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Geminin Stabilizes Cdt1 during Meiosis in Xenopus Oocytes™
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During the mitotic cell cycle, Geminin can act both as a pro-
moter and inhibitor of initiation of DNA replication. As a pro-
moter, Geminin stabilizes Cdt1 and facilitates its accumulation
leading to the assembly of the pre-replication complex on DNA.
As an inhibitor, Geminin prevents Cdtl from loading the mini-
chromosome maintenance complex onto pre-replication com-
plexes in late S, G,, and M phases. Here we show that during
meiosis Geminin functions as a stabilizer of Cdt1 promoting its
accumulation for the early division cycles of the embryo. Deple-
tion of Geminin in Xenopus immature oocytes leads to a
decrease of Cdt1 protein levels during maturation and after acti-
vation of these oocytes. Injection of exogenous recombinant
Geminin into the depleted oocytes rescues Cdt1 levels demon-
strating that Geminin stabilizes Cdtl during meiosis and after
fertilization. Furthermore, Geminin-depleted oocytes did not
replicate their DNA after meiosis I indicating that Geminin does
not act as an inhibitor of initiation of DNA replication between
meiosis I and meiosis II.

In eukaryotes, initiation of DNA replication involves the for-
mation and activation of the pre-replication complex (pre-RC)?
at the origins of replication. Pre-RCs are formed by the sequen-
tial binding of the origin recognition complex components,
Cdc6, Cdtl, and mini-chromosome maintenance complex
(MCM 2-7) proteins, to DNA. After loading the MCM com-
plex, the pre-RCs are activated by S phase kinases (Dbf4-de-
pendent kinase and Cdks) to initiate DNA replication (1). Rep-
lication of DNA, limited to only once per cell cycle, is critical to
maintain genomic stability. Redundant mechanisms exist to
ensure that DNA replication is tightly regulated during the cell
cycle (1, 2). A small protein named Geminin has been shown to
play a significant role in such regulatory mechanisms during
mitosis (2—6). Geminin, a multifunctional 25-kDa protein, was
first identified in a screen for proteins degraded during mitosis
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in Xenopus laevis egg extracts (7). Geminin is present in higher
eukaryotes, but its presence in yeast has not yet been
reported (7—10). Geminin plays a major role in regulating the
function of Cdtl, one of the pre-RC components (8, 11-13).
Numerous studies suggest that in higher eukaryotes the
interaction between Geminin and Cdtl1 is pivotal to restrict
DNA replication to only once per cell cycle (6, 14—22). Fur-
thermore, in Xenopus egg extracts, the Geminin/Cdt1 ratio
seems to control the assembly of pre-RCs at replication ori-
gins and to determine whether the origins are licensed or not
(23). The positive and negative roles of Geminin in origin
licensing and DNA replication are made possible by their
temporal separation during the cell cycle. Pre-RC formation
occurs during late M and early G; phase, whereas pre-RC
inhibition occurs from late S to mid M phase.

Asa positive regulator of DNA replication, Geminin has been
shown to stabilize Cdt1. In human osteosarcoma cells, silencing
of GEMININ expression limits CDT1 accumulation during
mitosis and therefore the formation of pre-RCs in the subse-
quent cell cycle. This stabilizing effect is the result of a direct
interaction between CDT1 and GEMININ preventing CDT1
ubiquitination and degradation (13). Similar findings were also
recently observed in normal human cells and various cancer
cells (24). However, in both human normal and tumor cells, the
low level of CDT1, generated by the absence of GEMININ, did
not always prevent cellular proliferation or re-replication of the
genome (5, 24, 25). Therefore, one might question the impor-
tance of the role of GEMININ in stabilizing CDT1 in human
cells. Beyond its role as a stabilizer of Cdt1 levels, Geminin has
also been shown to participate directly in the formation of pre-
RCs in Xenopus egg extracts. A complex between Cdtl and
Geminin binds to chromatin and supports pre-RC assembly.
However, the recruitment of additional Geminin molecules to
this complex on the chromatin blocks further pre-RC forma-
tion. These results indicate that the stoichiometry of Cdt1 and
Geminin in this complex regulates its activity as a promoter or
inhibitor of pre-RC assembly and DNA replication (23, 26).
Several mechanisms have been shown to modulate the Gemi-
nin/Cdt1 balance on the chromatin. In Xenopus the binding of
Cdtl to the MCM9 protein seems to block the recruitment of
an excess of Geminin to the chromatin and therefore favors
pre-RC assembly (27). Similarly, the inactivation of Geminin
by either ubiquitination or degradation also has a positive
effect on pre-RC assembly (8, 11,28 =30). On the other hand,
the replication-dependent degradation of Cdtl has the opposite
effect and prevents refiring of replication origins during S and G,
phases of the mitotic cell cycle (18, 20, 31).

Although the role of Geminin during mitosis has been exten-
sively studied, not much is known about its function during
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meiosis. The expression pattern of Geminin during oocyte mat-
uration is unclear. The presence of Geminin in immature stage
VI Xenopus oocytes is controversial, but the protein is fully
expressed in mature oocytes arrested in metaphase of meiosis I1
(7, 32). To form haploid gametes, DNA replication has to be
inhibited between meiosis I (MI) and meiosis II (MII). In Xeno-
pus oocytes, cyclin B-dependent kinase 1 (Cdk1) also known as
maturation-promoting factor (MPF) plays a role in preventing
DNA replication between the two meiotic divisions (33-36).
Inhibition of Cdkl activity between MI and MII leads to the
formation of interphase nucleus and DNA replication. How-
ever, the role of Geminin in preventing DNA replication
between meiotic divisions has not been tested so far. Finally, the
possibility that Geminin stabilizes Cdtl during meiosis and
ensures its accumulation for the early embryonic divisions has
not been formally examined.

Here we show that the levels of Geminin and Cdt1 proteins
increase significantly during meiosis in Xenopus oocytes and
that the primary role of geminin is to promote the accumula-
tion of Cdtl and not to repress DNA replication between mei-
osis I and meiosis II. Depletion of Geminin in Xenopus imma-
ture oocytes does not lead to DNA replication after the first
meiotic division but to a decrease in Cdt1 stability during the
maturation and activation of these oocytes. Rescue of Cdt1 lev-
els in these Geminin-depleted oocytes is achieved by injection
of exogenous recombinant Geminin protein confirming the
role of Geminin as a stabilizer of Cdtl during meiosis and the
early embryonic division cycles. These results provide further
support for the idea that Geminin functions universally in sta-
bilizing Cdtl. Although the stabilizing role of Geminin might
not be its most important function in somatic cells, we show
here that stabilizing Cdt1 is a dominant function for Geminin in
Xenopus oocytes undergoing meiosis. This stabilizing role of
Geminin is essential for the stockpiling of Cdt1 before fertiliza-
tion that is required to sustain the rapid divisions of the early
embryo.

EXPERIMENTAL PROCEDURES

Xenopus Qocyte Isolation and Microinjection—Stage VI
oocytes were obtained from Xenopus ovary fragments treated
with 2 mg/ml collagenase to remove follicle cells as described
previously (37). Microinjection of stage VI oocytes was per-
formed in the region between the animal and vegetal hemi-
spheres. Oocytes were injected with a 50-nl solution containing
75 ng of either Geminin sense or antisense oligonucleotides
(oligos) and incubated for 4 h in modified Barth’s saline (MBS:
88 mm NaCl, 1 mm KCl, 0.91 mm CaCl,, 0.33 mm Ca(NO,),,
0.82 mm MgSO,, 2.4 mMm NaHCO3;, 10 mm HEPES, pH 7.5). The
sequences of the phosphorothioate-modified antisense and
sense oligos were described previously (38). To induce matura-
tion, oocytes were incubated with 20 wg/ml progesterone in
MBS. Oocyte activation was triggered by calcium injection (200
nM) 4 h after GVBD and an incubation in 0.1 X MMR (0.5 mMm
HEPES, pH 7.8, 10 mm NaCl, 0.2 mum KCI, 0.1 mm MgSO,, 0.2
mMm CaCl,, 0.01 mm EDTA).

Western Analysis—For Western blot analysis, 10 oocytes
were homogenized in 100 ul of extract buffer (20 mm EGTA, 15
mMm MgCl,, 1 mm dithiothreitol, 80 mm B-glycerophosphate,
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FIGURE 1. Geminin and Cdt1 protein levels increase during meiotic mat-
uration. Stage VI or immature oocytes were induced to undergo maturation
by exposure to progesterone. Samples were collected at the indicated times
and analyzed for Geminin and Cdt1 expression by immunoblot analysis.

and 10 ug ml~ ! each of aprotinin, leupeptin, and pepstatin A).
Phosphatase inhibitor, B-glycerophosphate, was added to the
extract buffer when oocytes undergoing maturation were col-
lected. Extracts were centrifuged at 20,000 X g at 4 °C for 10
min, and an equivalent to two or three oocytes was analyzed by
SDS-PAGE and transferred onto nitrocellulose membrane.

Recombinant Protein Production and Antibodies—Geminin
and Geminin del-H proteins were expressed as described pre-
viously (7). Polyclonal antibodies against Xenopus Mcm4, Cdt1,
and Geminin were raised in rabbits using Escherichia coli
recombinant full-length proteins as antigens (37, 39). Rabbit
sera were affinity-purified by column chromatography against
immobilized proteins as described previously (40). The cyclin
B1 antibody was a kind gift from Dr. M. Doree, and the Cdc27
antibody was purchased from BD Biosciences.

H1I Kinase and Replication Assays—Both assays were carried
out as described previously (37).

RESULTS

Geminin and Cdtl Levels Increase during Meiotic
Maturation—The level of Geminin and Cdtl in Xenopus
oocytes before and during the maturation process was deter-
mined by Western blot analysis. Following progesterone treat-
ment, the successful re-entry of oocytes into meiosis was judged
by the appearance of a white spot on their animal pole, corre-
sponding to the GVBD or nuclear breakdown. Samples were
collected at different times after GVBD. Our results indicate
that the levels of Geminin and Cdt1 were extremely low in stage
VI oocytes arrested in prophase of meiosis I (Fig. 1, lane 1), but
they increased significantly during the maturation process (Fig.
1, lanes 2—8). The Geminin protein appeared at first as a single
band whose maximum expression was reached at the time of
GVBD and remained constant thereafter. A second Geminin
band with faster mobility appeared later during meiosis II. The
ratio of the two Geminin bands varied significantly between
oocytes (compare Figs. 1, 24, and Fig. 4A), but the upper band
was always the predominant one. Although these two bands
were bona fide Geminin bands, sensitive to Geminin antisense
oligonucleotide treatment (as shown in Fig. 3B), their origin is
currently unknown. They do not appear to be phosphorylated
isoforms as they were unaffected by alkaline phosphatase treat-
ment (data not shown). Contrary to Geminin, Cdt1 expression
increased more gradually during maturation and reached its
maximum in matured oocytes arrested in metaphase of meiosis
II (Fig. 1, lane 8). These findings indicate the following: 1) both
Xenopus Geminin and Cdt1 proteins accumulate during oocyte
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FIGURE 2. Cycloheximide treatment decreases Geminin and Cdt1 levels.
Western blot analysis of Cdc27, cyclin B1, Geminin, and Cdt1 proteins at the
indicated times during meiotic maturation. A, in the absence of CHX; B, in the
presence of CHX. The Mcm4 protein was probed as a loading control.

maturation; and 2) Geminin expression precedes Cdtl expres-
sion suggesting that Geminin might facilitate Cdt1 accumula-
tion by stabilizing it.

Inhibition of Protein Synthesis during Maturation Leads to a
Simultaneous Decrease in Geminin and Cdt1 Levels—To inves-
tigate the potential role of Geminin as a stabilizing factor of
Cdtl during maturation, we first blocked protein synthesis
midway through maturation and determined the effect on
Geminin and Cdt1 levels. Addition of protein synthesis inhibi-
tor (cycloheximide) was done at a time when Geminin level was
close to its maximum, and a significant and measurable amount
of Cdtl was present (i.e. 30 min after GVBD). Variation in the
level of Geminin and Cdt1 proteins after cycloheximide (CHX)
treatment was followed by Western blot analysis (Fig. 2B). The
amount of Geminin and Cdtl1 proteins accumulated during the
normal maturation process was also monitored as controls (Fig.
2A). The levels of the Xenopus Mcm4, Cdc27, and cyclin Bl
proteins were also followed as they represent good markers of
the progression through maturation and the effectiveness of the
CHX treatment. Cyclin B1 levels gradually increased during the
maturation and culminated in mature oocytes (Fig. 24, lanes
2-8). This observed increase in cyclin Bl is known to partici-
pate in the maintenance of MPF kinase activity during matura-
tion and to result in the phosphorylation of proteins such as
Cdc27 and Mcm4. Other than the changes in their phosphoryl-
ation status, the Cdc27 and Mcm4 proteins remained at a con-
stant level during meiosis (Fig. 24, lanes 1-8). The Cdc27 pro-
tein is the core subunit of the anaphase-promoting complex
(APC/C) that controls cyclin B degradation in Xenopus oocytes.
Cdc27 phosphorylation reflects APC/C activity. During matu-
ration Cdc27 is phosphorylated at the time of GVBD, and its
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FIGURE 3. Absence of Geminin results in a decrease of Cdt1 levels during
maturation. Immunoblot analysis of Cdc27, cyclin B1, Geminin, and Cdt1
during meiotic maturation is at the indicated times in Geminin sense oligo-
injected oocytes (A). B, Geminin antisense oligo-injected oocytes. The Mcm4
protein is a loading control.

level of phosphorylation is even higher in the mature oocyte
(Fig. 2, lanes 7 and 8) (41). As described in the previous exper-
iment, Cdtl and Geminin levels increased during maturation
(Fig. 24). In the presence of CHX, cyclin B1 levels decreased
rapidly indicating that protein synthesis was blocked and that
most likely cyclin B1 was degraded by the APC/C (Fig. 2B, lanes
5-8). The decrease in cyclin Bl affected the MPF activity and
led to the dephosphorylation of the Mcm4 and Cdc27 proteins.
However, the amount of the Mcm4 and Cdc27 proteins
remained constant after CHX addition, indicating that these
proteins are relatively stable and that their accumulation
occurred mainly in oocytes arrested in prophase of meiosis I
(Fig. 2, A and B, lane 1,). In contrast, the level of Geminin and
Cdt1 proteins decreased simultaneously in the absence of pro-
tein synthesis but not as fast as the cyclin B1 levels. This result
suggests that under these conditions, Cdtl and Geminin were
degraded and that Cdt1 stability might be affected by Geminin
stability.

Specific Ablation of Geminin during Oocyte Maturation
Leads to a Decrease in Cdtl Level—To further verify that Cdtl
stability was specifically dependent of Geminin, we used an
antisense oligonucleotide approach to selectively inhibit Gemi-
nin expression during maturation and to measure the effect on
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FIGURE 4. Geminin stabilizes Cdt1 during maturation. Western analysis of Cdc27, cyclin B1, Geminin, and
Cdt1 proteins at the indicated times. A, during meiotic maturation. B, in the presence of exogenous Geminin
during maturation. G, in the presence of CHX. D, in the presence of CHX and exogenous Geminin. The Mcm4

Exogenous Geminin Stabilizes
Cdtl during Maturation in CHX-
treated Oocyte—Next we wanted to
perform a rescue experiment and
test the ability of exogenous Gemi-
nin to protect Cdtl from degrada-
tion in oocytes that have low or no
Geminin during maturation. First,
we tried this experiment in stage VI
oocytes injected with Geminin anti-
sense oligonucleotides that, as dem-
onstrated in the previous experi-
ment, were depleted for Geminin.
However, this experiment required
a second injection with exogenous
Geminin protein at the beginning of
the maturation process, and for
unknown reason, oocytes quickly
started to degenerate. In an effort to
limit the number of injections and
decrease the level of endogenous
Geminin, we again used cyclohexi-
mide to block protein synthesis

protein served as a loading control. Asterisk indicates exogenous Geminin.

Cdt1 level. Oocytes were injected with either Geminin sense or
antisense oligonucleotides and induced to undergo maturation.
Samples were collected at different times after GVBD and ana-
lyzed for protein expression by Western blot analysis. In
oocytes injected with sense oligonucleotides, cyclin Bl and
Cdc27 protein profiles showed the normal maturation pattern
that we previously described (Fig. 34, lanes 1-8). Geminin and
Cdt1 protein levels also increased during maturation suggest-
ing that injection of sense oligonucleotides did not affect their
accumulation or the maturation process (Fig. 34, lanes 1-8).

On the other hand, injection of antisense oligonucleotides
inhibited Geminin expression to undetectable levels during
maturation (Fig. 3B, lanes 1-8). Regardless of the Geminin
ablation, cyclin B1 and Cdc27 profiles were not affected by the
injection of antisense oligonucleotides suggesting that Geminin
is not required for MPF activity and the maturation process
(compare Fig. 3, A and B, lanes 1-8). Interestingly, in
oocytes injected with antisense oligonucleotides, the accu-
mulation of Cdtl was significantly reduced (compare Fig. 3,
A and B, lanes 1-8). Absence of Geminin affected the accu-
mulation of Cdtl during meiosis II and not Cdtl accumula-
tion during meiosis I (compare lanes 2—4 and 5- 8 in Fig. 3, A
and B). This finding suggests that the absence of geminin is
most likely to increase the degradation rate of Cdtl rather
than decrease its rate of synthesis. Indeed, when the same
experiment was repeated in the presence of the protein syn-
thesis inhibitor CHX, Cdt1 levels during meiosis II were fur-
ther decreased in the absence of Geminin (see supplemental
Fig. 1). This result indicates that geminin protects Cdtl
against degradation during meiosis II. The instability of Cdt1
in Geminin-deficient oocytes treated with CHX further
revealed that Cdtl degradation is independent of Cdk as
CHX prevents cyclin accumulation and Cdk activity.
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midway through the maturation

process. Stage VI oocytes were
induced to undergo maturation and were injected with an
excess of recombinant nondegradable Geminin at the time of
GVBD, and 30 min later, oocytes were treated with or without
CHX. As a control, the same experiment was performed with
oocytes injected with buffer instead of recombinant Geminin.
Oocytes were collected at the indicated times and analyzed for
protein expression by Western blot analysis (Fig. 4). In the
absence of cycloheximide treatment, an excess of exogenous
Geminin did not affect the maturation process as indicated by
the Mcm4 and Cdc27 phosphorylation profile (Fig. 4, A and B,
lanes 1-8). The excess of exogenous Geminin had no effect on
Cdtl accumulation during meiosis I but promoted a faster
accumulation of Cdtl during meiosis II (compare Fig. 4, A,
lanes 7 and 8, and B, lanes 8 and 9). This finding reinforces the
idea that Geminin does not affect the rate of Cdt1 synthesis but
protects Cdtl against degradation during meiosis II. When
CHX was added 30 min after GVBD, protein synthesis was
blocked, and cyclin B1 was degraded both in the presence or the
absence of exogenous Geminin in oocytes (Fig. 4, C, lanes 7 and
8,and D, lanes 8 and 9). As observed previously in Fig. 2B, CHX
treatment of control oocytes (injected with buffer) led to the
simultaneous decrease of the endogenous level of Geminin and
Cdt1 proteins (Fig. 4C, lanes 7 and 8). On the other hand, injec-
tion of excess recombinant Geminin into CHX-treated oocytes
prevented the decrease in the level of endogenous Cdtl.
Although Cdtl synthesis was inhibited, Cdt1 levels in oocytes
remained constant indicating that excess Geminin did protect
Cdt1 against degradation (Fig. 4D, lanes 5-9).

Absence of Geminin Does Not Affect Meiotic Progression or
the Induction of DNA Replication between Meiosis I and Meiosis
II—One hallmark of meiosis is the prevention of DNA replica-
tion between meiosis I and meiosis II to produce haploid
gametes. Earlier studies have established the importance of

VOLUME 284 -NUMBER 40-OCTOBER 2, 2009


http://www.jbc.org/cgi/content/full/M109.008854/DC1
http://www.jbc.org/cgi/content/full/M109.008854/DC1

A

Minutes after GVBD

XGeminin Stabilizes XCdt1 during Meiosis

incubated in presence or absence of
cycloheximide. Addition of CHX 30

Stage VI

GVBD

|15 30 60 90 120 180 240‘

Geminin sense oligo
Geminin antisense oligo 11 ISR AN SN0 S 0 e
| 1 2 3 4 5 6 7 8 9 |

min after GVBD has been shown
previously to prevent cyclin B1 syn-
thesis, MPF activity at the end of
meiosis I, and progression into mei-
osis IL. Instead oocytes exiting mei-

H1 Kinase assay

osis I reform nuclei and replicate
their DNA. Analysis of chromo-
somal DNA indicated that Gemi-
nin-depleted oocytes were unable to
replicate their DNA after meiosis I
(Fig. 5B, lane 5) and proceeded nor-
mally into meiosis I as shown in Fig.
5A. The only time oocytes were able
to replicate their DNA after meiosis
I was when MPF activity was inhib-
ited by CHX irrespective of the
presence or absence of Geminin
(Fig. 5B, lanes 1, 2, and 7). These

[0!-3 2P] dCTP incorporation

FIGURE 5. Depletion of Geminin does not induce DNA replication between Ml and MIl. Geminin sense or
antisense oligo-injected stage VI oocytes were stimulated with progesterone to enter maturation, and samples
were collected at the indicated times. A, to measure the MPF activity via H1 kinase assay, 10 oocytes were
homogenized and centrifuged, and the supernatant was supplemented with histone-1 and [y->?P]ATP and
incubated for 45 min at room temperature. Phosphorylation of histone H1 was followed by SDS-PAGE and
Phosphorlmager analysis. B, for replication assay, Geminin-deficient or control (sense injected or uninjected)
oocytes were injected with [a->?P]JdCTP at the time of GVBD either in the presence or absence of CHX and/or

aphidicolin. Replicated DNA was analyzed 4 h after GVBD.

maintaining an intermediate level of MPF activity between MI
and MII to suppress DNA replication (33-36). In the following
experiments we addressed the contribution of Geminin, a well
known mitotic inhibitor of pre-RC assembly, in the prevention
of DNA replication between MI and MII.

First we determined whether the ablation of Geminin
expression affected MPF activity during meiosis. Immature
Xenopus oocytes were injected with Geminin sense or antisense
oligonucleotides and induced to undergo maturation. Samples
were collected at different times during maturation, and the
level of MPF activity was measured as the ability of the oocyte
extract to phosphorylate in vitro the histone H1 protein. As
shown in Fig. 54, the fluctuation of H1 kinase activity during
meiosis was similar in the presence or absence of Geminin.
Most notably, an intermediate level of H1 kinase activity was
maintained between MI and MII independent of the presence
or absence of Geminin (see Fig. 54, lane 5, upper and lower
panels). Overall, this finding indicates that the absence of
Geminin does not affect MPF activity during meiosis and is
therefore unlikely to disturb meiotic progression. This result
also explains our finding in Fig. 3 where ablation of Geminin did
not affect the Cdkl-dependent phosphorylation of Cdc27 and
Mcm4 during maturation.

To determine whether Geminin has a role in preventing
DNA replication between MI and MII, immature Xenopus
oocytes were injected with Geminin sense or antisense oligo-
nucleotides and induced to undergo maturation. At the time of
GVBD, oocytes were further injected with [a-**P]dCTP and
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results clearly establish that Gemi-
nin is not required to prevent DNA
replication between MI and MIL
The block to replicate during meio-
sis is only controlled by the interme-
diate level of Cdkl activity that
exists between the two meiotic divi-
sions (as shown in Fig. 54, lane 5).
Geminin Is Required for Cdt1 Sta-
bilization after Fertilization—QOur
results so far indicate that the main role of Geminin during
oocyte maturation is to favor Cdtl accumulation most likely in
preparation for the early embryonic replication cycles that fol-
low fertilization. Although Geminin is known to be partially
degraded at the time of fertilization, how this affects Cdt1 levels
is unclear. In addition, how Geminin-mediated stabilization of
Cdt1 during maturation impacts Cdt1 levels after fertilization is
currently unknown. We addressed these two questions in the
next set of experiments. We used calcium chloride injection
into mature oocytes to activate them and mimic the molecular
events occurring during fertilization. First, we looked at the
activation of oocytes that were matured either in the presence
or absence of Geminin as they were injected with Geminin
sense or antisense oligonucleotides, respectively, before matu-
ration. The Cdtl and Geminin levels were followed by Western
blot analysis. The oscillation in the level of cyclin B1 and the
phosphorylation of the Mcm4 protein were also followed as
they are good markers of the activation process and the first
embryonic cell cycle. Cyclin Bl showed its characteristic
destruction after activation (Fig. 6, A and B, compare lanes 1
and 2) and then re-synthesis in M phase (Fig. 6, A and B, lanes 5
and 6) before its loss at the exit of the first cycle (Fig. 6, A and B,
lane 7). Accordingly the Mcm4 protein underwent dephospho-
rylation after activation and S phase (Fig. 6, A and B, lanes 2—4)
and became hyperphosphorylated during the next mitotic
phase (Fig. 6, A and B, lanes 5 and 6). Consistent with previous
reports (19, 28, 42), we found that in control mature oocytes
(injected with Geminin sense oligonucleotides), Geminin was
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FIGURE 6. Geminin stabilizes Cdt1 after activation. Geminin sense or antisense oligos injected in in vitro
matured oocytes were injected with CaCl,. At the indicated times samples were collected and analyzed for
cyclin B1, Geminin, and Cdt1 expression by Western analysis. CSF is a positive control; Mcm4 is a loading
control, and the asterisk indicates exogenous Geminin. Zero time point corresponds to mature oocyte (240 min
after GVBD). A and B, activation in the absence of exogenous Geminin. G, activation in the presence of exoge-
nous Geminin. Experiments carried out in A and B are from the same batch of oocytes, whereas that of Cis on

a different batch of oocytes. BSA, bovine serum albumin.

partially degraded at the time of activation, and the levels
remained stable during the remainder of the cell cycle (Fig. 6A).
Meanwhile, the levels of Cdtl were not affected at the time of
activation (Fig. 6A) indicating that unlike Geminin and cyclin
B1, Cdtl is not a target of APC/C during this transition. How-
ever, when oocytes matured in the absence of Geminin (by
injection with antisense oligonucleotides) were activated, the
level of Cdt1 was not only low to start with but decreased grad-
ually over the first cycle (Fig. 6B). This decrease was insensitive
to aphidicolin (data not shown) and thus was not the result of
Cdt1 degradation associated with DNA replication during the
first S phase. This result rather suggests that the presence of
Geminin is required for stabilizing newly synthesized Cdt1 pro-
tein and for maintaining its level after activation. To further
confirm our observation, we performed a rescue experiment in
which exogenous Geminin was injected into oocytes containing
no endogenous Geminin right before their activation (Fig. 6C).
An excess of exogenous Geminin stabilized the Cdt1 levels after
activation. Cdtl and Geminin protein levels were also moni-
tored during the first five cycles of developing embryos (see
supplemental Fig. 2). In these embryos Cdtl accumulates
mostly during mitosis in parallel with Geminin further
strengthening the idea that Geminin is also required for Cdt1
accumulation during the early embryonic cell cycles.

DISCUSSION

Our data show that the presence of Geminin during meiosis
and after fertilization is required for the proper accumulation of
the licensing factor Cdtl. It is well established that the rapid
embryonic divisions following fertilization require the accumu-
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bryos following the injection of
Geminin antisense oligonucleotides
before meiosis (38). Geminin deple-
tion in embryos was obtained by
injection of antisense oligonucleo-
tides at the two-cell stage after
maternal accumulation of Geminin
during meiosis. Under such condi-
tions the levels of Geminin decreased significantly but
remained detectable until the seventh division cycle of the
embryo before disappearing completely when the embryo
arrested after the midblastula transition. This slow disappear-
ance of Geminin might explain why these embryos managed to
develop until the midblastula transition.

Although Geminin is known to be an inhibitor of Cdtl func-
tion, our data show that Geminin is not involved in the suppres-
sion of DNA replication between meiosis I and meiosis IIL.
Absence of Geminin neither alters the overall meiotic progres-
sion nor pushes the oocytes to enter S phase after completion of
meiosis I. Therefore, we conclude that the major role of Gemi-
nin during meiosis is to stabilize Cdt1 and favor its accumula-
tion for the early embryonic division cycles after fertilization.
We believe that this stabilizing role of Geminin remains pre-
dominant during the early division cycles following fertilization
until zygotic gene transcription occurs and gap phases appear
in a more typical somatic cell cycle. Thereafter, the major func-
tion of Geminin becomes the prevention of re-replication of the
genome during S and G, phases of the cell cycle. The idea that
the positive role of Geminin is most important during meiosis
and the early embryonic divisions but not in somatic cells is
supported by previous studies showing the following: 1) no re-
replication occurs in Geminin-deficient Xenopus embryos
before midblastula transition (38); and 2) Geminin depletion in
some mammalian cells does not prevent proliferation or re-rep-
lication despite a decrease in Cdt1 stability (5, 24, 25).

Accumulation of a cellular protein is determined by the bal-
ance between its rate of synthesis and degradation. Our data
indicate that extremely low levels of Cdt1 are present in stage VI
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oocytes that are arrested in prophase of meiosis I. These low
levels of Cdt1 were not affected by the injection of an excess of
exogenous Geminin into stage VI oocytes, indicating that at this
stage the level of Cdt1l might not be the result of a lack of stabi-
lization by Geminin but rather be limited by its rate of synthesis.
However, as both proteins appear to be localized in different
cellular compartments (the nucleus for Cdt1 and cytoplasm for
Geminin) the lack of stabilization of Cdtl by Geminin cannot
be completely excluded (32). Numerous mRNAs accumulated
in Xenopus oocytes are translationally silent (43). We believe
this could be the case for Cdtl mRNA as its 3'UTR contains
consensus sequences that are necessary to mediate transla-
tional repression. Two cytoplasmic polyadenylation elements
(CPEs) and one hexanucleotide (AAUAAA) were identified in
the Cdtl 3'UTR sequence as listed in the GenBank™ data base,
suggesting that Cdtl expression is likely translationally regu-
lated during meiosis. Two CPEs and a single hexanucleotide
sequence were also found within the 3'UTR of Geminin indi-
cating that the low level of Geminin observed in immature
oocytes might also result from a translational repression mech-
anism. De-repression of the Cdtl and Geminin mRNAs
occurred during maturation, but accumulation of Geminin
protein preceded the accumulation of Cdt1 protein. This obser-
vation could in part be explained by the fact that the CPE and
hexanucleotide sequences are organized differently in the
Geminin and Cdtl 3'UTRs. The two CPEs in the Geminin
3'UTR are spaced further apart, but one is found in close prox-
imity of the hexanucleotide sequence. A similar combination
has previously been shown to weaken translational repression
and facilitate translational activation and therefore could
explain why Geminin synthesis precedes the one of Cdt1 during
oocyte maturation (44).

The absence of Geminin had little effect on Cdt1l accumu-
lation during meiosis I but had a strong destabilizing effect
during meiosis II. The decrease in Cdtl observed is specific
to the lack of Geminin expression as it can be reversed by the
injection of excess recombinant Geminin in the maturing
oocytes. Our results indicate that the presence or absence of
Geminin is unlikely to affect Cdt1 synthesis rate during mei-
osis but rather affects Cdtl degradation rate during meiosis
II. No similar stabilization effect of Geminin was observed
early during meiosis I. Two reasons could explain why low
levels of Cdtl still accumulated in the absence of Geminin
during meiosis I. First, other factors or post-translational
modifications could stabilize Cdtl and prevent its degrada-
tion during meiosis I. The Mcm9 protein has been shown to
interact with Cdtl and form a rather stable complex (27).
Although the Mcm9 protein is present in mature oocytes, its
expression in stage VI oocytes or during the maturation
process is currently unknown. Upon examination of the
Mcm9 3'UTR, we found no consensus sequence that would
suggest that MCM9 expression is translationally regulated
during meiosis. Therefore, it would not be surprising to find
MCMDY, as the other members of the MCM family, already
expressed in immature oocytes arrested in prophase of mei-
osis I (37). Finally, the low levels of Cdtl observed during
meiosis I might simply be the result of a rate of Cdtl degra-
dation that is lower than its rate of synthesis.
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In human cells GEMININ protects CDT1 from proteasome
degradation by inhibiting its ubiquitination. It is likely that the
same mechanism is involved in the protective effect of Geminin
during meiosis. However, at this point we have no evidence that
absence of Geminin during meiosis would lead to Cdt1 ubig-
uitination. In addition, the specific ubiquitin ligase involved in
the degradation of Cdtl in the absence of Geminin either dur-
ing meiosis or mitosis is currently unknown.

Recent studies have shown that several ubiquitin ligases can
mediate Cdtl degradation in Xenopus. Cullin4-based ubiquitin
ligase is responsible for the degradation of Cdt1 associated with
DNA replication and after DNA damage (22, 45—47). In mam-
malian cells, Cdk2 has also been shown to target Cdt1 destruc-
tion via the SCF*P? ubiquitin ligase (48 —50). None of these
ubiquitin ligases are known to be active and to mediate degra-
dation of specific factors during meiosis. In addition, Cdt1 deg-
radation in oocytes is independent of Cdk activity and therefore
unlikely mediated by SCFS*P2, The activity of two other ubiq-
uitin ligases has been reported during the meiotic cell cycle in
different species. In Xenopus, the SCFF-T"" ligase is active dur-
ing meiosis and targets the destruction of the CPEB and Ringo
proteins (51, 52). The involvement of SCF#"™"<" in Cdt1 degra-
dation during meiosis is unlikely as Xenopus Cdtl does not
contain the canonical DSGXXS motif that is present in many
substrates of this ubiquitin ligase. The other well established
ubiquitin ligase involved in the control of meiosis is the APC/C.
The APC/C exists in two forms defined by the positive regula-
tors Cdc20 or Cdhl that are associated with it. In Xenopus
oocytes, the APC“4“*° promotes the complete degradation of
cyclin B and the partial Geminin degradation at the time of
fertilization (7, 41). We observed no degradation of Cdt1 at the
time of activation or fertilization, suggesting that Cdtl is not
the target of APC4“?° during this transition. However, the
resilience of the Cdt1 protein and a subset of the Geminin pop-
ulation at the time of activation could indicate that the Cdt1-
Geminin complex is not a target of APC“?“*°, and only free
Geminin and Cdt1 are readily degraded by this pathway. Fur-
thermore, one could imagine that APCCA20 jg responsible for
Cdtl degradation during meiosis II in Geminin-depleted
oocytes as its activity is turned on and off during meiosis II
arrest (53). Recent studies in mouse oocytes and Drosophila
eggs have highlighted the role of APC“™ in regulating
prophase I arrest and progression through meiosis and more
generally the idea that both APC complexes are required for the
proper execution of meiosis (54). Although APC®" is
expressed at a relatively low level in Xenopus oocytes, its role in
the destruction of specific proteins during meiosis is controver-
sial and largely unknown (55, 56). Two lines of evidence sug-
gested that the degradation of Cdt1 in the absence of Geminin
could be mediated by APC“I", First, a recent study demon-
strated that Cdtl is an APCS" substrate (57) and that the
Xenopus Cdt1 protein contains not only generic APC destruc-
tion boxes (D-box, RXXL) but also a putative Cdh1 recognition
motif known as KEN-box. Second, the slow degradation of Cdt1
observed after fertilization in the absence of Geminin occurs at
the time when the KEN-box substrates of APC“" are
degraded in mouse oocytes exiting meiosis II and after extru-
sion of the second polar body (58). It will therefore be interest-
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ing to determine whether APC“" is involved in the degrada-
tion of Cdtl that we observed in Xenopus oocytes undergoing
meiosis in the absence of Geminin despite the fact that its activ-
ity is inhibited by a high level of MPF activity.
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