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From ubiquitin-proteasomal degradation to CDK1
inactivation: requirements for the first polar body
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ABSTRACT Completion of the first meiotic division,
manifested by extrusion of the first polar body (PBI),
depends on proteasomal degradation of cyclin B1 and
securin and the subsequent respective CDK1 inactivation
and chromosome segregation. We aimed at identifying
the polyubiquitin signal that mediates proteasomal action
and at a better characterization of the role of CDK1
inactivation at this stage of meiosis. Microinjections of
mutated ubiquitin proteins into mouse oocytes revealed
that interference with lysine-11 polyubiquitin chains abro-
gated chromosome segregation and reduced PBI extru-
sion by 63% as compared to WT ubiquitin-injected con-
trols. Inactivation of CDK1 in oocytes arrested at first
metaphase by a proteasome inhibitor fully rescued PBI
extrusion. However, removal of CDK1 inhibition failed to
allow progression to the second metaphase, rather, induc-
ing PBI reengulfment in 62% of the oocytes. Inhibition of
either PLK1 or MEK1/2 during the first anaphase
changed spindle dimensions. The PLK1 inhibitor also
blocked PBI emission and prevented RhoA translocation.
Our results identified lysine-11 rather than the canonic
lysine-48 ubiquitin chains as the degradation signal in
oocytes resuming meiosis, further disclosing that CDK1
inactivation is necessary and sufficient for PBI emission.
This information significantly contributes to our under-
standing of faulty chromosome segregation that may lead
to aneuploidy.—Pomerantz, Y., Elbaz, J., Ben-Eliezer,
I., Reizel, Y., David, Y., Galiani, D., Nevo, N., Navon,
A., Dekel, N. From ubiquitin-proteasomal degradation
to CDK1 inactivation: requirements for the first polar
body extrusion in mouse oocytes. FASEB J. 26,
4495–4505 (2012). www.fasebj.org
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Meiosis in oocytes is a protracted process, which
includes two asymmetric cell divisions. The first, reduc-
tional division, during which the homologous chromo-
somes segregate, is particularly error prone. Unfaithful
first meiotic division may lead to aneuploidy and ge-
netic malformations (1, 2). In mammalian females,
meiosis is initiated during embryonic life, during which
time pairs of homologous chromosomes undergo re-
combination and remain attached at the chiasmata.
Oocytes arrest prior to birth at the first diplotene and
resume their meiotic division at puberty, when, at each
reproductive cycle, selected fully grown oocytes re-
spond to the preovulatory surge of luteinizing hormone
(LH). Fully grown oocytes will also resume meiosis
spontaneously on their isolation from the ovarian folli-
cle (3, 4). Progression to the first metaphase (MI)
requires the gradual activation of cyclin-dependent
kinase 1 (CDK1), a key regulator of meiosis. Het-
erodimerization of CDK1 with its regulatory subunit,
cyclin B1, followed by dephosphorylation of the kinase,
brings about the formation of an active complex, also
known as maturation-promoting factor (MPF). An ac-
tive CDK1 leads to chromosome condensation and the
formation of the MI spindle, while its subsequent
inactivation, as a result of proteasomal degradation of
cyclin B1, is necessary for the metaphase-to-anaphase
transition and first polar body (PBI) extrusion (5–7).
Notably, the prevention of CDK1 inactivation by pro-
teasome inhibition results in MI arrest, blocking the
emission of PBI, the event that represents the comple-
tion of the first meiotic division (8–10). Unlike somatic
cells, which exit mitosis and enter G1, in oocytes, CDK1
is reactivated after MI. These oocytes progress immedi-
ately to the second metaphase (MII), at which they
arrest until fertilization. Another protein subjected to
proteasomal degradation at the metaphase-to-anaphase
transition is securin, the negative regulator of the
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endopepetidase separase (11–13). Upon securin degra-
dation, separase cleaves a protein complex known as
cohesin, which maintains sister chromatid cohesion.
The cleavage of cohesion along the chromosomes arms
allows the dissolution of the chiasmata and the conse-
quent faithful segregation of homologous chromo-
somes at anaphase (9, 10, 14–16).

The control over CDK1 inactivation, chromosome
segregation, and PBI extrusion is conferred by the
ubiquitin-proteasome pathway (UPP). The UPP con-
sists of ubiquitin, an array of E1, E2, and E3 ubiquitin
ligases, and the 26S proteasome. The assembly of
polyubiquitin chains on substrate proteins is a well-
established post-translational modification that medi-
ates various cellular signals, including protein degrada-
tion. The type of signal depends on the specific lysine
residue by which the chain is assembled (17). Prior to
cell division, a specific E3 ubiquitin ligase, the ana-
phase-promoting complex/cyclosome (APC/C) tags its
protein substrates, cyclin B1 and securin, with poly-
ubiquitin chains, which are recognized by the 26S
proteasome (reviewed in ref. 12). Lysine-48-linked poly-
ubiquitin chains are the well-established signal for
proteasomal degradation (17). However, recent studies
have shown that lysine-11 chains enable the degrada-
tion of mitotic substrates (18–21). It is currently un-
known which chain topology is dominant in oocytes
during PBI extrusion. The degradation of substrates by
the APC/C is stalled throughout spindle assembly, to
prevent premature anaphase and avoid segregation
errors (22, 23). An array of proteins, collectively re-
ferred to as the spindle assembly checkpoint (SAC),
provides a surveillance mechanism that inhibits APC/C
activity, until all chromosome kinetochores are prop-
erly bound to the spindle (24–26).

The key kinase regulating meiosis is CDK1; however,
several other kinases, such as polo-like kinase 1 (PLK1)
and mitogen-activated protein kinase kinase 1/2
(MEK1/2) play multiple roles in this process (27, 28).
While MEK1/2 is known to partake in the MI spindle
assembly and relocation (29–33) and to be essential for
the maintenance of the second meiotic arrest (34–37),
its possible role during PBI emission is currently under-
characterized. Early meiotic roles for PLK1, such as its
involvement in CDK1 autoamplification and in spindle
formation, were demonstrated (38, 39). During mitotic
anaphase PLK1 was shown to regulate cleavage furrow
initiation (40–42); however, this role was never evalu-
ated during meiosis. Since both PLK1 and MEK1/2
play crucial roles in early meiosis, experimental down-
regulation of these kinases did not allow the identifica-
tion of their function at later stages of the meiotic
division. Small-molecule inhibitors for PLK1 and
MEK1/2 do allow the precise temporal control over the
inactivation of these kinases (32, 43, 44) and can
therefore facilitate timely analysis of their function
during PBI emission.

In the current study, we designed a set of experi-
ments directed at analyzing the ubiquitin chain topol-
ogy that provides the degradation signal leading to PBI

formation. We further aimed to distinguish the specific
role of cyclin B1 degradation and the subsequent CDK1
inactivation from that of securin. We also examined the
necessity of protein degradation for the progression of
meiosis to MII and, in addition, explored the roles of
PLK1 and MEK1/2 during the first anaphase.

MATERIALS AND METHODS

Reagents

Leibovitz’s L-15 tissue culture medium and FBS were pur-
chased from Biological Industries (Kibbutz Beit Hemeek,
Israel). Antibiotics were obtained from Bio-Lab (Jerusalem,
Israel), and PBS was obtained from Life Technologies (Invit-
rogen, Carlsbad, CA, USA). Pregnant mare serum gonadotro-
pin (PMSG) was supplied by Bionieche Animal Health (Bris-
bane, QLD, Australia); flavopiridol, UO126, and MG132 were
purchased from Alexis Biochemicals (San Diego, CA, USA);
and BI2536 was from JS Research Chemical Trading (Wedel,
Germany). Paraformaldehyde (PFA), Hoechst DNA dye, anti-
�-tubulin, and fluorescein isothiocyanate-conjugated anti-�-
tubulin monoclonal antibodies were purchased from Sigma-
Aldrich Corp. (St. Louis, MO, USA). Anti-RhoA was from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Secondary
antibodies and Cy3-conjugated goat anti-mouse F(ab)= IgG
antibodies were from Jackson Laboratory (Bar Harbor, ME,
USA). Velcade was a gift from Dr. Ami Navon (Weizmann
Institute of Science).

Animals

Female mice (C57BL/6, 24–25 d old) were purchased from
Harlan Laboratories (Rehovot, Israel) and handled according
to U.S. National Institutes of Health and Weizmann Institute
guidelines for management of laboratory animals. The ani-
mals were housed in a light- and temperature-controlled
room, with food and water provided ad libitum.

Oocyte collection and culture

Mice were sacrificed 48 h after subcutaneous injection with 5
IU PMSG for induction of follicular development. The ova-
ries were removed and placed in L-15 medium, supplemented
with 5% FBS, penicillin (100 IU/ml), and streptomycin (100
mg/ml). Large antral follicles were punctured under a ste-
reoscopic microscope (SMZ1500; Nikon, Tokyo, Japan) to
release the oocytes. Denuded fully grown oocytes were incu-
bated at 37°C in a humidified incubator. Mouse oocytes
released from the ovary contained a visible germinal vesicle
(GV), indicating that they were arrested at the prophase of
the first meiosis. Upon their isolation, oocytes resume meiosis
spontaneously; meiotic progression was monitored in all
experiments. For meiotic arrest, oocytes were incubated in a
proteasome inhibitor. To minimize indirect effects of the
inhibitors, all experiments were repeated with either MG132,
a widely used, highly potent proteasome inhibitor, or with the
next-generation, highly specific Velcade (bortezomib; PS341;
refs. 45, 46).

Protein microinjection

Freshly isolated oocytes separated from their surrounding
cumulus cells were transferred to 10-�l drops under paraffin
oil, placed under an inverted DIC microscope (Axiovert 35;
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Zeiss, Oberkochen, Germany), and microinjected using an
InjectMan NI2 micromanipulator and a FemtoJet automated
microinjector (Eppendorf, Hamburg, Germany). Micropi-
pettes were pulled manually using an M-97 Flaming/Brown
micropipette puller (Sutter Instruments, Novato, CA, USA).
Recombinant ubiquitin mutants were prepared as described
previously (47) and used at a concentration of 5 mg/ml.

Protein extraction and Western blot analysis

Oocytes (50/group) were collected, washed in PBS, lysed in
sample buffer (2% �-mercaptoethanol; 2% sodium dodecyl
sulfate; 50 mM Tris-HCl, pH 6.8; 10% glycerol; and 0.01%
bromophenol blue) and boiled. Samples were loaded onto
10% SDS-PAGE. After electrophoretic separation, proteins
were transferred to a nitrocellulose membrane (Whatman,
Dessel, Germany), blocked for 30 min [5% nonfat dry milk
and 0.05% Tween in Tris-buffered saline (TBST)], and
incubated with anti-securin or anti-tubulin primary antibodies
(overnight, 4°C). Membranes were then incubated with sec-
ondary anti-mouse horseradish peroxidase-conjugated anti-
bodies for 1 h and exposed to enhanced chemiluminescence
reagent (Amersham, Little Chalfont, UK).

Immunofluorescence and microscope image acquisition

The oocytes were fixed in PFA (3.6% in PBS) for 15 min,
washed in PBS, and kept in GB-PBS (PBS containing 10
mg/ml BSA and 10 mM glycine, pH 7.4). Permeabilization
was performed in 0.1% Triton X-100 in PBS for 15 min,
followed by 1 h blocking in GB-PBS. For DNA and tubulin
staining, oocytes were incubated with fluorescein isothiocya-
nate-conjugated tubulin antibodies (1:100) and Hoechst (5
�g/ml) for 1 h. RhoA staining and mounting in Vectashield
(Vector Laboratories, Burlingame, CA, USA) were performed
as described previously (48).

The oocytes were visualized using an LSM710 confocal
microscope (Zeiss), with an EC Plan-Neofluar �40/1.30 oil
DIC m27 lens. ZEN Light 2009 software (Zeiss) was used for
image analysis and processing. For live imaging, oocytes were
incubated in Hoechst (1 �g/ml) for 1h. Time-lapse images
were acquired using a DeltaVision microscope equipped with
�20/0.75 UPlanSApo, �/0.17/FN26.5 lens, and a humidified
chamber (Applied Precision, Issaquah, WA, USA). Movies
and still images were generated using the softWoRx suite
(Applied Precision).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software (GraphPad, San Diego, CA, USA). All experiments
were repeated �3 times. Results presented as percentages of
total were corrected by y � �arcsin y1/2 transformation, prior
to the statistical test. Data with normal distribution were
analyzed using 1-way ANOVA, followed by Tukey’s multiple
comparison test, to determine differences between group
averages. Data that did not distribute normally were analyzed
by Kruskal-Wallis test followed by Dunn’s multiple-compari-
son test, to compare group medians.

RESULTS

Formation of ubiquitin chains is necessary for PBI
extrusion in oocytes

It has been previously shown that perturbation of the
proteasome effectively blocks PBI emission (8–10). To

determine whether polyubiquitination is involved in
the formation of PBI, mouse oocytes were microin-
jected with a ubiquitin mutant in which all lysines were
replaced by arginines (0K), designed to block any chain
elongation (47). The injected oocytes were incubated
in a suboptimal dose of a proteasome inhibitor (Pr-I).
This dose did not affect PBI extrusion in noninjected
oocytes (65% as compared to 60% with the inhibitor;
P�0.05; Fig. 1A); however, it enabled a better detection
of the effect of the mutant proteins, which was other-
wise transient (unpublished results). The 0K ubiquitin
mutant microinjected into oocytes blocked PBI extru-
sion significantly, as compared to oocytes injected with
a wild-type (WT) ubiquitin protein (34 and 63%, re-
spectively; P	0.001). The injection of the WT ubiquitin
slightly increased the fraction of oocytes extruding PBI
as compared to those injected by buffer (51%), suggest-
ing that the injected protein made a meaningful addi-
tion to the endogenous pool present in the oocytes.

To identify the topology of the polyubiquitin chains
that lead to the formation of PBI, oocytes were micro-
injected with purified ubiquitin proteins. These pro-
teins were mutated at a single lysine residue (K11, K63,
or K48), designed to block the elongation of the
corresponding chain topologies in a dominant-negative
manner. The ubiquitin-mutant groups were compared
to 0K and, as a positive control, to WT ubiquitin-
injected oocytes. The K11R injection resulted in a
significant reduction in PBI extrusion, as compared to
the WT ubiquitin microinjection (23 vs. 63%, respec-
tively; P	0.0001; Fig. 1A). Interestingly, there was no
statistical difference between the effect of K11R and 0K
injection on PBI extrusion (23 and 34%, respectively;
P�0.05). In contrast, K48R injection allowed the for-
mation of PBI in 46% of the oocytes, an effect that was
not significantly different from that of the WT ubiqui-
tin injection (63%) and equivalent to that obtained on
buffer injection (51%). Microinjection of the K63R
mutant resulted in a similarly insignificant effect on PBI
extrusion (44%).

We further studied the effect of either K11R or K48R
on chromosome segregation. Oocytes microinjected
with K11R or K48R ubiquitin mutants were incubated
in an inhibitor-free medium for 12 h, the time required
for PBI extrusion. At this point, oocytes were fixed,
stained, and evaluated for spindle and chromosomal
status. We determined that a significantly higher per-
centage of oocytes injected with K11R ubiquitin exhib-
ited chromosome missegregation, as compared to
K48R-injected oocytes (35.7% as compared to 4.3%,
respectively; P�0.001, Fisher’s exact test; Fig. 1B–D).
Taken together, our results suggest that K11 and not
K48 polyubiquitin chains are predominant in mediat-
ing PBI extrusion.

CDK1 inactivation induces PBI extrusion under
conditions of proteasomal inhibition

To distinguish between the role of cyclin B1 and that of
securin degradation, we examined whether, under con-
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ditions of global proteasomal inhibition, the sole inac-
tivation of CDK1 is sufficient to rescue PBI formation.
For this purpose, isolated oocytes were treated with
different combinations of a Pr-I (either MG132 or
Velcade) and a CDK1 inhibitor (CDK1-I; flavopiridol;
Fig. 2A). Control oocytes, which were allowed to re-
sume meiosis spontaneously, extruded PBI after 
12 h
(Fig. 2B, E and Supplemental Video S1), whereas
Pr-I-treated oocytes remained arrested at MI (Fig. 2B,
D). We found that the addition of CDK1-I on top of the
Pr-I rescued PBI extrusion (Fig. 2B and Supplemental
Video S2). Among oocytes that were supplemented
with CDK1-I at 12 h, the fraction of PBI emission was
similar to that of untreated controls (56 and 63%,
respectively; P�0.1).

The CDK1-I in the above experiment was added to the
oocytes at 12 h after their isolation from the ovarian
follicle, at which time their spindle is fully assembled. To
determine whether the stimulation of PBI extrusion by
CDK1 inactivation requires a fully assembled spindle, we
added the CDK1-I at earlier time points. Inactivation of
CDK1 prior to the completion of spindle assembly gave
rise to a similar fraction of oocytes emitting PBI (66, 73,
and 56% at 7, 9, and 12 h, respectively; P�0.1; Fig. 2C). As
expected, high incidence of chromosome missegregation
and lagging chromosomes was observed (40% at 9 h; Fig.
2C). Notably, PBI emission following “premature” CDK1

inactivation was also observed in oocytes upon the addi-
tion of CDK1-I to oocytes incubated in Pr-I-free medium
(75%; Fig. 2B).

CDK1 inactivation induces metaphase-to-anaphase
transition and chromosome segregation in the
presence of an intact securin

To examine their chromosomal configuration, oocytes
treated with a combination of Pr-I and CDK1-I, as de-
scribed previously, were fixed and stained. All oocytes that
were incubated with the Pr-I alone for either 12 or 24 h
remained arrested at MI, as indicated by their unsegre-
gated chromosomes and nonelongated spindles (Fig. 2C,
D). In contrast, most oocytes exposed to Pr-I and CDK1-I
underwent either partial (55%; Fig. 2C, H) or complete
(15%; Fig. 2C, G) chromosome segregation, while only
22% were arrested at MI (Fig. 2C, F). Partial segregation
was defined when one or more chromosomes migrated to
the spindle poles, while the rest of the DNA remained at
the equator. These spindles often contained noticeably
stretched chromosomes, or chromosomes that were lag-
ging between the equator and the poles (Fig. 2H, inset).
Surprisingly, chromosome segregation occurred despite
the presence of securin (Fig. 2J). The assessment of
chromosome segregation was done at 12 h, the regular
time of PBI extrusion, to exclude a possible “cohesion

Figure 1. Lysine-11- rather than lysine-48-linked ubiquitin chains mediate
PBI extrusion and chromosome segregation in oocytes resuming meiosis.
A) Freshly isolated oocytes were injected with buffer, WT ubiquitin, or
ubiquitin lysine-to-arginine mutants of either all the lysine residues (0K)
or a single lysine as indicated (K11R, K63R, or K48R). Oocytes were
transferred to a suboptimal (S/O) dose of Pr-I (0.3 to 0.5 �M MG132,
depending on batch) at 5 h, for an overnight incubation, and scored for
PBI extrusion. Values are means � se. Eight experiments were performed
in total, each included ubiquitin injection groups in different combina-
tions, as well as all controls (buffer-injected group, noninjected group,
and noninjected group without proteasome inhibitor). Each injection
group included 35 to 75 oocytes. Numbers at base represent oocyte group
size; letters indicate significantly different values (P	0.0001, F�16.56).
B–D) Oocytes were injected with K11R and K48R ubiquitin protein, and
incubated in an inhibitor-free medium. At 12 h following isolation, the
oocytes were fixed and stained to visualize the spindle (green) and DNA
(blue), and scored for segregation defects (number/total). B) Quantifi-

cation of data. *P 	 0.05. C, D) Representative mutant-injected oocytes: K11R (C) and K48R (D). Right panels show
merges with transmitted light. Scale bars � 10 �m.
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fatigue,” a situation in which cohesion may be weakened
due to an extended metaphase arrest (49).

The rescue of PBI emission by CDK1-I was further
characterized by two additional anaphase hallmarks,
the changes in spindle dimensions and the localization
of RhoA small GTPase. Spindles of untreated oocytes,
measured from pole to pole, elongated at anaphase to
reach 31.9 �m (Fig. 2I, bottom panel). While Pr-I
treatment inhibited this elongation (23.8 �m), the
addition of CDK1-I to these oocytes induced spindle
elongation (28.2 �m; P	0.001 vs. Pr-I treated oocytes).
Midzone width, measured at the central part of the
spindle, contracts during anaphase to reach an average
of 4.1 �m (Fig. 2I, top panel). Midzone contraction was
blocked by Pr-I treatment (13 �m) and restored by the
addition of CDK1-I (6.9 �m, similarly to untreated

oocytes; P�0.008). In a previous study, we demon-
strated that RhoA accumulates at the midzone during
PBI extrusion (48). We show herein that no RhoA was
detected in oocytes arrested at MI by Pr-I (see Fig. 4E),
whereas a similar pattern of RhoA recruitment was
observed in the current study, upon the rescue of PBI
formation by CDK1-I (see Fig. 4D, top panels).

Cytokinesis is reversible under conditions of
proteasome inhibition

The progression of oocytes to MII depends on reacti-
vation of CDK1 (50). We examined whether removal of
the CDK1-I will move meiosis forward to MII in our
experimental system. For this purpose, we first treated
Pr-I-arrested oocytes with CDK1-I. Oocytes that have

Figure 2. Extrusion of PBI is res-
cued by CDK1 inactivation re-
gardless of proteasomal inhibi-
tion. A) Experimental design:
oocytes incubated for 5 h in an
inhibitor-free medium (blue ar-
rows) were transferred to a me-
dium containing Pr-I (2 �M
MG132 or velcade; red arrows)
for an additional 2, 3, 5 and 19 h
of incubation. Oocytes of each

group were further exposed to a CDK1-I (10 �M flavopiridol; green arrows) for 2 h, after which they were collected and
monitored for PBI extrusion. Control oocytes were incubated in an inhibitor-free medium (blue arrow) for 12h. B)
Proportion of PBI extrusion in oocytes treated as detailed in A. Bars represent means � se of �3 independent experiments;
numbers represent oocyte group size. Letters indicate statistically significant differences (P	0.0001). C–I) Oocytes were
fixed in PFA; spindles (green) and DNA (blue) were stained. C) Distribution of chromosome segregation phenotypes. Total
number of oocytes in �3 different experiments is indicated. D) Oocyte treated with Pr-I for 12 h. E) Untreated oocyte
extruding PBI after 12 h of incubation. F–H) Oocytes treated with Pr-I and CDK1-I at 12 h; numbers represent percentages
of nonsegregated (F), fully segregated (G), and partially segregated (H) chromosomes. Inset: DNA channel only; arrow
marks a stretched chromosome. Scale bars � 10 �m. I) Spindle midzone width (top panel) and length (bottom panel) were
compared between oocytes arrested at MI by Pr-I (red); oocytes arrested by Pr-I, which extruded PBI in response CDK1-I
treatment, presenting either partial or complete chromosome segregation (green); and nontreated oocytes after 12 h
(blue). Bars mark minimal to maximal values in each group. Central lines and corresponding numbers represent medians
(width) or means (length). Letters indicate significantly different groups (spindle width: P�0.0008; spindle length:
P	0.0001). J) Oocytes (50/lane) were subjected to Western blot analysis for securin immunodetection; �-tubulin served as
a control. Untreated oocytes were collected at metaphase (Met-8h of incubation) or at anaphase (Ana-12h of incubation);
oocytes arrested in MI by Pr-I with or without CDK1-I were collected after 14 h of incubation. CDK1-I was added for the last
2 h of incubation. Blot is representative of 4 independent experiments.
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extruded PBI were selected and transferred to a me-
dium containing Pr-I without CDK1-I, to allow CDK1
reactivation, thus mimicking the transient CDK1 inac-
tivation between the two meiotic divisions (Fig. 3A). We
found that under proteasomal inhibition, removal of the
CDK1-I did not drive oocytes to MII, but rather induced
reversal of cytokinesis, manifested by reengulfment of the
extruded PBIs (Fig. 3B and Supplemental Video S3). The
ability of the oocytes to reverse cytokinesis declined with
time; while 62% of the Pr-I treated oocytes reengulfed
their PBIs after 1 h exposure to CDK1-I, longer treatments
significantly reduced the incidence of PBI reengulfment
(Fig. 3C). Interestingly, among oocytes that were incu-
bated for 24 h in both Pr-I and CDK1-I, a fraction of 19%
still maintained the capacity to reengulf their PBI. Time-
lapse microscopy and immunostaining of oocytes fixed
after PBI reengulfment revealed that most oocytes, with
and without PBI, contained first telophase spindles with
fully or partially segregated chromosomes, localized ei-
ther within the oocyte or between the oocyte and PBI. MII
spindles were never observed, indicating failure to pro-
ceed to MII (Fig. 3B, D and Supplemental Video S3).

Cytokinesis induced by CDK1 inactivation is mediated
by PLK1 but not by MEK1/2

To test the possible involvement of PLK1 and MEK1/2
following CDK1 inactivation, we used selective inhibitors
(BI2536 and UO126, respectively). Oocytes arrested at MI
by an overnight incubation in Pr-I were induced to form
PBI by CDK-I, as described above. The addition of PLK1

inhibitor (PLK1-I) concomitantly with the CDK1-I
blocked PBI extrusion (8.6%; P	0.0001; Fig. 4A),
whereas MEK1/2 inhibitor (MEK-I) had no effect on this
event (53%, vs. 52% in the control). Moreover, RhoA
enrichment around the midzone was abrogated upon the
addition of PLK1-I but not MEK-I (Fig. 4D, middle and
bottom, panels, respectively), indicating that the PLK1
control of cytokinesis is mediated by RhoA accumulation.

PLK1 and MEK1/2 determine spindle dimensions
during anaphase I

We further examined the role of PLK1 and MEK1/2 in
determining spindle morphology at anaphase I. As
described above, treatment of Pr-I and CDK1-I induced
anaphase I, characterized by spindle elongation and
midzone contraction (Figs. 2I and 4B). The addition of
PLK1-I prevented the spindle elongation induced by
CDK1 inactivation (21.1 �m, vs. 24.5 �m in oocytes not
supplemented with PLK1-I; P	0.001; Fig. 4C, D, middle
panels). An even more dramatic effect was observed at
the spindle midzone, which did not contract but was
markedly widened by this treatment, the median width
reaching 18.5 �m (Fig. 4B), which is more than double
the width at anaphase I (9.1 �m; P	0.0001), and also
significantly wider than MI spindles (13.2 �m; P	0.01;
Fig. 4B; compare Fig. 4D, middle panels, and F–H to E).

Interestingly, while inhibition of MEK1/2 did not
interfere with PBI emission, it resulted in a distinct
shortening of the anaphase I spindle (14.3 �m, vs. 24.5
�m in Pr-I�CDK1-treated oocytes, P 	 0.001; or 23.7

Figure 3. Transient CDK1 inactivation in the absence of proteasomal activity leads to reversal of meiosis. A) Experimental design:
isolated oocytes incubated in inhibitor-free medium for 5 h (blue arrows) were transferred to a medium containing Pr-I (2 �M
MG132; red arrows) after 5 h. After overnight incubation, a CDK1-I (10 �M flavopiridol; green arrows) was added for an additional
1, 2, 3, 8, and 24 h. Oocytes with PBI were then transferred to a Pr-I-containing medium and monitored for PBI after 1.5 h. B)
Sequential frames from time-lapse microscopy of PBI reengulfment (full film provided in Supplemental Material). An oocyte that was
incubated in Pr-I overnight, transferred to Pr-I � CDK1-I for 8 h, and then extruded a PBI was subsequently stained with Hoechst
(DNA) and examined upon its transfer to Pr-I. Time (h) after transfer to Pr-I is shown. C) Percentage of oocytes exhibiting PBI
reengulfment at different CDK1-I incubation periods. Values are means � se of �3 independent experiments. Numbers at base
represent total oocyte group size. Letters indicate significantly different values (P	0.0001). D) Oocytes that had reengulfed PBI after
transfer to Pr-I were fixed and stained for spindle (green) and DNA (blue). Scale bars � 10 �m. n � 72.
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�m in MI-arrested oocytes, P	0.001; Fig. 4C; compare
Fig. 4D, bottom panels, to E). Furthermore, these
spindles failed to contract at the midzone (P	0.01 vs.
Pr-I�CDK1-I midzone width; Fig. 4B), resulting in
“dwarf” spherical spindles with a length/width ratio of
1.1, as compared to 2.7 in Pr-I�CDK-I-treated oocytes
(Fig. 4B, D, bottom panels). It is important to note that
both spindle midzone widening by PLK1-I and spindle
length shortening by MEK-I did not occur in the
absence of the CDK1-I (Supplemental Fig. S1).

DISCUSSION

Ubiquitin chains linked through lysine-11 mediate PBI
extrusion

We show herein that formation of polyubiquitin chains
is a requirement for meiotic progression. Moreover, we
further demonstrate that disruption of K11R- but not

K48R-linked ubiquitin chains interfered with PBI extru-
sion and induced higher incidence of chromosome
segregation abnormalities. We thereby provide the first
evidence that K11, rather than the canonic K48 chain
topology, provides the prevailing signal for proteasomal
degradation required for PBI extrusion. These findings
are in line with recent in vitro studies demonstrating
formation of K11 chains by APC/C. In addition, it was
shown that disruption of K11 chains affects the degra-
dation of cyclin B1 and securin, further supporting
their role in cell division (18–21, 51). Microinjection of
the K63R and K48R mutants resulted in mild, statisti-
cally insignificant decrease in PBI extrusion. The K48
linkage is a well-established signal for protein degrada-
tion in other cellular contexts (17). Surprisingly, our
results show that these chains have only minor contri-
butions to proteasomal degradation at this stage of
meiosis. The K63 chains, however, are known to func-
tion in nonproteolytic pathways, such as a response to
DNA double-strand breaks and transmembrane protein

Figure 4. PLK1 mediates cytokinesis, while both PLK1 and MEK1/2 determine anaphase spindle dimensions. A) Isolated oocytes
transferred after 5 h to Pr-I (2 �M MG132 or velcade, overnight) were transferred to different combinations of Pr-I, CDK1-I,
PLK1-I, and MEK-I for 3 h and monitored for PBI extrusion. Values are means � se of �3 independent experiments. *P 	 0.05,
**P 	 0.01 vs. Pr-I. B–H) Oocytes treated as in A were fixed and stained for spindle and DNA, as well as for RhoA (D, E). B, C)
Measurements of spindle midzone width (B) and spindle pole-to-pole length (C). Bars represent minimum-to-maximum values
of each group; central lines and numbers represent medians. Numbers at base represent group size, letters indicate significant
differences between groups (length: P	0.001; width: P	0.0001) D) Representative images of oocytes treated with Pr-I � CDK1-I
(top panels), Pr-I � CDK1-I � PLK1 inhibitor (PLK-I; middle panels), or Pr-I � CDK1-I � MEK-I (bottom panels) were taken
under identical exposure settings. E) Oocyte arrested in MI after an overnight incubation in Pr-I; merge of DNA, tubulin, and
RhoA channels. F–H) Oocyte with extreme spindle widening (dotted line depicts spindle width) after treatment with Pr-I �
CDK1-I � PLK-I.
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sorting, as well as Toll-like receptor and NF-B signal-
ing (52–55). The fact that the blockage of this ubiquitin
topology has a mild effect on PBI emission raises the
need to further investigate these pathways in the first
round of meiosis. In addition, the existence of mixed
K11, K48, and K63 ubiquitin chains on cellular proteins
was previously suggested (21, 56, 57). Branched, heter-
ogeneous chains are not thought to be involved in
proteasomal degradation (58). It is possible that K63
chain perturbation has indirectly compromised the
oocytes’ ability to extrude PBI, reflecting the involve-
ment of this linkage, as heterogeneous or homologous
chains, in yet to be explored nonproteolytic cellular
functions.

In our system, a suboptimal dose of proteasome
inhibitor was added. In its absence, 0K mutant delayed
PBI extrusion, but it did not prevent it. This phenom-
enon may be attributed to the presence of competing
endogenous ubiquitin molecules in the oocyte, com-
bined with the activity of deubiquitinating enzymes
(DUBs) that constantly remodel ubiquitin chains. The
importance of ubiquitin carboxy-terminal hydrolase
(UCH)-family DUBs to meiotic progression was re-
cently demonstrated, as their inhibition in oocytes
perturbed PBI extrusion, caused MII spindle abnormal-
ities, and prevented fertilization (59, 60). Such substan-
tial activity of DUBs counteracts the effect of the
injected chain-blocking mutants, which are removed
and replaced by other ubiquitin moieties. The fact that
a proteasome inhibitor intensified the effect induced
by the ubiquitin mutants further implies that K11
chains function in the degradation pathway. Notably,
the mutant-induced chromosome segregation defects
observed in this study took place without proteasomal
inhibition.

Inactivation of CDK1 is necessary and sufficient for
the transition to anaphase and induction of
cytokinesis in the first meiotic division

The process of PBI emission is a highly complicated
event, strictly regulated to ensure efficient reductional
meiotic division, enabling the generation of a haploid
nucleus. The present study demonstrates that the inac-
tivation of a single kinase, CDK1, is sufficient for
meiotic cytokinesis, indicated by the emission of PBI, as
well as for the metaphase-to-anaphase transition, man-
ifested by spindle elongation, midzone contraction,
and chromosome segregation. Interestingly, the latter
event takes place despite the presence of securin, the
negative regulator of separase. Since separase activity is
absolutely required for the dissolution of the chiasmata
and the subsequent chromosome segregation (10, 16),
our data suggest that separase may be activated regard-
less of the presence of securin, which indicates an
additional regulatory mechanism of separase activity.
Indeed, it was shown that separase could be inhibited
by its phosphorylation and the subsequent binding to
the CDK1-cyclin B1 complex (61–64). This interaction
is mutually exclusive; thus, at metaphase, each separase

molecule is inhibited either by securin or by CDK1-
cyclin B1 (61–64). Furthermore, separase binding in-
hibits CDK1 activity as it was previously shown that
prevention of CDK1-separase binding in mouse oocytes
blocks PBI extrusion (65). Our findings are comple-
mentary to the latter report and may present the other
side of the coin: CDK1’s contribution to the inhibition
of separase. It was previously shown that full, faithful
chromosome segregation requires both securin degra-
dation and CDK1 inactivation (61, 63, 64, 66, 67).
Indeed, as expected, we observed only partial chromo-
some segregation under conditions of intact securin.
Notwithstanding, our results distinguish the role of
CDK1 inactivation in chromosome segregation from
that of securin.

Interestingly, somatic cells that were treated with a
combination of Pr-I and CDK1-I underwent cytokinesis
but not chromosome segregation (68–70). In contrast, we
show that oocytes treated similarly undergo PBI extrusion,
as well as chromosome segregation, suggesting that CDK1
plays a more dominant role in maintaining meiotic cohe-
sion, as compared to mitosis. Supporting this suggestion,
it was previously demonstrated that a certain low dose of
an undegradable �90 cyclin B1, which maintains low
levels of CDK1 activity, was able to inhibit chromosome
segregation in oocytes but not in mitotic cells (9, 62). The
different effect of CDK1 inactivation on meiotic and
mitotic chromosome separation is supported by studies in
Caenorhabdidis elegans, which showed distinct require-
ments for anaphase chromosome separation in meiosis, as
compared to mitosis (71, 72).

PBI extrusion induced by CDK1 inhibition in the
absence of proteasome activity is reversible

Inactivation of CDK1 that enables PBI emission is
immediately followed by reactivation of this kinase,
which drives meiosis forward, to MII. However, in our
study, under conditions of inhibited proteasomal activ-
ity, a transient CDK1 inactivation failed to drive meiosis
further, but rather resulted in reversal of cytokinesis.
This experiment suggests that while CDK1 inactivation
brings about the metaphase-to-anaphase transition,
protein degradation is required for the forward direc-
tionality of meiosis beyond anaphase. Reversal ability
was also demonstrated in mitotic cells (68, 73). Never-
theless, in mitosis, the capacity to reverse cell division
was conserved for only 1 h, after which it was essentially
lost due to the inhibitory phosphorylation of CDK1 by
Wee1 and Myt1 kinases (73). In oocytes, CDK1 is not
phosphorylated at this stage of meiosis (5), a fact that
may explain their extended ability for PBI reengulf-
ment.

PLK1 activity mediates cytokinesis via RhoA
localization and is required for the contraction of the
anaphase I spindle

The use of small-molecule inhibitors in the current
study enabled the identification of two PLK1 roles
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during a very specific time frame, just prior to PBI
extrusion. Previous results from our laboratory showed
that the depletion of the guanine nucleotide exchange
factor ECT2 from mouse oocytes abolishes RhoA local-
ization, and prevents PBI emission (48). Furthermore,
other studies in mitosis indicate that cytokinesis is
mediated by PLK1, via ECT2-dependent recruitment of
RhoA (40, 74). Taken together, these findings strongly
imply that the CDK1-PLK1-ECT2-RhoA pathway par-
takes in PBI emission.

PLK1 inhibition also blocked meiotic spindle elon-
gation and induced midzone widening. Prevention of
spindle elongation under similar conditions was previ-
ously reported in mitotic cells (44); however, the dra-
matic widening of the spindles is oocyte-specific. The
meiotic, but not mitotic, spindle widening may seed
from altered regulation of the female meiotic spindle,
which lacks centrioles and centrosomes, but is rather
based on microtubule organizing centers (MTOCs)
that cluster together and self-organize into a bipolar
spindle (reviewed in ref. 75). As the oocyte is much
larger than somatic cells, the availability of additional
space in the oocyte, which allows the spindle to expand,
may also explain this phenomenon. This new role of
PLK1 is in line with previous studies in oocytes, which
indicated PLK1 association with the spindle poles and
chromosomes at metaphase I, followed by translocation
to the midzone at anaphase I (39, 76–78).

A novel role for MEK1/2 in the cell cycle: controlling
anaphase spindle length

Our results indicate that MEK1/2 inhibition during
anaphase I prevented spindle contraction and reduced
spindle length. These results are concordant with pre-
vious reports that demonstrate ERK1/2 colocalization
with the meiotic and mitotic spindles, affecting micro-
tubule dynamics (38, 79, 80). The phenotype of ana-
phase spindle shrinkage observed by us may appear to
be in contradiction to a previously reported phenotype
of a small subpopulation of oocytes from mos-depleted
(mos�/�) mice, in which the MI spindles were en-
larged (81). However, the phenotype of the mos�/�

oocyte is in fact the result of an event taking place
before PBI extrusion, during prometaphase and meta-
phase. In mos�/� oocytes, MI spindle migration was
inhibited and compensated at anaphase I by elonga-
tion, resulting in a very large spindle that eventually
reached the cortex (29, 82). Our experimental system,
unlike the systemic depletion of mos, allowed the
addition of the inhibitor to oocytes at a very specific
time point, at which the spindles are fully formed and
relocated at the cortex. Moreover, spindle shrinkage
was anaphase specific, as it required CDK1 inactivation.
Therefore, the observed phenotype, in which the spin-
dle shrinks in length, is novel, distinct from the previ-
ously reported spindle elongation, and seems to result
from aberrant regulation on spindle length once both
CDK1 and MEK1/2 activities are missing. Notably, the
MI spindle in mouse oocytes is encapsulated by a

dynamic structure of actin filaments. This microfila-
ment structure facilitates the spindle translocation and
tethering to the cortex (83, 84). As demonstrated in
yeast and somatic cells, the actin structure may be
linked to spindle microtubules (85, 86) F-actin was
shown to affect spindle length in mitotic cells (87).
Thus, it is possible that actin filaments are involved in
the changes in spindle morphology observed in our
study, upon the inhibition of MEK1/2 and PLK1.

CONCLUSIONS

In this study, we investigated the relationship between
proteasomal degradation and CDK1 inactivation, two
major forces that drive PBI extrusion. Analyzing the signal
for proteolysis, we found that the lysine-11 polyubiquitin
chain topology is the prevailing signal for PBI extrusion.
Our results further demonstrated that inactivation of
CDK1 is sufficient for PBI extrusion and that proteasomal
degradation is required for the forward progression of the
oocyte to the second meiotic division. We found that
PLK1 operates downstream of CDK1 inactivation to me-
diate PBI extrusion, and deciphered the role of PLK1 and
MEK1/2 in the control of spindle dimensions. These
observations highlight the similarities as well as differ-
ences between meiosis and mitosis, and pave the way for
future research studying the factors that ensure a faithful
completion of meiosis, knowledge that may be applied to
prevent genetic malformations and infertility.
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