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Vertebrate eggs arrest at metaphase of the second meiotic
division before fertilization under the effect of a cytostatic
factor (CSF). This arrest is established during oocyte
maturation by the MAPK Kkinase module, comprised of
Mos, MEK, MAPKs and p90%X. Maintenance of CSF arrest
at metaphase requires inhibitors of the anaphase-promot-
ing complex (APC) like Emil, which sequesters the APC
activator Cdc20. Although it was proposed that the Mos
pathway and Emil act independently, neither one alone
is sufficient to entirely reproduce CSF arrest. Herein we
demonstrate that p90®**? associates with and phosphory-
lates Emil upstream of the binding region for Cdc20, thus
stabilizing their interaction. Experiments in transfected
cells and two-cell embryos indicate that Emil and p90®s*?
cooperate to induce the metaphase arrest. Moreover,
oocyte maturation was impaired by interfering with the
interaction between p90%°**? and Emil or by RNA inter-
ference of Emil. Our results indicate that p90%**? and Emi1l
functionally interact during oocyte maturation and that
the Mos pathway establishes CSF activity through stabili-
zation of an APC-inhibitory complex composed by Emil
and Cdc20 before fertilization.
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Introduction

In vertebrate eggs, a cytostatic factor (CSF) is responsible
for the stabilization of the cyclinB/cdc2 complex known
as maturation-promoting factor (MPF) (Masui and Markert,
1971). CSF prevents the transition to anaphase until fertiliza-
tion occurs and can induce cytostatic arrest when injected
into the cytoplasm of mitotically dividing blastomeres (re-
viewed in Masui, 2001). A breakthrough in the molecular
characterization of CSF came with the identification of Mos,
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a serine-threonine kinase newly synthesized during oocyte
maturation and capable of inducing metaphase arrest in
injected blastomeres (Sagata et al, 1988). Mos translation
during oocyte maturation establishes CSF arrest (Masui,
2001), whereas Mos depletion by RNAi prevents its establish-
ment (Dupré et al, 2002). Moreover, the mitogen-activated
protein kinase (MAPK) pathway is necessary for the
biological activity of Mos in both Xenopus and mouse
eggs (Haccard et al, 1993; Kosako et al, 1994; Verlhac et al,
2000a). The downstream effector of the Mos-dependent
MAPK pathway in Xenopus eggs is p90%sk. 1t was demon-
strated that p90®**? is the predominant Rsk isoform expressed
in Xenopus eggs and embryos and that immunodepletion of
p90"*? from cycling egg extracts completely abolished the
CSF activity of Mos (Bhatt and Ferrell, 1999, 2000).
Furthermore, in the absence of Mos, a CSF effect could also
be obtained by microinjection of a constitutively active
p90”K! isoform (Gross et al, 1999), confirming that a
p90Rsk isoform acts downstream of Mos. The role of Mos in
the establishment of cytostatic activity appears to be evolu-
tionarily conserved in vertebrate eggs because mice with
homozygous deletion of the mos gene ovulate oocytes that
do not arrest at metaphase and undergo spontaneous parthe-
nogenetic activation (Colledge et al, 1994; Hashimoto et al,
1994). In addition, both MAPK and p90®* are similarly
activated during meiotic maturation of mouse oocytes
(Kalab et al, 1996; Verlhac et al, 1996), indicating conserva-
tion of the whole pathway.

Most of the data available on the molecular mechanisms of
CSF arrest have been gathered using a constitutively active
p9ORSk1. Gross et al (2000) demonstrated that this protein
inhibits the ubiquitin-ligase complex known as anaphase-
promoting complex (APC), thus preventing the complete
destruction of cyclin B at anaphase I and promoting its
rapid accumulation during meiosis II. Recent evidence sug-
gests that the Mos pathway inhibits the APC through activa-
tion of the spindle checkpoint (Tunquist and Maller, 2003).
The kinase Bubl is phosphorylated and activated by the
constitutively active p90***! in vitro and in a MAPK-depen-
dent manner during meiotic maturation (Schwab et al, 2001),
and other components of this checkpoint, like Madl and
Mad2, are required for the establishment of the Mos-depen-
dent cytostatic arrest in Xenopus eggs (Tunquist et al, 2002,
2003). However, the function of the spindle checkpoint in
CSF maintenance must be distinguishable from that exerted
in mitotic cells, because the checkpoint appears active even
though in metaphase-arrested oocytes chromosomes are cor-
rectly attached with their kinetochores to microtubules of the
spindle. Moreover, in eggs, only Mad1 is required for main-
tenance of CSF, whereas Mad2, the direct inhibitor of Cdc20,
is dispensable at metaphase. Thus, the connection between
the endogenous p90"** and Madl in CSF arrest is still
unknown (Tunquist et al, 2003).
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One puzzling feature of the elusive CSF of vertebrate eggs
is that while the Mos/MAPK/p90®** pathway participates in
its establishment during meiosis II, it becomes dispensable
afterwards. Indeed, immunodepletion of p90***?, or of Bub1
kinase, from Xenopus egg extracts is not sufficient to release
them from the metaphase arrest (Bhatt and Ferrell, 1999;
Tunquist et al, 2002). A possible explanation is that these
kinases act upstream of the real effectors of the cytostatic
activity. In this regard, it has been proposed that a novel
regulator of the APC, Emil, is directly responsible of the
metaphase arrest of Xenopus eggs (Reimann and Jackson,
2002). Emil interacts with the substrate-binding region of
Cdc20 and stabilizes mitotic cyclins in Xenopus egg extracts
(Reimann et al, 2001a,b). Moreover, immunodepletion of
Emil from these extracts caused degradation of MPF and
release from the CSF arrest, whereas an excess of Emil
blocked release of CSF arrest by Ca™ ™ or activation of
CamKII (Reimann and Jackson, 2002), events that mimic
egg activation at fertilization (Lorca et al, 1993; Markoulaki
et al, 2003). Thus, since Emil appeared both necessary and
sufficient to produce CSF activity in Xenopus egg extracts, it
was proposed that this protein was the long-sought CSF
responsible for the metaphase II arrest of vertebrate eggs
(Reimann and Jackson, 2002).

Surprisingly, the activity of Emil in egg extracts did not
require the Mos/MAPK/p90®** pathway, suggesting that
Emil acts independently (Reimann and Jackson, 2002).
However, it remains unclear why in the absence of Mos the
cytostatic activity of vertebrate eggs does not develop
(Colledge et al, 1994; Hashimoto et al, 1994; Dupré et al,
2002) and why mitotic cells, which express Emil in the G2
phase like the oocytes, do not arrest at metaphase (Hsu et al,
2002). Emil accumulates in the S and G2 phases of mitotic
cycles and its destruction at the onset of the M phase allows
progression through mitosis. Phosphorylation of Emil by
Cdc2 in prometaphase promotes its interaction with the
substrate adaptor protein BTrCP and its degradation by
the SCF (Skpl/Cullin/F-box) ubiquitin-ligase complex
(Margottin-Goguet et al, 2003), dictating the timing of entry
into mitosis. However, in meiosis, Emil is stable throughout
maturation of Xenopus oocytes (Reimann and Jackson, 2002)
but cyclin B stabilization and metaphase arrest occur only in
the second division, after full activation of the Mos pathway.
Mos being the only component of CSF selectively expressed
during the meiotic divisions (Masui, 2001), it is possible that
its pathway functionally interacts with Emil during matura-
tion when CSF appears.

Herein we provide evidence that phosphorylation of Emil
by p90Rs*? stabilizes its interaction with the APC activator
Cdc20 and that the two proteins cooperate to establish CSF
arrest during mouse oocyte maturation. Our studies provide a
direct link between components involved in the establish-
ment and maintenance of CSF activity before fertilization.

Results

p907¥2 directly interacts with Emi1

Since p90%*? and Emil are both involved in cytostatic
activity in Xenopus eggs, we initially investigated whether
they are also present in mouse eggs. RT-PCR analysis from
metaphase-arrested oocytes revealed that p90®**? and Emil
are both present at the mRNA level (data not shown). Both
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Figure 1 Emil and p90"**? are expressed in mouse oocytes. (A)
Western blot analysis of Emil and p90%**? expression in mouse
oocytes. Hek293 cell extracts (2 ug) or mouse oocyte extracts (300
oocytes) were loaded on a 10% SDS-PAGE and stained with either
rabbit polyclonal anti-Emil antibody (1:500) or goat polyclonal
anti-p907**? antibody (1:500). Hek293 cell extracts were loaded as
positive control of protein expression. Relevant bands are indicated
by arrows on the right. (B) Immunofluorescence analysis of Emil
and p90Rsk2 in mouse oocytes. Double staining with either anti-
Emil (1:200) or anti-p90%**? (1:200) antibodies (red) and Hoechst
for DNA staining (blue). Both proteins localize to the cytoplasm and
the meiotic spindle (see insets).

proteins were detected in mouse oocytes by Western blot
(Figure 1A) and immunofluorescence analyses showed that
they were diffuse in the cytoplasm (Figure 1B). Moreover,
both Emil and p90%*** seemed to decorate the meiotic
spindle (Figure 1B, insets), suggesting that they could par-
tially colocalize.

Next, we investigated whether Emil and p90®**? physically
interact. The mouse Emil homologue was cloned by RT-PCR
from a 13 days postcoitum (dpc) embryo library and its
identity was verified by direct sequencing. HA-tagged
p90%k2 and myc-tagged Emil were expressed in Hek293
cells either alone or in combination. When cell extracts
were immunoprecipitated with anti-myc antibody, p90%sk?
was specifically co-immunoprecipitated with myc-Emil
(Figure 2A). Interestingly, we found that Emil also co-im-
munoprecipitated with the endogenous APC activator Cdc20,
and that coexpression of p90%*? increased this association
(Figure 2A).

Hence, we analysed the regions of Emil required for this
interaction using pull-down experiments with purified GST-
Emil proteins. Emil contains an N-terminal region (aa 1-181
in mouse Emil) upstream of the degradation box (F-box, aa
182-236) and a C-terminal region that contains a zinc-bind-
ing motif rich in cysteines (aa 313-383). Mitotic cyclins bind
to the N-terminal region of Xenopus Emil, whereas both the
N-terminal and the C-terminal regions of Emil interact
with Cdc20 (Reimann et al, 2001a). Remarkably, only the
C-terminal region of Emil acts as a Cdc20 inhibitor and is
necessary and sufficient for the cytostatic activity of Xenopus
eggs (Reimann et al, 20014, b; Reimann and Jackson, 2002).
We found that p90%**? bound to full-length Emil and to both
GST-Emil,_;5; and GST-Emil,3s-3s3, albeit interaction with
the C-terminal region was stronger (Figure 2C). Interestingly,
while the cysteine-rich motif of mouse Emil was required for
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Figure 2 Emil associates with p90%**2. (A) Emil and p9oRsk?
specifically co-immunoprecipitate. Western blot analyses of pro-
teins in cell extracts (first three rows) or co-immunoprecipitating
with myc-Emil (three bottom rows). Hek293 cells were transfected
with empty vectors or myc-Emil and HA-p90®*? either alone or in
combination. A 20 pg portion of total extracts was loaded in each
lane (first three rows) and 500 pg of total proteins was immuno-
precipitated for each sample (last three rows). Blots were stained
with anti-myc for myc-Emil, anti-HA for HA- p90®**?, and anti-
Cdc20. (C, D) Cdc20 and p90R** bind to different sites in the
C-terminus of Emil. Pull-down experiments using purified GST
fusion proteins of Emil (elucidated in the scheme in B) and extracts
of Hek293 cells transfected with HA-p90***? (500 ug). Bound pro-
teins were revealed by Western blot analyses using either anti-HA or
anti-Cdc20 antibodies as described in the figure.
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efficient binding to Cdc20, its deletion did not affect the
interaction with p90®**? (see GST-Emil,sq_315 in Figure 2D),
indicating that the kinase binds a different site in the
C-terminus of Emil.

p907°*2 phosphorylates Emi1 and promotes its

interaction with Cdc20

To test whether Emil was a substrate for p90%**?, we incu-
bated a purified active form of p90¥**? with purified GST-
Emil in vitro. As shown in Figure 3A, GST-Emil, but not GST
alone, was readily phosphorylated by the kinase. Moreover,
we found that p90%**? phosphorylated GST-Emil,34_353 much
more efficiently than GST-Emil,_;5;, and that the region of
Emil upstream of the zinc-finger motif was sufficient for
phosphorylation (GST-Emil,;s 313 in Figure 3B). An analysis
of the known Emil gene sequences revealed that there are
only four serine/threonine residues that are conserved be-
tween amino acids 236 and 313: ser246, thr251, thr304 and
ser310 (Figure 3C). Single substitutions of these residues with
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Emil—mouse: 236-MQRVIESS-KLSLHATTRGYVVGRAALTCVQKSSTWAPPK
Emil—human: 299-IQRVTENNNKFSPHASTREYVMFRTPLASVQKSAAQTSLK
Emil—Xenopus: 248-CKELCEKRAKVSSHTATRDESLCRVPLASVQKVAASSLCT
Emil—mouse: KDVQIKSSSQRGQRVSTYSRHNEFVEVAKTLKNNESLKA-313
Emil—human: KDAQTKLSNQGDQKGSTYSRHNEFSEVAKTLKKNESLKA-377
Emil—Xenopus: SKKQSKNKNGG----LSCNRLAEFIEVAQTLKNDQSLKV-322

Figure 3 Emil is phosphorylated by p90~*?. (A) In vitro kinase
assay using 5 U of purified p90Rsk2 (Upstate Biotechnology) and 1 pug
of GST or GST-Emil as substrates. Proteins were incubated for
20min at 30°C, separated on SDS-PAGE and analysed by autoradio-
graphy. (B) Emil,sq_315 is sufficient for phosphorylation by p9oRs*2.
In vitro kinase assay as described in (A) using purified p90Rsk2 and
1 ug of the purified subregions of Emil described in the text of the
figure. (C) Alignment of the region of homology in the 236-313
region of mouse Emil (NP_080271.1) reveals that only four serine/
threonine residues are conserved from Xenopus (AAK62272) to
human (AAH18905.1). (D) Site-directed mutagenesis shows that
ser246 and thr251 are in vitro substrates for p90***2. The upper
panel shows an in vitro kinase assay using purified p90™*2 and GST-
Emil,;6_33 wild type or mutant forms. The middle panel shows the
corresponding Coomassie blue staining to verify that equal amounts
of GST-Emil proteins were used for the assay. The lower panel
shows a densitometric analysis from three separate phosphorylation
experiments performed as described above.
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alanine showed that only ser246 and thr251 are substrates for
p90~k? (Figure 3D). Moreover, p90"*® could still phosphor-
ylate a GST-Emil,z6_30, fusion protein but not GST-Emilo4-383
(Figure 3B). However, even when a double mutation ser246-
ala/thr251ala (ST/AA) was produced, phosphorylation of
GST-Emil,3s_313 was decreased but not abolished
(Figure 3D), indicating that additional, nonconserved resi-
dues between amino acids 236 and 302 of Emil are substrates
for po0®sk? in vitro.

Since p90R**? interacts with and phosphorylates Emil up-
stream of the binding site for Cdc20, we asked whether it
influenced their interaction. GST-Emil full length was bound
to GSH-agarose beads and incubated for 30 min in the ab-
sence or presence of purified p90®*? to obtain nonpho-
sphorylated or phosphorylated sources of the protein (see
Figure 3A). At the end of the incubation, beads were washed
and the kinase removed, as demonstrated by Western blot
analysis (third panel). Hence, beads were incubated with
extracts of proliferating Hek293 cells, which express high
levels of Cdc20. As expected, GST-Emil was able to bind to
Cdc20; however, phosphorylation by p90%*? strongly in-
creased this interaction (approximately four-fold; Figure 4A).
The same effect of phosphorylation by p90***? was observed
when a GST-Emil,;s-3s3 was used (Figure 4B), confirming
that the action of p90®**? is exerted on the region of Emil
that is necessary and sufficient for its cytostatic activity
(Reimann et al, 2001a). Remarkably, the effect of phosphor-

ylation by p90%*** was completely suppressed when the

GST-Emil,;3_353ST/AA mutant (ser246ala/thr25lala) was
used for Cdc20 binding assays (Figure 4C). These results
suggest that phosphorylation by p90~**? stabilizes the inter-
action of Emil with Cdc20.

Emi1 and p907*? cooperate to induce the metaphase
arrest of Hek293 cells

Since phosphorylation of Emil by p9 increases its ability
to interact with Cdc20 and this interaction prevents activation
of the APC, we asked if p90®**? could augment the cytostatic
activity of Emil in vivo. To this end, we transfected Hek293
cells with constructs for p90***? and Emil either alone or in
combination. In addition, cells were cotransfected with a GFP
construct (1:10) to identify transfected cells. After 24 h from
transfection, cells were fixed, stained with Hoechst and
analysed for the percentage of mitotic cells in the GFP-
positive population. Control cells transfected with empty
vectors displayed 5% of GFP-positive cells in either prome-
taphase or metaphase (Figure 5A and B); overexpression of
Emil caused an increase of mitotic cells to 12%, similar to
that observed previously for Xenopus Emil (Reimann et al,
2001a). Interestingly, we observed that coexpression of Emil
with p90®**? led to a further increase in mitotic cells (24%).
This effect is similar to that obtained with a stabilized Emil
mutant (Reimann et al, 2001a) and suggests that the two
proteins cooperate to delay or arrest Hek293 cells in mitosis.
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Figure 4 Phosphorylation of Emil by p90®**? potentiates its binding to Cdc20. GST-Emil full length (A) or either wild type (B) or ST/AA
mutant (C) C-terminus, aa 236-383, was purified on GSH-agarose beads and incubated for 30 min in the absence or presence of purified active
form of p90R**? to obtain a source of nonphosphorylated or phosphorylated protein. After washes to remove the kinase (the corresponding
Western blot is shown in the bottom panels of each experiment), GST fusion proteins were used in pull-down experiments with extracts from
Hek293 cells (500 pg of total proteins) as a source of endogenous Cdc20. The first panels in (A-C) represent anti-Cdc20 Western blot, and the
second panels represent Coomassie blue staining of the pull-down experiments. The third panels display the lack of residual kinase on beads
before incubation with extracts. The results from three different experiments were quantitated by optical densitometry and the data are shown
as average +standard deviation in the panels at the bottom of the figure.
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Overexpression of p90***? alone also caused a small increase
in mitotic index (9 versus 5% in control cells), which could
be due to an effect of the kinase on endogenous Emil.

To confirm that overexpression of Emil and p90~*** caused
a mitotic arrest in Hek293 cells, we analysed cyclin Bl
expression levels and H1 kinase activity. GFP-positive and
GFP-negative cells were sorted by FACS, and protein expres-
sion was tested in the two populations. Overexpression of
Emil stabilized cyclin B1 and p90"*? further increased the
levels of cyclin B1 (Figure 5C and D). Stabilization of cyclin
Bl was already appreciated when p90%*** was transfected
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alone, further suggesting an effect of p90%*? on endogenous
Emil. Moreover, cyclin Bl increase in cells cotransfected with
Emil and p90"*? was accompanied by MPF activation
(Figure 5C, fourth panel, and Figure 5D). These results
support the hypothesis of cooperation between these proteins
to induce the metaphase arrest.

Emi1 and p907*? cooperate to induce metaphase arrest
of early blastomeres

CSF activity has been defined by the ability of purified
proteins and/or extracts to induce cell cycle arrest when
microinjected into dividing blastomeres. To examine the
cooperation between p90%**? and Emil by this classical
bioassay, we microinjected these purified proteins into one
blastomere of mouse two-cell embryos (Masui, 2001). We
found that microinjection of GST-Emil,;4_353 did not exert a
cytostatic effect in mouse embryos, which developed to the
four-cell stage as control (not shown) or GST-injected em-
bryos (Figure 6B). On the other hand, microinjection of an
active form of p90®**? was able to induce the typical three-cell
stage arrest in 42 % of microinjected embryos (Figure 6A and
B). Remarkably, when p90%**? was coinjected with GST-
Emil,se 383, the cytostatic effect was strongly increased
(66% arrest at the three-cell stage), indicating cooperation
between the two proteins in vivo. By contrast, GST-Emil 3¢
383ST/AA did not reinforce the kinase action, indicating that
phosphorylation on the conserved ser/thr residues of Emil is
important for the cooperative effect (Figure 6B).

Since we found that GST-Emil,36_3:3 is phosphorylated by
p90%k2 and is sufficient for interaction with the kinase but
does not interact with Cdc20, we reasoned that this portion
could interfere with binding of endogenous Emil in vivo and
could compete as substrate for p90~**. Indeed, in transfected
cells, coexpression of Emil,3s 313 not only competed with the
interaction between full-length Emil and p90%*** but also
prevented association of Cdc20 with the kinase (Figure 6C),
suggesting that it blocks the formation of a stable complex
between Emil/Cdc20 and p90%**2. Moreover, we found that
coinjection of GST-Emil,36_33 in two-cell embryos inhibited
the cytostatic effect exerted by p90%**?, with only 8% of
injected embryos blocked at the three-cell stage (Figure 6A
and B).

Figure 5 Emil and p90Rsk2 cooperate to induce cytostatic arrest in
mitotic cells. Cells were transfected with either empty vector (—) or
the indicated expression vector and with a GFP construct (1:10) to
be able to identify transfected cells. At 24 h after transfection, cells
were fixed, stained for DNA using Hoechst dye (1pg/ml) and
analysed under a fluorescence microscope to determine the percen-
tage of mitotic cells (prometaphase and metaphase in (A) in the
GFP-positive population. (B) Summary of the mitotic indexes
obtained in three different experiments. In each experiment, 300
GFP-positive cells were counted in five separate fields. Data are
shown as average+standard deviation. (C) Cells transfected as
described above were sorted by FACS to separate the GFP-positive
population from the GFP-negative population. Cell extracts (10 ug)
obtained from these populations were analysed by Western blot for
HA-p90%**2, myc-Emil, cyclin B1 and B-actin. The first and second
panels demonstrate that recombinant proteins were almost exclu-
sively expressed in the GFP-positive population, assessing the
quality of the sorting procedure. MPF activity was measured in
GFP-positive cell extracts (10pg) using H1 (1pg) as substrate.
(D) The results from three different experiments for cyclin B expres-
sion and H1 kinase activity were quantitated by optical densitometry
and the data are shown as average +standard deviation.
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Figure 6 Emil potentiates the cytostatic activity of p90Re<?

in mouse blastomeres. Purified GST fusion proteins (5-8pl of
1mg/ml solution of GST, GST-Emils36-353 or GST-Emils3s-313)
were injected either alone or with purified active p90***? in one
blastomere of two-cell mouse embryos (45-50h after hCG injec-
tion). At 12-15h after microinjection, embryos were scored for cell
cycle progression to the four-cell stage (no cytostatic arrest) or to
the three-cell stage (cytostatic arrest). Representative examples of
arrested and not arrested embryos are shown in (A). (B) Summary
of the results obtained. Each bar corresponds to four separate
experiments in which we analysed a total of at least 35 embryos.
Data represent average+standard deviation from these experi-
ments. (C) Western blot analyses of proteins in cell extracts (first
three rows) or co-immunoprecipitating with HA-Rsk2 (three bottom
rows). Hek293 cells were transfected with empty vectors or myc-
Emil, Emil,s6_313 and HA-p90®s¥? either alone or in combination. A
20 pg portion of total extracts was loaded in each lane (first three
rows) and 500 pg of total proteins was immunoprecipitated for each
sample (last three rows).

Interaction between p907*? and Emi1 is required during
oocyte maturation

Since GST-Emil,ze_3;3 acts as an inhibitor of the functional
interaction between p90%**?* and Emil in vivo, we set out to
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determine the role of this interaction during oocyte matura-
tion, when cytostatic activity is physiologically established.
Oocytes at the germinal vesicle stage were allowed to under-
go germinal vesicle breakdown (GVBD) in culture. After
GVBD, oocytes were microinjected with either GST as control
or GST-Emil,36-3;3 and incubated for additional 12-14h
to complete maturation. Control or GST-injected oocytes
reached the metaphase II arrest typical of ovulated oocytes;
the chromosomes were aligned at the equator of the meiotic
spindle, which was located at the periphery of the cell (Figure
7A, Ba, b and C). On the contrary, microinjection of GST-
Emil,3s_313 caused abnormal maturation, with 30% of the
oocytes extruding a second polar body (Figure 7A and C).
Interestingly, in some oocytes, the polar body was much
larger than normal (Figure 7A), indicating a defect in asym-
metric division similar to that observed in mos™~ oocytes
(Choi et al, 1996; Verlhac et al, 2000b). Immunofluorescence
analysis of GST-Emil,s6_313-injected oocytes revealed either
abnormal spindles with misaligned chromosomes (Figure
7Bc and d) or the absence of a meiotic spindle and comple-
tion of anaphase (Figure 7Be). On the other hand, the GST-
Emil,ss_313ST/AA mutant did not cause alterations of meiotic
progression (Figure 7Bf and C), suggesting that it was unable
to interfere with Emil phosphorylation in vivo. These results
highlight the lack of a normal metaphase II arrest in oocytes
injected with wild-type GST-Emil,;6_3;3 and indicate that the
functional interaction between Emil and p90%**? is required
for normal meiotic progression.

RNAIi of Emi1 interferes with mouse oocyte maturation
To test whether the morphological defects observed in matur-
ing oocytes injected with the GST-Emil,34 3,3 were due to
alterations of Emil function, we set out to interfere with RNA
expression in oocytes by RNAi. It was shown that micro-
injection of 300-500bp double-stranded RNA (dsRNA) se-
quences in maturing mouse oocytes is capable of specifically
depleting endogenous mRNAs (Svoboda et al, 2000). Thus,
we in vitro synthesized dsRNAs comprising the 3’ region
of mouse Emil mRNA, or of GFP mRNA as control, and
microinjected them into GV oocytes. Oocytes were allowed
to mature and Emil mRNA levels were measured in
GFPdsRNA- or EmildsRNA-injected oocytes. As shown in
Figure 8A, Emil mRNA was readily detected in GFPdsRNA-
injected oocytes, whereas it was absent in EmildsRNA-in-
jected oocytes. Interestingly, depletion of Emil caused similar
morphological defects as those observed by injection of GST-
Emil,;ze_313. We observed that 30% of EmildsRNA-injected
oocytes extruded a second polar body (Figure 8C and Bb) or a
much larger polar body indicating the lack of asymmetric
division as reported for mos—/— oocytes (Figure 8Bc and d),
whereas 60% of the oocytes displayed abnormal spindles
with scattered chromosomes or decondensed chromatin
(Figure 8Bc, d and C). By contrast, GFPdsRNA-injected oo-
cytes underwent normal maturation and arrested with a
metaphase II spindle (Figure 8Ba and C). These results
indicate that oocyte maturation was severely impaired by
selectively interfering with Emil expression in mouse oocytes.

Discussion

The CSF activity present in vertebrate oocytes requires acti-
vation of the Mos/MAPK/p90%*** pathway during oocyte
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Figure 7 GST-Emil,;s 313 interferes with oocyte maturation and cytostatic arrest. Mouse oocytes were collected from PMSG-primed mice and
let undergo GVBD in culture. Immediately after GVBD, oocytes were microinjected with 5-8 pl of GST (1 mg/ml) or either wild-type or ST/AA
mutant GST-Emil,36-313 (1 mg/ml) and cultured for additional 14-16h. (A) Representative phase contrast images of control or microinjected
oocytes, showing that GST-Emil,34_3;3 induces either abnormal maturation or extrusion of the second polar body. (B) Immunofluorescence
analysis of the meiotic spindle in microinjected oocytes. Oocytes were fixed and stained with anti-tubulin antibody and Hoechst dye for DNA.
Control or GST-injected oocytes displayed a metaphase plate with a normal spindle. GST-Emil,34_3;3-injected oocytes displayed either abnormal

spindle (c, d) or decondensed chromatin in anaphase position (

e), whereas GST-EmilST/AA,34_313-injected oocytes displayed a normal

maturation with an MII spindle (f). (C) Summary of the results obtained is shown. Abnormal spindles are considered oocytes as in (Bc) or (Bd).
Each bar corresponds to average +standard deviation from four separate experiments in which we analysed a total of at least 35 oocytes.

maturation and APC®®*° inhibitory regulators, such as Emil

and Madl, to be maintained once it is established (Reimann
and Jackson, 2002; Tunquist et al, 2003). However, the
connection between the factors required for the establish-
ment and the maintenance of CSF is still unclear. Herein, we
report that p90***?, the effector of the Mos pathway, directly
interacts with and phosphorylates Emil, an essential inhibi-
tor of APC at metaphase (Reimann and Jackson, 2002).
Moreover, we show that functional interaction between
p90”sk2 and Emil potentiates the ability of Emil to bind to
Cdc20 and to induce cytostatic arrest both in mouse blasto-
meres and in transfected cells. Thus, our results establish a
first direct connection between proteins involved in the
establishment and in the maintenance of cytostatic activity
in vertebrate eggs.

In vitro binding experiments, supported also by co-immu-
noprecipitation experiments, indicate that phosphorylation of
the C-terminal region of Emil by p90®**? potentiates four-fold
its ability to bind Cdc20. Notably, Reimann and Jackson
(2002) showed that cytostatic arrest was released when
recombinant Cdc20 was added to Xenopus egg extracts at
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3 uM concentration, but not at 1 uM concentration, and that
it was prevented by addition of equimolar amounts of Emil.
Their results indicate that CSF arrest is maintained by a strict
balance between Emil and Cdc20 concentrations, and that
changing this balance by as little as three-fold triggers meta-
phase-to-anaphase transition. Thus, we propose that one of
the functions of the Mos pathway during oocyte maturation is
to reinforce the cytostatic activity of Emil through phosphor-
ylation by p90®**? (Figure 9). Our conclusion is supported by
the observations that coinjection of Emil with p90oR®* in
mouse blastomeres exerts a stronger cytostatic effect than
either protein alone. In addition, substitution of the evolutio-
narily conserved ser246/thr251 residues, which are phos-
phorylated by p90®*%?, suppresses the cooperation between
the two proteins in vivo and the ability to stabilize the Cdc20/
Emil interaction in vitro. Our results also show that injection
of GST-Emil,ze_33, which interacts with p90%* and is
efficiently phosphorylated by the kinase but is unable to
bind Cdc20 efficiently, blocks the cytostatic activity of con-
stitutively active p90%**? in two-cell embryos and it interferes
with meiosis II progression and cytostatic arrest in maturing
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Figure 8 Emil RNAI interferes with oocyte maturation and cyto-
static arrest. Mouse oocytes were collected from PMSG-primed mice
at the GV stage and microinjected with 5-8 pl of either GFPdsRNA
(0.5mg/ml) or EmildsRNA (0.5 mg/ml) and cultured for additional
16-20h to allow maturation. At the end of the incubation, oocytes
were scored for the second polar body emission and either frozen
in Trizol for RT-PCR analysis or fixed in 4% paraformaldehyde
for immunofluorescence analysis. (A) RT-PCR analysis of Emil
and actin RNA expression in oocytes microinjected with either
GFPdsRNA or EmildsRNA. A pool of 15 oocytes was used for
each sample. Oligonucleotides amplifying a 543 bp sequence in
the 5 region of mouse Emil (see Materials and methods, oligos
for Emil;_;5) were used. (B) Immunofluorescence analysis of
the meiotic spindle in microinjected oocytes. Oocytes were fixed
and stained with a fluorescein-conjugated anti-tubulin antibody
(green) and Hoechst dye for DNA (blue). GFPdsRNA-injected
oocytes displayed a metaphase plate with a normal spindle (a).
EmildsRNA-injected oocytes displayed either decondensed chroma-
tin (b, ¢) and two polar bodies (white arrows in (b)) or scattered
chromosomes and abnormal spindle (d) and they often extruded a
larger polar body (c, d). (C) A summary of the results obtained is
shown; the score was performed using the criteria described in
Figure 7. Each bar corresponds to average +standard deviation from
four separate experiments in which we analysed a total of at least 40
oocytes.

mouse oocytes. Since similar defects were observed when
Emil expression was impaired by RNAIi, it seems that the
effects are due to alterations of Emil function. These results
suggest that GST-Emil,34_313 competes for the interaction of
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Figure 9 Hypothetical model of CSF establishment in mouse oo-
cytes. Schematic representation of the model hypothesized on the
basis of data in the literature and the new findings of this work. See
description in the text for a detailed explanation.

p90™sk? with endogenous Emil and that this interaction is
necessary for the establishment of cytostatic arrest.

The morphological examination of oocytes matured in the
presence of GST-Emil,ze_313, or where Emil expression was
decreased by RNAIi, revealed that they closely resemble
mos—/— oocytes (Choi et al, 1996; Verlhac et al, 2000a, b),
with some oocytes extruding a second polar body and others
with abnormal spindles and misaligned chromosomes or
abnormal cytokinesis. Beside stabilization of MPF activity
through inhibition of the APC®®°, the Mos/MAPK/p90~sk
pathway is also important for stabilization of the spindle
through post-translational modifications of microtubule-as-
sociating proteins like MISS and DOCI1R (Verlhac et al, 1996;
Lefebvre et al, 2002; Terret et al, 2003). The spindle abnorm-
alities in oocytes injected with GST-Emil,36.313 oOr
EmildsRNA suggest that the functional interaction between
Emil and p90®**? contributes also to this aspect of meiosis II.
Interestingly, it has been shown that MISS protein is stable
only in metaphase II-arrested oocytes, once the cytostatic
activity has been established. Since the spindle defects ob-
served after in vivo depletion of MISS (Lefebvre et al, 2002)
closely resemble those obtained by interference with Emil, it
would be interesting to determine whether MISS is a sub-
strate for the APC®“** and whether Emil prevents its degra-
dation in meiosis.
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The only proteins shown to be required for maintenance of
the cytostatic arrest in eggs are the APC®°2° inhibitors Emil
and Mad1 (Reimann and Jackson, 2002; Tunquist et al, 2003).
In both cases, the crucial experiments employed an immu-
nodepletion approach from Xenopus egg extracts, which are
typically arrested at metaphase with high MPF and MAPK
activity. Depletion of either Mad1 or Emil led to activation of
the APC, cyclin B degradation and mitotic exit. Since addition
of either recombinant Madl or Emil was sufficient to block
these events, in both works it was concluded that these
proteins were necessary and sufficient to maintain the CSF
arrest of Xenopus eggs. One possibility to reconcile this
apparent paradox is that Madl and Emil associate in a
complex and depletion of either one causes mitotic exit
because of depletion of the inhibitory complex. However, it
was not checked whether or not Emil co-immunoprecipitates
with Madl in the immunodepletion experiments (Reimann
and Jackson, 2002; Tunquist et al, 2003). Because of the
limiting volume of mouse oocytes, such approaches cannot
be applied to our system. Nevertheless, our in vivo competi-
tion and/or depletion approaches suggest that Emil partici-
pates in cytostatic arrest also in mouse oocytes.

Our observations suggest that the metaphase-to-anaphase
transition in vertebrate eggs is controlled by a relay of
phosphorylation events that fine-tune the reciprocal affinity
of regulatory components of the APC. In our model, p90~**? is
activated by the Mos pathway during oocyte maturation and
phosphorylates Emil, increasing its affinity for Cdc20 and
preventing activation of the APC (Figure 9). After metaphase
is reached, the Mos pathway becomes dispensable (Tunquist
and Maller, 2003), possibly because phosphorylated Emil is
stable in the oocyte environment. This might be due to the
absence of a counteracting phosphatase or to inaccessibility
of Emil when complexed to Cdc20. In agreement with this
second hypothesis, it was noted that Emil has a stronger
affinity for the APC activator Cdhl than for Cdc20, and it is
rapidly degraded when Cdhl disappears (Reimann et al,
2001b; Hsu et al, 2002). Since only Cdc20 is present in
oocytes (Lorca et al, 1998), it is possible that phosphorylation
by p90%*k? prolongs Emil life in meiosis through the stabili-
zation of the normally loose interaction with Cdc20. At
fertilization, activation of CaMKII triggers activation of
APCC4¢® and degradation of cyclin B (Lorca et al, 1993). It
remains to be established whether CaMKII acts directly
through phosphorylation of Emil or Cdc20 and whether
phosphorylation causes dissociation of the complex. In this
regard, our preliminary data suggest that at least Emil is not
a direct in vitro substrate for CamKII (MP Paronetto and C
Sette, unpublished observation).

In conclusion, our results indicate that p90®**? functionally
interacts with Emil in the establishment of CSF activity in
mouse eggs. Our model offers a reconciling view on the
connection between two components of CSF that were
previously considered independent, leaving puzzling doubts
on the relation between the establishment and the mainte-
nance of CSF arrest (Duesbery and Vande Woude, 2002).
Moreover, since activation of the MAPK pathway is required
also in the response to the spindle- and DNA-damage
checkpoints in mitotic cells (Chung and Chen, 2003;
Panta et al, 2004), our results may provide a direct link
between this pathway and cell cycle arrest through the
inhibition of the APC.
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Materials and methods

Plasmid construction

Mouse Emil was amplified by PCR using a 13 dpc embryo cDNA
library and oligonucleotides 5'-AGGAATTCATGAAGTGTTTTAATTG
CAACCCTG-3' (forward) and 5-GGTCGACTCACAATCTTTG
TAAGTTCTTTTTAC-3' (reverse) and subcloned into the EcoRI and
Sall sites of either pPCDNA3-myc or pGEX4T1 expression vectors for
myc- or GSTtagged Emil, respectively. Oligonucleotides were
derived from the mouse Emil homologue deposited in the NCBI
database (Fbxo5: NM_025995). Additional oligonucleotides used
were as follows: 5-GGTCGACTCATAGGTGCTCCAGGCCCAT-3' (re-
verse) for GST-Emil,_;g, 5-AGGAATTCATGCAGCGAGTCATTGA
AAGC-3' (forward) for Emil,zs_383, 5'-GGTCGACTCAGGCTT
TGAGGCTTTCGTTG-3' (reverse) for Emil,36-3;3. Point mutations
in Emil were introduced by using mutated oligonucleotides and
PCR amplification. Pfu polymerase (Stratagene) was used for all
amplifications and constructs sequences were verified by direct
sequencing. The vector pMT2-HAp90®**? was a generous gift of Dr
Mortin Frodin.

Expression and purification of GST fusion proteins. Plasmids
(pGEX-) containing GST fusion proteins were transformed into the
Escherichia coli BL21 strain, and grown at 30°C in LB medium to an
ODggo = 0.6 before induction with 0.5 mM isopropyl-p-thiogalacto-
pyranoside (IPTG, Sigma-Aldrich) for 3 h. GST fusion proteins were
purified from bacterial lysates on glutathione-agarose (Sigma-
Aldrich) as previously described (Sette et al, 1998) and analysed
by SDS-PAGE and Coomassie blue staining to test purity and
integrity.

Cell culture and transfections. Hek293 cells were maintained in
Dulbecco’s medium supplemented with 10% fetal bovine serum
(FBS) (Gibco BRL) in 90 mm dishes. Subconfluent monolayers were
processed for CaPO, transfection with 1-10 pug of the appropriate
plasmids or by Fugene (Stratagene) with 0.2-2 pg of the appropriate
plasmids as previously described (Sette et al, 2002). At 24-48 h after
transfection, cells were harvested in lysis buffer (50 mM Hepes, pH
7.5, 75mM NaCl, 10 mM B-glycerophosphate, 2 mM EGTA, 15mM
MgCl,, 0.1mM sodium orthovanadate, 1mM DTT, 0.5% Triton
X-100, protease inhibitor cocktail (Sigma-Aldrich)) and incubated
for 10 min on ice. Lysates were centrifuged for 10 min at 10000 g at
4°C and used for further analysis. Protein concentration was
determined using a protein assay kit (Bio-Rad) following the
manufacturer’s instructions.

FACS sorting. Transfected cells were separated based on size
(forward scatter) and green fluorescence (GFP-positive) using a
FACSVantage cell sorter (Beckton and Dickinson). Purity of GFP-
positive and -negative populations was >98%. Sorted cells were
used for Western blot analysis as described below.

Pull-down assays. Cell extracts (500pug of total proteins) were
added to 2pg of GST fusion protein adsorbed on glutathione-
agarose (Sigma-Aldrich) in 250l (final volume) of lysis buffer
supplemented with 0.05% bovine serum albumin (BSA). After
incubation for 90 min at 4°C under constant shaking, beads were
washed three times with lysis buffer without Triton X-100, and
absorbed proteins were eluted in SDS sample buffer (62.5 mM Tris-
HCI, pH 6.8, 10% glycerol, 2% (wt/vol) SDS, 0.7 M 2-mercap-
toethanol and 0.0025% (wt/vol) bromophenol blue) and resolved
on a 10% SDS-PAGE for subsequent Western blot analysis.

Immunoprecipitation assay. Cell extracts (500 pug of total proteins)
were incubated with 1 pg of anti-myc antibody for 2 h at 4°C under
constant shaking. Protein A-Sepharose or protein G-Sepharose
(Sigma-Aldrich) was preadsorbed with 0.05% BSA before incuba-
tion with the immunocomplexes for an additional hour. Hence,
beads were washed three times with lysis buffer and absorbed
proteins were eluted in SDS sample buffer for Western blot analysis.
Kinase assays. For p90**¥? assays, 1pg of each GST-Emil fusion
protein was incubated at 30°C for 20 min with the purified active
form of the kinase (5U, Upstate Biotechnology) in reaction buffer:
S0mM Hepes, pH 7.4, 10mM MgCl,, 1mM EGTA, 1mM DTT,
10 mM B-glycerophosphate, 0.5 mM NaVO,, 50 uM ATP and 5 puCi of
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3'ZP—«/—ATP. In some experiments, GST fusion proteins were
phosphorylated while still bound to the GSH-agarose beads and at
the end of the incubation the kinases were washed by rinsing three
times with an excess of kinase buffer (without label) before using
the proteins for pull-down assays. H1 kinase assays were performed
on cell extracts of GFP-positive Hek293 cells as previously described
(Bhatt and Ferrell, 1999).

Western blot analysis. Cell extracts or immunoprecipitated proteins
were diluted in SDS sample buffer as described above and boiled for
S5min. For oocyte extracts, 300 metaphase II oocytes/sample were
collected and immediately frozen in sample buffer. After thawing,
oocytes were sonicated and boiled before loading. Proteins were
separated on 10% SDS-PAGE gels and transferred to polyvinylidene
fluoride Immobilon-P membranes (Millipore) using a semidry
blotting apparatus (Bio-Rad). The membranes were saturated with
5% nonfat dry milk in PBS containing 0.1% Tween 20 for 1h at
room temperature, and incubated with the following primary
antibodies (1:1000 dilution) overnight at 4°C: mouse anti-HA (for
HA-p90%**2, from BabCO Berkeley antibody company); rabbit anti-
actin (Sigma-Aldrich); mouse anti-Myc (for myc-Emil); rabbit
anti-Emil (Gentaur); goat anti-p90%**?, rabbit anti-Cdc20, rabbit
anti-cyclin A2, mouse anti-cyclin-B1. Primary antibodies were all
from SantaCruz Biotechnology, unless specified otherwise. Second-
ary anti-mouse or anti-rabbit IgGs conjugated to horseradish
peroxidase (Amersham) were incubated with the membranes for
1h at room temperature at a 1:10000 dilution in PBS containing
0.1% Tween 20. Immunostained bands were detected by chemilu-
minescent method (SantaCruz Biotechnology).

Immunofluorescence analysis. Oocytes were processed for immu-
nofluorescence analysis using anti-tubulin antibody (1:100, Sigma-
Aldrich) or anti-Emil antibody (1:200, Gentaur) or anti-p90%<?
antibody (1:200, SantaCruz Biotechnology) as previously docu-
mented (Sette et al, 2002).

Oocyte collection, microinjection and in vitro culture

Two-cell embryos and GV oocytes were collected from hormonally
primed 6- to 7-week-old CD1 female mice (Charles River Italia) and
cultured in M16 medium under mineral oil as previously described
(Hogan et al, 1994). Oocytes were allowed to undergo GVBD by
incubation in the absence of an exogenous cAMP source and used
for microinjection either immediately (for dsRNAi) or after GVBD
(approximately 2 h after collection). Before injection, oocytes and
embryos were washed in M2 medium and then transferred to 50 ul
drops of the same medium under mineral oil. Microinjection
manipulations were performed as previously described (Sette et al,
1998). Briefly, into the cytoplasm of one blastomere of a two-cell
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dsRNA preparation

To generate templates for dsSRNA synthesis, we employed forward
and reverse oligonucleotides containing at the 5’ end a T7 promoter
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designed: forward 5'-GTAATACGACTCACTACTATAGGGCATGCAGC
GAGTCA-3’;  reverse 5-GTAATACGACTCACTACTATAGGGCTCA
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tated by standard procedures and dissolved in RNAse-free H,O.
Equimolar amounts of sense and antisense RNA were annealed in
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precipitation. dsRNA was resuspended in H,0, assayed by agarose
electrophoresis and stored at —80°C prior to use.
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