o

subsequently become quiescent because of
IL-2 receptor down-regulation (18). These
cells can be stimulated to reenter the cell
cycle by treatment with PHA and PMA yet
have a better-defined morphology than
PBT cells. Quiescent cells showed faint
cytoplasmic staining with affinity-purified
anti-GST-PAC (Fig. 4B). Cells stimulated
for 1 hour demonstrated slightly more in-
tense staining that was mostly in the cyto-
plasm but could be distinguished also in the
nucleus. Four hours after stimulation, in-
tense staining in the nucleus was observed
in the majority of cells, although heteroge-
neity was apparent. Eight hours after stim-
ulation, the amount of protein had dropped
to the amount present before stimulation,
and the protein appeared again in both the
cytoplasm and the nucleus.

A nuclear tyrosine phosphatase might act
on any number of potentially important
substrates, including phosphoproteins that
regulate cell cycle progression or transcrip-
tion. It recently has been demonstrated that
tyrosine phosphorylation regulates the local-
ization and activity of the transcription fac-
tor complex that mediates interferon-a—in-
duced gene expression (19). Tyrosine phos-
phorylation and dephosphorylation of nucle-
ar proteins may be a generalized mechanism
for signal transduction stimulated by other
ligands or physiological situations.
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Requirement for Cdk2 in Cytostatic
Factor—Mediated Metaphase Il Arrest

Brian G. Gabrielli, Linda M. Roy, James L. Maller*

The unfertilized eggs of vertebrates are arrested in metaphase of meiosis Il because of the
activity of cytostatic factor (CSF). Xenopus CSF is thought to contain the product of the
Mos proto-oncogene, but other proteins synthesized during meiosis Il are also required for
arrest induced by CSF. In Xenopus oocytes, ablation of synthesis of cyclin-dependent
kinase 2 (Cdk2) during meiosis resulted in absence of the metaphase Il block, even though
the Mos*® protein kinase was fully active at metaphase. Introduction of purified Cdk2
restored metaphase Il arrest, and increasing the amount of Cdk2 during meiosis | (when
Mos*® is present) led to metaphase arrest at meiosis |. These data indicate that metaphase
arrest is a result of cooperation between a proto-oncogene kinase and a cyclin-dependent
kinase and illustrate the interaction of a cell growth regulator with a cell cycle control

element.

Recent progress in the study of cell cycle
control has established that the regulation
of both meiosis and mitosis (M phase) in
eucaryotic cells is controlled by the activity
of the Cdc2 protein kinase (1). When
active, Cdc2 is complexed with a specific
form of cyclin molecule, and cell cycle
transitions from M phase to interphase are
characterized by degradation of the associ-
ated .cyclin component and inactivation of
Cdc2 protein kinase activity (2). A differ-
ent form of M phase control is evident in
meiosis II in vertebrates, when the cell
cycle becomes arrested in metaphase in the
presence of high amounts of Cdc2 activity
and maximal amounts of cyclin B. Micro-
injection of cytoplasm from metaphase II-
arrested, unfertilized frog eggs into blas-
tomeres of fertilized eggs causes metaphase
arrest (3). The name given to this activity
is cytostatic factor (CSF). Little is known
about the biochemical nature of CSF, but it
is stabilized by Mg?*-adenosine triphos-
phate, NaF, and EGTA (3). The product of
the Xenopus c-Mos proto-oncogene (c-
Mos*¢), a serine-threonine protein kinase,
also causes metaphase arrest in embryonic
blastomeres, and moreover, immunodeple-
tion of c-Mos*® from extracts of unfertilized
eggs depletes CSF activity (4). These re-
sults suggested that c-Mos* could be a
component of CSF. Upon fertilization of
eggs, the intracellular concentration of free
Ca** increases, cyclin is rapidly degraded,
followed, more slowly, by the disappear-
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ance of the c-Mos*® protein that migrates
with a slower electrophoretic mobility (5).
These results suggest that the loss of CSF
activity at fertilization involves changes in
the expression of c-Mos*®.

Protein synthesis is required for both
meiosis | and meiosis II in Xenopus and
mice (6), and the ability of recombinant
c-Mos*® to induce meiosis I in Xenopus
oocytes has been taken as evidence that the
sole protein synthesis requirement for mei-
osis I is accounted for by the new synthesis
of c-Mos* (7). However, meiosis I in
Xenopus is not stimulated by the active
c-Mos*® kinase, suggesting that other newly
synthesized components are also required
(7). One possible component that could
account for the additional protein synthesis
requirement in meiosis I is the product of
the cyclin-dependent kinase 2 gene (Cdk2)
in Xenopus. The mRNA encoding Cdk2 is
newly polyadenylated in oocytes stimulated
to enter meiosis I by addition of progester-
one, and after fertilization, the Cdk2
mRNA is deadenylated, suggesting that,
like c-Mos*®, the Cdk2 protein kinase func-
tions in the meiotic cell cycles of oocytes
8).

In Xenopus embryos Cdk2 protein kinase
activity is evident only in a complex of
large molecular size, and is higher in M
phase than in interphase (9). The active
kinase persists at least until gastrulation
(10). During oocyte maturation, the activ-
ity of Cdk2 is low at germinal vesicle
breakdown (GVBD) in meiosis I and in-
creases by meiosis II (9). In embryonic or
somatic cell cycles Cdk2 may also function
in G, in regulating entry into S phase (11)
or in the mechanism coupling activation of
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Fig. 1. Ablation of Cdk2 synthesis and H1
kinase activity by antisense oligodeoxynucle-
otides. Resting oocytes were injected with a
mixture of sense or antisense oligodeoxy-
nucleotides to Cdk2 with amidate-modified
internucleoside linkages. Two hours later the
oocytes were stimulated to mature by addition
of progesterone. Samples of 15 oocytes were
taken 8 hours after addition of progesterone.
Cdk2 was immunoprecipitated, and H1 kinase
activity in immune complexes was assayed as
described (9, 15). T,, resting oocytes; M,
mock-injected; S, sense-injected; AS, antisense-
injected oocytes. Inset: Samples were immuno-
blotted for Cdk2.

mitosis to completion of DNA replication
(12). In some somatic cell systems, Cdk2
has been found associated with cyclin A
(13), but in Xenopus eggs, Cdk2 is not
bound to cyclin A or any newly synthesized
protein (I12), and its mitotic activation
occurs in the presence of protein synthesis
inhibitors (9).

To investigate the role of Cdk2 in the
control of meiosis, several antisense oli-
godeoxynucleotides to Cdk2 were designed
(14) and introduced by microinjection into
resting oocytes to destroy Cdk2 mRNA
prior to polyadenylation. The oocytes were
then stimulated to enter into meiosis with
progesterone. Antisense oligodeoxynucle-
otides to Cdk2 ablated both the increased
synthesis of Cdk2 during maturation and
the increased protein kinase activity associ-
ated with Cdk2 (Fig. 1). Histone H1 pro-
tein kinase activity (15) of Cdc2—cyclin B
(maturation promoting factor) was mea-
sured during meiosis I and II in the presence
of either sense or antisense Cdk2 oligode-
oxynucleotides (Fig. 2). Cdc2 H1 kinase
activity peaked at GVBD (approximately
3.5 hours after the oocytes were treated
with progesterone), declined, and then in-
creased again at metaphase II arrest (8 to 9
hours after progesterone addition). Abla-
tion of Cdk2 had little consistent effect on
either the kinetics or magnitude of the
oscillatory activity of Cdc2 during meiosis I
or meiosis II (Fig. 2). Similar results were
obtained with injection of each oligodeoxy-
nucleotide alone. Moreover, the amount of
c-Mos* kinase activity was unaffected by
the Cdk2 antisense oligodeoxynucleotides
(Fig. 2A), and the overall rate of protein
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Fig. 2. Effect of ablation of Cdk2 on Cdc2 H1 kinase activity and E
abundance of cyclin B2. (A) Sense (A) and antisense (W) c s\ AS
oligodeoxynucleotides were injected into oocytes 2 hours before - “ - =B2
addition of progesterone. Samples of 4 oocytes were removed at 82 tp | I; PP

the indicated times and assayed for Cdc2 H1 kinase activity
precipitated with p13-Sepharose. Inset: c-Mos*® kinase activity was measured in oocytes injected
with sense (S) and antisense (AS) oligodeoxynucleotides that were matured to metaphase Il with
progesterone treatment. Proteins from the oocytes were precipitated with preimmune serum or
antiserum to c-Mos*® and assessed for phosphorylation of cyclin B2 in immune complex assays as
described (23). (B) In a separate experiment with different cocytes, H1 kinase activity declined in
antisense-injected oocytes after the oocytes reached metaphase of meiosis Il, whereas sense-
injected oocytes remained arrested with high H1 kinase activity. Only Cdc2 activity in meiosis |l is
shown (GVBD was at 7 hours). (C) Results from 7 different experiments like that in (B). A significant
reduction in the Cdc2 H1 kinase activity was seen 2 hours after metaphase Il in antisense-injected
oocytes as compared to sense-injected controls. (Bar = mean = SEM; n = 7; p < .001). (D)
Immunoblot showing the amount of cyclin B2 2 hours after reaching metaphase Il arrest in oocytes
injected with sense oligodeoxynucleotides or antisense oligodeoxynucleotides. Results shown are
representative of several experiments. (E) Kinase activity of c-Mos*® in immune complexes from
oocytes injected with sense or antisense oligodeoxynucleotides to Cdk2, 2 hours after reaching
metaphase Il. p, preimmune serum; i, immune serum; S, sense oligodeoxynucleotides; AS,
antisense oligodeoxynucleotides; C, control; B2, cyclin B2 incubated in the absence of serum.

synthesis was also unaffected. However,
oocytes that were injected with antisense
oligodeoxynucleotides failed to maintain a
metaphase arrest after reaching meiosis II
and instead exited into the first embryonic
cell cycle, whereas control oocytes injected
with sense oligodeoxynucleotides remained
arrested in meiosis II and had high Cdc2 H1
kinase activity (Fig. 2B). When measured
in oocytes 2 hours after the cells reached
metaphase II, Cdc2 kinase activity in an-

Fig. 3. Metaphase Il arrest in- A

tisense-injected oocytes was only about
30% of that in oocytes injected with sense
oligodeoxynucleotides. The premature exit
from metaphase II that was associated with
ablation of Cdk2 appeared to represent a
normal exit, because cyclin B2 was degrad-
ed in antisense-injected oocytes but not in
sense-injected or mock-injected oocytes
(Fig. 2D). Also, the amount of c-Mos*
kinase activity declined in oocytes injected
with antisense oligodeoxynucleotides but

GOB

duced by Cdk2 in antisense-in-
jected oocytes. (A) Oocytes were
either mock-injected (M) or mi-
croinjected with purified Cdk2
monomer (716) alone (E), an-
tisense  oligodeoxynucleotides
(AS), or both purified Cdk2 and
the antisense oligodeoxynucleo-
tides (R). Cdk2 H1 kinase activity
was measured in immune-com-
plex assays 8 hours after proges-
terone addition. (B) In a different T
experiment from the one shown °
in (A), oocytes were injected with
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antisense oligodeoxynucleotides to Cdk2 in the presence () or absence (A) of purified monomeric
Cdk2, and maturation was induced subsequently with progesterone. The amount of Cdk2 injected
was sufficient to recover the normal amount of Cdk2 H1 kinase activity when assayed later in
metaphase I, as in (A). The H1 kinase activity of Cdc2 during the cell cycle was assayed at the
indicated times after progesterone administration. GVBD had occurred at 6 hours and metaphase
Il was reached at 10 to 11 hours.
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Fig. 4. Metaphase | ar-
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rest caused by prema-
ture expression of Cdk2.
(A) Oocytes were treated
with progesterone. Three
hours later [within 10 min
after GVBD (arrow)], they
were injected with 50 nl
of either CHX alone (100
pg/ml) (A) or CHX and /
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(B) Samples from an experiment similar to that in (A) were taken 20, 40, and 60 min after injection
of CHX alone or CHX and the purified Cdk2 kinase complex. At the times indicated, Cdc2 was
immunoprecipitated with antibody to Cdc2 and assayed for H1 kinase activity in immune-complex
assays. H1, histone H1. Direct quantitation of immune-complex assays in injected oocytes showed
an activity of 8 pmol per 15 oocytes in 20 min for Cdc2 and 1 pmol per 15 oocytes in 20 min for
Cdk2. The latter value is about 60% of that normally present at meiosis |l. (C) Cyclin B2 (B2) was
detected in the same samples as indicated in (B) by immunoblotting.

not sense oligodeoxynucleotides (Fig. 2E).
These experiments suggest that the activity
of Cdk2 is required for maintenance of
metaphase II arrest in unfertilized eggs.

To confirm that the effect of the an-
tisense oligodeoxynucleotides is specific, we
microinjected purified monomeric Cdk2
(16) into oocytes along with the antisense
oligodeoxynucleotides and then stimulated
entry into meiosis with progesterone. An-
tisense oligodeoxynucleotides decreased the
HI1 kinase activity of Cdk2 observed during
maturation, but injection of monomeric
Cdk2 with the antisense oligodeoxynucle-
otides resulted in restoration of the Cdk2
activity (Fig. 3A). Cdk2 H1 kinase activity
during metaphase II in these oocytes was
even greater than that in the controls (Fig.
3A). Injection of purified Cdk2 with the
antisense oligodeoxynucleotides restored
the metaphase II arrest for several hours by
maintaining increased Cdc2 protein kinase
activity. In contrast, oocytes injected with
only antisense oligodeoxynucleotides exited
meiosis Il shortly after reaching metaphase
II and contained low amounts of Cdc2
protein kinase activity. These experiments
indicate that the failure to arrest in meta-
phase is a specific consequence of the loss of
Cdk2 protein kinase activity.

These experiments provide evidence
that the c-Mos*® protein kinase and the
Cdk2 protein kinase cooperate in the cre-
ation of a metaphase II block during meiosis
II. During metaphase of meiosis I, an in-
crease in the synthesis of c-Mos* is re-
quired, whereas Cdk2 activity is low (4, 9).
Moreover, in the early embryonic cell cy-
cles, c-Mos* is absent, but Cdk2 activity is
increased in M phase (4, 5, 9, 17) and
reintroduction of c-Mos*® leads to meta-
phase arrest (4, 7). This situation suggested
that expression of both kinases at meta-
phase in the first meiotic cell cycle should
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also result in metaphase arrest. To test this
possibility, oocytes were treated with pro-
gesterone and allowed to progress into mei-
osis I, a process that requires synthesis and
probably phosphorylation of c-Mos*® (4).
Within 10 min after GVBD, cycloheximide
(CHX) was microinjected into the oocytes,
and this led rapidly to the loss of Cdc2 H1
kinase activity, which was caused by the
rapid degradation of cyclins (6, 18). How-
ever, microinjection of purified catalytically
active Cdk2 (19) into oocytes at the same
time as CHX led to a stabilization of the H1
kinase activity of Cdc2 for about 1 hour
before it declined (Fig. 4A). Moreover, the
increased H1 kinase activity detected in the
Cdk2-injected oocytes was associated with
enhanced stability of cyclin B2 (Fig. 4C).
The bulk of the elevated H1 kinase activity
measured in these experiments was due to
Cdc2 and not to the introduced Cdk2 (Fig.
4B). This effect appeared to be specific for
meiosis I, because injection of Cdk2 into
one blastomere of a two-cell embryo did not
cause metaphase arrest. The shorter duration
of arrest at meiosis I compared to meiosis II
could be a consequence of lower amounts of
c-Mos*® in meiosis I that might result from
faster ubiquitin-mediated protein degrada-
tion or changes in phosphorylation of
c-Mos*  (20). Alternatively, the lower
amount of Cdk2 that could be microinjected
into cells in meiosis I as compared to that
present in unfertilized eggs might lead to a
shorter duration of arrest. These results sup-
port the concept that the protein kinase
activity of both ¢-Mos*® and Cdk2 is required
for metaphase II arrest. The low amount of
Cdk2 normally present at meiosis I may pre-
vent metaphase arrest from occurring in M
phase even though c-Mos™ is expressed. It
appears that c-Mos*® alone causes metaphase
arrest in blastomeres because Cdk2 is already
active at that stage (9).
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Fig. 5. Model for mechanism of metaphase
arrest. The model depicts the arrest of the cell
cycle in metaphase by cytostatic factor (CSF)
and the requirement for both c-Mos*® kinase
and Cdk2 for expression of CSF.

These results indicate meiotic arrest is
a consequence of the synthesis of two
protein kinases during oocyte maturation,
c-Mos*¢ and Cdk2. These proteins are not
synthesized after fertilization, and al-
though c-Mos*¢ kinase activity declines
rapidly after exit from meiosis II (Fig. 2E),
the Cdk2 protein kinase complex remains
active at least until gastrulation (9, 10).
Each of these kinases may have other
specific functions. For example, c-Mos*® is
also required for meiosis I whereas Cdk?2 is
not, and Cdk2 protein kinase activity
oscillates in the embryonic cell cycle when
no c-Mos* kinase activity is present. In
CSF one kinase component (Cdk2) is cell
cycle-regulated while the other (c-Mos*)
is implicated in neoplastic transformation.
It is not clear how the transforming activ-
ity of c-Mos*® is related to its function in
CSF, but evidence suggests that trans-
forming functions are mediated in the G,
phase of the cell cycle (21). Cdk2 also
appears to have different functions in M
phase and G, phase (9, 11), and Cdk2
may also take part in transformation
through binding to p107 (22). Formally,
each kinase could be an essential compo-
nent of CSF, act upstream to activate
CSF, be a target of CSF, or act on inde-
pendent pathways. Only purification of
CSF will resolve these possibilities. How-
ever, we favor the concept that both
kinases are essential components of CSF
(Fig. 5).

The mechanism underlying the dual ac-
tion of c-Mos*¢ and Cdk2 is not known at
present. One possibility is that both kinases
phosphorylate a common substrate required
for metaphase arrest. Possible candidates for
this substrate include tubulin and cyclin B2
(23). Cyclin B2 is a substrate for c-Mos*®
and Cdk2 at sites distinct from those phos-
phorylated by Cdc2 (23-25). The sites in
cyclin B2 phosphorylated by Cdc2 are not
important for degradation or activation of
the Cdc2 HI kinase activity (26), but the
effect of phosphorylation by c-Mos*¢ and
Cdk2 has not yet been determined. Anoth-
er explanation is that two or more separate
substrates, each phosphorylated by one or
the other kinase, are required for metaphase
I arrest. In any case, these results explain
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10 S' B Sleigh't R Haﬁl ey J‘L M,aller unpubliéhed containing 1 M ammonium sulfate, then a 100-ml T. Izumi for baculovirus construction, and K. Eck-
" data o T ’ glrzt(:ijie_?rtT of 1' toOM amhmoniun;] :(;Jlfat?] was elapf ;—m forhse'(\:lretariall support. S?pHpoT«re]d( é),)\/ﬂ a gr%r;t
. . plied. The column was then was| with 30 ml o rom the National Institutes of Healt 26743).
n. Es'?fQ?ﬁ"‘éé!ﬁe’ZZﬁ’?ﬁ‘ég;’('%%?1/“5’3.?3' o buffer A and Cdk2 was eluted with 40% (viv) LM.R. is a recipient of a National Research Ser-
Lees. S Eie ed, ibid., p ,1958 T r ethylene glycol in buffer A. The Cdk2 fraction vice Award (F32 CA0981), and J.L.M. is an Inves-
A HAR was diluted with three volumes of buffer A con- tigator of the Howard Hughes Medical Institute.
12. B; G. Gabrielli et al., J. Biol. Chem. 267, 18040 taining 0.01% Bri}-35 and passed over a fast
13, (S.glglze)dge et al., Proc. Natl. Acad. Sci. U.S.A. 89, protein liquid chromatography (FPLC) Mono Q 31 August 1992; accepted 29 December 1992
2907 (1992); J. Rosenblatt, Y. Gu, D. O. Morgan,
ibid., p. 2824; L. Tsai et al, Nature 353, 174
(1991). .
14. Sense and aniisense oligodeaxynudieoides were Programmed Cell Death Induced by Ceramide
synthesized to three regions of the Xenopus Cdk2
gene (8) not conserved in Xenopus Cdc2: Cdk2
227 to 241, ATTCATACGGAAAAC; Cdk2 302 to . . . . . .
328, AACATTTCTGGAATTTCATTGCCCCTA; and Lina M. Obeid, Corinne M. Linardic, Linda A. Karolak,
Cdk2749 to 769, ATCCGACAGGACTTTAGCAAA. *
Two sets were synthesized, one set as unmodified YUSUf A Hannun
gg%%ij’;yg;’ﬁ,ﬂfggggiW;}’,‘;;’Q"‘;};gﬂﬁ;"ig‘;’?; Sphingomyelin hydrolysis and ceramide generation have been implicated in a signal
amidate-modified intemucleoside linkages (Inte-  transduction pathway that mediates the effects of tumor necrosis factor—a (TNF-a) and
grated DNA Technologies, Coralville, IA). Oligode-  other agents on cell growth and differentiation. In many leukemic cells, TNF-a causes DNA

oxynucleotides were purified by high-performance
liquid chromatography before use. Mixtures (50 nl)
of the unmodified sense and antisense oligodeoxy-
nucleotides (1 mg/ml each) or the amidate-modi-
fied oligodeoxynucleotides (0.3 mg/ml each) were
injected into oocytes. Mock-injected oocytes
served as controls in some experiments. Oocytes
were then incubated in modified OR2 [83 mM
NaCl, 1 mM CaCl,, 2 mM MgCl,, 1 mM KCl, 20 mM
Hepes (pH 7.8)] for up to 4 hours at room temper-
ature. Maturation was then induced in OR2 sup-
plemented with 10 mM sodium bicarbonate (pH
7.8), bovine serum albumin (0.1 mg/ml), 1 mM
sodium pyruvate, and 10 wM progesterone.

15. At the times indicated in the figures, four oocytes
were removed, homogenized in modified EB [15 pl
per oocyte (9)], and centrifuged for 5 min in a
microcentrifuge. The supernatants were stored at
~70°C until analyzed. The Cdc2 activity was mea-
sured either by precipitation of activity with p13-
Sepharose from the total sample [more than 90%
attributable to Cdc2 (9)], by specific immunoprecip-
itation with affinity-purified antibody to the COOH-
terminus of Cdc2, or as total H1 kinase activity as

fragmentation, which leads to programmed cell death (apoptosis). C,-ceramide (0.6 to 5
M), a synthetic cell-permeable ceramide analog, induced internucleosomal DNA frag-
mentation, which was inhibited by zinc ion. Other amphiphilic lipids failed to induce
apoptosis. The closely related C,-dihydroceramide was also ineffective, which suggests
a critical role for the sphingolipid double bond. The effects of C,-ceramide on DNA
fragmentation were prevented by the protein kinase C activator phorbol 12-myristate
13-acetate, which suggests the existence of two opposing intracellular pathways in the
regulation of apoptosis.

tion of TNF-a and other inducers of differ-
entiation causes sphingomyelin hydrolysis
and ceramide generation (I-3). Ceramide
in turn seems to be a second messenger that
mediates the effects of TNF-a on cell
growth and differentiation (4—6). In many
cell types, TNF-a causes loss of viability

A sphingomyelin cycle has been described
in HL-60 leukemia cells in which the ac-
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