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Effects of BMI-1026, A Potent CDK Inhibitor, on Murine Oocyte Maturation
and Metaphase Il Arrest

Tae-Saeng Choi'
Department of Microbiology, College of Medicine, Dankook University, Cheonan 330-714, Korea

ABSTRACT

Previous studies have shown that BMI-1026 is a potent inhibitor of the cyclin-dependent kinases (cdk). In cell
culture, the compound also arrests G2/M strongly and G1/S and S weakly. Two key kinases, cdkl (p34cdc2 kinase)
and mitogen-activated protein (MAP) kinase (erkl and 2), perform crucial roles during oocyte maturation and, later,
metaphase II (MII) arrest. In mammalian oocytes, both kinases are activated gradually around the time of germinal
vesicle breakdown (GVBD) and maintain high activity in eggs arrested at metaphase II. In this study, we examined
the effects of BMI-1026 on GVBD and MII arrest in mouse oocytes. BMI-1026 inhibited GVBD of immature oocytes
and activated MII-arrested oocytes in a concentration-dependent manner, with more than 90% of oocytes exhibiting
GVBD inhibition and MII activation at 100 nM. This is approximately 500~1,000 times more potent than the activity
reported for the cdk inhibitors roscovitine (~50 uM) and butyrolactone (~100 pM). Based on the results of previous
in vitro kinase assays, we expected BMI-1026 to inhibit only cdkl activation in oocytes and eggs, not MAP kinase.
However, in our cell-based system, it inhibited the activity of both kinases. We also found that the effect of BMI-1026
is reversible. Our results suggest that BMI-1026 inhibits GVBD and activates MII-arrested oocytes efficiently and

reversibly and that it also inhibits both cdkl/histone H1 kinase and MAP kinase in mouse oocytes.
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INTRODUCTION

In most vertebrates, two key kinases, cdkl and mito-
gen-activated protein (MAP) kinase (Erk 1 and 2), per-
form crucial roles during oocyte maturation and, later,
the metaphase II (MII) arrest of ovulated eggs. Both ki-
nases are activated gradually around the time of ger-
minal vesicle breakdown (GVBD) during cocyte matu-
ration and maintain high activity at the arrest of eggs
in metaphase II. Many studies have attempted to de-
termine their distinct biological functions, especially as
highly sustained MAP kinase activity is specific to oo-
cytes in meiosis (Choi et al, 1991; Sobajima et al, 1993;
Verlhac et al, 1994; Liu et al, 1998, Motlik et al, 1998;
Kubelka ef al, 2002a).

The mos protooncogene encodes a serine/threonine
kinase, which is meiosis specific and an upstream regu-
lator of MAP kinase. The activity of cytostatic factor
(CSF), which maintains MII arrest and is composed of
Mos/MAP kinase, may be responsible for cyclin B sta-
bilization (Maller et al, 2002; Huo et al, 2004). Oocytes
of mos-deficient mice do not exhibit MAP kinase acti-
vity, but do activate cdkl during oocyte maturation.
These oocytes show abnormal spindle formation, asy-

mmetric division in meiosis I, and parthenogenetic acti-
vation resulting from the failure to sustain cdkl acti-
vity (Hashimoto et al, 1994; Choi et al, 1996ab; Verl-
hac et al, 1996).

BMI-1026 is a new class of Cdk inhibitors, which is
synthesized aryl aminopyrimidines substituted with addi-
tional aromatic heterocycles (Seong et al, 2003). Previ-
ous In vitro kinase assays have shown that BMI-1026 is
a potent inhibitor of cdkl (1.2 nM), cdk2 (4.3 nM),
cdk5 (6.9 nM), but does not significantly inhibit PKA,
PKC-delta, or Erkl. In cultured cell lines, the compo-
und also arrested G2/M strongly and G1/S and S wea-
kly (Seong ef al, 2003).

In this study, we investigated the effects of BMI-1026
on oocyte maturation and egg activation.

MATERIALS AND METHODS

Collection of Oocytes and Eggs

The mice used in this study were B6C3F1 females, 3
~4 weeks of age. To obtain immature oocytes, female
mice were intraperitoneally injected with 5 IU pregnant
mare serum gonadotropin (PMSG). After 48 hr, we ob-
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tained cumulus-enclosed oocytes from large follicles in
their ovaries using sharp needle punctures under a
dissecting microscope. The immature oocyte collection
media was supplemented with 0.1 mM 3-isobutyl-1-
methyl-xanthin (IBMX) to inhibit the resumption of me-
iotic maturation (Choi et al, 1991). To obtain ovulated
eggs, female mice were injected with 5 IU PMSG and
then, 45~48 hr later, with 5 IU of human chorionic
gonadotrophin (hCG). Ovulated oocytes were collected
from the ampulla of oviducts 14~16 hr after hCG in-
jection.

Culture of Oocytes and Eggs

The immature oocytes were washed in IBMX-free
medium and then cultured. Only oocytes enclosed wi-
thin complete cumulus cells were collected, pooled in
0.1 mM isobutylmethylxanthine (IBMX)-supplemented
control medium, and subsequently cultured in control
medium with or without BMI-1026 at the indicated
concentration for 5 hr. BMI-1026 was prepared as 2
mM stock solution in dimethylsulfoxide (DMSO) and
keep at —20C until use. Oocytes were fixed and sta-
ined with 4'.6-diamidino-phenylindol (DAPI), and then
the occurrence of GVBD was evaluated under the fluo-
rescence microscope.

To determine whether the BMI-1026 reversibly inhibit
GVBD in immature oocytes, the GV-oocytes were cul-
tured in 200 nM BMI-1026 for 5 hr. Then, a half of the
oocytes was washed and transferred to control medi-
um, while the other half was continuously cultured
with BMI-1026. The occurrence of GVBD was assessed
for 2 hr at 30-min intervals.

For the ovulated oocytes, cumulus cells surrounding
the eggs were freed by incubation for 2 to 3 min in
0.1% hyaluronidase (type I-5; Sigma, St. Louis, MO,
USA) in culture medium at 385C in a humidified
atmosphere of 5% CO, and 95% air. The cumulus-free
oocytes were rinsed three times in culture medium and
cultured with 25, 50, 100, or 200 nM of BMI-1026 in a
plastic culture dish (35 x 10 mm; NUNC, Rochester,
NY, USA) for 5 hr. We also tested the effects of etha-
nol activation, which is generally used for egg acti-
vation, to compare with BMI-1026. Ovulated eggs trea-
ted with 7% ethanol (E-OH) in culture for 7 min at
room temperature. The activated eggs were then rinsed
three times in culture medium before use.

Histone H1 and MBP Double-Kinase Assay

Histone H1 kinase and Myelin basic protein (MBP)
kinase activities were represented by Maturation pro-
moting factor (MPF) and MAP kinase activities, res-
pectively. Fifteen denuded oocytes were lysed in 3 pl
kinase assay buffer (50 mM Tris-HCl [pH 7.5], 20 mM
EGTA, 15 mM MgCl,, 1 mM DTT, 80 mM beta-gly-
cerolphosphate, 0.2 mM sodium orthovanadate, 1 mM

PMSF, 10 mM leupeptin, 1 mM pepstatin, 10 mM
aprotinin) and frozen at —70C until use. After twice
freezing and thawing, the lysates were added to 3 pl
of 2 uM cAMP-dependent protein kinase inhibitor pep-
tide (Sigma, catalog no. p3294), 3 pl of 3 mg/ml
histone H1 (Sigma), 3 ul of 5 mg/ml MBP (Sigma), and
3 pul of 5 mM cold ATP (Sigma). Finally, the kinase re-
action was carried out in ~20 pl of kinase assay
buffer, including 15 oocytes containing 555 kBq of [ga-
mma-32P] ATP (NEN, Wellesley, MA, USA), for 30
min at 37C. The kinase reactions were terminated by
adding 5 pl of 5X Lammli sample buffer to each ly-
sate, which was then denatured by boiling for 5 min.
The samples were analyzed by electrophoresis in 15%
SDS-PAGE followed autoradiography (Knockaert et al,
2002).

Evaluation of GVBD, Egg Activation and 2nd Polar
Body Extrusion

At the end of the culture, oocytes freed cumulus
cells with hyaluronidase were fixed with 1.8% para-
formaldehyde in PBS for 40 min at room temperature
(RT) and stained with DAPI at RT to visualize the
DNA (Choi ef al, 1996a). The stained oocytes were
observed under a Zeiss fluorescence microscope (Carl
Zeiss, Jena, Germany) to evaluate GVBD or pronuclei.
Eggs with one or two pronuclei were evaluated as par-
thenogenetic activated eggs. Twenty oocytes were test-
ed at each time point, and the experiment was re-
peated three times. To evaluate second polar body
extrusion, we removed the first polar body of ovulated
oocytes mechanically by pipetting after removing the
zona pellucida using acidic Tyrode’s solution (Sigma,
pH 2.5). The oocytes were activated by E-OH or cul-
tured with BMI-1026. The number of eggs with a
second polar body was counted at the indicated times
under the microscope.

Statistical Analysis

Each experiment was replicated at least 3 times. Sta-
tistical differences between groups were analyzed using
one way ANOVA. Data shown as mean + SEM were
calculated.

RESULTS

Effect of BMI-1026 on GVBD of Immature Oocytes

At a concentration of 200 nM, BMI-1026 completely
inhibited GVBD. At concentrations of 100, 50, and 25
nM, GVBD was inhibited 95, 31, and 12%, respectively
(Fig. 1). Although our oocytes were fixed after 5 hr of
culture, the inhibitory effects of BMI-1026 persisted for
24 hr (data not shown).
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Fig. 1. Effect of BMI-1026 on immature mouse oocyte GVBD. The

data show the means + SEM (n = 4). Different letters indicate
significant differences (p<0.05).

Effect of BMI-1026 on Activation of Ovulated Eggs

At a concentration of 200 nM, all of the tested oo-
cytes were activated. At concentrations of 25, 50, and
100 nM, oocyte activation was 57, 64, and 91%, res-
pectively (Fig. 2). The number of oocytes extruding the
second polar body was counted at 30 min, 1 hr, 1.5 hr,
and 2 hr. As shown in Fig. 3, 52% of oocytes treated
with BMI-1026 extruded the second polar body within
30 min, but ethanol treatment activated only 12% of
the oocytes.

After demonstrating that BMI-1026 very efficiently in-
hibited immature oocyte GVBD and induced egg acti-
vation (Fig. 1 and 2), we investigated histone H1 ki-
nase and MAP kinase activities using a double-kinase
assay method.

Effect of BMI-1026 on Histone H1 and MAP Kinases
Activation

During normal oocyte maturation, histone H1 kinase
and MAP kinase activity gradually increased for ~7
hr, but BMI-1026 inhibited MAP kinase activation as
well as histone H1 kinase, like the IBMX-supplemented
control treatment (Fig. 4a, b).

During egg activation induced by either BMI-1026 or
ethanol treatment, the activity of both kinases dec-
reased over 7 hr (Fig. 4c, d). The time frame for the in-
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Fig. 2. Effect of BMI-1026 on the activation of ovulated eggs. The
data show the means * SEM (n = 4). Different letters indicate
significant differences (p<0.05).
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Fig. 3. Effect of BMI-1026 on second polar body extrusion. The
data show the means from four replicates, using a total of 80 eggs.
The data show the means + SEM (n = 4) and different superscript
within a column were significantly different (p<0.05).

activation of MAP kinase was very similar for both BMI-
1026 and ethanol treatments, but histone H1 kinase
was inactivated more rapidly in BMI-1026-treated eggs
than in ethanol-treated eggs. The rapid extrusion of the
second polar body in eggs treated with BMI- 1026 (Fig.
3) may reflect this immediate inactivation of histone
H1 kinase activity.

Reversibility of BMI-1026 on GVBD Inhibition

During the culture with BMI-1026, GVBD of the im-
mature oocytes was more or less completely inhibited.
One hour after releasing from the culture with BMI-
1626 (6 hr of initial culture), however, 83% of the oo-
cytes underwent GVBD (Fig. 5).

DISCUSSION
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Fig. 5. BMI-1026 reversibly inhibits GVBD of immature mouse
oocytes. GV-oocytes were cultured with 200 nM BMI-1026 for 5 hr,
then, half of the oocytes (N) were washed and transferred to
control medium, while the other half (M) were continuously
cultured with BMI-1026. The data show the means from three
replicates, using a total of 80 eggs and the column with different
superscripts were significantly different (p<0.05).
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Fig. 4. Effect of BMI-1026 on histone H1 and MAP kinase activity. Histone H1 kinase and MAP kinase activity in maturing mouse oocytes
(a). Relative kinase activity (b). In maturing oocytes (MI), the activity of both kinases at 7 hr was designated 100%. Histone H1 kinase and
MAP kinase activities in ovulated eggs (c). Relative kinase activity (d). The activity of both kinases in MII (ovulated eggs) was designated
100%. Each histone H1 kinase and MAP- kinase activity was analyzed respectively and represent with different superscripts (alphabet or

number) (p<0.05).

Here, this study shows that BMI-1026 can arrest mou-
se oocyte GVBD and effectively activate ovulated eggs.
These effects are correlated with the inhibition of MPF/
histone H1 kinase.

Numerous studies have shown that cdkl inhibitors
block GVBD and induce the parthenogenetic activation
of ovulated eggs. The effective dose of roscovitine or
olomoucine to inhibit immature oocyte GVBD and acti-
vate ovulated eggs has been reported as 40~200 uM
(Meijer et al, 1997; Kubelka et al, 2000; Krischek and
Meinecke, 2001; Kubelka ef al, 2002b; Ju et al, 2003;
Vigneron ef al, 2004). This study showed that BMI-
1026, with an effective dose of about 50 nM, is a very
potent inhibitor of cdkl, compared to roscovitine or
olomoucine.

Previous in wvitro kinase assays have shown that
BMI-1026 is a potent inhibitor of cdkl, cdk2, and cdk5,
but not of other mitotic kinases, such as erkl, aurora
A, and Plkl (Seong et al, 2003). However, the results
of cultured cell studies have shown that BMI-1026 in-

duces G2/M arrest and is a more potent inhibitor of
cdkl than of c¢dk2, which is required for the cell cycle
G1/S transition (Seong et al, 2003). The in vitro kinase
assay by Seong et al (2003) showed that the selectivity
of BMI-1026 against cdkl and MAP kinase was more
than 6,000 times (IC50:cdkl, 8.2 nM; MAP kinase 50
uM). From this previous study, we expected BMI-1026
did not inhibit MAP kinase but cdkl. However, in
oocyte system it inhibited both cdkl and MAP kinase.
One possibility is that BMI-1026 can inhibit not only
cdkl but also MAP-kinase in vivo. Actually, purvalanol
which is selective cdk inhibitor could inhibit cdks and
MAP-kinase in intracellular system (Knockaert ef al,
2002).

BMI-1026 induced egg parthenogenetic activation effi-
ciently and quickly, compared to ethanol. More than
50% of the eggs treated with BMI-1026 extruded the
second polar body within 30 min (see Fig. 3). This
speedy progress correlated with histone H1 kinase acti-
vity and may depend on the direct inhibition of cdkl,
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not cyclin B degradation. In fact, the release of BMI-
1026 at an early stage of the activation process (pro-
bably before cyclin B degradation) induced the recon-
densation of chromosomes and formation of the meta-
phase II spindle (data not shown).

This study also found that the effect of BMI-1026 is
reversible, in that GVBD was induced in oocytes cul-
tured in medium free of BMI-1026 after having had
GVBD arrested by culture in BMI-1026 (see Fig. 5).
This reversibility of BMI-1026 was also confirmed by
the experiments of making haploid or diploid embryos
from parthenogenetic activation using BMI-1026 of ovu-
lated eggs (data not shown).

In conclusion, BMI-1026 inhibits GVBD of immature
mouse oocytes and activated ovulated eggs very effi-
ciently due to cdkl/Histone H1 kinase inhibition. Also,
BMI-1026 inhibits MAP kinase activation during oocyte
maturation or egg activation. Additionally, this com-
pound is reversible. Taken together, BMI-1026 is a very
useful material for study of oocyte maturation and egg
activation comparable to previous cdkl inhibitors.
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