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The transition of oocytes from meiosis I (MI) to meiosis II (MII) requires partial cyclin B degradation to allow MI exit
without S phase entry. Rapid reaccumulation of cyclin B allows direct progression into MII, producing a cytostatic factor
(CSF)-arrested egg. It has been reported that dampened translation of the anaphase-promoting complex (APC) inhibitor
Emi2 at MI allows partial APC activation and MI exit. We have detected active Emi2 translation at MI and show that Emi2
levels in MI are mainly controlled by regulated degradation. Emi2 degradation in MI depends not on Ca2�/calmodulin-
dependent protein kinase II (CaMKII), but on Cdc2-mediated phosphorylation of multiple sites within Emi2. As in MII,
this phosphorylation is antagonized by Mos-mediated recruitment of PP2A to Emi2. Higher Cdc2 kinase activity in MI
than MII allows sufficient Emi2 phosphorylation to destabilize Emi2 in MI. At MI anaphase, APC-mediated degradation
of cyclin B decreases Cdc2 activity, enabling Cdc2-mediated Emi2 phosphorylation to be successfully antagonized by
Mos-mediated PP2A recruitment. These data suggest a model of APC autoinhibition mediated by stabilization of Emi2;
Emi2 proteins accumulate at MI exit and inhibit APC activity sufficiently to prevent complete degradation of cyclin B,
allowing MI exit while preventing interphase before MII entry.

INTRODUCTION

The process of vertebrate oocyte maturation, which pro-
duces a haploid gamete, is characterized by two consecutive
M phases, meiosis I (MI) and meiosis II (MII), without an
intervening interphase. To generate an egg competent for
fertilization, the nascent oocyte must undergo entry into MI,
transit from MI to MII, and finally, an arrest in metaphase of
MII. Failure to complete any of these key cell cycle events
prevents normal egg production. MI entry is driven by the
Cdc2/cyclin B kinase, the molecular components of an ac-
tivity known as maturation promoting factor (MPF; Masui,
2001; Doree and Hunt, 2002; Jones, 2004). In the well-char-
acterized Xenopus oocyte system, progesterone treatment
initiates the translation of several proteins that trigger mat-
uration, including cyclin B and the Mos kinase (Frank-Vail-
lant et al., 1999). Mos facilitates MI entry through activation
of the ERK–MAPK pathway, which promotes Cdc2 activa-
tion by antagonizing its inhibitory kinase, Myt1, and by
enhancing the activity of its activating phosphatase, Cdc25
(Sagata et al., 1988; Palmer et al., 1998; Peter et al., 2002). An
additional Cdc2 activator, Ringo, has also been implicated in
MI entry; this protein both drives maximal Cdc2 activation
and renders Cdc2 less susceptible than cyclin-bound Cdc2 to

the inhibitory action of Myt1 kinase (Ferby et al., 1999;
Karaiskou et al., 2001).

In addition to playing a role in MI, Mos kinase is a critical
component of cytostatic factor (CSF), an activity required for
arrest in MII (Masui and Markert, 1971; Lorca et al., 1993).
Although Mos has been long known to act as a constituent
of CSF (through activation of the MAPK pathway, as in MI;
Sagata et al., 1989; Haccard et al., 1993), its precise mecha-
nism of action was not clear. Recently, it was shown that
Mos helps to maintain MII arrest by inhibiting degradation
of substrates of the anaphase promoting complex (APC),
including cyclin B and a key regulator of chromosome seg-
regation, securin. This APC inhibitory activity of Mos is
exerted through a known inhibitor of the APC, Emi2, or
Erp1. In MII, Mos promotes both the stability and activity of
Emi2; the ability of Emi2 to inhibit the APC is regulated
through phosphorylation of its C-terminus by Cdc2 and Mos
enhances Emi2 function by facilitating its PP2A-mediated
dephosphorylation (Inoue et al., 2007; Nishiyama et al., 2007;
Wu et al., 2007a). Moreover, Mos helps to maintain steady-
state levels of Emi2 by promoting the dephosphorylation of
multiple Cdc2 sites on Emi2, which trigger slow degradation
of Emi2 when Cdc2/cyclin B kinase levels rise above a
certain threshold. At fertilization, a transient increase in
cellular Ca2� level activates calmodulin-dependent protein
kinase II (CaMKII), which primes Emi2 for docking of the
Polo-like kinase 1 (Plx1 in Xenopus) and subsequent Plx1-
mediated Emi2 phosphorylation. This creates a phosphode-
gron for the E3 ligase SCF�Trcp, leading to proteasomal
degradation (Liu and Maller, 2005; Rauh et al., 2005; Hansen
et al., 2006). When Emi2 is degraded, the APC is fully acti-
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vated, releasing eggs from MII into the first embryonic cell
cycle (Wu et al., 2007a).

In comparison to MI entry and the CSF-induced MII ar-
rest, the MI–MII transition is not well understood. However,
errors in this transition, including both inappropriate MI
arrest and failure to enter MII after MI exit are not uncom-
mon and can lead to parthenogenesis and/or teratoma for-
mation if abnormal oocytes are not properly eliminated
(Hashimoto et al., 1994; Eppig et al., 1996). It is generally
accepted that Mos is required for the MI–MII transition
(Kanki and Donoghue, 1991; Hashimoto et al., 1994; Dupre et
al., 2002) because ablation of Mos translation clearly results
in a failure of MII entry (and a consequent artificial inter-
phase). Moreover, maintaining residual Cdc2 kinase activity
at MI exit is necessary, as complete inhibition, either by
chemical inhibitors or by overexpression of the inhibitory
kinase Wee l promotes an artificial interphase (Iwabuchi et
al., 2000). One unsettled question, however, concerns the
role of the APC in the MI–MII transition. Early studies in
Xenopus oocytes indicated that the APC was dispensable for
this transition, as neither antibody neutralization of the APC
nor overexpression of its natural inhibitor, Mad2, inhibited
the first meiotic anaphase (Peter et al., 2001; Taieb et al.,
2001). This idea was challenged more recently by the dis-
covery that activation of the spindle assembly checkpoint
(SAC), that targets the APC in MI, could lead to MI arrest
(Homer et al., 2005). Moreover, in 2006, studies in both the
Xenopus and murine oocyte systems demonstrated a require-
ment for Emi2 in the MI–MII transition and suggested that
not only is the APC activated at MI anaphase, but also that
its timely inhibition by Emi2 is required to promote entry
into MII (Madgwick et al., 2006; Ohe et al., 2007). Although
Emi2 protein has been remarkably difficult to detect in MI
oocytes, it was shown that ablation of Emi2 message using
antisense morpholino oligonucleotides could promote exit
from MI into interphase. Moreover, overexpression of Emi2
in the immature oocyte will promote an MI arrest upon
progesterone treatment. These findings argued that Emi2 is
most likely present at the end of MI to prevent complete
APC-mediated degradation of cyclin B, which would lead to
parthenogenetic activation of the oocytes. Conversely, in
order to prevent the MI arrest that would occur if cyclin B
degradation were to be completely inhibited, Emi2 levels
must be tightly controlled to allow only partial APC inhibi-
tion.

Though it was initially reported that Emi2 protein was
present throughout oocyte maturation, multiple groups
have subsequently determined that significant accumulation
of Emi2 protein is prevented during MI (Liu et al., 2006; Ohe
et al., 2007; Tung et al., 2007). One of these groups reported
that Emi2 levels are kept appropriately low in MI through
the dampening of Emi2 mRNA translation (Ohe et al., 2007).
Rapid translation at the onset of MII would then allow
efficient CSF arrest. However, Tung et al. (2007) found that
Emi2 mRNA polyadenylation, which governs the timing of
translation, was controlled by Cdc2 and began immediately
after MI entry, though Emi2 protein did not accumulate
until the onset of MII. In this study, we demonstrate that
translation of Emi2 does indeed occur during MI and that
regulation of Emi2 levels in MI is exerted mainly at the level
of protein stability. Throughout MI, Emi2 protein undergoes
continuous and rapid turnover. Interestingly, we demon-
strate that the same degron that controls precipitous degra-
dation of Emi2 at exit from MII also regulates the continuous
degradation of Emi2 before MI exit (Rauh et al., 2005). More-
over, this degradation is required to prevent inappropriate
MI arrest. However, unlike degradation at MII exit, MI Emi2

degradation does not appear to require Ca2�/CaMKII.
Rather, phosphorylation of four sites in the Emi2 N-termi-
nus (213/239/252/267) primes the protein for degradation
through the degron site. Moreover, Mos facilitates MII entry,
in large part, by promoting Emi2 stabilization through
PP2A-mediated dephosphorylation of these sites, a pathway
similar to that which controls slow Cdc2-mediated Emi2
degradation during MII. In concert with these observations,
we have found that overall Cdc2/cyclin B kinase activity
(and consequent Emi2 phosphorylation) is higher in MI than
MII, providing an explanation for the instability and low
abundance of Emi2 in MI that is necessary to avoid inap-
propriate MI arrest. Additionally, the reduction in Cdc2
kinase activity at MII, relative to MI, allows Mos/PP2A-
mediated dephosphorylation of Emi2 to predominate, en-
hancing Emi2 stability, and allowing the prolonged arrest
characteristic of MII.

MATERIALS AND METHODS

Cloning, Protein Expression, and mRNA Preparation
Emi2 mutants including S213A/T239A/T252A/T267A, T545/551A, DS32AA,
and T195A were cloned as previously described (Wu et al., 2007b), as were the
Myc6-tagged Emi2 open reading frame (ORF), including its own 3�-untrans-
lated region (UTR; WT and DS32AA) in pCS2� vector (Tung et al., 2007). For
mRNA synthesis, Emi2 ORFs (Emi2 aa 489-651, Emi2 wild-type, Emi2
DS32AA, and Emi2 4A) were PCR amplified and subcloned into the NotI site
of the pSP64T vector. Constructs were digested with XbaI, and mRNAs were
produced using mCAP RNA capping kit (Stratagene, La Jolla, CA).

35S-labeled Emi2 proteins were generated using the TNT Quick-Coupled
Transcription/Translation System (Promega, Madison, WI) in the presence of
35S-labeled methionine/cysteine (MP Biomedicals, Solon, OH).

Recombinant GST-Emi2 proteins (aa 489-651 T545/551A, aa 319-375, and aa
319-375 ST335AA) were prepared as previously described (Wu et al., 2007a).

To ablate translation, 20 �M morpholino was injected to oocytes. Mos
morpholino (AAGGCATTGCTGTGTGACTCGCTGA) and inverted Mos
morpholino (AGTCGCTCAGTGTGTCGTTACGGAA) were purchased from
Gene Tools (Philomath, OR). Emi2 morpholino was prepared as previously
described (Wu et al., 2007a).

Oocyte Injections and Lysate Preparation
Stage VI oocytes were treated with 2.8 U of liberase in OR-2 buffer (82.5 mM
NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH 7.5) for 1.5 h at room
temperature, washed extensively with OR-2 buffer, and stored in OR-2 buffer
with 10% fetal bovine serum and 0.5% gentamicin at 18°C. Oocyte lysate was
made by crushing oocytes in oocyte lysis buffer (20 mM HEPES KOH, pH 7.5,
20 mM �-glycerophosphate, 15 mM MgCl2, 20 mM EGTA, 1 mM PMSF, and
5 ng/�l aprotinin/leupeptin). Lysate was clarified by centrifugation to re-
move insoluble material. For Western blot analysis, two oocytes equivalent
was loaded to each lane. For autoradiography analysis, eight oocytes equiv-
alent was loaded. To make MI extract, oocytes were treated with progester-
one, and lysate was made immediately after Germinal Vesicle Breakdown
(GVBD). To make MII extract, lysate was made 4 h after GVBD.

Immunoblot and Immunoprecipitation Analysis
The antibodies used for immunoblotting were as follows: mouse anti-cyclin
B2 (Casaletto et al., 2005), rabbit anti-Emi2 (Tung et al., 2005), mouse anti-
Cdc27 (BD Biosciences, San Diego, CA), mouse anti-PP2A (Upstate Biotech-
nology, Lake Placid, NY), rabbit anti-phospho-MAPK (Cell Signaling Tech-
nology, Beverly, MA), rabbit anti-phospho-Cdc2 (Cell Signaling Technology),
mouse anti-Myc (Santa Cruz biotechnology, Santa Cruz, CA), and mouse
anti-Rsk (Santa Cruz).

Myc-Emi2 was immunoprecipitated using anti-Myc-tag-Agarose (Molecu-
lar Biology Laboratory (Heidelberg, Germany). Lambda phosphatase (New
England Biolabs, Ipswich, MA) treatment was performed according to the
manufacturer’s instructions.

HHI Kinase Assay
Oocytes lysate was made from five oocytes per sample and flash-frozen until
processed. HI kinase reaction mix (15 �l; final concentrations: 10 mM HEPES
KOH, pH 7.2, 5 mM MgCl2, 50 mM NaCl, 83 �M ATP, 4.2 mM DTT, 5 �g of
histone HI) and 2 �Ci [�-32P]ATP were added to the extract, and the reaction
was incubated at room temperature for 10 min. Samples were resolved by
SDS-PAGE, and the bands corresponding to HHI were quantified with a
phosphorimager (Molecular Dynamics, Sunnyvale, CA).
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RESULTS

Tight Regulation of Emi2 Levels Is Critical for Ensuring a
Smooth MI–MII Transition
The very rapid accumulation of Emi2 observed upon tran-
sition of oocytes from MI into MII led us reexamine the
notion that translation inhibition was the primary mecha-
nism for restraining Emi2 abundance in MI. To monitor
Emi2 translation, G2/prophase-arrested oocytes were in-
jected with Myc-tagged Emi2 mRNA containing its own
3�-UTR, which is known to regulate endogenous Emi2 trans-
lation (Tung et al., 2007). After treatment with progesterone,
oocytes were soaked in the proteasome inhibitor MG132 to
inhibit any possible proteasomal degradation. Within 1 h
after GVBD (oocytes typically reached anaphase of MI 1.5–
2.5 h after visual GVBD), we were able to detect a significant
accumulation of Emi2 protein (Figure 1A). Consistent with
the idea that Emi2 could indeed be translated at MI, we
found that newly synthesized endogenous Emi2 could be
immunoprecipitated from MI oocytes that had been soaked
in [35S]methionine/cysteine and treated with MG132 (Figure
1B). These data suggested that Emi2 translation could occur
in MI, potentially resulting in sufficient Emi2 protein accu-
mulation to prevent exit from MI (see below). These data
also raised the possibility that controlled Emi2 degradation
might be necessary at MI to prevent inappropriate Emi2
accumulation. To test this, we injected oocytes with 35S-
labeled, in vitro–translated Emi2 and monitored its stability.
As shown in Figure 1C, Emi2 was quickly degraded after
GVBD in progesterone-treated oocytes, but remained stable
in the untreated controls. To demonstrate the relevance of
Emi2 regulation in the MI–MII transition, we injected oo-
cytes with Emi2 (489-651) mRNA encoding a fragment of
Emi2 known to be nondegradable in MII, but able to inhibit
the APC (Wu et al., 2007b). In control oocytes (either unin-
jected or injected with �-globin control mRNA), cyclin B
degradation, indicative of APC activation, occurred approx-
imately 2 h after visual GVBD, though it was not complete
(as is characteristic of the MI–MII boundary). Cyclin B then
reaccumulated as oocytes progressed into MII. In contrast,
expression of Emi2 (489-651) protein in oocytes led to an MI
arrest, as evidenced by the maintenance of high cyclin B
levels (Figure 1D). Conversely, ablation of Emi2 translation
by injection of Emi2-directed antisense morpholino oligonu-
cleotides led to complete and rapid degradation of cyclin B
at MI exit, causing an inappropriate exit into interphase and
a failure to reaccumulate cyclin B (Figure 1E). These data
indicate that the partial inhibition of the APC (and the
resulting partial degradation of cyclin B typical of the MI–
MII transition) depends on Emi2. Strict control over Emi2
levels appears to be critical for the MI–MII transition, be-
cause either overexpression or underexpression results in
abnormal maturation.

Emi2 Degradation in MI Is Mediated through
Cdk-mediated Phosphorylation of S213/T239/T252/T267
Rapid degradation of Emi2 is required for the release of eggs
from MII arrest after fertilization by a well-characterized
degradative pathway. To elucidate the mechanism underly-
ing regulated Emi2 degradation in MI, we first wanted to
know if the determinants were the same in MI and MII. As
shown in Figure 2A (left panel), mutation of the previously
identified degron at sites known to abrogate the required
Plx-mediated phosphorylation that occurs in MII (changing
D32 and S33 to alanine) also prevented Emi2 degradation in
MI. Indeed, microinjection of this degron mutant Emi2
mRNA containing the Emi2 3�-UTR led to a significant ac-

cumulation of Emi2 protein only 1 h after GVBD, confirming
the rapid synthesis of Emi2 at the time of passage through
MI (Figure 2A, right panel). In contrast, mutation of the
known site of CaMKII phosphorylation, T195, required for
degradation at the time of fertilization, did not stabilize the
protein, suggesting that CaMKII is not involved in the MI
degradation pathway. We have also confirmed this conclu-
sion using several CaMKII inhibitors, all of which failed to
stabilize Emi2 in MI (data not shown). However, in the
course of exploring this issue, we tested other kinase inhib-

Figure 1. Translation and degradation of Emi2 in MI. (A) Oocytes
were injected with Myc6-Emi2–3�-UTR mRNA and incubated over-
night (0.3 ng/oocyte). Oocytes were treated with progesterone and
monitored visually for GVBD. One hour after GVBD, oocytes were
lysed, and lysates were incubated with anti-Myc or IgG coupled to
protein A Sepharose beads for 2 h at 4°C. The beads were retrieved,
washed, and treated with lambda phosphatase before Western Blot
analysis. (B) One hundred oocytes were treated with 200 �M Mg132
or DMSO in the presence of 400 �Ci [35S]methionine/cysteine. One
hour after GVBD, oocytes were lysed, and lysates were incubated
with anti-Emi2 or IgG coupled to protein A Sepharose beads for 2 h
at 4°C. The beads were retrieved, washed and treated with lambda
phosphatase before analysis by autoradiography. (C) 35S-labeled
Emi2 was injected into oocytes that were subsequently treated with
or without progesterone. At the indicated times, lysates were made
and analyzed by autoradiography after SDS-PAGE. GVBD was
monitored visually. �, GVBD. (D) Oocytes were injected with either
�-globin or Flag-Emi2 (489-651) mRNA appended with �-globin
3�-UTR (0.3 ng/oocyte). After overnight incubation, oocytes were
treated with progesterone. At the indicated times, lysates were
made and analyzed by Western blotting. Asterisks indicate the
transition from MI to MII. GVBD was monitored visually. G, GVBD.
(E) Oocytes were injected with either Emi2 morpholino (20 �M) or
control morpholino (20 �M). After 1-h incubation, oocytes were
treated with progesterone. At the indicated times, lysates were
made and analyzed by Western blotting. Asterisks indicate the
transition from MI to MII. GVBD was monitored visually. G, GVBD.
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itors and found that the CDK inhibitor, roscovitine, could
fully stabilize Emi2, which strongly suggested a requirement
for CDK activity (Cdc2 or Cdk2) in the MI Emi2 degradative
pathway (Figure 2B).

We reported previously that when Cdc2 kinase activity
exceeds a certain threshold, Emi2 undergoes slow degrada-
tion in MII, which is distinct from the precipitous degrada-
tion observed after fertilization. This slow degradation is
triggered by phosphorylation of Emi2 by Cdc2 on four N-
terminal sites in Emi2 (Wu et al., 2007a). To determine if
these sites might also be relevant to MI Emi2 degradation,
we generated 35S-labeled mutant Em2 in which the four
Cdc2 phosphorylation sites had been mutated to alanine. As
shown in Figure 2C, this mutant (hereafter referred to as 4A;
note that these sites have been verified as Cdc2 sites previ-
ously; Wu et al., 2007a) was almost entirely stabilized in MI.
To address the physiological relevance of phosphorylation
at these four sites, we injected oocytes with either wild-type
or 4A Emi2-encoding mRNA appended to the �-globin poly
A tail (to abrogate any possible Emi2-specific translational
control). Wild-type and 4A mutant Emi2-expressing mRNA
accelerated GVBD, consistent with the existence of basal
APC activity that limits cyclin B levels before MI entry (data
not shown). Although expression of wild-type Emi2 some-
what delayed the MI–MII transition (most likely due to
saturation of the Emi2 degradative pathway), expression of
the 4A mutant Emi2 led to MI arrest, as evidenced by both
a constant high level of cyclin B (Figure 2D) and phenotypic
observation of the oocytes (data not shown). To further
demonstrate that Emi2 degradation was indeed required for
the onset of MI, we investigated the effects of replacing
endogenous Emi2 mRNA with nondegradable Emi2. First,
we monitored oocyte maturation after microinjection of oo-
cytes with an antisense Emi2 morpholino oligonucleotide
along with various levels of wild-type Emi2 mRNA ap-
pended to its own 3�-UTR (data not shown). With this ap-
proach, we were able to determine that the minimal level of
wild-type Emi2 mRNA able to prevent the parthenogenesis
resulting from ablation of Emi2 was 11 pg/oocyte. We then
microinjected oocytes with the same amount of mRNA en-
coding nondegradable Emi2 (11 pg/oocyte) together with
the Emi2-directed morpholino oligonucleotide. As shown in
Figure 2E, the nondegradable Emi2 clearly prevented APC
activation at MI anaphase, whereas wild-type Emi2 did not.
These data are fully consistent with the notion that degra-
dation of Emi2 is indeed required for the exit from MI.

Mos Promotes MII Entry by Promoting Stabilization of
Emi2
With the knowledge that Emi2 levels are controlled at the
level of stability, we wanted to determine whether Mos
controlled Emi2 stability in MI as it does in MII. As shown
in Figure 3A, the Mos pathway is turned on soon after
progesterone treatment, as indicated by activation of mito-
gen-activated protein kinase (MAPK; Figure 3A). Moreover,
we could largely abrogate its activity by ablating its trans-
lation through morpholino oligonucleotide injection (on the
basis of multiple experiments, we have routinely achieve a
reduction in Mos activity of �75–95%, judging by the degree
of MAPK phosphorylation). In the absence of Mos, oocytes
were still able to initiate the maturation process (Figure 3B),
though entry into MI (as indicated by GVBD) was signifi-
cantly delayed (data not shown). However, oocytes lacking
Mos were unable to transition appropriately to MII. Rather,
oocytes exhibited complete cyclin B degradation, as was
seen when Emi2 was ablated (Figure 3B). Conversely, when
Emi2 expression was inhibited by injection with Emi2-di-
rected morpholino oligonucleotides, Mos activity was unaf-
fected, yet oocytes still failed to enter MII. These data dem-
onstrate that the Mos–MAPK pathway itself is not sufficient
to promote MII entry and strongly suggest that the role of

Figure 2. Emi2 degradation is mediated through Cdc2 phosphor-
ylation on 213/239/252/267 sites. (A) Left, 35S-labeled DS32AA
Emi2 protein was injected into oocytes, and samples were processed
as in Figure 1C. GVBD was monitored visually. �, GVBD. Right,
oocytes were injected with Myc6-Emi2-3�-UTR mRNA (wild-type or
DS32AA). Samples were processed same as in Figure 1A. NS, non-
specific band. (B) Oocytes were injected with 35S-labeled Emi2 (WT
or T195A). One hour after injection, oocytes were treated with
progesterone in the presence or absence of 300 �M roscovitine. At
the indicated times, lysates were made and analyzed by SDS-PAGE
and autoradiography. GVBD was monitored visually. G, GVBD. (C)
Oocytes were injected with 35S-labeled Emi2 (wild-type, DS32AA or
4A). One hour after protein injection, oocytes were treated with
progesterone and samples were processed as in Figure 1B. (D)
Oocytes were injected with Flag-Emi2 mRNA appended with �-glo-
bin 3�-UTR (wild-type or 4A; 0.3 ng/oocyte). After overnight incu-
bation, oocytes were treated with progesterone, and samples were
processed as in Figure 1D. (E) Oocyte were injected with Myc6-
Emi2-3�-UTR mRNA (0.3 ng/oocyte) and incubated for 1 h. before
progesterone treatment. Samples were processed as in Figure 1D.
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Mos in promoting MII entry is mediated through Emi2. As
Mos had been previously shown to regulate Emi2 stability in
MII, we wanted to examine the effect of Mos on Emi2 sta-
bility at the end of MI. Accordingly, we again injected oo-
cytes with Myc-tagged Emi2 mRNA appended to its own
3�-UTR, but then performed a second injection with either
control or Mos-directed morpholino oligonucleotide. As
shown in Figure 3D, loss of Mos resulted in a failure of Emi2
accumulation, most likely accounting for the failure in MII
entry (note that samples in the right-hand panel of Figure 3D
were treated with lambda phosphatase before SDS-PAGE to
collapse the phosphorylated species into a single electro-
phoretic species). These data suggest that one crucial func-
tion of Mos in both blocking S phase initiation after MI and
promoting entry into MII is to enable timely accumulation of

Emi2, thereby allowing only partial, rather than full, cyclin B
degradation.

Differential Emi2 Stability in MI and MII Is Controlled
by Different Levels of Cdc2 Activity
Taken together, our data suggested that Emi2 does not nor-
mally cause an arrest in MI because its levels are suppressed
through Cdc2-mediated phosphorylation. Because our pre-
vious work demonstrated that this Cdc2-mediated pathway
could also be operative during an MII arrest (Wu et al.,
2007b), we were left with the perplexing question of why
Emi2 was maintained at a level sufficient to produce an
arrest in MII, but not in MI. We initially hypothesized that
this difference might reflect differential activity of Mos or its

Figure 3. Mos ensures MII entry by promoting Emi2 stability. (A) Oocytes were treated with progesterone. At the indicated times, oocytes
were lysed and analyzed by Western blotting. Asterisks indicate the transition from MI to MII. GVBD was monitored visually. G, GVBD. (B)
Oocytes were injected with either Mos morpholino (20 �M) or control morpholino (20 �M). After 1-h incubation, oocytes were treated with
progesterone. At the indicated times (G, GVBD), lysates were made and analyzed by Western blotting. In Mos morpholino injected oocytes
in this experiment, phosphorylation of MAPK was reduced by 83%. Asterisks indicate the transition from MI to MII. GVBD was monitored
visually. G, GVBD. (C) Oocytes were injected with either Emi2 morpholino (20 �M) or control morpholino (20 �M). Samples were taken at
indicated times and analyzed by Western blotting. Asterisks indicate the transition from MI to MII. GVBD was monitored visually. G, GVBD.
(D) Left, oocytes were first injected with Myc6-Emi2-3�-UTR mRNA (11 pg/oocyte). After overnight incubation, they were divided into two
groups and injected with either control morpholino or Mos morpholino. In Mos morpholino injected oocytes in this experiment, phosphor-
ylation of MAPK was reduced by 86%. One hour later, oocytes were treated with progesterone, and samples were taken at indicated times
and analyzed by Western blotting. Right, before Western blot analysis, Myc-Emi2 was immunoprecipitated and treated with lambda
phosphatase. GVBD was monitored visually. G, GVBD; NS, nonspecific band.
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effectors in MI and MII. From previous work, we knew that
Mos could stabilize Emi2 by promoting its binding to PP2A
(to catalyze dephosphorylation of the Cdc2 phosphorylation
sites), and thus it was possible that decreased recruitment of
PP2A to Emi2 in MI could enhance Emi2 turnover. To ad-
dress this issue, we used the GST-Emi2 PP2A-binding do-
main (Emi2 aa 319-375) to retrieve PP2A from both MI and
MII extracts (Wu et al., 2007a). As shown in Figure 4A, PP2A
bound similarly to Emi2 in MI and MII. Consistent with
these observations, Emi2-directed Rsk kinase activity, was
also similar, based on in vitro kinase assays using Rsk im-
munoprecipitated from MI and MII extracts (Figure 4A,
right). (A mutant lacking the Rsk phosphorylation site nec-
essary for PP2A recruitment, AM, served as a negative con-
trol.) Alternatively, we considered the possibility that the
magnitude of Cdc2 kinase activity might differ in these two
consecutive phases. To address this, we treated oocytes with
progesterone and followed the maturation process by with-
drawing oocytes at different time points, preparing oocyte
extract and then examining the activity of Cdc2 using his-
tone HI as an exogenous substrate. Surprisingly, we consis-
tently observed a twofold difference in histone HI-directed
kinase activity between MI and MII, which had not been
previously reported (Figure 4B). More importantly, we
could fully recapitulate in MII extracts the rapid degradation
of Emi2 observed in MI extracts by adding recombinant
nondegradable cyclin B to induce Cdc2 kinase activity com-
parable to that observed in MI. Note that these extracts were
also supplemented with a C-terminal nondegradable frag-
ment of Emi2 to prevent the Cdc2-induced activation of the
APC, which would promote degradation of endogenous
cyclin B and thus down-regulate Cdc2 kinase activity as we
previously reported (Wu et al., 2007b; Figure 4C). On the

basis of these data, we conclude that the differential stability
of Emi2 in MI and MII results from the combined facts that
it is Cdc2 and not CaMKII that is the major determinant of
Emi2 stability in MI and that Cdc2 kinase activity is suffi-
ciently higher in MI than in MII to accelerate this degrada-
tive pathway (see model, Figure 5A). Whether there are
other physiological consequences of differing kinase activity
in MI and MII is an intriguing question that merits further
investigation.

DISCUSSION

It was previously reported that low Emi2 levels were main-
tained at MI through translational suppression. Rather, we
report here that this control is exerted through Cdc2-regu-
lated Emi2 degradation, which is required for exit from MI.
Although some of the same determinants of Emi2 degrada-
tion appeared to operate in MI and MII, including a role for
Mos in recruiting PP2A to Emi2, the absence of a role for
CaMKII in controlling Emi2 stability in MI, coupled with the
differential levels of Cdc2 kinase activity at these two cell
cycle stages, appears to allow for subtle, but important dif-
ferences in control of Emi2 abundance. These differences
account, at least in part, for the ability of oocytes to exit MI,
enter MII without an intervening interphase, and arrest for
long periods in MII.

Cdc2 Kinase Activity in the Control of Emi2 Stability
Although we have not excluded the possibility that the
translation of Emi2 is differentially regulated during MI and
MII, it is clear that the rapid degradation of Emi2 is required
to allow MI exit. This degradative process relies on the high
Cdc2 kinase activity characteristic of MI. When Cdc2 kinase

Figure 4. Instability of Emi2 in MI results from
high Cdc2 kinase activity. (A) Oocytes were
treated with progesterone, and MI and MII ly-
sates were prepared. Recombinant GST-Emi2
protein (aa 319-375), conjugated to glutathione
Sepharose beads, was (left) incubated in either
MI or MII extract for 1 h at 4°C. Beads were
washed five times with PBS (supplemented with
300 mM NaCl and 0.1% Triton). The amount of
bound PP2A was detected by immunoblotting.
Right, Rsk kinase was immunoprecipitated from
both MI and MII extracts, washed five times with
PBS (supplemented with 300 mM NaCl and 0.1%
Triton), and its activity was measured by in vitro
kinase assay using recombinant GST-Emi2 (aa
489-651) wild-type or T545/551A as substrate.
(B) Oocytes were treated with progesterone, and
lysates were made at the indicated times. Cdc2
kinase activity was measured by in vitro HHI
kinase assay followed by autoradiography (top).
Results were quantified by phosphorimager (bot-
tom, left). Quantification of the average Cdc2
kinase activity in MII relative to MI is shown on
the bottom right; error bar, SD of three indepen-
dent experiments. (C) Left, CSF extract supple-
mented with recombinant GST-Emi2 (aa 489-651)
T545/551A mutant protein was treated with or
without recombinant nondegradable cyclin B (40
nM). 35S-labeled Emi2 protein was added, and
samples were taken at the indicated times and
analyzed by SDS-PAGE and autoradiography.
Right, Cdc2 kinase activity was measured by in
vitro HHI kinase assay. Quantification of kinase
activity was shown; error bar, SD of three inde-
pendent experiments.
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activity was raised in MII to mimic the higher levels found
in MI, Emi2 was commensurately destabilized, consistent
with this being a key determinant of Emi2 destabilization in
MI. Although the Cdc2 kinase activity differed in MI and
MII, we found that levels of cyclin B were very similar in MI
and MII oocytes (Figure 3A; compare the 1.5- and 5.5-h time
points). We speculate that the differing Cdc2 kinase activities
at these two developmental stages could stem from higher
levels of Ringo protein in MI than in MII (Gutierrez et al.,
2006). Alternatively, regulation of Cdc2 by Cks proteins may
also dictate differential kinase activity. It was reported that
knockout of Cks2 in mouse promoted an MI arrest, though
the reason for this was unclear (Spruck et al., 2003). It is
possible that loss of Cks2 in the knockout lowered Cdc2
kinase activity in meiosis I, leading to inappropriate Emi2
stabilization. Finally, differential Wee1 levels may be an-
other critical factor in determining Cdc2 activity (Kosaka et
al., 2000). Because premature Wee1 expression arrests oo-
cytes at MI, the MII-specific appearance of Wee1 could po-
tentially lessen Emi2-directed Cdc2 kinase activity suffi-
ciently to allow PP2A to prevail; this would maintain Emi2
in the stable and active configuration necessary for MII
arrest.

Differential Control of the APC in MI and MII
In MII, when cyclin B levels rise through de novo synthesis,
there is a feedback loop operative in which elevated Cdc2
kinase activity leads to Emi2 dissociation from the APC. This
dissociation allows cyclin degradation sufficient to restore
Cdc2 kinase activity to the baseline levels characteristic of
CSF arrest. When Cdc2 kinase activity drops sufficiently,
Emi2 reassociates with the APC, maintaining its inhibition.
On the face of it, it is perplexing that all of the components
critical for operation of this loop could potentially be present
in MI, yet this feedback pathway does not appear to operate
at this cell cycle stage. This is most likely due to the fact that
the spindle checkpoint is operative in MI (Wassmann et al.,
2003), but not during MII arrest (Tsurumi et al., 2004). This
checkpoint results in profound APC inhibition until the
metaphase I plate is formed, allowing constitutively high
Cdc2 kinase activity and consequently rapid Emi2 turnover.
Once the metaphase plate is formed and chromosomes are
properly attached to the spindle, the checkpoint signal dis-
sipates, leading to APC activation and cyclin B degradation.
Only then is Emi2 able to accumulate, preventing complete
degradation of cyclin B. This prevents interphase entry,
allowing transition directly into MII.

Mos and the MI–MII Transition
Although Mos had been implicated in regulating the MI–
MII transition, the mechanism was not clear. We have pro-
vided a distinct mechanism to explain the role of Mos in
regulating this transition: Mos helps to stabilize Emi2 at the
end of MI, thus maintaining Emi2 at levels that partially
inhibit the APC, allowing incomplete cyclin B destruction.
The ability of Mos to modulate Emi2 in MI appears to reside,
as in MII, with the Rsk-mediated recruitment of PP2A to
Emi2. Although Mos has been implicated in suppressing the
Cdc2 inhibitor MytI at MI entry, because Mos-Rsk kinase
activities appeared to be similar in MI and MII, Mos is
unlikely to account for the observed differences in Cdc2
kinase activity between MI and MII (Palmer et al., 1998). In
addition, similar Mos-mediated targeting of PP2A to Emi2
was observed in MI and MII. Thus, it is likely that similar
phosphatase activities appear to be differentially effective
given the different levels of antagonistic Cdc2 kinase activ-
ity. Taken together, these findings suggest that the smooth
transition from MI to MII is a finely balanced process
wherein higher Cdc2 kinase levels in MI than in MII renders
Emi2 unstable in MI, but at the anaphase of MI, decreased
kinase activity can be counterbalanced by Mos activity,
which is critical to allow timely accumulation of Emi2 and
the partial cyclin B degradation characteristic of the MI–MII
transition.

An Autoinhibitory Loop Regulates APC Activity during
the MI–MII Transition
Although exit from MI requires cyclin B degradation, resid-
ual cyclin B/Cdc2 kinase activity is known to be required for
transiting from MI to MII. However, the mechanism under-
lying the delicate control of cyclin B degradation at MI–MII
has not been clear. With the finding that Cdc2 and Mos
coordinately control Emi2 stability, we now propose a
model of APC-directed APC inhibition to ensure a smooth
MI–MII transition. Before the onset of MI anaphase, Emi2
protein levels are held in check by Cdc2 kinase–mediated
destabilization. APC activation then results in decreased
Cdc2 kinase activity as cyclin B levels drop. With the Mos–
PP2A pathway promoting Emi2 dephosphorylation, Emi2
can accumulate and effectively inhibit the APC. This leads to

Figure 5. Regulation of Emi2 and the APC during the MI–MII
transition. (A) Control of Emi2 stability during oocyte maturation.
Emi2 stability is regulated by phosphorylation throughout the oo-
cyte maturation process. On MI entry, high levels of Cdc2 kinase
activity result in phosphorylation of four N-terminal sites (S213/
T239/T252/T267) on Emi2, which leads to its degradation. Rapid
degradation of Emi2 in MI is essential for MI exit, as its stabilization
would lead to MI arrest. At the MI anaphase, Cdc2 kinase activity
decreases as cyclin B is degraded by the APC. With Mos promoting
its dephosphorylation, Emi2 is stabilized and accumulates, resulting
in APC inhibition, which is necessary for S phase block and MII
entry. In MII, Cdc2 kinase activity remains relatively low as com-
pared with MI through an APC-mediated feedback loop we re-
ported previously (Wu et al., 2007b). Emi2 is stable in MII, which is
essential for CSF arrest. At fertilization, Emi2 is quickly degraded
through the CaMKII mediated pathway, which allows full activa-
tion of APC and exit from MII. (B) Autoinhibitory regulation loop of
APC. At MI anaphase onset, APC activation leads to degradation of
cyclin B and a consequent decrease in Cdc2 Kinase activity. With the
active Mos-PP2A pathway prevailing, Emi2 protein is dephospho-
rylated and stabilized, preventing the APC from completely degrad-
ing cyclin B; this is essential for the inhibition of S phase character-
istic of the MI–MII transition.
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appropriately-timed stabilization of cyclin B and subsequent
entry into MII without an intervening interphase. Although
other regulatory pathways no doubt contribute to ensuring
the smooth progression from MI to MII, this autoinhibitory
regulation loop of APC plays critical role in regulating the
meiotic transitions.
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