation. In mammalian oocytes,
the distribution of cortical actin changes during maturation and
fertilization. During the first meiosis of mammalian oocytes, the
meiotic spindle migrates from the center of the oocyte toward the
cortex.® A thick F-actin cap forms in the cortex within the vicin-
ity of the approaching meiotic spindle, and this cap marks the
position of the first polar body extrusion.*

Various actin-binding proteins play essential roles in regulat-
ing actin filament formation and thereby help to remodel corti-
cal actin.’ For example, various actin nucleators belonging to the
formin family as well as the Arp2/3 complex are involved in the
nucleation of actin filaments at the cortex.*” To generate con-
tractile force, actin filaments in the cortex form a complex with
myosin 11,% and this actomyosin complex controls how elastic or
rigid the cell cortex is.?

Tropomyosins are a family of coiled-coil rod-shape actin-bind-
ing proteins, and their roles in controlling the contraction of skel-
etal and smooth muscle have been extensively characterized.” In

skeletal muscle, Tpm1 interacts with troponin'

and this complex
regulates the interaction between actin and myosin in response to
calcium influx." The interaction between caldesmon and tropo-
myosins regulates smooth muscle contraction.'>® Beside their
canonical roles in skeletal and smooth muscle, various other roles
of tropomyosins in non-muscle cells have recently emerged.” For
example, tropomyosins compete with ADF/cofilin for binding to
actin, and thereby protect actin filaments from depolymerization
by ADF/cofilin."** Tropomyosins are essential for cytokinesis in

!¢ and knockout of the non-muscle gamma-tropo-

fission yeast,
myosin (also known as Tpm3) gene causes embryonic lethality
in mouse."”® However, the exact roles of tropomyosins in oocyte
maturation and embryogenesis are poorly understood.

In this study, we focused on the roles of Tpm3 in modula-
tion of cortical actin during mouse oocyte maturation. By inject-
ing small interfering RNA (siRNA) into oocytes to knockdown
Tpm3, we found that Tpm3 has crucial roles in maintaining the
integrity of cortical actin during oocyte maturation, and that
dynamic regulation of actin by Tpm3 is critical to ensure asym-
metric division, polar body protrusion, and cytokinesis.
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Results

The level of Tpm3 dynamically changes during mouse
oocyte maturation

We investigated the mRNA and protein expression of Tpm3
in mouse oocytes. We focused on Tpm3, which is also known as
gamma-tropomyosin, because this is the primary tropomyosin
found at the cortex of non-muscle cells’ and its knockout causes
embryonic lethality in mouse.””*® Tpm3 mRNA was detected at
all stages of oocyte maturation, indicating that Tpm3 is expressed
during maturation of mouse oocytes (Fig. 1A). Next, we exam-
ined the subcellular localization of Tpm3 at different stages of
meiotic maturation. At the germinal vesicle (GV) and germinal
vesicle breakdown (GVBD) stages, Tpm3 was strongly detected
at the oocyte cortex (Fig. 1B). After polar body extrusion, Tpm3
localized at the cortex, polar body, and cleavage furrow (panel
MII in Fig. 1B), although its fluorescence intensity was mark-
edly lower than at the GV and GVBD stages (Fig. 1B and C).
Based on quantification of the fluorescence intensity of Tpm3
staining (Fig. 1C), the level of Tpm3 at the cortex significantly
decreased during oocyte maturation. Actin staining (bottom
panel in Fig. 1B) showed that the actin cap formed close to the
approaching spindle in metaphase (M) I-stage oocytes, and actin
was dense in the protruded polar body in MIl-stage oocytes.
However, the level of Tpm3 at the actin cap or polar body region
did not correspond with the increased level of actin.

Knockdown of Tpm3 disrupts asymmetric division of
mouse oocytes

To investigate the functional roles of Tpm3 during mei-
otic maturation of mouse oocytes, we injected Tpm3-targeting
siRNA to knockdown Tpm3 mRNA. After microinjection of
Tpm3-targeting siRNA into GV-stage oocytes, the mRNA level
of Tpm3 was less than 20% of the level in control siRNA-injected
oocytes (Fig. 2A). As shown by quantification of immunofluo-
rescence staining with an anti-Tpm3 antibody, the protein level
of Tpm3 at GV stage was significantly lower in Tpm3-targeting
siRNA-injected oocytes than in control siRNA-injected oocytes
(Fig. 2C and D).

We examined the effect of Tpm3 knockdown on maturation,
polar body extrusion, and polar body size. The maturation rate of
oocytes injected with Tpm3-targeting siRNA was lower than that
of control siRNA-injected oocytes (42.3%, n = 267 vs. 55.1%, n
=317, P < 0.01). The proportion of oocytes exhibiting symmetric
division or a large polar body was higher in Tpm-knockdown
oocytes than in control oocytes (17.9%, n = 134 vs. 6.1%, n =
147, P < 0.01) (Fig. 2B and E). We quantified the distribution of
polar body size, which was expressed as the ratio of the diameter
of the polar body to the diameter of the oocyte. Tpm3 knock-
down significantly increased the mean size of the polar body
(Ob/Oa, where Ob is the diameter of the polar body and Oa is
the diameter of the oocyte, 0.52 + 0.024, n = 50 vs. 0.36 + 0.009,
n = 50, with a maximum value of 0.51. P < 0.005). Following
Tpm3 knockdown, a substantial fraction of oocytes (5/50) had
a 2-cell-like phenotype (Fig. 2B and E; Fig. S1), indicating that
knockdown of Tpm3 significantly impairs asymmetric division
of oocytes. The increased polar body size and the 2-cell-like
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phenotype observed in Tpm3-knockdown oocytes suggest that
spindle migration was impaired. To investigate this, we examined
the position of the spindle 9.5 h after siRNA injection and deter-
mined whether spindle migration was affected. While 81 + 4% of
spindles in control siRNA-injected oocytes were close to the cell
cortex, the movement of 52 + 4% of spindles in Tpm3-targeting
siRNA-injected oocytes was impaired (Fig. 2E and G). These
results suggest that Tpm3 is crucial for spindle movement during
oocyte maturation.

Knockdown of Tpm3 reduces the level of cortical actin and
causes membrane blebbing

Tropomyosins protect actin filaments from depolymerization
by ADF/cofilin."*" Therefore, we examined the intensity of actin
staining in Tpm3-knockdown and control oocytes to investigate
the effect of Tpm3 knockdown on cortical actin levels. The nor-
malized fluorescence intensity of phalloidin-stained actin fila-
ments was significantly lower in Tpm3-knockdown oocytes than
in control oocytes (mean 30 + 4, n = 17 vs. 51 + 4, n = 26, P <
0.005, unit: mean pixel grayscale value (Fig. 3A and B), indicat-
ing that the level of cortical actin was significantly reduced after
Tpm3-targeting siRNA injection. In addition, Tpm3-knockdown
oocytes frequently exhibited membrane blebbing (Fig. 3A and
C; 22.6%, n = 145), while this was not observed in any control
siRNA-injected oocytes (n = 152). These results suggest that
Tpm3 knockdown severely compromises the cortical integrity of
the oocyte, presumably by decreasing the level of cortical actin.

To gain more insight into how Tpm3 knockdown disrupts
asymmetric oocyte division and cortical membrane integrity,
time-lapse imaging of maturing oocytes injected with Tpm3-
targeting or control siRNA was performed. In control oocytes,
spindles had migrated close to the cortex after 10 h of matura-
tion, and polar body extrusion occurred between 11 h and 12 h
(Fig. 3D; Video S1). By contrast, in Tpm3-knockdown oocytes,
spindles had not reached the cortex even after 12 h, and then
cytokinesis occurred, resulting in a 2-cell-like oocyte (Fig. 3D;
Video S2—4). Moreover, numerous bleb-like structures formed
just before cytokinesis in these oocytes (between 11 h and 20
min and 12 h and 40 min in Fig. 3D; Videos S2 and S3). In
some cases, proper cytokinesis failed to occur (bottom panel of
Fig. 3D; Video S4). Cytokinesis started and the cleavage furrow
formed, but cytokinesis was not completed and the protruding
membrane was eventually incorporated back into the oocyte,
which had a 1-cell-like morphology (Video S4).

Knockdown of Tpm3 disrupts the cortical granule-free
domain (CGFD) and the actin cap

Formation of a CGFD and actin cap near to the spindle and
polar body are the main characteristics of mature mammalian
oocytes.”*?! We examined whether Tpm3 knockdown affects for-
mation of the CGFD or the actin cap at 9.5 h after meiotic resump-
tion. This revealed that the CGFD formed in 12 of the 13 control
oocytes in which spindles migrated (Fig. 4A and B), whereas the
CGFD failed to form in 7 of the 14 Tpm3-knockdown oocytes in
which spindles migrated. Moreover, the cortical actin cap formed
in 16 of the 20 control oocytes (Fig. 4C), while a proper cortical
actin cap only formed in half (8/16) of the Tpm3-knockdown
oocytes (Fig. 4C and D).
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Overexpression of constitutively active cofilin (CA-cofilin)
impairs cortical actin integrity, whereas coexpression of Tpm3

restores the level of actin

A previous study' suggested that one of the major roles of non-
muscle Tpm is to protect actin filaments from depolymerization
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by ADF/cofilin. Compared with the cytoplasmic actin mesh in
oocytes, which undergoes rapid polymerization and depolymer-
cortical actin remains relatively stable during oocyte
maturation, except for the formation of the cortical actin cap
in the region toward which the spindle approaches.>” Tpm3

Figure 1. Dynamic changes in Tpm3 expression and localization during mouse oocyte maturation. (A) Quantitative PCR of Tom3 mRNA during mouse
oocyte maturation. Samples were collected after culturing for 0, 4, 8, 9.5, or 12 h, when oocytes had reached germinal vesicle (GV), germinal vesicle
breakdown (GVBD), metaphase | (Ml), anaphase-telophase | (ATl), and metaphase Il (Mll) stages, respectively. Each sample contained 20-30 oocytes.
Triplicate results are expressed as the mean and SEM (B) Subcellular localization of Tpm3 and actin during oocyte maturation. Top: GV, GVBD, MI, and
MII stages oocytes were stained with the Tpm3-specific monoclonal antibody CG3 and this is shown in green. DNA was stained with Hoechst 33342
and this is shown in blue. Bottom: Oocytes at equivalent stages were stained with phalloidin to label actin and this is shown in red. (C) Quantification of
the intensity of Tpm3 immunostaining in the region of cortical actin. Tom3 was stained using the monoclonal antibody CG3. The cortical localization of
Tpm3 was quantitated using ImageJ and is expressed as the mean grayscale value of this fluorescence staining. Box range represents the SEM, whiskers
represent the standard error, and the line inside the box represents the mean. Statistical difference was assessed by an ANOVA followed by Tukey post-
hoc test. *P < 0.05; **P < 0.01; N.S., not significant.
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Figure 2. Knockdown of Tpm3 impairs asymmetric division of mouse oocytes. (A) The RNA level of Tpm3 in Tpm3-targeting small interfering RNA
(siRNA)-injected oocytes (siRNA) is shown as the fraction of that in control siRNA-injected oocytes (control). (B) Morphology of Tom3-targeting siRNA-
or control siRNA-injected oocytes after 12 h of incubation. A large polar body (black arrow), multiple polar bodies (white arrow), and oocytes that did
not form a polar body (dashed black arrow) are indicated. (C) Tpm3 immunostaining of control siRNA- (top) and Tpm-targeting siRNA-injected (bottom)
oocytes. Green, Tpm3; blue, DNA. (D) Quantification of the level of cortical Tom3 in Tpm3-targeting siRNA- and control siRNA-injected oocytes at 8 h
after injection. The box range represents the standard error of the mean, whiskers represent the standard error, and the line inside the box represents
the mean. Statistical significance was assessed using an ANOVA followed by Tukey post-hoc test. ***P < 0.005 (E) Percentage of Mll oocytes that matured.
Abnormal Mll oocytes and spindle migration defects following injection of Tom3-targeting siRNA (dark gray) or control siRNA (light gray). MIl oocytes
with a large polar body (diameter of the polar body larger than 50% of that of the oocyte) or a 2-cell-like morphology were considered to be abnormal.
All experiments were repeated at least 3 times and involved at least 30 oocytes. The percentage of oocytes in which spindle migration was abnormal
after 9.5 h of incubation is shown (n = 128 and 118 for control and Tpm3-knockdown oocytes, respectively). Statistical significance was assessed using
the x? test with a confidence interval of 95%. (F) Distribution of the ratio of the diameter of the polar body to the diameter of the oocyte in control
siRNA- and Tpm3-targeting siRNA-injected oocytes. The box range represents the standard error of the mean, whiskers represent the standard error,
and the line inside the box represents the mean. The statistical significance of the difference in oocyte/polar body diameter between control and Tpm3-
knockdown oocytes was assessed using Welch 2-samples t test. ***P < 0.005 (G) Spindle location after 9.5 h of incubation. Green, a-tubulin; blue, DNA.
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localized at the cortex and the amount of actin was significantly
reduced in Tpm3-knockdown oocytes, which supports the idea
that Tpm3 protects cortical actin from depolymerization. To test
this hypothesis, we generated CA-cofilin,? in which the serine-3
residue was mutated to alanine, meaning that it cannot be phos-

phorylated by LIM kinase. This mutant was overexpressed alone

or together with Tpm3 and the effects on the level of cortical
actin and asymmetric division were observed.

When CA-cofilin was overexpressed by itself, the level of cor-
tical actin was significantly decreased compared with that in con-
trol oocytes (40.8 + 2.8, n = 24 vs. 65.0 + 2.8 n = 15, P < 0.05)
(Fig. 5A and B). The ratio of the diameter of the polar body
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Figure 3. Knockdown of Tpm3 decreases the level of cortical actin and causes membrane blebbing. (A)
Phalloidin staining of cortical actin in control small interfering RNA (siRNA)- and Tpm3-targeting siRNA-
injected oocytes. Red, actin; blue, DNA. Arrow indicates blebs formed in Tpm3-targeting siRNA-injected
oocytes. (B) Quantification of the amount of actin in each oocyte. The fluorescence intensity of phalloidin
in the cortex of control and Tpm3-knockdown oocytes (n = 26) was measured using ImageJ and the mean
value is provided. The box range represents the standard error of the mean, the whiskers represent the
standard error, and the line inside the box represents the mean. Statistical significance was assessed using
Welch 2-sample t test with a confidence interval of 95%. (C) Percentage of oocytes that exhibit membrane
blebbing (n = 152 and 145 for control and Tpm3-knockdown oocytes, respectively). Statistical significance
was assessed using the x? test with a confidence interval of 95%. (D) Time-lapse microscopy of maturing
Tpm3-knockdown oocytes. DNA was stained with Hoechst 33342 (blue). Control: control siRNA-injected
oocyte. The control oocyte extruded a polar body after 11-12 h of incubation (also see Video S1). Tpom3-
targeting siRNA: 3 representative oocytes are shown. In the top panel, numerous blebs are formed just
before cytokinesis and then the polar body is extruded (also see Video S2). In the middle panel, the oocyte
has blebs and divides symmetrically (also see Video S3). In the bottom panel, the oocyte divides symmetri-
cally, but fails to finish cytokinesis (also see Video S4).
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to the diameter of the oocyte was
increased by CA-cofilin expres-
sion (0.38 + 0.02, n = 25 vs. 0.48
+ 0.02, n = 33 (Fig. 5C); however,
when CA-cofilin was overexpressed
together with Tpm3, the level of
cortical actin was restored to that
in control oocytes (75.0 £ 5.8, n =
30 vs. 65.0 + 2.8 n =15, P = 0.4
(Fig. 5B). Interestingly, the polar
body induced by

CA-cofilin overexpression was not

enlargement

restored by Tpm3 overexpression
(0.48 + 0.02, n = 33 vs. 0.54 + 0.03,
n =27, P=0.23 (Fig. 5A and C).

Discussion

In this study, we showed that
Tpm3 is essential for asymmetric
cell division of mouse oocytes. The
roles of actin polymerization and
various actin nucleators in spindle
migration and asymmetric cell
division in maturing oocytes have
recently emerged””%;  however,
the roles of other actin-binding
proteins in oocyte maturation,
including actin-capping proteins,
ADF/cofilin, and tropomyosins,
which are critical for the control of
actin dynamics, are poorly under-
stood. In this study, we present
evidence that maintenance of cor-
tical actin by Tpm3 is critical for
spindle migration and polar body
extrusion.

Dynamic localization of Tpm3
during oocyte maturation

Tpm3 localized at the cell cor-
tex during oocyte maturation,
indicating that Tpm3 was bound
to cortical actin. Notably, the level
of Tpm3 at the cortex markedly
changed during oocyte matura-
tion, being significantly lower in
mature oocytes than in GV- and
GVBD-stage oocytes. These find-
ings are consistent with a previous
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report that tropomyosins are barely detectable in mature, unfer-
tilized mouse oocytes, but their levels increase after fertilization
and embryo development.’® Interestingly, the dynamic change
in the distribution of Tpm3 correlates with changes in cortical
93¢ (Fig. 6A), implying that
dynamic changes in the localization of Tpm3 at the oocyte cortex

stiffness during oocyte maturation

are involved in changes in cortical stiffness during oocyte matu-
ration. It has been suggested that exclusion of myosin II from
the cortex decreases cortical tension, and a previous study” on
neuroepidermal cells showed that non-muscle Tpm can recruit
myosin II to actin stress fibers. These data indicate that Tpm3
plays crucial roles in recruiting and excluding myosin II from the
oocyte cortex. Therefore, removal of Tpm3 from the cortex at
MII may partly underlie the exclusion of myosin II from the cor-
tex and cortical softening; however, the detailed mechanisms and
signaling pathways by which Tpm3 is removed from the cortex in
MII oocytes are unclear. Given that the Mos-MAPK pathway is
involved in the exclusion of myosin from the cortex at late stages
of oocyte maturation,®? removal of Tpm3 from the cortex may
be a downstream effect of this pathway.

Considering that the level of Tpm3 was drastically reduced
in MII oocytes, changes in the level of Tpm3 during oocyte
maturation may be involved in fertilization. Previous stud-
ies®? showed that tension in cortical membranes is decreased
during maturation, and the effective tension differs between

the microvillar domain to which sperm bind and fuse and the

amicrovillar domain.?®

36,38,39

Membrane tension increases again after
fertilization. These results suggest that membrane tension
is an important factor for controlling fertilization and, therefore,
also Tpm3, and it may help to regulate fertilization via modulat-
ing cortex remodeling.

In addition to Tpm3, several tropomyosin isoforms have been

characterized in non-muscle cells.>">*

® Tpml, also known as
a-tropomyosin,’ is essential for embryonic development® and its
increased expression causes defects in cytokinesis.”” The roles of
other tropomyosins, aside from Tpm3, in oocyte maturation and
embryonic development are unknown. Given that non-muscle
tropomyosins have non-overlapping functions,” the possibility
that other tropomyosins play important roles in oocyte matura-
tion cannot be excluded. For example, the level of Tpm3 immu-
nostaining in the actin-rich cortical actin cap and the polar body
regions of MII oocytes did not differ from that in other regions
of the cortex, indicating that actin filaments in these regions are
not coated with Tpm3. Other tropomyosin isoforms, including
Tpml and Tpm2,” may be involved in the maintenance of actin
filaments in these regions. In addition to Tpm3, we confirmed
that Tpm1 mRNA is present in mouse oocytes using QqRT-PCR
(data not shown). However, detailed characterization of other
tropomyosins, including Tpm1, and their functional roles remain
to be performed.
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Figure 4. Knockdown of Tpm3 impairs cortical granule-free domain (CGFD) and actin cap formation in mouse oocytes. (A) In control small interfer-
ing RNA (siRNA)-injected oocytes, cortical granules are absent from the cortex close to where chromosomes are located during metaphase Il (MII).
Conversely, in Tpm3-targeting siRNA-injected oocytes, cortical granules are distributed throughout the entire cortex. Green, cortical granules; blue,
DNA. (B) Status of CGFD formation in control siRNA-injected and Tpm3-targeting siRNA-injected oocytes. (C) Failure of cortical actin cap formation in

Tpm3-targeting siRNA-injected oocytes.
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Maintenance of cortical actin by Tpm3 and its importance
in spindle migration and cytokinesis

Our knockdown experiments imply that Tpm3 functions
in oocyte maturation i.e., Tpm3 protects actin filaments in the
oocyte cortex during oocyte maturation. The amount of corti-
cal actin was markedly reduced in Tpm3-knockdown oocytes.
Considering the classical role of tropomyosins in protecting actin
filaments from depolymerization by ADF/cofilin," knockdown
of Tpm3 could accelerate cortical actin depolymerization. Tpm3-
knockdown oocytes displayed membrane blebbing (Fig. 3A),
which demonstrates the importance of Tpm3 for maintaining the

A Control

cortical integrity of oocytes. Membrane blebbing in the cortex
is observed in oocytes that are treated with a high concentra-
tion of ethylene glycol,** exposed to simulated microgravity,” or
treated with concanavalin A.> A recent report using fibroblasts*
showed that laser treatment of the cortex ablates cortical actin
and thereby causes bleb growth, and cortical tension mediated by
actomyosin contraction causes cytoplasmic pressure, which can
be reduced by bleb formation. The decreased amount of corti-
cal actin in Tpm3-knockdown oocytes will cause local collapse
of the actin network. Time-lapse imaging of Tpm3-knockdown
oocytes revealed that membrane blebbing occurred just before
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Figure 5. Tpm3 protects cortical actin from depolymerization by cofilin. (A) Phalloidin staining of cortical actin in oocytes injected with control small
interfering RNA (siRNA), constitutively active (CA)-cofilin cRNA, or CA-cofilin and Tom3 cRNAs. The bar represents 10 um. Red, actin; blue, DNA. (B) Level
of cortical actin in oocytes injected with control siRNA, CA-cofilin cRNA, or CA-cofilin and Tpm3 cRNAs. The fluorescence intensity of phalloidin staining
in oocytes injected with control siRNA (n = 15), CA-cofilin cRNA (n = 24), or CA-cofilin and Tpm3 cRNAs (n = 30) were measured using ImageJ and the
mean value is provided. The box range represents the standard error of the mean, the whiskers represent the standard error, and the line inside the box
represents the mean. Statistical significance was assessed by an ANOVA followed by Tukey post-hoc test.*** P < 0.005; **P < 0.01 (C) Distribution of the
ratio of the diameter of the polar body to the diameter of the oocyte in oocytes injected with control siRNA, CA-cofilin cRNA, or CA-cofilin and Tpm3
cRNAs. The box range represents the standard error of the mean, the whiskers represent the standard error, and the line inside the box represents the
mean. The statistical significance of the difference in oocyte/polar body diameter between control siRNA-injected and Tpm3-targeting siRNA-injected
oocytes was assessed by Welch 2-sample t test. ***P < 0.005; *P < 0.05; N.S., not significant.
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cleavage furrow formation (Fig. 3D), indicating that increased
cortical tension and cytoplasmic pressure at cytokinesis is one of
the causes of membrane blebbing in Tpm3-knockdown oocytes.

Tpm3 as a gatekeeper of cortical actin during oocyte
maturation

Overexpression of CA-cofilin (Ser3Ala mutation) compro-
mised cortical actin integrity, whereas overexpression of Tpm3
together with CA-cofilin restored the level of cortical actin
(Fig. 5). These results imply that Tpm3 protects cortical actin
from depolymerization by ADF/cofilin. Similar to the classical
roles of tropomyosins in non-muscle cells, Tpm3-coated cortical
actin filaments in oocytes should be protected from depolymer-
ization by ADF/cofilin. As demonstrated by immunostaining and
time-lapse microscopy of Tpm3-knockdown oocytes, a decreased
level of actin can directly cause membrane blebbing, especially
during cytokinesis (Fig. 3D; Videos S2 and S3). Laser disrup-
tion of cortical actin can induce bleb formation in somatic cells*;
therefore, the integrity of cortical actin and of the oocyte cortex
should be maintained during oocyte maturation, and one of the
functions of Tpm3 may be to protect cortical actin. Interestingly,

coexpression of Tpm3 did not restore the abnormal phenotype
caused by CA-cofilin overexpression. While the level of corti-
cal actin was restored by coexpression of Tpm3, the formation
of large polar bodies induced by CA-cofilin expression was not
suppressed by Tpm3 overexpression, suggesting that regulation
of cofilin activity is crucial for asymmetric spindle migration, as
shown by a recent study.”

In contrast to relatively stable cortical actin, the cytoplasmic
actin mesh undergoes dynamic polymerization and depolymer-
ization (Fig. 6B). This provides the force to maintain cytoplas-
mic streaming, which is suggested to directly drive asymmetric
spindle migration.>*>4¢ ADF/cofilin is negatively regulated by
phosphorylation at serine-3 by LIM kinase? and is positively
regulated by dephosphorylation of this residue by the phospha-
tase Slingshot.”® The activities of LIM kinases are regulated by
Rho-associated kinase (ROCK),” which was recently reported
to be involved in murine and porcine oocyte maturation.”>°
Inhibition of ROCK causes the failure of asymmetric cell divi-
sion in murine and porcine oocytes, presumably via increasing
the level of active, non-phosphorylated ADF/cofilin, and these

A Actin Polar Body
Tropomyosin Actin Cap
) GV GvBD MI Mil
Cortical
Tension
Tropomyosin
B Cytoplasmic Actin =] Cortical Actin
Arp2/3 ﬁ / D Tropomodulin?
'." g - Tropomyosin
i !
Recycling of i ]
= \ J Cofilin© e 7
O
® _y- |/ = ' ®
®
Actin deploymerization by Tropomyosin protects Cortical actin from
cofilin Depolymerization by ofilin
Dynamic remodeling of Actin Static maintenance of Cortical Actin

lymerization induced by ADF/cofilin, as has been reported in other cells'

Figure 6. Roles of Tpm3 in oocyte maturation. (A) The localization of Tpm3 dynamically changes during oocyte maturation. At the germinal vesicle
(GV) and germinal vesicle breakdown (GVBD) stages, Tpm3 colocalizes with cortical actin, whereas at the Ml and Ml stages, Tpom3 is excluded from the
cortex. The localization of Tpm3 at the cortex correlates with recently reported changes in cortical tension.* (B) Protection of cortical actin from ADF/
cofilin-induced depolymerization by Tpm3. Cytoplasmic actin in the oocyte is dynamically remodeled by polymerization induced by actin nucleators
and depolymerization induced by ADF/cofilin to provide the force for cytoplasmic streaming required for spindle migration. By contrast, cortical actin is
relatively stable during oocyte maturation to maintain cortical integrity. Tom3-coated cortical actin filaments in oocytes can be protected from depo-

2366 Cell Cycle

Volume 13 Issue 15

. Do not distribute.

loscience

©2014 Landes B



results suggest that ADF/cofilin plays a crucial role in mamma-
lian oocyte maturation. Interestingly, the level of cortical actin
is markedly decreased in ROCK-inhibited oocytes.®>® These
data are in agreement with our finding that overexpression of
CA-cofilin decreased the level of cortical actin, but that this was
rescued by Tpm3 overexpression.

Conclusion

In conclusion, this study sheds light on the essential roles of
Tpm3 in the maintenance of cortical actin in oocytes and of the
importance of cortical integrity in spindle migration and asym-
metric division. Further studies on the molecular mechanisms
and signaling pathways responsible for the dynamic localization
of Tpm3 will provide more insight into the roles of Tpm3 in
oocyte maturation and embryogenesis.

Materials and Methods

Antibodies and chemicals

A mouse monoclonal antibody against Tpm3 (GC3)*' was
obtained from the Developmental Study Hybridoma Bank at the
University of lIowa. An Alexa Fluor 488-conjugated goat anti-
mouse antibody was purchased from Invitrogen. Other chemi-
cals were obtained from Sigma, unless stated otherwise.

Oocyte collection and culture

GV-intact oocytes were collected from the ovaries of 6—8-wk-
old ICR mice and were cultured in M16 medium (Sigma) under
paraffin oil at 37 °C and in 5% CO,. Oocytes were cultured for
various amounts of time before immunostaining and microinjec-
tion were performed.

Real-time quantitative PCR analysis

Tpm3 gene expression was measured using real-time quan-
titative PCR. Total RNA was extracted from 20 oocytes using
a Dynabead mRNA DIRECT Kit (Invitrogen Dynal AS).
First-strand cDNA was generated using a cDNA Synthesis Kit
(Takara) and Oligo(dT) 12-18 primers. A cDNA fragment of
Tpm3 was amplified using the following primers: Tpm3 for-
ward, 5-ATCCAGCTGG TTGAAGAGGA-3' (correspond-
ing to 377-396 bp of NM_001253738.1), and Tpm3 reverse,
5'-CACCAACTTA CGAGCCACCT-3" (corresponding to
594-613 bp of NM_001253738.1). Real-time PCR was per-
formed using SYBR Green in a final reaction volume of 20 wl
(gPCR kit, Finnzymes). The PCR conditions were as follows:
94 °C for 10 min, followed by 39 cycles of 95 °C for 15 s, 60 °C
for 15 s, and 72 °C for 45 s, and a final extension of 72 °C for
5 min. Finally, relative gene expression was analyzed using the
2-ddCt method®*> by normalization to the level of mouse con-
trol mRNA. Experiments were conducted in triplicate.

siRNA injection

Approximately 5-10 pl of 50 WM Tpm3-targeting siRNA
(5'-CAGCUUUGGU GUCUUUGAA (dTdT)-3" correspond-
ing to 1499-1517 bp of NM_001253738.1, Bioneer) was micro-
injected into the cytoplasm of a fully-grown GV-stage oocyte
using an Eppendorf FemtoJet (Eppendorf AG) and a Nikon
Diaphot ECLIPSE TE300 inverted microscope (Nikon IK Ltd)
equipped with a Narishige MM0-202N hydraulic 3-dimensional
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micromanipulator (Narishige Inc). After injection, oocytes were
cultured in M16 medium containing 2 wM milrinone for 7-8 h
to ensure knockdown of 7pm3, washed 5 times for 2 min each
with fresh M16 medium, transferred to fresh M16 medium, and
cultured under paraffin oil at 37 °C in an atmosphere of 5%
CO, in air. Control oocytes were microinjected with 5-10 pl of
AccuTarget™ Control siRNA (SN-1001, Bioneer).

Overexpression of CA-cofilin and Tpm3

The open reading frames of mouse cofilin-1 and Tpm3 were
amplified from cDNA prepared from GV-stage oocytes. To gen-
erate CA-cofilin-1, the serine-3 residue was mutated to alanine
using PCR primers, meaning this mutant cannot be phosphory-
lated and inactivated by LIM kinase.?® Amplified PCR products
were subcloned into the pCS2+ vector,” and in vitro transcrip-
tion and poly(A) tailing were performed using a SP6 mMes-
sage mMachine Kit and a Poly-A Tailing Kit (Life Technology),
respectively. Polyadenylated cofilin-S3A or Tpm3 cRNA were
purified using phenol-chloroform extraction and isopropa-
nol precipitation. cRNAs were resuspended to a concentration
of 1 pg/pl in RNase-free water and injected into fully-grown
GV-stage oocytes, which were cultured as described for siRNA-
injected oocytes.

Immunostaining and confocal microscopy

For immunostaining of Tpm3, mouse oocytes were fixed and
permeabilized in methanol at -20 °C. Alternatively, they were
fixed in phosphate-buffered saline (PBS) containing 4% parafor-
maldehyde overnight at 4 °C, and were then transferred to mem-
brane permeabilization solution [0.5% (v/v) Triton X-100] for 1
h. After blocking for 30 min in blocking buffer [PBS containing
1% (w/v) bovine serum albumin], oocytes were incubated over-
night at 4 °C or for 4 h at room temperature with the mouse
anti-Tpm3 antibody (1:50 dilution). After 3 washes with PBS
containing 0.1% polyvinyl alcohol, oocytes were labeled with
Alexa Fluor 488-conjugated goat-anti-mouse or rabbit-anti-goat
lgG (1:100 dilution) for 1 h at room temperature. For staining
with phalloidin-tetramethylrthodamine(TRITC), lectin-fluores-
cein isocyanate (FITC), and a-tubulin-FITC (1:200 dilution),
oocytes were incubated with the stain for 1 h, washed 3 times
with PBS containing 0.1% Tween 20 and 0.01% Triton X-100
for 2 min each, stained with Hoechst 33342 (10 mg/ml pre-
pared in PBS) for 10 min, and washed 3 times in washing buf-
fer. For staining with lectin-FITC, zona pellucida was removed
with treatment of pronase as previously described.” Oocytes
were mounted onto glass slides and examined using a confocal
laser-scanning microscope (Zeiss LSM 710 META). At least 20
oocytes were examined per group. The fluorescence intensity of
phalloidin-stained actin was quantified using Image].’®

Data analysis

For each treatment, at least 3 replicates were performed.
Statistical analyses were conducted using Welch # test, Pearson
chi-square test, Fisher exact test, or an analysis of variance
(ANOVA) followed by Tukey multiple comparisons of means
by R (R Development Core Team). Data are expressed as mean
+ standard error of the mean, and P < 0.05 was considered
significant.
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