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Meiosis reinitiation as a model system for the study of

cell division and cell differentiation
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ABSTRACT In this paper, we review our findings concerning the control of meiosis
reinitiation in starfish oocytes and discuss recent advances that lead to characterization of
the maturation promoting factor (MPF) responsible for G,-M transition. It is now agreed
that appearance of this factor, which triggers nuclear envelope breakdown, chromosome
condensation and metaphase spindle formation, corresponds to the activation of a M-phase
specific H1-kinase. MPF has been shown to be constituted of equimolar amounts of a 34 kDa
catalytic subunit protein homologous to the yeast cdc2/CDC28 gene product and a cyclin
protein homologous to the yeast cdc13 gene product. "In vive" and "in vitro" studies based
on the use of inhibitors of protein synthesis, protein kinases, phosphoprotein phosphatases
and proteases lead to a better understanding of the complex series of events which regulate
activation and inactivation of MPF. In the unfertilized metaphase 2-arrested vertebrate
oocyte, it has also been shown that stabilization of MPF depends on the kinase activity of
the c-mos protooncogene. This review attemps to illustrate how the significant progress
made in the understanding of the regulation of cell cycle trasverse directly resulted from the
convergence of observations in multidisciplinary studies in yeast genetics, development
and oncogenesis. It also offers a model for considering the highly integrated events which,
starting at the level of the plasma membrane, may eventually result in early cell differen-
tiation.
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Introduction

One of the most fundamental problems in developmental biology
is to understand how the same genetic message can be differently
translated in the various cells which constitute the embryo or the
adult. In fact, we know that the state of differentiation of a cell
cannot rely on its informative DNA since this DNA is integrally
transmitted from the mother to the daughter cells. Thus, differen-
tiation must depend on factars that are either introduced through
differential transcriptions and translations or that are modified by
post-translational mechanisms. All these processes are controlled
by specific inductions or repressions which, at each step, depend
on the level of organization of the surrounding cytoplasm.

Thus, the problem of the acquisition of a peculiar state of cell
differentiation re-emerges in the question of how new conditions
might have appeared in the cytoplasm. At this point, one can ask
a few significant questions such as: do regional differences exist at
the very beginning of development? How can they vary, under the
influence of what factors and according to which mechanisms?

Addressing such questions naturally directs the attention to-
wards the oocyte, i.e. that primordial female stem cell which not only
carries a nucleus but also the organized cytoplasm that constitutes
the natural environment for the first nuclei that would appear in the
embryo.
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In short, the female gamete that gives rise to different cell lines
through the processes of maturation, fertilization and cleavage may
constitute a good model to study both the mechanisms involved in
cell division and in cell differentiation. Obviously, there are two
possibilities for a given cell to differ from its sister: either it has
inherited a specific part of a regionally organized pattern or it has
been placed in such a position that it can gain new properties. Such
specific intracellular activation events as may occur downstream
from the translation processes and might favor new specific
transcriptions and translations are likely to merge under the
influence of extracellular signals. These signals must be recognized
and transformed at the level of the plasma membrane. There is
evidence that such mechanisms are already at work at the oocyte
level, i.e. during maturation, when specific hormones have been
shown to stimulate recognition sites at the level of the plasma
membrane and at fertilization, when the sperm or some of its
components may activate the oocyte metabolism even if the male
nucleus is prevented from entering the cytoplasm. These two
significant events, maturation and fertilization, are representative
of a more general situation that expresses itself during the activa-
tion of lymphocytes, the response of competent cells to an inducer
orto the building up of new intercellular contacts. In all these cases,
the plasma membrane must act as a relay between the extracellular
signals and the cytoplasm.

Studying the mechanisms responsible for such intracellular
activations leads one to address some more questions such as:
How are efficient stimuli recognized by the membrane? What
modifications are introduced at this level during the transduction
process? What are the intimate mechanisms by which such changes
may lead to a specific intracellular response? These questions are
typically those one must ask in order to understand how a cell may
diverge from its neighbors. Even if we have no definitive answer to
these questions, it seems quite relevant that they could have been
made concerning such a simple and universal system as the female
gamete. Presently, however, the most important advances gained
using that system concern the characterization and functional
analysis of those specific gene products found to be effective in
controlling the G_-M transition of the cell cycle. For that burst of
knowledge, we are greatly indebted to some of our lower relatives
such as yeast, the starfish, some molluscs and frogs that so helped
us to better understand the highly conserved biochemical mecha-
nisms controling our own cell divisions. In this article, we will refer
mainly to the contribution that we and others have made to this
problem since we began to work on starfish oocytes at the Biological
Station of Roscoff in 1972.

Normal triggers for meiosis reinitiation

It is well known that female gametes of most vertebrates are
arrested at the germinal vesicle stage, after they have duplicated
their DNA. Reactivation of these cells depends on various external
stimuli. These may be the sperm as observed in Nematodes (Nigon
et al., 1960), the Echiurian Urechis (Holland et al., 1984), the
Annelid Nereis (Costello, 1945) and the bivalves Spisula, Pholas
and Barnea (Guerrier, 1970; Dubé and Guerrier, 1982a, b), a
superficial proteolysis as in the Annelid Sabellaria (Peaucellier,
1977a) or a hormonal signal as described for the Annelid Arenicola

(Meijer, 1979), the starfish (Kanatani et al., 1969; Kanatani,
1973), the mollusc Patella (Shirai et al., 1987) and the amphibians
(Masui and Clarke, 1979). While in the starfish, meiosis goes to
completion, a second block may occur which takes place in
metaphase 1 as observed in the Annelids Sabellaria and Arenicola.
the molluscs Mytilus, Dentalium and Patella, or in metaphase 2,
after extrusion of the first polar body as in amphibian and mamma-
lian oocytes. Such second blocks are only released upon fertiliza-
tion or activation.

The hormonal system: gonadostimulins and meiosis-in-
ducing substances

The hormonal induction of meiosis reinitiation is a multistep
process. The first stimulus is a gonad-stimulating substance (GSS)
of neural origin that acts on the follicle cells. These investing cells
produce a relay hormone, the meiosis-inducing substance (MIS).
which acts directly on bare defolliculated oocytes (reviewed by
Shirai, 1986). Thus, in amphibians, gonadotropic pituitary hormo-
nes induce the follicle cells to produce progesterone (Heilbrunn et
al., 1939; Masui, 1967; Schuetz, 1967; Smith et al., 1968; Fortune
et al., 1975). In the starfish, GSS from radial nerve extracts (Chaet
and Mc Connaughy, 1959; Kanatani, 1964) appeared to be a small
peptide with a molecular weight of about 2,100 (Kanatani et al.,
1971). This peptide stimulated the production of the active hor-
mone 1-methyladenine (1-MeAde) by the follicle cells (Kanatani and
Shirai, 1967; Schuetz and Biggers, 1967; Kanatani et al., 1969,
Hirai and Kanatani, 1971; Kanatani and Shirai, 1971). A similar
system has been shown to be involved in triggering maturation of
the prosobranch mollusc Patella vulgata. However, in this case, we
still do not know the nature of the relevant GSS and MIS hormones
(Guerrier et al., 1986a, b; Shirai et al., 1987).

The signal recognition step

It is now widely accepted that progesterone and 1-MeAde act at
the level of the plasma membrane. In amphibians, the most
pertinent demonstration for such a target derives from the works of
Ishikawa et al., (1977), Baulieu et al., (1978) and Godeau et al.,
(1978), who used non-permeant polymer steroid derivatives to
trigger meiosis. It must be remembered, however, that Tso et al.,
(1982) showed that microinjection of progesterone dissolved in
silicon oil could trigger maturation of Xenopus oocytes.

In the starfish, it is clear that the hormone acts on recognition
sites located on the outer side of the plasma membrane. The first
argument for this conclusion derived from the intracellular microin-
jection experiments performed by Kanatani and Hiramoto (1970).
However, the negative results obtained by these authors were
insufficient to dismiss the possibility that the hormone could have
produced an intracellular active metabolite during its transfer
across the cell membrane (Toole and Schuetz, 1974). Our finding
that 1-MeAde, applied at its threshold concentration, remained able
to trigger maturation when its uptake was severely and specifically
inhibited by the inactive analogue 1-9-dimethyladenine definitively
ruled out this eventuality (Dorée and Guerrier, 1975). The mem-
brane localization of 1-MeAde receptors has been confirmed by the
electro-physiological recordings performed by Moreauetal., (1978a),

Fig. 1. Kinetics of breakdown of the germinal vesicle as observed in an oocyte of Asterias rubens. 1-MeAde was added at 1=0
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after 1-MeAde was applied from the internal or the external side of
the plasma membrane. Moreover, we found that the hormone
receptors resisted a proteolytic treatment sufficient to digest the
vitelline membrane, whereas they could be extracted by a moderate
treatment with Triton X-100 (Dorée et al., 1976; Morisawa and
Kanatani, 1978).

Studying the specificity of response of the oocytes to various
structural analogues of the hormone leads us to conclude that 1-
MeAde binds the receptors by its N7-N9 region (Dorée etal., 1976a,
h).

Besides the hormone 1-MeAde and its active structural anal-
ogues, various non-harmonal stimuli such as dithiothreitol (Kishimoto
etal., 1976; Guerrier etal., 1977a), increased extracellular calcium
(Guerrier et al., 1978), phospholipase A, and arachidonic acid
(Meijer et al., 1984), methylglyoxal-bis-guanylhydrazone (Meijer and
Guerrier, 1983), shaking (Guerrier et al., 1983, 1988a), an ionic
stress (Guerrier et al., 1988b), the microinjection of nucleoplasm
(Picard and Dorée, 1984), u-naphtylphosphate (Pondaven and
Meijer, 1986) or okadaic acid (Picard et al., 1989; Pondaven et al.,
1989) were found able to induce full maturation, at least in certain
species of starfish. In fact, all these mimetics did produce the same
intracellular mediator as observed after hormone stimulation. This
effector, which causes germinal vesicle breakdown (GVBD), chro-
mosome condensation, spindle formation and polar body extrusion
when injected into a recipient GV-blocked oocyte, is known as the
maturation-promoting factor or MPF. First described by Masui and
Markert (1971) in the amphibian maturing oocyte, this factor was
also found to appear some time before GVBD in the starfish oocyte
(Kishimoto and Kanatani, 19786). It has since been further recog-
nized as the universal, non species-specific factor which promotes
the G2-M ftransition during both meiosis and mitosis (Kishimoto,
1988; Kishimoto et al., 1982b; Meijer and Guerrier, 1984a for
review). At this stage, an important question would be to understand
how such a hormonal signal is transduced from the plasma
membrane level to the cytoplasm.

The signal transduction step

The action of 1-MeAde (threshold: 0.1 uM) is particularly rapid
since GVBD occurs within 20 min following hormone addition
(Fig.1). Moreover, by eliminating 1-MeAde from the medium at
various times after its addition, we were able to show that the
hormone was required only during a very short period of time
accounting for about 5 min at 24°C (Guerrier and Dorée, 1975).
While the duration of this hormone-dependent period (HDP) could be
reduced by raising the temperature, it did not change when the
hormone concentration was increased (Guerrier et al., 1976; Dorée
et al., 1976b). This showed that the HDP could not be accounted
for by the time needed to load the receptors and that it must
represent the time required for some hiochemical process to take
place, which would irreversibly commit the cell to enter meiosis.
And, indeed, it was found that repeated treatments with the
hormone for periods shorter than the HDP were cumulative up to the
state of irreversibility (Guerrier and Dorée, 1975; Nemoto, 1982).
Since GVBD always occurs normally, even in the presence of
inhibitors that completely suppress RNA or protein synthesis
(Guerrier and Dorée, 1975; Dorée, 1982), it thus appears clearly
that the production of MPF is controlled at the post-translational
level and may only result from the modification of preexisting

elements. In any case, it has been shown for a long time that
meiosis reinititation was always accompanied by an increased
phosphorylation of endogenous proteins, as first demonstrated in
the starfish (Guerrier et al., 1975; 1977a) and the amphibian
(Maller et al., 1977).

Since most of the inhibitors of 1-MeAde action (more than 50
were listed in Meijer and Guerrier, 1984a), except nicotinamide
(Sano et al., 1979) and 6-dimethylaminopurine or 6-DMAP (Néant
and Guerrier, 1988a), proved effective only when added during HDP,
we would here consider all those major events occurring during this
period as significant prerequisites pertaining to the signal transduc-
tion process.

Evidence for the release from inhibition due to cyclic nucleotides

In amphibian (Maller, 1983; 1985a, b) and mammalian oocytes
(Bornslaeger et al., 1986), the existence of such an inhibitory
pathway is well established, since: (1) c-AMP decreases upon
hormone stimulation; (2) oocyte maturation can be induced by the
microinjection of nucleotide phosphodiesterase, the regulatory
subunit (R) and the heat-stable inhibitor (PKI) of c-AMP dependent
protein kinase, whereas it is delayed or suppressed by cholera
toxin, forskolin or the catalytic subunit (C).

In the starfish, the situation is slightly different since microinjec-
tions of the R subunit or PKI (Dorée et al., 1981) or the phospho-
diesterase found to be active on the amphibian oocyte (Meijer and
Zarutskie, 1987) could not induce maturation. It appears, however,
that 1-MeAde is able to produce a significant drop in c-AMP which
is seen more clearly when the original level of intracellular c-AMP is
increased by cholera toxin (Mazzei et al., 1981) or forskolin (Meijer
and Zarutskie, 1987). This drop is closely related to the HDP and
seems necessary for the induction of maturation since microinjec-
tion of the C subunit of c-AMP-dependent protein kinase was found
to block maturation when performed during HDP and provided that
1-MeAde concentration was not increased (Dorée et al., 1981).

Apparently, this observation does not fit with the fact that the
microinjection of dbcAMP (Moreau and Guerrier, 1979) or of the A
subunit of cholera toxin (Dorée et al., 1981) facilitates 1-MeAde-
induced maturation. However, it is possible that under these
conditions, excess cyclic nucleotides directly affect some plasma
membrane structural components without involving protein phos-
phorylation. This is not unlikely since we observed that dbcAMP
stimulated a specific 1-MeAde-dependent Ca®* release both in vivo
(Moreau and Guerrier, 1979) and in vitro (Moreau and Guerrier,
1980). It thus appears that cyclic nucleotides may modulate
transduction of the hormonal signal across the membrane. This has
heen recently confirmed by the finding that 1-MeAde dependent
meiosis reinitiation does involve the activation of a pertussis-
sensitive G protein (Shilling et al., 1989).

Evidences for the importances of a calcium releasing step

Ca?" translocation from the external medium or from the plasma
membrane to some sequestering structures may play an important
role in triggering maturation in various systems (Guerrier et al.,
1982; Moreau et al., 1985). This has been clearly shown in Roscoff,
using oocytes taken from the Annelids Sabellaria (Peaucellier,
1977 b) and Arenicola (Meijer, 1979, 1980) or from the bivalve
Barnea candida. In this last species, a D-600-sensitive calcium
influx, which was accompanied by a significant H'® efflux, has been
demonstrated to occur following KCl or sperm - induced activations



(Dubé and Guerrier, 1982a, b). It was also found that CaZ" alone
could even trigger maturation, provided that the external Mg
concentration was lowered. Both in this species and in Spisula
(Guerrier et al., 1981), we found that the pH, change alone could not
be sufficient to trigger maturation since inhibiting the calcium
uptake by D-600 or cobalt, without affecting the acid release,
efficiently blocked GVBD. Using the fluorescent probe Quin 2/AM,
we also showed that ammonia, which is the only trigger susceptible
to actin the absence of external Ca?*, produced both an intracellular
Ca’* surge and a slight alkalinization of the internal cytoplasm
(Brassard et al., 1988).

At least during a part of the breeding season, we also found that
oocytes of the starfish Marthasterias glacialis entered maturation
following an increase of the external Ca®* concentration and that
this result could not be attributed to an indirect effect upon the
hormone-releasing follicle cells (Guerrier et al., 1978). Ca?* acted
directly on denuded oocytes and the biological response was
blocked by Ca?' channel blockers such as D-600, Isoptin and
Lanthanum (Moreau et al., 1978b). In this species, it appeared,
however, that the hormone-triggered maturation could occur in the
presence of La®* and in the complete absence of Ca? and Mg?*. This
suggested that 1-MeAde could act by releasing Ca* from internal
stores, a proposition that we could easily verify after loading the
oocytes with the photoprotein aequorin (Guerrier et al., 1978;
Moreau et al., 1978b). Under these conditions, we found that the
hormone, its active structural analogues, an efficient increased
external calcium concentration, and dithiothreitol triggered a trans-
ient surge of intracellular Ca?*.

The calcium response, which begins within 1 sec of oocyte
stimulation and lasts for only 30 sec, appears moreover indispen-
sable for obtaining the biological response. We found, indeed, that
efficient inhibitors of the maturation actually acted by decreasing
the extent of the calcium surge below its threshold value (Dorée et
al., 1978; Moreau et al., 1978b, c¢). In contrast, the intracellular
injection of dbc AMP increased the Ca®" surge and facilited matura-
tion (Moreau and Guerrier, 1979, 1980). Moreover, in experiments
where EGTA was pressure injected into a single aequorin loaded
oocyte and the calcium response simultaneously monitored, we
found that only those oocytes that did not present a normal
threshold Ca?* response were unable to mature (Moreau et al.,
1978b, c; Moreau and Guerrier, 1979). Recently, we also showed
that those maturations that could be induced by shaking starfish
oocytes (Guerrier et al., 1983) were blocked in the presence of the
intracellular Ca?* antagonists Quin 2-AM and TMBS8 and that these
drugs were also able to inhibit hormone-dependent maturation
(Guerrier et al., 1988a).

Taken together, all these data strongly suggest that Ca?* trans-
location may play an important role in the process of meiotic reinitia-
tion. Unfortunately, this conclusion was not fairly accepted in the
view of some contradictory data that arose concerning either the
reality of the hormone-induced Ca”* surge (Eisen and Reynolds,
1984) orthe actual effect of injected EGTA (Picard and Dorée, 1983;
Guerrier et al., 1984; Meijer and Guerrier, 1984). Presently,
however, the picture is changing since Witchel and Steinhardt
(1989) were finally able to record a hormone-induced Ca? spike
using the fluorescent probe fura-2 and since injection of PSTAIR, a
peptide homologous to the highly conserved region of the MPF
catalytic subunit, also triggered both maturation and a transient
Ca* peak (Picard et al., 1990).
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In fact, even if the release of bound Ca® may constitute an
important step in the transduction process, this event is not
sufficient by itself to trigger meiosis, since the hormone, the
calcium or the dithiothreitol-dependent periods exceed by far the
duration of the Ca”*releasing period. Similarly, we already reported
that nearly all the known maturation inhibitors proved to be effective
all along the HDP. It thus appears that Ca?* must participate in the
induction of some irreversible event that would also require that the
membrane be held in its responsive state. One may conceive, for
example, that the release of Ca®' from the plasma membrane might
activate a cAMP and Ca? inhibited kinase requiring a constant
loading of the receptor to play its triggering role (Dorée and
Kishimoto, 1981; Mazzei et al., 1981). This would fit with the fact
that Ca® is a potent inhibitor of the cortical phosphorylations as
studied in in vitro conditions (Mazzei and Guerrier, 1981) and with
the observation that the in vivo phosphorylation of cortical proteins
reaches an irreversible steady state at the end of HDP, while
endoplasmic proteins continue to increase their phosphorylation
after this stage. The importance of this cortical phosphorylation
step is stressed by the fact that endoplasmic phosphorylation
cannot proceed further when 1-MeAde is eliminated before the end
of HDP (Guerrier et al., 1977a).

Finally, a more positive role for the released Ca® might also be
envisaged in that it could possibly act via some Ca?* or Ca®* and
calmodulin-dependent enzymes.

Possible involvement of Ca®* activated proteases

Specific proteases have been shown to be responsible for the so-
called “spontaneous maturation” which drives the oocytes of the
Annelid Sabellaria from the prophase to the metaphase 1 stage
(Peaucellier, 1977a).

Other indirect evidence for some role for proteases during
starfish oocyte maturation derive from the observation that various
protease inhibitors of microbial origin or their synthetic analogues
can block hormone-induced meiosis reinitiation, whereas they have
no effect upon MPF-induced maturations (Clark and Kanatani,
1975; Kishimoto et al., 1982a; Sano and Kanatani, 1983; Sawada
et al.,, 1989). That these proteases act at an early step during
transduction is confirmed by the fact that leupeptin does not
interfere with binding of the hormone to the oocyte surface (Yoshikuni
et al., 1988). The same protease inhibitors were also found able to
block progesterone but not MPF-induced maturations in Xenopus
(Guerrier et al., 1977h). We must confess that we still do not know
how they can participate in MPF activation.

Possible role for Ca** calmodulin-dependent enzymes
Calmodulin has been identified in the starfish oocyte and it has
also been shown that various calmodulin inhibitors, applied from
the outside, inhibited 1-MeAde-induced meiosis reinitiation (Meijer
and Guerrier, 1981; Dorée et al., 1982). Despite the fact that
maturation cannot be induced in the starfish oocyte by injection of
the calmodulin-calcium complex (Dorée et al., 1981; Mazzei et al.,
1981; Picard and Dorée, 1982), it remains possible that this
complex functions at the membrane level. Thus, oocytes exposed
to trypsin for 10 min were found to lose their sensitivity to
calmodulin antagonists (Meijer and Guerrier, 1984b), a situation
that fits with the classical observation that various calmodulin-
dependent enzymes can be irreversibly activated by moderate
proteolysis (Meijer and Guerrier, 1982). Phospholipase A, might be
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such a calmodulin-dependent and trypsin-activable enzyme. It has
indeed been reported (1) that the application of exogenous ara-
chidonic acid or phospholipase A, can mimic 1-MeAde in inducing
maturation; (2) that this effect is facilitated in the presence of Ca**
and inhibited by EGTA; (3) that two inhibitors of phospholipase A,
activity can reversibly block hormone-induced maturation when
added during the HDP (Meijer et al., 1984). In addition, we found
that inhibitors of the cyclooxygenase pathway did not preclude
maturation, whereas this process could be efficiently blocked by
inhibitors of the lipoxygenase pathway. Further studies by Meijer et
al., (1986a, b, c) finally presented the 8 R isomere of the hydroxyei-
cosatetraenoic acid (8-HETE) as the more relevant active metabo-
lite since it could trigger maturation in the absence of Ca?* and at
a concentration of about 10 nM. Unfortunately, it was simul-
taneously observed (1) that some species of starfish could not
respond to fatty acid stimulation; (2) that, even in responsive
species, 1-MeAde did not significantly change the basal phospho-
lipid metabolism. It remains, however, quite illuminating to ochserve
that such an original metabolic pathway exists in some species
where it may trigger complete maturation, including the appearance
of MPF. The possibility thus remains that such a minor component
as 8-HETE may play a subtle role in the transduction of the 1-MeAde
signal at the level of the plasma membrane (Fig.3).

MPF, the universal intracellular effector of the G2-M tran-
sition

Relationships between MPF, protein synthesis and protein phos-
phorylation

In amphibians, the appearance of MPF priorto GVBD requires the
synthesis of a protein initiator that has now been identified as the
product of the protooncogene mos (Sagata et al., 1989a). Instead,
the amplification of MPF following cytoplasm microinjection into a
recipient unstimulated GV-blocked oocyte does not depend on
protein synthesis (Wassermann and Masui, 1975; Schuetz and
Samson, 1979; Gerhart et al., 1984). The same situation was
found to prevail for ovine oocytes (Osborn and Moor, 1983; Moor
and Crosby, 1986), whereas no new transcription or translation
appears to be required for triggering GVBD and chromosome
condensation in the bivalve Spisula (Swenson et al., 1986), the
mouse (Jagiello, 1969; Stern et al., 1972; Golbus and Stein, 1976;
Balakier and Czolowska, 1977; Crozet and Szollosi, 1980) and the
starfish (Guerrier and Dorée, 1975; Dorée, 1982). This implies that
oocytes of these animals contain a stockpile of MPF precursor
molecules that are only activated at the posttranslational level.
However, after the first meiotic cycle, as after each mitotic cycle,
protein synthesis inhibitors have been shown to block subsequent
cleavage (Wilt et al., 1967; Wagenaar, 1983) and to preclude MPF
reappearance (Gerhart et al., 1984; Picard et al., 1985, 1987;
Guerrier and Néant, 1986). Protein synthesis is thus required at the
beginning of each mitotic cell cycle.

In the surf clam Spisula, Rosenthal et al. (1980, 1987) de-
scribed that fertilization induced the translation of several cell cycle-
related proteins from stored maternal mMRNA. Two of these proteins,
cyclins A and B were found to accumulate up to metaphase and to
be destroyed at the end of each meiosis and mitosis (Evans et al.,
1983). On the basis of sequence homology, a cyclin of the B type
has been also found to occur in the starfish (Standart et al., 1987;
Tachibana et al., 1989). When injected into recipient GV-blocked

oocytes of Xenopus, the MRNA for the cyclins from Spisula(Swenson
et al., 1986; Westendorf et al., 1989), the sea urchin (Pines and
Hunt, 1987) or the starfish (Tachibana et al., 1989) were found to
be translated and to induce true meiosis reinitiation. It has been
shown, moreover, that the first meiotic cycle is likely to be triggered
in Spisula by a mobilization of the maternal cyclin B protein
unmasked by the intracellular alkalinization step that follows sperm
penetration (Westendorf et al., 1989). It thus appears that cyclin
synthesis and cyclin degradation may represent key events in the
activation and inactivation of MPF.

For the moment, let us consider that protein synthesis is not the
only process which may regulate MPF activity. Itis clear, indeed, that
phosphorylation must also play a fundamental role since, in the
starfish, the phosphorylation burst triggered by the hormone, its
active analogues and mimetics appears to share the same concen-
tration dependence, kinetics, reversibility and sensitivity to inhibi-
tors as the biological process itself (Guerrier et al., 1977a). In
addition, we also showed that the puromycin analogue 6-dimethy-
laminopurine or 6-DMAP (Rebhun et al., 197 3), which specifically
affected protein kinase activity without interfering with protein
synthesis, reversibly blocked meiosis reinitiation in the starfish
(Néant and Guerrier, 1988a), the mollusc Patella (Néant and
Guerrier, 1988h), the mouse (Rime et al., 1989) and also sup-
pressed the early cleavages of the sea urchin (Néant et al., 1989)
and Mpytilus (Dubé et al., unpublished). In the sea urchin, the
starfish and Mytilus, we even observed that 6-DMAP did not block
the cyclic manifestation of the cyclins which were always transiently
destroyed at the right time even when cell nuclei remained blocked
in interphase. It is thus clear (1) that cyclin destruction may take
place in conditions where protein phosphorylation is dramatically re-
pressed; (2) that the presence of cyclin is not a sufficient condition
to activate MPF; (3) that both newly formed proteins such as the
cyclins or other regulatory proteins that may preexist in the oocyte
must be modified by a phosphorylation process which is inhibited
by 6-DMAP and appears to be necessary for the activation of MPF.

Nature of MPF

Anumber of analytical and experimental data strongly suggested
that MPF could be a protein kinase or a phosphoprotein. First, MPF
activity, whether it resulted from stimulation by the hormone or by
one of its mimetics, always proved to be associated with a high level
of endogenous protein phosphorylation. This could be observed
during meiosis reinitiation in the starfish (Guerrier et al., 1975,
1977a; Dorée et al., 1983; Meijer and Guerrier, 1983; Meijer et al.,
1984; Picard et al., 1985; Peaucellier et al., 1988), the amphibians
(Maller et al., 1977; Karsenti et al., 1987; Lohka et al., 1987),
mammals (Wassarman et al., 1979; Croshy et al., 1984) echiuroids
(Meijer et al., 1982), polychaets (Peaucellier et al., 1982, 1984)
and molluscs (Dubé et al., 1987; Eckberg et al., 1987; Néant and
Guerrier, 1988hb). This correlation between the extent of protein
phosphorylation and MPF activity has also been observed following
fertilization, during the early synchronous cleavages of the sea
urchin (Schatt et al., 1983; Meijer and Pondaven, 1988; Néant et
al., 1989), after activation of the amphibian cocyte (Capony et al.,
1986) and during divisions of somatic mammalian cells (Westwood
et al., 1985),

Second, partially purified MPF could be dialysed without loss of
activity using buffers known to limit the activity of protein phospha-
tases (Drury, 1978; Wu and Gerhart, 1980; Gerhart et al., 1985).
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Similarly, treatment of such extracts with ATP-+S was found to
efficiently protect MPF from inactivation (Hermann et al., 1983),
whereas monoclonal antibodies directed against these thio-phos-
phate groups immunoprecipitated this activity (Gerhart et al.,
1985).

Third, meiotic maturation and protein phosphorylation proved to
be affected by the injection of phosphoprotein phosphatases as
observed both in the starfish (Meijer et al., 1986d) and the
amphibian Xenopus (Hermann et al., 1984).

Finally, Pondaven and Meijer (1986) have shown that the
intracellular microinjection of a-naphtylphosphate (a-NP), a potent
phosphatase inhibitor, could promote maturation of starfish oo-
cytes and that this effect was reversed by the simultaneous
injection of phosphoprotein phosphatase 2A. Starting from these
data, Labbé et al. (1988c) showed that such a maturation could not
result only from an unspecific and general effect due to the
inhibition of phosphoprotein phosphatases, but rather from the
actual and unexpected activation (36-fold increase) of that major
Ca? and cyclic nucleotide-independent protein kinase that had
been previously shown to cycle in phase with MPF activity during
meiotic maturation and early embryogenesis (Sano, 1985; Picard et
al., 1985, 1987; Meijer et al., 1987; Pelech et al., 1987; Pondaven
et al., 1987). These authors also stressed that MPF and this
histone H -kinase could not be considered as the same entity.
Indeed, they observed (1) that cytoplasm containing H,-kinase
activity but not MPF (hormone-stimulated enucleated oocytes) could
not stimulate H -kinase in recipient immature oocytes; (2) that
cytoplasm containing MPF but low kinase activity (oocytes first
injected with ATP-+S) was found to trigger both H, -kinase and
maturation of the same recipient oocytes. They also found, as
already reported by Kishimoto et al. (1981), that cytoplasm con-
taining both H,-kinase and MPF activity could not be amplified when
transferred into enucleated recipient oocytes. This last point agrees
with the observation that MPF appears earlier in the nucleus than
in the cytoplasm (Picard and Dorée, 1984) and argues for the

compartmentalization of some important element required for MPF
activation.

In summary, it thus appears that MPF alone and not H,-kinase is
capable of autocatalytic amplification, provided that some GV
material is present in the recipient oocytes. Moreover, the behavior
of ATP-++S and u-NP-injected oocytes clearly demonstrates that
inhibiting the dephosphorylation of some regulatory protein would
activate both MPF and the M-phase specific histone H,-kinase.
More recently, identical results have also been obtained following
the injection of okadaic acid, another very potent phosphoprotein
phosphatase inhibitor, in both the oocytes of Xenopus (Goris et al.,
1989; Rime et al., 1990) and the starfish (Picard et al., 1989;
Pondaven et al., 1989). The picture thus emerges of a more
complex situation than previously thought, where MPF, the motor of
the G-M transition, might be piloted by at least two different and
possibly antagonistic enzyme systems (Fig.2). If one considers that
the histone H -kinase may activate the regulatory protein by phos-
phorylation and that, in turn, this regulator is able to activate in
some way the histone H,-kinase, one would draw here a perfect
model susceptible to account for the MPF amplification properties.
One can see that such a dual system would be self perpetuating by
nature, as described in some of the most famous drawings of
Escher which fit the Mobius band model (Escher, 1971).

Main components of MPF

Identification of the main components of MPF has been made
possible due to the convergence of the efforts displayed by the cell
biologists who finally succeeded in purifying MPF (or the related M-
phase specific histone H -kinase) and by the yeast geneticists who
were able to clone and to sequence a number of genes involved in
the control of the cell cycle (Lee and Nurse, 1987; Hayles and
Nurse, 1989).

Among these genes, the cdc2 gene (for cell division control) has
been fully characterized. Its protein product, p34 cdc2 exhibits a
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histone H -kinase activity that oscillates periodically during the cell
cycle, showing a peak during mitosis (Hindley and Phear, 1984;
Booher and Beach, 1986; Simanis and Nurse, 1986; Moreno et al.,
1989). The other two gene products that closely interact with p34
cdc2 are the cdcl3 and the sucl gene products.

The cdcl13 gene has been cloned and sequenced (Booher and
Beach, 1988; Hagan et al., 1988). It encodes for a protein that
presents 50% identity in its central region with the cyclins which
have been cloned from a variety of different organisms (Hagan et al.,
1988; Goebl and Byers, 1988; Solomon et al., 1988). This protein,
which migrates as a 62-k Da protein, binds to p34 cdc2 (Booher et
al., 1989) and its level is dramatically reduced just before sister
chromatid separation as was also observed for the invertebrate
cyclins (Moreno et al., 1989). The sucl gene product p13 sucl
(Hayles et al., 1986; Hindley et al., 1987) directly binds to p34 cdc2
(Brizuela et al., 1987) and may negatively regulate its function.

It rapidly appeared that the cdc2 and cdcl3 genes and their
products have been conserved throughout the evolution as well as
their capacity to bind together and to be retained by p13 sucl. Thus,
the cdc2 gene from humans has been cloned by complementation
of a cdc2' mutant from the fission yeast Schizosaccharomyces
pombe (Lee and Nurse, 1987). It could also replace the CDC28
homologue of cdc2 in the budding yeast Saccharomyces cerevisiae
(Vittenberg and Reed, 1989). The MPF, which also exists from yeast
(Weintraub et al., 1982; Tachibana et al., 1987) to humans
(Sunkara et al., 1979) proved, however, difficult to purify for a long
time (Drury, 1978; Wu and Gerhart, 1980; Adlakha et al., 1985;
Kishimoto and Kondo, 1986; Nguyen-Gia et al., 1986). The situa-
tion changed with the development of in vitro cell-free systems
which allowed a more rapid estimation of the activity of the various
fractions to be purified (Lohka and Masui, 1983; Newport and
Kirschner, 1984; Lohka and Maller, 1985; Miake-Lye and Kirsch-
ner, 1985; Newport and Spann, 1987; Blow and Laskey, 1988).

MPF amplification, i.e. the activation of latent MPF, could be
demonstrated to occur in such Xenopus cell-free extracts where
demembranated sperm nuclei entered mitosis afterthe preparation
was supplemented with a small amount of MPF and an ATP-
regenerating system (Cyert and Kirschner, 1988). The dependency
of that system to added MPF was even found to disappear after a
33% ammonium sulfate fractionation step which might have re-
moved some kind of inhibitor. Dunphy and Newport (1988) demon-
strated, after the same ammonium sulfate precipitation step, that
interphase cellfree extracts also contained a latent form of MPF
which could express itselfin the presence of ATP-¢-S. Using a similar
system to test their fractions, Lohka et al. (1988) were finally the
first to report that the most purified fractions of MPF contained two
proteins of 45 and 32 kDa, which could phosphorylate exogenous
histone H1. The 32 kDa protein was further identified as the
homologue of p34 cdc2 by affinity column chromatography on p13
sucl beads or by Western blot analysis and immunoprecipitation
using antibodies directed against the peptide EGVPSTAIREISLLKE,
the conserved region of the cdc2 kinase (Dunphy et al., 1988;
Gautier et al., 1988).

Another way to prepare purified MPF was suggested by the
observation that the M-phase histone H,-kinase and MPF activity
followed the same cycle of activation and inactivation and depended
in the same way on protein synthesis (Labbé et al., 1988a; Meijer
and Pondaven, 1988; Arion and Meijer, 1989). In fact, when the
starfish enzyme was thus independently and simultaneously pre-

pared, both in Roscoff (Arion et al., 1988) and in Banyuls (Labbé et
al., 1988b), it was found to coeluate, at each step, with a 34 kDa
protein which was again recognized and retained by p34 cdc2
antibodies and by p13 sucl loaded beads.

pl3sucl has been also identified in mammalian cell (Draetta et
al., 1987; Draetta and Beach, 1988; Dunphy et al., 1988), where
it is part of a complex including the cell-cycle regulated tyrosine
kinase substrate p34 cdc2 (Draetta et al., 1988) and the cyclin p62
cdc13 (Booher et al., 1989; Pines and Hunter, 1989). This complex
has been shown to purify simultaneously with the mammalian
growth-associated histone H -kinase (Brizuela et al., 1989; Langan
et al., 1989).

Dunphy et al. (1988) used p13 sucl beads to remove MPF
activity from a Xenopus egg extract and demonstrated that p13
sucl produced in E. coli could inhibit the activation of latent MPF in
activated Xenopus egg extracts. More recently, Dunphy and New-
port (1989) showed, using the 33% ammonium sulfate fraction of
Cyert and Kirschner (1988), that the ATP-dependent in vitro activa-
tion of latent MPF did result in a selective tyrosine dephosphoryla-
tion of p34 cdc2 and in the parallel switch-on of the H1-kinase
activity. Moreover, it appeared that p13 sucl completely blocked
both events, while it had no effect once the system was set in
motion. This suggests (1) that preMPF contains a latent form of
tyrosine phosphatase that can be turned on when phosphatases
are inhibited and ATP is given to the system; (2) that dephosphory-
lation of p34 cdc?2 activates the M-phase histone H1l-kinase (see
Fig. 2). In fact, this last conclusion perfectly fits with the observation
that a prokinase was present in extracts prepared from GV-blocked
oocytes of Xenopus (Labbé et al., 1988a) or the starfish (Labbé et
al., 1988h, 1989a), which could be activated upon ATP removal. It
thus appears likely that different fractions might have been pre-
pared in the past that were all designed as MPF but which, in fact,
could correspond to quite different entities. These might have been
either the M-phase cdc2 specific phosphatase which has to be
activated or stabilized by phosphorylation (left part of Fig. 2) or the
prokinase which needs to be dephosphorylated in order to act as a
kinase (right side of Fig. 2).

The existence of an excellent correlation between the kinetics of
cdc2 dephosphorylation and M-phase kinase activation has been
verified both in Xenopus (Gautier et al., 1989) and the starfish
(Labbé et al., 198%9a; Pondaven et al., 1990). Pondaven et al.
(1990) also report that starfish H1-kinase can be activated in vitro
using a broad spectrum potato acid phosphatase and that this
activation correlates with cdc2 dephosphorylation. In mouse 3T3
cells, where p34 cdc2 becomes dephosphorylated on tyrosine upon
entry in M-phase, the inhibition of this specific dephosphorylation
by vanadate arrests the cell cycle in G2 (Morla et al., 1989). In the
fission yeast, tyrosine and threonine phosphorylation of the pp34
cdc? kinase also decreases at mitosis (Gould and Nurse, 1989).
Tyrosine phosphorylation occurs on a single Tyr 15 site located
within the presumptive ATP binding domain of the protein, by which
its kinase activity is efficiently repressed. The fact that substituting
phenylalanine for tyrosine prematurely advances the cells in mitosis
indicates that the pp34 cdc2 protein kinase activity might be
regulated by a modulation of the nucleotide-binding ability of this
subunit. This also suggests that the adenine analogue 6-DMAP
might act in the same way to prevent or to inhibit M-phase kinase
activity as was observed to occur both in vivo and in vitro (Meijer and
Pondaven, 1988; Néant and Guerrier, 1988a, b; Néant et al., 1989;
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Rime et al., 1989). Presently, we still do not know if p13 sucl, which
blocks cdc2 tyrosine dephosphorylation and histone H1-kinase
activation (Dunphy and Newport, 1989), acts in the same way or
indirectly, for example by stimulating an inhibitory tyrosine kinase
or by inhibiting the phosphotyrosine phosphatase. This might help
to understand why microinjection of the peptide PSTAIR could
facilitate MPF activation in Xenopus (Gautier et al., 1988) and even
trigger GVBD and M-phase kinase activation when introduced in
various invertebrate oocytes at a concentration of the order of 400
LM (Labbé et al., 1989a). The simplest explanation for these
observations is indeed to consider that this peptide is competing
with p34 cdc2 for an inhibitor.

Finally, one must stress that another important subunit is
obviously required to confer M-phase kinase activity to the catalytic
p34 cdc2 component of MPF. This subunit, which has been shown
to bind to p34 cdc2 well before its activation, does, in fact,
correspond to the cyclin, i.e. the homologue of the yeast cdc 13
gene product. Thus, in mammalian cells (Brizuela et al., 1989;
Langan et al., 1989; Pines and Hunter, 1989) as well as in Spisula
(Draetta et al., 1989) and the starfish (Labbé et al., 1989b; Meijer
et al., 1989; Pondaven et al., 1990), the use of both anticyclin
antibodies and p13 sucl beads made it possible to demonstrate:
(1) that cyclin and p34 cdc2 possibly associated in stoichiometric
amounts (Labbé et al., 1989b; Pondaven et al., 1990) and copuri-
fied with the M-phase kinase; (2) that there was a good temporal
correlation between the extent of Hl-kinase activity and the accu-
mulation of the phosphorylated form of cyclin during the cell cycle;
(3) that histone H1-kinase activity declined in parallel with cyclin
destruction at the metaphase-anaphase transition. It is worth
noting that it was possible to reduce the rate of this inactivation in
the presence of phosphatase inhibitors and ATP (Labbé et al.,
1987; Arion and Meijer, 1989) and that the microinjection of high
concentrations of antiproteases during the first meiotic cycle of
starfish oocytes stabilized their MPF activity (Picard et al., 1985).

Control mechanisms for the activation and inactivation of
MPF

In the preceding sections, we found that protein synthesis was
required at the beginning of each cell cycle except, possibly, during
the first meiotic cycle which might rely on the unmasking of pre-
formed cyclin B and p34 proteins. This absolute requirement for
protein synthesis would be easily explained if one has ta restore the
cyclin subunit of the MPF which appears to be destroyed at each
metaphase-anaphase transition, while the amount of p34 cdc2
remains constant.

That this was indeed the case, i.e. that cyclin synthesis was
necessary and sufficient to drive in the cell cycle, has been
examplified by two kinds of complementary experiments. First,
Minshull et al. (1989) demonstrated that the specific destruction of
the endogenous mRNA for both frog cyclins B, and B,, with
antisense oligonucleotides and endogenous RNA-ase H, blocked
the entry in mitosis of Xenopus cell-free extracts, while the ablation
of either cyclin alone only caused some delay in mitosis. Second,
Murray and Kirschner (1989a) showed that the exclusive addition
of sea urchin or Xenopus cyclin mMRNA to a Xenopus cell-free extract
previously deprived of endogenous mRNA was sufficient to induce
multiple cell cycles. Under these conditions, as well as in vivo, cyclin
level, H1-kinase and MPF were found to fluctuate in parallel.

Murray et al. (1989) also demonstrated that cyclin degradation
was directly responsible for the exit from the cell cycle towards
interphase. To prove that, they prepared a 90 amino acids-deleted
mutant form of cyclin that was always able to activate MPF and to
drive cell-free extracts into mitosis. However, when added to a cell-
free extract prepared from metaphase 2-blocked oocytes, this
mutant cyclin was found to resist the Ca?*-induced degradation that
usually affects the wild-type cyclin. This prevented MPF inactivation
and produced a stable metaphase arrest. It also appeared that in
vivo microinjection of the mRNA for this truncated cyclin arrested
both activated and fertilized eggs in metaphase.

It is thus clear that entry and exit from the mitotic cell cycle
depend on the synthesis and the selective proteolytic degradation
of the cyclins. One knows, however, that the association of p34
cdc2 and the various forms of the cdc13 cyclins, which already exist
inthe immature oocyte, is not sufficient to produce MPF. In fact. this
necessary association will only succeed following that crucial step
that would trigger dephosphorylation of the catalytic cdc2 subunit.
That cyclin synthesis might appear as the only limiting factor
required to obtain MPF activation in a cell-free system thus clearly
demonstrates at least one thing, i.e. that these extracts are no
more than an oversimplified representation of the reality. Obviously,
such models have constituted quite powerful tools that greatly
helped us in catching and deciphering some fundamental steps in
MPF activation (Murray and Kirschner, 1989b). However, one must
keep in mind that they may also lead one to miss or skip over some
subtle and highly regulated steps which may play an important role
in the living system.

Such a difficulty is particularly evident when one considers the
problem of how to explain clearly what factors might be involved (1)
in stabilizing metaphase conditions at the end of meiosis and, (2)
in inactivating the cyclin at the end of each cell cycle, which is even
more difficult to appreciate.

The metaphase block

Before fertilization, amphibian oocytes that have resumed and
completed meiosis appearto be arrested during the second meiotic
metaphase. When cytoplasm or cytosols are prepared from such
unactivated eggs and injected into a zygote, the recipient embryos
or injected blastomeres will also be arrested at metaphase for a
long period of time (Masui and Markert, 1971; Masui et al., 1980;
Masui and Shibuya, 1987; Shibuya and Masui, 1988, 1989). The
Ca®" sensitive factor responsible for this effect and which dis-
appears definitively upon fertilization or activation has been called
cytostatic factor or CSF by Masui. Another important property of the
amphibian CSF is to be independent on protein synthesis. In this,
it appears to differ from possibly related factors which also arrest
the oocytes of some invertebrates in metaphase 1 as observed in
Patella (Néant and Guerrier, 1988b) and Mytilus (Dubé and Du-
fresne, 1990) or block the mouse oocyte in metaphase 2 (Clarke
and Masui, 1983, 1985; Hashimoto and Kishimoto, 1988). In
these species, the inhibition of protein synthesis induces the
precocious disappearance of cyclins and drives the metaphase-
blocked oocytes towards interphase, inducing the reconstitution of
resting nuclei. This implies that the unfertilized frog oocyte has a
stabilized form of cyclin which does not need to be continuously
synthesized in order to maintain MPF activity. In fact, to be quite
rigorous, one must stress that it is not fully proven that the exit from
the metaphase stage of the invertebrate oocyte necessarily re-



quires complete cyclin destruction since we observed: (1) that the
inhibition of protein synthesis also reduced protein phosphorylation
(Néant and Guerrier, 1988b); (2) that 6-DMAP, which only induced
protein dephosphorylation also drove Mytilus and Patella oocytes to
interphase (Guerrier et al., 1990). These nuclear changes did not
occur in the case of Xenopus and the mouse, which could maintain
condensed chromosomes in the presence of the same concentra-
tions of 6-DMAP which appeared sufficient to block MPF formation
and to produce interphase nuclei when applied during metaphase
1 (Rime et al., 1989 and unpublished; Charbonneau, unpublished).

Taken together, these observations suggest that a stable phos-
phorylated protein factor must be responsible for maintaining me-
taphase conditions in the amphibian oocytes, whereas the possible
homologues of this protein in the other systems need to bhe
continuously synthesized. Presently, there is persuasive evidence
that the c-mos protooncogene might be such a stable protein that
would thus correspond to CSF. First, Watanabe et al. (1989)
reported that the Xenopus c-mos protooncogene protein pp39 mos
accumulated specifically in the unfertilized egg during maturation,
that it was hyperphosphorylated and exhibited a high protein kinase
activity which appeared to be directed against proteins of a
molecular weight close to that of the cyclins. They also showed that
pp39 mas, like CSF, was rather stable in the presence of cyclohe-
ximide and underwent selective proteolysis upon activation or
fertilization, an event that involved activation of the Ca?'-dependent
cystein protease calpain. Identification of pp39 mos as CSF was
moreover confirmed by the observation (1) that microinjection of
synthetic mos mRNA into one blastomere of a two cell embryo
arrested its cleavage in metaphase; (2) that truncated forms of
c-mos RNA, which produced a mos protein lacking the ATP binding
domain necessary for mos-kinase activity, are unable to induce
cleavage arrest; (3) that neutralization or ablation of the pp39 mos
protein using specific antibodies blocked cytosolic CSF activity
(Sagata et al., 1989b).

In the mouse, where c-mos maternal mRNA is degraded imme-
diately after fertilization (Goldman et al., 1987; Mutter and Wolge-
muth, 1987; Keshet et al., 1988; Paules et al., 1989), the ablation
of c-mos RNA with antisense oligonucleotides was also shown to
prevent meiosis 2 arrest (O'Keefe et al., 1989). Under these
conditions, the authors observed the same cytological aspects
(resting nuclei) that we obtained when 6-DMAP was found to inhibit
endogenous protein phosphorylation during the first meiotic cell
cycle (Rime et al., 1989). This confirms both that no stable CSF
protein can exist in this species and that the required continuous
synthesis of pp39 c-mos would exert its stabilizing effect through
phosphorylation.

The cyclin destruction step

This last point appears the most difficult to resolve since quite
divergent pieces of information have been collected on that topic
from the two main sources at our disposal, i.e. the living oocytes and
the cell-free systems.

Thus, in cell-free extracts, it appeared (1) that the protein kinase
inhibitor 6-DMAP could stabilize both the cyclin and histone H1-
kinase activity; (2) that cyclin destruction seemed to require ATP
and Mg2+ (Felix et al., 1989; Luca and Ruderman, 1989). This
suggested that protein phosphorylation was required both for cyclin
destruction and kinase inactivation and, thus, that the putative
specific protease responsible for these effects must be active in its
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phosphorylated form.

On the contrary, the fundamental observation that pp32 mos
maintains the metaphase block by phosphorylation would rather
suggest that the putative cyclin-specific protease might be kept
switched off by pp39 mos-mediated phosphorylation and that it
might be activated by a phosphatase, when functional (Hunt, 1989).
An alternative hypothesis would be that the cyclins become re-
sistant to proteolysis, whether they are phosphorylated by pp39
mos or by the cdc2 kinase. Here again, the activation of some
relevant phosphatase might eventually be an effective trigger for
cyclin destruction. Under these conditions, the observation that
cyclins from the cell-free extracts are stabilized in the presence of
6-DMAP might be explained by the fact that the relevant phospha-
tase would have been inactivated by dephosphorylation (Fig. 3). It
is also possible that 6-DMAP might have dissociated the active
cdc2-cyclin complex, which would confer a greater stability to the
isolated cyclins.

Presently, in the absence of more precise information, we are
completely unable to discriminate between these possibilities and
would refer moreover to our in vivo studies which covered both the
meiotic period in the starfish (Néant et al., 1988a) and the early
cleavages of the sea urchin and Mytilus (Néant et al., 1989; Dubé
et al., unpublished). In fact, these experiments demonstrated that
6-DMAP did not preclude the cyclic synthesis and transient destruc-
tion of the cyclins, even when nuclear and mitotic cycles appeared
to be blocked under these conditions. This indicates: (1) that the
cyclins may be destroyed and that their specific proteases may
function whenever they are phosphorylated or not; (2) that the
cyclins continue to respond at the right time to some specific
signals that must have been programmed following 1-MeAde
addition or sperm penetration. However, when 6-DMAP was present
hefore fertilization, these signals were not set up, so that the two
presumptive cyclins that we observed to fluctuate when 6-DMAP
was added later seemed to be stabilized under these conditions. It
thus appears that an important imprinting step must take place
during the first cell cycle, which is likely to require both protein
synthesis and protein phosphorylation. The function of this event
might be to sensitize the endogenous enzymatic systems so that
they can respond to the Ca?* surges which punctuate the cell cycle
of the living embryo and are thought to induce nuclear envelope
breakdown and to trigger the entry into anaphase (Poenie et al.,
1985; Steinhardt and Alderton, 1988; Schollmeyer, 1988; Twigg et
al., 1988; Hepler, 1989). Finally, this picture seems to fit better with
the observation that pp39 mos maintains the metaphase block
through phosphorylation and that this block is also released
following the activation of a Ca®' activated protease.

Conclusion

At the end of this review, where we tried to present most of our
basic knowledge on the subject, we are still confronted with an
increasing amount of experimental data that is not yet fully under-
stood. Fig. 3 offers an oversimplified but still speculative overview
of that spider web of interactive pathways which are at work in the
living cell. One can see that this scheme remains silent about the
highly complex integrated steps which would control spindle kine-
tics and cytokinesis. Inturn, it contains some additional information
about the intracellular localization of some factors that we had not
had the opportunity to discuss beforehand. Thus, our drawing takes
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into account the factthat p34 cdc2 is mainly a nuclear protein (Bailly
et al., 1989; Riabowol et al., 1989), which must be driven in that
position after its binding to the cyclins (Booher et al., 1989). At this
point, one must stress that the tyrosyl phosphatase specific for p34
cdc2 has not been yet characterized and that we know nothing about
its possible localization. We also have yet to discover the nature of
the intranuclear factors required for MPF amplification in the
starfish oocyte (Kishimoto et al., 1981; Picard and Dorée, 1984).

Finally, whatever may be the degree of precision or incertitude of
our model, we would stress that it seems particularly stimulating to
observe that an external signal, recognized by the plasma mem-
brane, could set in motion so many integrated processes which
would definitively change cell function. One can easily imagine that
similar processes, which do not necessarily involve any internaliza-
tion or transfer of material, may also play an important role in
introducing significant differences between sister cells, during the
early steps of differentiation of the young embryo.
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