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A_ symmetric meiotic divisions in

ammalian oocytes are driven by
the eccentric positioning of the spindle,
along with a dramatic reorganization of
the overlying cortex, including a loss of
microvilli and formation of a thick actin
cap. Actin polarization relies on a Ran-
GTP gradient centered on metaphase
chromosomes; however, the downstream
signaling cascade is not completely under-
stood. In a recent study, we have shown
that Ran promotes actin cap formation
via the polarized activation of Cdc42.
The related GTPase Rac is also activated
in a polarized fashion in the oocyte cor-
tex and co-localizes with active Cdc42.
In other cells, microvilli collapse can be
triggered by inactivation of the ERM
(Ezrin/Radixin/Moesin) family of actin-
membrane crosslinkers under the control
of Rac. Accordingly, we show here that
Ran-GTP promotes a substantial loss
of phosphorylated ERMs in the cortex
overlying the spindle in mouse oocytes.
However, this polarized phospho-ERM
exclusion zone was unaffected by Rac or
Cdc42 inhibition. Therefore, we suggest
that Ran activates two distinct path-
ways to regulate actin cap formation and
microvilli disassembly in the polarized
cortex of mouse oocytes. The possibil-
ity of a crosstalk between Rho GTPase
and ERM signaling and a role for ERM
inactivation in promoting cortical actin
dynamics are also discussed.

Introduction
In mammalian female meiosis, successful

haploidization of the maternal genome is
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achieved via two successive asymmetric
divisions, resulting in the formation of
a large oocyte and two small polar bod-
ies that will eventually degenerate. The
small size of the polar bodies ensures
that minimal amount of maternal organ-
elles and macromolecules (e.g., mRNAs,
proteins, mitochondria) are lost in the
process."” Early embryo viability is thus
highly dependent on the establishment of
oocyte asymmetry."? The key mechanism
underlying the asymmetry of oocyte
meiotic divisions is the positioning of
the meiotic spindle in the vicinity of the
cortex.” In meiosis I, the spindle forms
in the center of the oocyte then moves
slowly toward the cortex. At the time of
segregation
(metaphase I-anaphase I transition), the
spindle has reached a subcortical loca-

homologous chromosome

tion, resulting in an asymmetric division
and the formation of a small-sized first
polar body. This is promptly followed by
the formation of the metaphase II spin-
dle, which remains localized in the vicin-
ity of the cortex (Fig. 1). At fertilization,
meiosis II resumes, and the activated
oocyte emits a small-sized second polar
body containing one set of segregated
chromatids.

In both meiosis I and II, the asym-
metric positioning of the meiotic spindle
is accompanied by a range of polarization
events, ultimately resulting in the differ-
entiation of a polar body-forming region
around the spindle. Thus, cortical gran-
ules, which are released upon fertilization
to induce the zona-block to polyspermy,
redistribute away from the spindle area,
resulting in the formation of the so-called
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Figure 1. Chromatin-driven polarization in the mammalian oocyte. (A) Schematic of the mouse
metaphase Il (MIl) oocyte and its major polarization features. The polarized cortex is defined as
the cortical area overlying the Mll spindle, devoided of microvilli and cortical granules, and en-
riched in actin filaments. (B) Signaling cascade leading to the formation of the polarized actin cap.

cortical granule-free domain (Fig. 1).°
Another emblematic feature of oocyte
polarization is the formation of the “actin
cap,” a thick layer of actin filaments that
accumulates in the cortex overlying the
spindle (Fig. 1).”” Interestingly, actin
caps are maintained over the chroma-
tin clusters that remain in close apposi-
tion with the cortex, after destruction of
spindle microtubules with nocodazole.””
These observations have led to the con-
cept that oocyte chromatin generates
a signal capable of remodeling, from a
distance, the nearby cortex. This signal
was identified as a gradient of active Ran
GTPase (Ran-GTP), which exchange
factor RCC1 (regulator of chromosome
condensation 1) binds chromatin.!*'> Ran
signaling was shown to promote polarized
accumulation of the N-WASP-Arp2/3
machinery in the cortex overlying the
spindle, thereby driving the formation of
the polarized actin cap.”® Recent studies
based on live imaging of mouse oocytes
have revealed that actin filaments flow
continuously away from the cortical cap.
This actin flow generates cytoplasmic
streaming, which is suggested to apply
a directional pushing force on the spin-
dle, thereby maintaining its off-center
positioning.!3

In a recent study, we have added a new
protagonist, the small GTPase Cdc42, in
this signaling cascade. Using a fluorescent
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reporter for GTP-bound Cdc42, we have
shown that Cdc42 is activated in a polar-
ized fashion in the cortex overlying the
meiotic spindle and drives the cortical
accumulation of N-WASP and the forma-
tion of the actin cap in mouse oocytes.®
Furthermore, we have shown that this
polarized activation of Cdc42 requires the
proximity of meiotic chromatin and Ran-
GTP signaling.! We therefore proposed
the following signaling cascade for actin
polarization in oocytes (Fig. 1):
Chromatin > Ran-GTP — Cdc42-
GTP — N-WASP-Arp2/3 — Actin cap
Our data also suggested that the Ran/
Cdc42/N-WASP  signaling cascade is
conserved during anaphase, promoting
the formation of a thick actin layer in the
cortex of the polar bodies.!® Inhibition of
Cdc42 signaling resulted in a complete
failure of second polar body protrusion
in activated MII oocytes, associated with
a relocalization of N-WASP to the cyto-
sol.'® Our current view on these findings
is that actin filaments generated via the
polarized Cdc42/N-WASP pathway may
provide the necessary pushing force to
deform the cortex and drive polar body
protrusion in a manner similar to actin-
driven leading edge extension in motile
cells.””!8 In a previous study, we presented
evidence for a similar polarized activation
of the small GTPase Rac in the cortex of
mouse oocytes,"” also under the control of
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the Ran-GTP gradient (G.Halet, unpub-
lished observations). At present, it is
unclear whether Rac and Cdc42 play
complementary or redundant roles in
oocyte polarization. Our recent investiga-
tions suggest, however, that Cdc42 is the
major determinant of N-WASP localiza-
tion in the mouse oocyte cortex.'
Another major polarization feature
is the loss of membrane microvilli in the
polarized cortex (Fig. 1).”® Microvilli
provide binding and fusion sites for the

2022 and the rationale

fertilizing sperm,
for their localized disassembly may be to
avoid sperm fusion in the vicinity of the
spindle, which could otherwise interfere
with spindle function and/or lead to the
untimely extrusion of paternal chromatids
into the second polar body.?? The assem-
bly and maintenance of membrane micro-
villi require proteins of the ERM (Ezrin,
Radixin, Moesin) family, which act as
membrane-cytoskeleton  crosslinkers.?*?
ERMs interact with integral membrane
proteins via their N-terminal FERM
(4.1-Ezrin-Radixin-Moesin)
and with underlying actin filaments via

domain

their C terminus. In their inactive state,
ERMs exhibit a “closed” conformation,
where the N- and C termini establish an
intramolecular or intermolecular associa-
tion, resulting in mutual inhibition and
retention of the protein in the cytosol as
a dormant pool. According to the current
model, ERM activation requires the initial
binding to the phosphoinositide PIP2 via
the FERM domain, facilitating the sub-
sequent phosphorylation of a conserved
threonine residue at the C terminus (T567
in ezrin, T564 in radixin, TS558 in moe-
sin).?>?*¢ This phosphorylation stabilizes
the active conformation of ERMs (here-
after collectively referred to as phospho-
ERMs) and promotes their crosslinking
activity.

Mouse oocytes express all three ERM
family members and seem to be particu-
larly enriched in radixin.””*® Consistent
with a role in microvilli formation,
phospho-ERMs are enriched in the
oocyte cortex, except for the amicrovil-
lar region overlying the MII spindle.”®
These observations suggest that ERM
dephosphorylation may be the trigger for
microvilli disassembly in the polarized

cortex of oocytes, as seen in other cells.?3?
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Figure 2. Ran-dependent dephosphorylation of cortical ERMs in the vicinity of oocyte chromatin. (A) Actin filaments (F-actin, upper images) and
phospho-ERM (pERM, lower images) labeling at successive stages of oocyte meiosis. Note the phospho-ERM exclusion zone (arrows in panels iii and iv)
in the cortical regions overlying the late MI (GVBD + 7 h) and Mll spindles. The dashed circles indicate the outline of the germinal vesicle (GV, panel i)
and meiotic spindles (panels ii-iv). (B) MIl oocytes were treated with nocodazole (2 M) to destroy spindle microtubules. In the oocyte shown, two
chromatin clusters have formed, closely apposed to the cortex. Note the polarized actin caps and phospho-ERM exclusion zones overlying each of the
clusters. The images are compression of confocal Z-stacks (45 wm in depth). (C) The left panel shows an Ml oocyte treated with nocodazole, where

the arrow points to the phospho-ERM exclusion zone over a chromatin cluster. The right panel shows a nocodazole-treated Mll oocyte overexpressing
dominant-negative RanT24N. Note the absence of phospho-ERM exclusion zones in the cortical regions overlying the chromatin clusters. Note also the
effective inhibition of actin cap formation over the clusters. Chromatin (labeled with To Pro-3) is shown in yellow.

Interestingly, Rac or Cdc42 activation
were shown to promote ERM dephos-
phorylation and collapse of microvilli in T
cells.*% Thus, one attractive hypothesis is
that ERM dephosphorylation in oocytes
is triggered by the polarized activation of
Rac and/or Cdc42, under the control of
the Ran-GTP gradient.

1674

Here, we investigated further the
mechanism of mouse oocyte polarization
by asking two questions: (1) Does the
polarized dephosphorylation of ERM rely
on the chromatin-centered Ran-GTP gra-
dient? and (2) Is the polarized phospho-
ERM exclusion a downstream event of
Rac/Cdc42 activation?
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Results and Discussion

Polarization of the mouse oocyte cortex
is induced by the proximity of meiotic
chromatin, resulting in a graded polar-
izing response as the distance between
the spindle and the cortex shortens.'™'

To test whether this is also true for ERM
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activation, we examined the pattern of
cortical ERM activation at successive
stages of oocyte meiosis, using immu-
phospho-ERMs.?
In agreement with a previous report,?®
phospho-ERMs and actin filament stain-
ing showed a homogenous distribution

nolabeling  against

over the cortex of prophase I-arrested
GV oocytes (Fig. 2A, panel i), consistent
with the presence of numerous actin-rich
microvilli. Metaphase-I oocytes with a
centrally located spindle (5 h post-germi-
nal vesicle breakdown/GVBD) exhibited
a similar distribution of activated ERMs
and actin filaments all over the cortex
(Fig. 2A, panel ii). In contrast, at a later
stage of metaphase I (GVBD + 7 h), when
the spindle apparatus exhibits an eccentric
position, the phospho-ERM signal was
depleted in the cortical area overlying the
spindle (Fig. 2A, panel iii, arrow), along
with the appearance of a cortical actin
cap. In MII oocytes, phospho-ERMs
were detected in the microvillar cortex
but but were virtually absent from from
the actin-rich polarized cortex overlying
the MII spindle (Fig. 2A, panel iv, arrow).
These observations suggest that the mei-
otic apparatus generates a signal capable of
inducing, from a distance, ERM dephos-
phorylation in the nearby cortex, coinci-
dent with the formation of the actin cap.
To investigate a possible contribution of
spindle microtubules in cortical ERM
inactivation, MII oocytes were treated
with the microtubule poison nocodazole,
which results in the formation of chro-
matin clusters closely opposed to the cor-
tex.”? As shown in Figure 2B, each of the
nocodazole-induced chromatin clusters
was associated with a localized depletion
of phospho-ERM labeling and a reciprocal
increase in actin filament polymerization.
Thus, similar to the polarization of actin
filaments, N-WASP and activated Rac
and Cdc42,1%1¢ ERM dephosphoryla-
tion is driven by the proximity of meiotic
chromatin in a microtubule-independent
manner.

We next examined whether chroma-
tin-induced ERM  dephosphorylation
was mediated by the Ran-GTP gradient
emanating from meiotic chromosomes.
MII oocytes treated with nocodazole were
injected with cRNA encoding RanT24N,
which acts as a dominant-negative version
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of the GTPase.!™!! Previous work from
our and other groups has shown that the
Ran-GTP gradient promotes activation
of the Cdc42/N-WASP/Arp2/3 cascade
to assemble the polarized actin cap.’®'¢
Therefore, disappearance of the polar-
ized actin cap can be used as a validation
of effective inhibition of Ran signaling.
Interestingly, in addition to the loss of
the polarized actin cap, oocytes express-
ing RanT24N exhibited a uniform distri-
bution of phospho-ERMs at the cortex,
including the regions overlying the chro-
matin clusters (Fig. 2C, right panel).
These findings suggest that Ran signal-
ing is necessary for oocyte chromatin to
induce ERM dephosphorylation in the
nearby cortex.

There is increasing evidence linking
Rac activation to ERM dephosphory-
lation and microvilli collapse in other
cells.*** Since our previous findings indi-
cate that Rac, and the related GTPase
Cdc42, are activated in the cortex over-

1619 we tested

lying oocyte chromatin,
if the signaling cascade culminating in
ERM dephosphorylation in the polar-
ized cortex involved Rac or Cdc42 acti-
vation. MII oocytes were injected with
mRNA  encoding dominant-negative
RacT17N" or Cdc42T17N" and exam-
ined for phospho-ERM and actin fila-
ment distribution. Fluorescence profiles
were generated along the perimeter of the
oocytes to better visualize the changes
in fluorescence intensity corresponding
to the actin cap and the phospho-ERM
exclusion zone. MII oocytes injected with
water were used as a control for the polar-
ized phospho-ERM exclusion (Fig. 3A),
while oocytes expressing RanT24N were
used as a control for effective inhibition
of the phospho-ERM exclusion (Fig. 3D).
In oocytes expressing RacT'17N, the
actin cap overlying the MII spindle was
preserved, and the polarized inactivation
of ERMs remained also unaffected (Fig.
3B). Consistent with our recently pub-
lished work,'® Cdc42T17N prevented the
assembly of the polarized actin cap in the
cortex overlying the MII chromosomes;
however, the polarized exclusion of phos-
pho-ERMs was still observed (Fig. 3C).
In contrast, overexpression of RanT24N
induced a substantial recovery of phos-
pho-ERM staining in the cortex overlying
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the MII chromosomes, in conjunction
with the expected loss of the actin cap
(Fig. 3D). We also tested a constitutively
active Rac mutant, RaclQ61L, which
was reported to trigger substantial ERM
dephosphorylation and microvilli collapse
in other cells.*** However, MII oocytes
expressing EGFP-RaclQG61L exhibited a
phospho-ERM exclusion zone similar to
control oocytes (data not shown).

From the above data, we conclude
that the signaling pathway leading to
chromatin-induced ERM inactivation in
the oocyte cortex is independent of Rac
or Cdc42 activation and therefore may
represent a separate Ran-dependent sig-
naling cascade (Fig. 4, scenario 1). The
mechanism and signaling intermediates
leading to polarized ERM inactivation
remain to be identified. One possibility
is that localized ERM inactivation occurs
consecutively to a depletion of the phos-
phoinositide PIP2, as shown in chemo-
kine-stimulated lymphocytes.’** However,
we do not favor this hypothesis, since we
have shown previously that PIP2 could
still be detected in the membrane region
overlying the MII spindle.?” In other cells,
ERM phosphorylation is typically coun-
teracted by calyculin A-sensitive phos-
phatases of the PP1/PP2a families.?*?'-33:38
Likewise, treatment of oocytes with calyc-
ulin A (50 nM for 15 min) prevented the
development of the phospho-ERM exclu-
sion zone in the polarized cortex (unpub-
lished observations). This finding suggests
that ERM activation in oocytes is dynam-
ically regulated by a balance of kinase and
phosphatase activities. Further investiga-
tions are needed to find out whether Ran-
GTP regulates the kinase activity, the
phosphatase activity, or both.

As an alternative to the dual cascade
hypothesis, we can also envisage that
ERM dephosphorylation lies upstream of
the polarized activation of Rac/Cdc42 and
actin cap formation (Fig. 4, scenario 2).
For instance, through their direct interac-
tion with Rho guanine nucleotide dissoci-
ation inhibitor/RhoGDI, phospho-ERMs
have been shown to promote the activation
of Rho,*** which is notoriously antago-
nistic to Rac/Cdc42.44 According to
this model, a localized dephosphorylation
of ERMs would downregulate Rho activ-
ity at the cortex, thus promoting polarized
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Figure 3. Ran-induced ERM inactivation is independent of Rac and Cdc42 signaling. MIl oocytes were injected with water (control, A) or with cRNA
encoding dominant-negative RacT17N (B), Cdc42T17N (C) or RanT24N (D). Confocal images were obtained for actin filament (F-actin) and phospho-
ERM (pERM) distribution (left panel), and corresponding fluorescence intensity profiles were generated along the oocyte perimeter (right panel: green
line, actin; black line, phospho-ERMs). All fluorescence profiles were centered on the nearest cortical point overlying the metaphase chromosomes

(indicated as 0 on the x axis).

Rac/Cdc42 activation. Consistent with
this idea, a recent study has shown that
radixin depletion promotes Rac activation
and cell spreading in cancer cells.**
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Beyond the formation of an amicrovil-  body protrusion. Thus, ERM dephos-
lar region unfavorable for sperm fusion, phorylation, by releasing actin filaments

ERM inactivation could

play additional =~ from their anchoring to the overlying

roles in cortical reorganization and polar membrane, could enable the continuous
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Figure 4. Ran-induced signaling cascades
leading to oocyte polarization. Two scenarios
are depicted, based on previously published
work, and evidence obtained in the present
study. In scenario 1, Ran-GTP activates two
separate signaling cascades, to promote actin
cap formation and the collapse of micro-

villi in the polarized cortex. The signaling
intermediates leading to polarized Cdc42
activation and ERM dephosphorylation are
still unknown. In scenario 2, it is suggested
that ERM inactivation promotes the polarized
activation of Cdc42, in addition to the col-
lapse of microvilli.

cortical actin flow that powers cytoplas-
mic streaming.” In addition, the polarized
inactivation of ERMs may facilitate rapid
actin-driven membrane deformation dur-
ing polar body emission by locally reduc-
ing the cortical tension, which would
otherwise oppose protrusion.”” Consistent
with this idea, increasing membrane ten-
sion by expression of constitutively active
ERMs prevents membrane protrusion in
polarizing T cells.?* In the same way,
the overactivation of moesin, by increas-
ing cortical rigidity, interferes with polar
relaxation and anaphase elongation in
mitotic Drosophila cells, resulting in
cytokinesis defects.?®%” Further investiga-
tions to test these possibilities will provide
a better picture of the mammalian oocyte
polarization mechanism.

Materials and Methods

Oocyte recovery and treatments. All
experimental procedures were approved

www.landesbioscience.com

by the local ethics committee (CREEA).
OF-1 mice (8—10-w-old; Charles River)
were injected with 7-10 IU PMSG
(Sigma) for priming, followed 44-48 h
later by 5-7.5 IU hCG (Sigma) to induce
ovulation. Germinal vesicle (GV)-stage
oocytes were collected from antral folli-
cles and maintained in prophase arrest by
supplementing the culture medium (M2
or M16, Sigma) with 250 pM dibutyryl-
cAMP (Sigma). To observe metaphase I
progression, oocytes were released from
the GV arrest by washing off the dibu-
tyryl-cAMP and cultured in M16 medium
in a 5% CO, incubator. Metaphase II
(MII) oocytes were recovered from the
oviducts and denuded of the surrounding
cumulus cells by incubation with 300 g/
ml hyaluronidase (Sigma) in M2 medium,
followed by wash. For nocodazole treat-
ment, MII oocytes were incubated in M2
medium containing 2 M nocodazole
(Calbiochem) for 1.5 h.

Expression of RacT'17N, Cdc42T17N,
RaclQ61L and RanT24N. Plasmids
encoding Cdc42T17N in pRK5-myc
(subsequently subcloned into pcDNA3.1)
and EGFP-RaclQG61L in pcDNA3 were
obtained from Gary Bokoch via Addgene
(plasmids 12973, 12981). RacT17N in
pcDNA3.1 was described previously."”
RanT24N in pcDNA3.1 was a generous
gift from Ben Margolis. After plasmid lin-
earization, cRNAs were prepared in vitro
using the mMessage mMachine T7 kit
(Life Technologies) and pressure-injected
in MII oocytes. Oocytes were allowed to
express the mutant GTPase constructs
for 3 h before fixation and processing for
immunostaining. Control oocytes were
injected with an equivalent amount of
water.

Immunolabeling. Oocytes were fixed
in paraformaldehyde (3.7% in PBS) for 30
min and permeabilized with Triton X100
(0.25% in PBS) for 20 min. Aftera 3 h
incubation in a block solution consisting
of 3% BSA in PBS, oocytes were incubated
overnight at 4°C with a rabbit monoclonal
antibody that recognizes ERMs phos-
phorylated on the critical C-terminal
threonine residue (#3149, Cell Signaling
Technology). After three washes, oocytes
were incubated with a secondary antibody
(Alexa Fluor 488 Goat anti-rabbit IgG,
Life Technologies) for 1 h at 37°C.
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Staining of actin filaments and chro-
matin. To label actin filaments, permeabi-
lized oocytes were incubated for 5 min in
PBS containing Alexa Fluor 546 Phalloidin
(5 units/ml; Life Technologies), followed
by wash. Chromatin was labeled with To
Pro-3 (5 wM; Life Technologies).

Confocal imaging and image process-
ing. Oocytes were placed on glass-bottom
dishes (MatTek) and imaged using a Leica
SP5 confocal microscope equipped with
488, 561 and 633-nm laser lines. Images
were processed with Image]. All confocal
images depicted are representative of at
least 20 similar observations. Fluorescence
intensity profiles along the oocyte perim-
eter were generated using the segmented
line and plot profile functions in Image].
The thickness of the line was 3.5 pm.
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