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Abstract

The overall aim of the experiments presented in this thesis is to investigate the regulation of

meiosis in mammalian oocytes.

To investigate the role of cyclin B during progression through meiosis I to II we have made use
of a cyclin B1-GFP fusion protein. Injection of cyclin B1-GFP accelerates GVBD and overrides
cAMP-mediated arrest at the GV stage. Excess cyclin B can accelerate or inhibit the extrusion of
Pbl in a dose-dependent manner. The distribution of cyclin B1-GFP was found to be controlled
through the regulation of nuclear import and export. Within 15 minutes of GVBD, cyclin B1-
GFP accumulates in the GV, presumably due to a rise in import and a decrease in export.

Cyclin B1-GFP is also a tool for examining cyclin degradation that is necessary for exit
from M-phase. In MI we find cyclin B destruction is necessary for progression through MI.
Cyclin B destruction at MII is stimulated by an increase in Ca®" at fertilisation. This destruction
results in an increase in the rate of cyclin B degradation. Producing Ca* transients during MI
does not induce cyclin B degradation showing cyclin B destruction becomes sensitive to Ca**
late in meiosis.

Furthermore, we examined the role of Emil in meiosis. Emil is present in both MI and
MII. By microinjecting Emil protein we found that Emil blocks polar body extrusion. By
injecting morpholinos aimed against the endogenous Emil mRNA, we managed to block the

maturation of oocytes at prometaphase which implies a role for Emil in MI. Emil depletion also



caused the release of MII eggs from metaphase arrest. This showed that this protein may be, as
MAPK, a component of the cytostatic factor, which is responsible for the arrest at MII.

Finally, we examined the relationship of Ca®" oscillations and cell cycle resumption at
fertilisation. Ca** oscillations do not depend on normal levels of CDK1-cyclin B since they
continue after CDKI activity has declined. Moreover, they are not sensitive to the MAPK
inhibitor, UO126. The data demonstrate a strong correlation between Ca*" oscillations and Pn
formation. In this thesis we present a model whereby Ca®" oscillations at fertilisation and mitosis
are controlled by the nuclear sequestration of a sperm-derived Ca**-releasing factor, such as

PLCZ.
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1. General Introduction

In most organisms, the meiotic cell cycle is driven by two major kinases, CDK1-cyclin B and
MAPK. CDKl1-cyclin B is a heterodimer of CDK1 and cyclin B and is responsible for
nuclear envelope breakdown, chromatin condensation and spindle formation. Cyclin needs to
be destroyed for CDK1-cyclin B inactivation so that anaphase and polar body extrusion will
occur. The MAPK activity is regulated by Mos and is necessary for metaphase II arrest, for
stabilising the second meiotic spindle and for spindle migration during MI. The experiments
presented in this thesis have been designed to investigate the murine meiotic cell cycle and
the dynamics of the two M-phase kinases during mouse oocyte maturation and fertilisation.
This introduction will therefore introduce topics relevant to the experiments presented.
Following a brief overview of oogenesis and preimplantation development, the mechanisms
of CDKl1-cyclin B and MAPK-dependent cell cycle regulation are considered. Finally, the
role of Ca®* at mammalian fertilisation and the relationship between the cell cycle and Ca®*

release are discussed.

1.1 A morphological description of early mammalian development

1.1.1 Oogenesis
Patterns of reproduction vary among species. In some species, such as sea urchins and frogs,
the female routinely produces hundreds or thousands of eggs at a time, whereas in other

species, such as mice, humans and most mammals, only a few thousands of eggs are
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produced during the lifetime of an individual. During gestation, in mammals, primordial
germ cells migrate from extragonadal sites to the primitive ovary. At this stage they are
called oogonia. Oogonia will continue to proliferate mitotically to reach a population of
millions, but eventually will enter meiosis, before the end of the gestation period (O W and
Baker, 1976), and become oocytes (primary oocytes). The oocytes stop proliferating and
meiosis progresses through leptotene, zygotene and pachytene stages and arrests at the
diplotene stage (dictyate state) of the first prophase of meiosis. From then on, their number
begins to decrease. During the reproductive (menstrual) cycle, a small proportion of these
oocytes will start resuming meiosis from the onset of puberty and until the end of the
reproductive life of the animal (Yding Andersen and Byskov, 1996).

At around the time the oocytes reach the deplotene stage (dictyate state) of the first
meiotic prophase, they become surrounded by a single layer of epithelial cells (pregranulosa
cells) to primordial follicles. By a mechanism, still not understood, a group of primordial
follicles is recruited to undergo further development. Upon the initiation of follicular
development, the oocytes undergo a period of growth in which they enlarge from 15-20 um
in diameter to more than 100 pm in some species. In the mouse, the oocyte increases in size
from 15 (0.9 pl in vol) in a primordial follicle to 80 um (270pl) in a fully developed follicle.
An accompanying nuclear growth ensues, such that fully grown oocytes contain a
characteristically large nucleus termed the germinal vesicle (GV; Chouinard, 1975).
Concomitant with oocyte growth is an increase in the number of follicular granulosa cells
which develop layers around the oocyte to form a primary follicle. Throughout follicular
development, the granulosa cells communicate with the oocyte via gap junctions (Anderson

and Albertini, 1976;Kidder and Mhawi, 2002). These channels enable the transport of
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molecules responsible for processes essential for oocyte growth (Herlands and Schultz,
1984). Besides the increase in size, another important change in the structure of the growing
oocyte is the formation of the zona pellucida, the extracellular coat of the oocyte. This
glycoprotein coat functions during fertilisation to mediate sperm binding, induce the
acrosome reaction, promote sperm penetration and provide the primary block to polyspermy
(Green, 1997;Wassarman et al., 2001c).

At any given time, a small group of follicles is maturing in the ovary. To survive, the
follicle must be exposed to gonadotropic hormones. During the reproductive cycle, the
pituitary secretes follicle stimulating hormone (FSH) which supports further growth of the
follicles that have reached the early antral stage of development. In a normal mouse
reproductive cycle, 6-15 follicles respond to FSH causing follicular'cells to secrete fluid
within the follicle to form a Graafian, or antral follicle. Ovulation is triggered by a surge in
circulating levels of luteinising hormone (LH) which causes the rupture of several follicles in
the mouse, and the liberation of their contents. A normal mouse ovulation results in the
release of 8-12 eggs over the course of two or three hours, each surrounded by a mass of
cumulus cells. Administration of gonadotropins can be used to induce superovulation,
allowing the collection of an increased number of eggs or embryos (see Chapter 2). As the
cells are released from the ovary, they are gathered in by the cilliated epithelium of the open

end of the oviduct and swept along the oviduct towards the uterus (Hogan et al., 1994).

1.1.2 Oocyte maturation
Oocytes remain arrested at the dictyate stage of meiosis throughout oocyte growth. Mouse

oocytes typically become competent to resume meiosis once they reach a diameter of 60um.
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(Wassarman and Albertini, 1994;Sorensen and Wassarman, 1976). The resumption of
meiosis, marked by germinal vesicle breakdown (GVBD), takes place 2-3 hours after the LH
surge.

A barrel-shaped metaphase 1 (MI) spindle is first distinguishable after about 5-6h
after meiotic resumption, and is fully formed by 9-10 hours (Wassarman and Albertini,
1994). Around the time the spindle is fully formed, it migrates towards the plasma membrane
(oolema), to the nearest part of the oocyte cortex (Verlhac et al., 2000), providing the earliest
known indication of the animal-vegetal axis (Zernicka-Goetz, 2002). Anaphase I separates
the homologous chromosomes and not the individual chromatids, directing each
chromosome to opposite spindle poles. Telophase I leads to cell division and extrusion of the
first polar body (Pbl) 10-12 hours after the initial LH surge (Wassarman and Albertini,
1994). Following Pbl extrusion, the oocyte re-enters meiosis II, bypassing interphase, and
forms a second meiotic spindle in the oocyte cortex. The cell cycle then becomes arrested at
metaphase of the second meiotic division (MII). Release from MII arrest does not take place
until fertilization. This MII-arrested oocyte can be referred to as an egg.

In vitro, given appropriate culture conditions, GV-stage mouse oocytes removed
from antral follicles will mature spontaneously, fertilise, and undergo normal
preimplantation development in the absence of hormonal stimulation (also see Chapter 2,

Schroeder and Eppig, 1984).

1.1.3 Fertilisation
After the sperm are released in the female reproductive tract, they undergo a process of

competence for fertilisation which lasts until they reach the ovulated egg and is known as
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capacitation (Aitken, 1996). Several hundred spermatozoa eventually reach and penetrate the
cumulus cell mass surrounding the MII-arrested egg and bind to the zona pellucida protein
ZP3 (Wassarman et al., 2001b). This binding triggers the acrosome reaction, a process in
which the acrosome (a secretory vacuole in the sperm head) fuses with the sperm plasma
membrane releasing hydrolytic enzymes which allow zona-penetration (Wassarman et al.,
2001a). Fertilisation is initiated after the fusion of the sperm to the egg plasma membrane.
This event triggers the exocytosis of cortical granules, which results in the release of
hydrolytic enzymes from the egg in the sub-zonal (periviteline) space. This leads to
alterations of the zona glycoprotein structures (zona reaction) causing a block of further
sperm penetration and fusion (block to polyspermy).

Fertilisation stimulates the release from the MII arrest with the segregation of the
sister chromatids, leading to the extrusion of a second polar body (Pb2). As in meiosis I,
most of the cytoplasm is retained by the mature egg, and the Pb2 receives little more than a
haploid nucleus. Thus, oogenic meiosis conserves the volume of the oocyte cytoplasm in a
single cell rather than splitting it equally among four progeny, as is the case in meiosis in the
male germ line.

The series of events starting from sperm-egg fusion leading to Pb2 extrusion are
collectively termed oocyte activation. In the mouse, extrusion of Pb2 occurs approximately

90 minutes after sperm-egg fusion.

1.1.4 Preimplantation embryonic development
Individual nuclear membranes first become visible around the maternal and paternal

chromosomes around four hours after sperm-egg fusion forming separate haploid pronuclei.
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This marks the transition from meiotic to mitotic cell divisions. At this stage, the embryo is
called a zygote. In the mouse, the paternally derived pronucleus is significantly larger that
the maternally derived one. Formation of the pronuclei is followed by their coordinated
repositioning towards the centre of the cell (termed pronuclear syngamy) such that the two
pronuclei become closely apposed, but remain separate.

The first embryonic cell division occurs after the disassembly of the two pronuclei,
17-20 hours post activation (Howlett and Bolton, 1985;Yanagimachi, 1994). The second
embryonic cell division in the mouse occurs 46-54 hours after fertilisation, and the embryo
typically reaches the 8-cell stage by around 60 hours. The activation of intercellular adhesion
at the 8-cell stage causes the embryonic cells (blastomeres) to become tightly packed,
forming a compacted morula (Fleming et al., 2000). Three to four days after fertilisation the
embryo becomes differentiated into an outer cell layer, the trophoectoderm, enclosing an
accumulation of cells at one pole termed the inner cell mass. This embryo is called a
blastocyst. During these processes, the embryo is transported through the oviduct and into
the uterus. The blastocyst-stage embryo will eventually hatch from the zona pellucida and
implant in the uterine wall, some four to five days after fertilisation (timings from Hogan et

al, 1994).

1.2 Control of the cell cycle

The meiotic cell cycle events are regulated by two major activities, Maturation Promoting
Factor (MPF) and the Cytostatic Factor (CSF). MPF releases the oocytes from the GV arrest

at prophase and coordinates the first meiotic cell cycle. At the metaphase-anaphase transition
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MPF is inactivated to allow the extrusion of the first polar body and is then immediately
upregulated leading directly to metaphase of the second meiotic division. CSF will keep the
mature eggs arrested at MII. Inactivation of MPF at fertilisation releases the eggs from the
arrest and allows the completion of meiosis. In the following chapter I will describe the way
these activities were discovered and discuss the hypotheses and experimental proof regarding

their characterisation, action and regulation during meiosis.

1.2.1 MPF history and discovery

Discovery of MPF was made in the oocyte of the frog Rana Pipiens (Masui and Markert,
1971). Masui showed that cytoplasm transferred from mature (progesterone treated) MII frog
eggs causes recipient immature oocytes to undergo maturation. A similar result was not
observed after transfer of cytoplasm from untreated oocytes. This implied that there is a
factor in the cytoplasm that causes oocyte maturation. Thus, the factor was named
Maturation Promoting Factor. Masui measured the activity of MPF indirectly by expressing
it as the percentage of recipient oocytes undergoing maturation after injection with a constant
volume of cytoplasm (Masui and Markert, 1971). It wasn’t until the late 80’s when MPF was
found to be a kinase able to phosphorylate Histone 1 (H1), that a H1 kinase assay was
developed for measuring MPF activity (Lohka et al., 1988;Labbe et al., 1988).

Measuring the relative activity of MPF immediately showed that this activity is not
constantly stable during meiosis. In the frog, it appears six hours after progesterone treatment
and three hours before GVBD and remains at high levels during the MII arrest before
declining at fertilisation (Masui and Markert, 1971;Masui, 2001). The universal role of this

factor was later shown by its presence in Xenopus, starfish and mouse oocytes (Drury and
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Schorderet-Slatkine, 1975;Doree et al., 1983;Hashimoto and Kishimoto, 1986). In 1978 the
periodic appearance of MPF was demonstrated for the first time. MPF was found in cleaving
amphibian embryos and the role of MPF was extended to mitosis (Wasserman and Smith,
1978). It was later shown that the periodicity of MPF activity also extends to meiosis. In
Xenopus oocytes, MPF disappears rapidly at the end of MI reappearing before the second
metaphase (Gerhart ez al., 1984).

Although MPF remained a mysterious activity in the 70s, the first genes to control
the cell cycle were identified from temperature sensitive cell division cycle (cdc) mutants in
the fission yeast (Nurse, 1975;Nurse et al., 1976). The phenotype of cdc2 mutants that are
blocked at the onset of M-phase, is fully rescued by their transformation with the cdc2 gene
and the transformed yeast cells divide as wild type yeasts (Beach et al., 1982). Similarly to
MPF, cdc2 had a conserved cell cycle action since the human gene is capable of rescuing
fission yeast cdc2 mutants (Lee and Nurse, 1987). Cdc2 is a 34 kDa phosphoprotein with
protein kinase activity whose protein levels remain unchanged during the cell cycle (Simanis
and Nurse, 1986). By measuring, however, the phosphorylation state of the protein it was
demonstrated that, like MPF, the activity of Cdc2 varies considerably during the cell cycle,
peaking at the onset of mitosis, but being lost at G1 (Simanis and Nurse, 1986;Moreno et
al., 1989).

The oscillations of MPF activity are also accompanied by protein synthesis and
degradation (Picard et al., 1985). Proteolysis at the end of M-phase was first observed by
Tim Hunt’s group in the sea urchin embryo and involved the degradation of a novel protein:
cyclin (Evans et al., 1983). These proteins were found to be synthesised and degraded in

each cell cycle and their destruction correlates with the time of the metaphase/ anaphase
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transition (Evans et al., 1983;Swenson et al., 1986). Swenson and co-workers were the first
to indicate that the rise in cyclin levels plays a direct role in driving cells into M-phase. They
demonstrated that microinjecting clam cyclin A mRNA induced maturation in Xenopus
oocytes (Evans et al., 1983;Swenson et al., 1986). All these results implied for the first time
a connection between MPF, cyclins and the cdc2 protein kinase.

MPF was purified from Xenopus eggs seventeen years after the activity was first
described (Lohka et al., 1988). The purified preparation displayed protein kinase activity
and contained two major proteins of 32 kDa and 45 kDa. The 32 kDa protein was thought to
be the Xenopus homologue of cdc2. That view was greatly strengthened by the fact that MPF
activity is inhibited by antibodies against Cdc2, and that MPF co-immunoprecipitates with
Cdc2 (Gautier et al., 1988). In addition, purified Cdc2 kinase releases oocytes from the GV
arrest in a number of species (Doree and Hunt, 2002). These experiments showed that Cdc2
is the catalytic subunit of MPF. Identification of the 45 kDa protein was made a year later in
the starfish oocyte (Labbe et al., 1989). Direct microsequencing showed this protein to be
cyclin B. Labbe and co-workers also observed a 1:1 stoichiometry of Cdc2 and cyclin B in
the M-phase kinase. These results demonstrated that MPF, the kinase activity controlling M-
phase, is a heterodimer comprised of one molecule of Cdc2 and one of cyclin B.

In 1989, an experimental system was developed for the investigation of the properties
of cyclin and MPF (Murray and Kirschner, 1989). For this assay, called “cycling extract
assay”, interphase extracts are prepared in vitro after parthenogenetic activation of MII
arrested Xenopus eggs, followed by centrifugal crushing of the eggs one hour later. Such
extracts can perform a few complete cell cycles mimicking the early cell cycle transitions of

an intact embryo. By using this cell-free system, Murray and Kirschner demonstrated that
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cyclin B and MPF levels both cycle. MPF and cyclin B are suppressed when protein
synthesis is inhibited. The same effect was observed when mRNA-depleted extracts were
used (Murray and Kirschner, 1989). Inhibition of the RNase used to deplete the mRNA and
addition of cyclin B mRNA can restore the cell cycle. Moreover, translation in these extracts
of indestructible cyclin B blocks the cell cycle with high MPF activity and cyclin B levels
(Murray et al., 1989;Murray and Kirschner, 1989). These results proved that progression
through cell cycle events requires only synthesis and degradation of cyclin B to cause a rise
and fall of MPF activity, identifying cyclin B as the regulatory subunit of MPF.

Two different isoforms of B-type cyclins have been identified that bind Cdc2
forming an active MPF protein kinase (Gautier et al., 1990). Their different localisation
mirrors their different properties. In interphase of mammalian cells, cyclin B1 is found in the
cytoplasm colocalising with microtubules, while cyclin B2 colocalises with the Golgi
apparatus (Gallant and Nigg, 1994;Jackman et al., 1995). Responsible for the differential
localisation of B-type cyclins is their NH, terminus (Pines and Hunter, 1994). A cyclin Bl
with a cyclin B2 NH; terminus only localises to the Golgi (Draviam et al., 2001).

Information about the necessity of the different isoforms was provided by knockout
experiments. Nullizygous cyclin Bl mice died very early in utero, whereas cyclin B2
knockout mice were viable and fertile (Brandeis ef al., 1998). This indicates that Cdc2-cyclin
B2 is dispensable for M-phase progression or that Cdc2-cyclin Bl is capable of
compensating for the loss of Cdc2-cyclin B2. However, the mice lacking cyclin B2 are
smaller in size and have reduced litters, indicating that cyclin B2 confers a growth

advantage.
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In prophase, cyclin B1, translocates from the cytoplasm to the nucleus when the cells
enter mitosis or meiosis (Pines and Hunter, 1991;00kata et al., 1992). This translocation is
probably connected with the role of CDK1-cyclin B as the nuclear lamin kinase that causes
nuclear envelope breakdown at the end of prophase (Peter et al., 1990). Cyclin B2, however,
can not translocate to the nucleus (Jackman et al., 1995). This accounts for its inability to
compensate for the absence of Cdc2-cyclin Bl in the cyclin Bl knockout. Cyclin B2
acquires M-phase initiating properties, only when its NH; region is replaced by that of cyclin
B1 (Draviam et al., 2001). A potential reason for cyclin B2 to specifically target the Golgi
apparatus may be the fact that Cdc2 is necessary for M-phase fragmentation of the Golgi by
phosphorylating Golgi matrix proteins (Lowe ef al., 1998).

Recently, a human cyclin B3 ¢cDNA was cloned. When cyclin B3 expression is
enforced in HeLa cells, the protein localises in the nucleus. Cyclin B3 shows meiosis specific
expression since it is only expressed in leptotene and zygotene spermatocytes (Nguyen ef al.,
2002). This expression pattern suggests that the mammalian cyclin B3 may be important for
events occurring early in the first meiotic prophase.

Besides cyclin B, however, experiments in the clam showed that Cdc2 forms
complexes with type A cyclins (Draetta et al., 1989). Furthermore, it was shown that, unlike
the yeasts where only one cdc kinase exists, different cdc kinases are present in other
organisms (Pines and Hunter, 1990). These cdc kinases interact with different types of
cyclins. Cyclin B binds Cdc2, while cyclin A can bind to cdc2 but predominantly to the
cdc2-related kinase p33 (Pines and Hunter, 1990;Pines and Hunter, 1992). The fact that all
Cdc2 homologues were found to bind to cyclins led to a new convention for naming these

kinases: kinases associated with cyclins would be called Cyclin-Dependent Kinases (CDKs)
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and Cdc2 became CDK 1. Because of this, MPF activity is preferentially called CDK1-cyclin

B.

1.2.2 Activation of CDK1-cyclin B

One characteristic of the cdc2 gene product is that phosphorylation keeps the protein inactive
before mitosis (Gould and Nurse, 1989). Protein phosphorylation, associated with increased
protein kinase activities was also found to be coupled with meiotic maturation and cycling
changes in MPF activity levels in starfish oocytes, indicating the importance of
phosphorylation/dephosphorylation events for cell division (Guerrier et al., 1977;Doree et
al., 1983). Thus, in order to enter M-phase, eukaryotic cells need to activate MPF, the
CDK1-cyclin B protein kinase. Activation of CDK1-cyclin B occurs in prophase and leads to
NEBD, chromosome condensation and spindle formation. The complex is regulated both
temporally and spatially. Thus, CDKl-cyclin B is activated both by phosphorylation/

dephosphorylation of its components and by its translocation into the nucleus.

1.2.2a Temporal activation of CDKI-cyclin B

CDK1 protein levels do not change substantially during the cell cycle and the kinase remains
inactive as a monomer requiring cyclin B synthesis and binding to be activated. This binding
is facilitated by CDK1 phosphorylation on Threonine 161 (Ducommun et al., 1991). Cyclin
binding changes the conformation of the ATP binding segment of a CDK kinase by
realigning active site amino acid residues and revealing the catalytic domains of the kinase

(Jeffrey et al., 1995).
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The complex remains inactive, as pre-MPF, in G2, even after cyclin binding, because
of inactivation by phosphorylation by kinases like weel. weel was discovered in the fission
yeast, one year before cdc2 was found (Nurse, 1975). weel mutants undergo mitosis faster
than normal leading to reduced yeast size. It became apparent from these experiments that
weel and cdc2 act together in a regulatory network controlling the onset of M-phase. Weel
phosphorylates CDK1 on Tyrosine 15 which is located near the ATP binding site of the
protein kinase (Gould and Nurse, 1989). This implies that inhibitory phosphorylation of
CDKI1 may interfere with the transfer of phosphate from the kinase to its substrates.
Mutation of TyrlS5 in yeasts leads to a block of CDK1 phosphorylation and mitotic entry
even in the presence of unreplicated DNA (Gould and Nurse, 1989). In higher eukaryotes,
inhibitory phosphorylation of CDK1 is catalysed by two kinases, Weel and Mytl, which
both phosphorylate CDK1 on Tyrl5 and Thr14 (Liu et al., 1997).

Activation of CDK1-cyclin B requires the dephosphorylation of Tyrl5 and Thr14 by
the Cdc25 phosphatase. Two Cdc25 isoforms are required for entry into M-phase: Cdc25B
and Cdc25C. Experiments in the fission yeast showed that increased expression of cdc25
causes a phenotype very similar to that of weel thermo-sensitive mutants where mitosis
initiates early resulting in a reduced cell size when the cells are cultured at the restrictive
temperature (Nurse, 1975;Russell and Nurse, 1986). The work on Cdc25 and Weel led to the
conclusion that the level of CDK1 phosphorylation is regulated by the balance of activities
between the Weel protein kinase M-phase inhibitor and the Cdc25 M-phase activator. Thus,
entry in M-phase drives the balance towards an active Cdc25 phosphatase.

Cdc25C is also directly phosphorylated and activated by CDKl-cyclin B itself

(Hoffmann et al., 1993). This positive feedback loop is also enhanced by the ability of
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CDK1-cyclin B to hyperphosphorylate and inactivate Weel (Mueller et al., 1995;Watanabe
et al., 1995). There is also evidence that CDKl1-cyclin B stimulates xPlkl activation in
Xenopus extracts enhancing indirectly its own activation (Abrieu ef al., 1998). These results
form the basis of the “MPF amplification” process (Masui and Markert, 1971) which consists
of a positive feedback loop of post-translational events by which the initial small amount of
activated CDK1-cyclin B acts as a primer, leading to the production of more CDK1-cyclin B.
A model was proposed recently stating that activation of CDK1 behaves as a bi-stable switch
(Pomerening et al., 2003). In this model relatively small changes in cyclin B levels and
CDK1 activity can lead to a switch-like activation of CDK1-cyclin B from an interphase to

M-phase state of activation.

1.2.2b Spatial control of M-phase entry

Besides the temporal control however, CDK1-cyclin B activation is also regulated spatially.
In most organisms, the M-phase regulators have distinct subcellular localisations that alter
according to the cell cycle phase.

In interphase, CDK1-cyclin Bl is retained in the cytoplasm. This localisation is
attributed to a sequence of its NH, amino-terminal called the cytoplasmic retention sequence
(CRS) (Pines and Hunter, 1994). Deletion of this sequence causes cyclin to enter and remain
in the nucleus. The construction, in Jon Pines’ laboratory, of a chimeric protein comprising
of one molecule of cyclin B1 and one of green fluorescent protein (cyclin B1-GFP) allowed
the study of cyclin in real time in living cells and brought new insight into the dynamic

behaviour of the protein (Hagting et al., 1998). When the fusion protein is injected into
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interphase HeLa cell nuclei, it is rapidly exported from the nucleus suggesting that cyclin has
a nuclear export signal (NES). This leucine-rich NES is located in the CRS and when
mutated, cyclin Bl export is inhibited. When the mutant is injected in the cytoplasm, the
protein enters and remains in the nucleus. The same effect is obtained by treating interphase
cells with leptomycin, an inhibitor of the export factor CRM1, indicating that cyclin Bl
export is mediated by the CRM1 pathway (Hagting ef al., 1998;Yang et al., 1998). The fact
that the block of export results in nuclear localisation, although cyclin Bl is cytoplasmic in
interphase, shows that, during this stage of the cell cycle, the protein shuttles into and out of
the nucleus and that the rate of export exceeds that of import, resulting in cytoplasmic
localisation. Thus, the localisation of cyclin Bl is determined by the relative rates of nuclear
import and export.

However, both cyclin Bl and CDK1 lack an obvious nuclear localisation signal
(NLS). Because of this, the complex can not bind to the alpha subunit of the importin-o/B
heterodimer in order to enter the nucleus. Instead, cyclin B1 binds directly to a sequence at
the NH; terminal of the importin- transporter (Moore et al., 1999). In the nucleus, cyclin Bl
dissociates from importin-f and binds to exportin CRM1 (Hagting ef al., 1998).

A combination of site-directed mutagenesis and phosphopeptide-mapping in
Xenopus oocytes indicated that cyclin B1 is being phosphorylated on a cluster of five serine
residues in the NES region, prior to M-phase (Li et al., 1995). Phosphorylation of cyclin Bl
is not required for CDK1 kinase activity or for binding to CDK1 protein, but it plays a
significant role in cyclin B1 nuclear accumulation (Li et al., 1995;Hagting et al., 1999). This
phosphorylation process can be partly attributed to CDK1-cyclin B’s auto-catalytic kinase

activity and partly to Plk (Borgne et al., 1999;Toyoshima-Morimoto et al., 2001). Hagting
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and co-workers developed forms of cyclin B1 where the five serine residues of the NES were
mutated either into threonine (T) to simulate phosphorylation or into alanine (A) to disable
cyclin B1 phosphorylation. The mutants were linked to yellow fluorescent protein (YFP) and
their kinetics were observed in interphase HeLa cells. The T-mutants accumulate in the
nucleus faster then the wild type protein whereas the A-mutants remain in the cytoplasm
even during NEBD (Hagting ef al., 1999). This work shows that, at the time of M-phase
entry, cyclin Bl needs to be phosphorylated so that CDK1-cyclin B1 accumulates in the
nucleus by acceleration of import and inhibition of export. Export is blocked because the
hyper-phosphorylation of cyclin B1 disables the NES and the protein is unable to bind to
CRMI (Yang et al., 2001). Furthermore, importin-f is unable to stimulate the import of these
mutants suggesting that phosphorylation causes the formation of a nuclear import signal in
the CRS of cyclin Bl capable of accelerating import in M-phase through an importin-
independent pathway (Hagting ef al., 1999).

Differential localisation, however, is not restricted to cyclins. Most of the important
regulators of M-phase entry also show evidence of spatial organisation. Cdc25C has been
shown to be a nuclear protein, whereas Cdc25B is cytoplasmic in interphase accumulating in
the nucleus prior to NEBD (Karlsson et al., 1999). In addition, Weel is a nuclear protein, but
Mytl is associated with the endoplasmic reticulum and the Golgi apparatus in the cytoplasm
(Liu et al., 1997).

It is well established by now that CDK1-cyclin B1 is activated in the cytoplasm in
many cell systems (Peter et al., 2002b;Jackman et al., 2003). CDK1-cyclin Bl is activated
initially by Cdc25B in the cytoplasm. The translocation to the nucleus can then raise the

intra-nuclear concentration of CDKl-cyclin Bl to saturate Weel and activate Cdc25C
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through its positive feedback action leading to a ‘switch-like’ activation of CDK1-cyclin Bl

that will induce NEBD (Ferrell, Jr., 1998).

1.2.3 Inactivation of CDK1-cyclin B

While entry into M-phase is driven by CDK1-cyclin B activation, exit from M-phase only
occurs after CDK1-cyclin B downregulation. Inactivation of the protein kinase is driven by
the proteolytic degradation of its cyclin partner.

The importance of cyclin B destruction and subsequent CDK1-cyclin B inactivation
was first demonstrated by truncated forms of sea urchin cyclin that render cyclin
indestructible and cause M-phase arrest associated with high levels of CDK activity (Murray
et al., 1989). The degradation of cyclin is dependent on a conserved 9-residue motif in the N-
terminal region termed the destruction box (Glotzer et al., 1991). This element, targets cyclin
to the ubiquitin ligase Anaphase Promoting Complex/ Cyclosome (APC/C) for multiple
ubiquitination steps (King ef al., 1995;Fang et al., 1998a). The APC/C holoenzyme is an 11-
subunit complex which catalyses the transfer of ubiquitin and the subsequent formation of
poly-ubiquitin chains onto the target proteins. The poly-ubiquitinated proteins are then
recognised and degraded by a large cytosolic protease complex, the 26S proteasome
(Hershko, 1997). Although proteasomal degradation of cyclin B is not regulated during the
cell cycle, the APC/C can differentially regulate the timing of its ubiquitination. The APC/C
is inactive in metaphase and requires activation prior to anaphase. APC/C activation is
obtained by its association with a WD40-containing co-activator protein, cdc20/fizzy (Lorca
et al., 1998;Kramer et al., 1998). Cdc20 is also inactive in metaphase and when activated

prior to anaphase, it binds directly to the proteins targeted for proteolysis and recruits them to
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the APC/C complex (Fang et al., 1998a;Pfleger et al., 2001). It is important to note that in
Xenopus cycling extracts, CDK1-cyclin B regulates its own inactivation by being the initial
trigger for APC activation (Felix et al., 1990).

In Droshophila, proteolytic degradation of cyclin B initiates at the centrosomes and
spreads along the spindle towards the equator. Cytoplasmic cyclin B is destroyed slightly
later. Thus, cyclin is degraded in two waves, first from the spindles and then from the
cytoplasm (Raff et al., 2002). Real time GFP fluorescence studies have also shown spatial
and temporal regulation of cyclin B proteolysis in Drosophila and human mitotic cells
(Huang and Raff, 1999;Clute and Pines, 1999). As soon as the last chromosome aligns on the
metaphase plate, cyclin is rapidly eliminated from the chromosomes, then the rest of the
spindle and eventually the cytoplasm. It is proposed that spindle-associated proteolysis of
cyclin B in M-phase is regulated via a Cdc20-dependent ubiquitination pathway, whereas the
subsequent cytoplasmic degradation is controlled by Cdhl, a Cdc20 related protein that also
activates the APC/C (Raff et al., 2002). Cyclin B degradation eventually leads to the

termination of M-phase and entry into interphase.

1.2.4 Metaphase-anaphase transition

Onset of anaphase requires the proteolytic destruction of cyclin B and subsequent
inactivation of CDK1-cyclin B. Prior to this, however, the absolute necessity for anaphase to
occur is the alignment of all the chromosomes at the metaphase plate. Before the complete
formation of the metaphase plate, APC/C activation, cyclin B degradation and onset of

anaphase are inhibited by the spindle assembly checkpoint.
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During the formation of the spindle, one kinetochore of a duplicated chromosome or
homologous chromosome pair becomes attached to a single microtubule. The mono-oriented
chromosome acquires additional microtubules and then oscillates within the spindle area.
The unattached kinetochore of a microtubule from the opposite pole will then capture the
chromosome, or chromosome pair, leading it to the spindle equator. The spindle assembly
checkpoint acts to block entry into anaphase until the kinetochores of every chromosome
have attached correctly to spindle microtubules at the metaphase plate. The importance of the
spindle assembly checkpoint as a “wait anaphase” signal was demonstrated by a number of
experiments. Detachment of a chromosome from a spindle by manipulation with a
microneedle delays anaphase indefinitely (Li and Nicklas, 1995), while laser ablation of the
last kinetochore produces immediate anaphase onset (Li and Nicklas, 1995;Rieder et al.,
1995).

A number of spindle assembly checkpoint proteins have been originally identified in
budding yeast mutants that were unable to arrest in metaphase after the addition of
microtubule poisons (Hoyt et al., 1991). Since then, several of these proteins were shown to
be conserved in many organisms, from yeasts to mammals. Unattached kinetochores bind to
a variety of these proteins like Bubl (budding uninhibited by benzimidazole), BubR1, Madl
(mitotic arrest defective), Mad2 and others (Cleveland et al, 2003). While binding to
unattached microtubules, spindle assembly checkpoint proteins like Mad2, BubR1 or Pdsl
form complexes that sequester Cdc20 in order to keep it in an inactive state (Fang et al.,
1998b;Hilioti et al., 2001;Fang, 2002). Following microtubule attachment of every
chromosome, these complexes are destroyed and the checkpoint is inactivated releasing

Cdc20 for APC/C activation. The APC/C then coordinates the degradation of cyclin B and
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securin (Zur and Brandeis, 2001;Raff et al., 2002;Hagting et al., 2002). Securin destruction
activates the separase proteins responsible for destroying the cohesins that “glue” the sister
chromatids together (Zachariae and Nasmyth, 1999). Experiments in Xenopus, however,
have shown that separase activation also relays on cyclin B destruction, since CDK1-cyclin
B prevents sister chromatid separation through inhibitory phosphorylation of separase
(Stemmann et al., 2001). Cyclin B destruction-dependent separase activation may act
independently from securin, since chromosome segregation can occur, although incomplete,
in the presence of a non-degradable securin mutant (Zur and Brandeis, 2001). Thus,

C*42 activation which in turn coordinates the separation

chromosome alignment enables AP
of chromosomes and exit from M-phase through securin destruction and through cyclin B

proteolysis to reduce CDK1-cyclin B.

1.3 Meiotic cell cycle

There are many aspects in which the regulation of M-phase kinase activity is similar in the
mitotic and meiotic cell cycles. CDKI1-cyclin B activation causes NEBD or GVBD and
spindle formation, while cyclin B destruction leads to CDK1-cyclin B inactivation and onset
of anaphase in both mitosis and meiosis. However, there are also very significant differences.

In this section, I will discuss the special characteristics of the meiotic cell cycle.
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1.3.1 CDK1-cyclin B regulation in meiosis
1.3.1a Resumption of meiosis 1
As already mentioned, oocytes within ovarian follicles are arrested at prophase of meiosis I
until LH acts on the follicle to cause meiotic resumption. Maintaining the arrest in a fully
grown oocyte depends on the presence of the surrounding follicle. This was demonstrated by
the fact that oocytes resume meiosis spontaneously when released from the follicle into a
suitable culture medium (Edwards, 1965). This follicle-mediated meiotic arrest seems to be
controlled by cAMP since the use of agents that raise intracellular cAMP blocks spontaneous
in vitro maturation (Cho et al., 1974;Downs and Hunzicker-Dunn, 1995). The origin of
cAMP in the oocyte has been under investigation for many years. One possibility is that
cAMP enters the oocyte through gap-junctions with the follicle (Anderson and Albertini,
1976). Alternatively, cCAMP may be generated in the oocyte with the follicle cells acting to
maintain its concentration (Mehlmann et al., 2002). This may occur through the maintenance
of the activity of a stimulatory G protein (G;) which in turn maintains the activity of adenylyl
cyclase necessary for the generation of cCAMP. The requirement of a G protein for the
maintenance of meiotic arrest was shown by the microinjection of a Gs-specific antibody,
able to inhibit G, function, into mouse follicles. G; inhibition led to spontaneous resumption
of meiosis (Mehlmann et al., 2002).

cAMP acts through cAMP-dependent protein kinase (PKA). In vertebrates, active
PKA is directly implicated with G2 arrest in meiosis (Maller and Krebs, 1977;Huchon et al.,
1981;Mehlmann et al., 2002;Schmitt and Nebreda, 2002). In Xenopus oocytes, Cdc25C,
which is hyperphosphorylated and activated by Polo-like kinase xPlk1 (Matten et al., 1994),

is negatively regulated by PKA. PKA phosphorylates Cdc25 on Ser-287 resulting in its
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sequestration by 14-3-3 (Duckworth et al., 2002). In response to progesterone, the PKA
pathway becomes inactive and Cdc25 is dephosphorylated just prior to CDKI
dephosphorylation and M-phase entry (Ferrell, Jr., 1999).

Following resumption of meiosis cyclin B is synthesised (Hampl and Eppig,
1995b;Winston, 1997) and CDKl1-cyclin B is activated. The kinase is activated prior to
GVBD and its activity rises progressively until it reaches a plateau in M-phase of meiosis I
(Verlhac et al., 1994;Hampl and Eppig, 1995a). In the mouse, however, cyclin B synthesis is
not necessary for GVBD since activation of CDK1-cyclin B can occur in the presence of
protein synthesis inhibitors (Hampl and Eppig, 1995b). This means that the initial activation
of CDK1-cyclin B is due to the activation of a limited pool of pre-existing inactive (pre-
MPF) complexes. Cyclin B synthesis leading to newly formed CDK1-cyclin B complexes is

necessary for progression of meiosis beyond GVBD (Hampl and Eppig, 1995b).

1.3.1b Metaphase I to Metaphase 11

In the mouse, cyclin synthesis, and the subsequent CDK1-cyclin B activation, rises from
28% of the maximal level during GVBD to 56% during the next few hours until reaching
100% in the following hours leading to the first polar body extrusion. There is no substantial
cyclin destruction during that period (Winston, 1997). For anaphase to occur CDK1-cyclin B
levels need to reach a plateau of activity. In strains of mice with different rates of cyclin B
synthesis it was found that faster CDK1-cyclin B activation, progression to anaphase and
extrusion of the first polar body occur in the strain showing the fastest rate of cyclin B

synthesis (Polanski et al., 1998). Further evidence for this is the finding that polar body
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extrusion is faster if oocytes are injected with cyclin B mRNA with a long polyA tail (Ledan
et al., 2001). These results demonstrate that the rate of cyclin B synthesis controls the length
of M-phase.

Unlike mitosis, during the meiotic anaphase I, cyclin B is not completely destroyed
and some protein escapes degradation during the transition from MI to MII (Hampl and
Eppig, 1995a;Winston, 1997). The degradation is almost complete in the mouse (Winston,
1997), but in Xenopus it is only 50% (Tunquist and Maller, 2003). A remaining amount of
cyclin and CDK 1-cyclin B activity is probably necessary for avoiding entry into interphase
after the first M-phase. The different extents of degradation in mouse and Xenopus also
reflect the role of cyclin B proteolysis for MI/MII transition in the species. In the mouse,
cyclin overexpression (Ledan et al., 2001) or the use of non-destructible cyclin (Herbert et
al., 2003) block first polar body extrusion, whereas in Xenopus, inhibition of cyclin B
destruction does not prevent chromosome segregation and Pbl extrusion (Taieb et al.,
2001;Peter et al., 2001).

Following Pbl extrusion, cyclin B is synthesised rapidly and CDK1 kinase rises to
reach a maximum level at metaphase II where the egg remains arrested until fertilisation
(Levasseur and McDougall, 2000;Ledan et al., 2001). The stability of CDK1-cyclin B
activity during the MII arrested state is mediated by an equilibrium of cyclin B synthesis and

degradation (Kubiak et al., 1993).

1.3.2 The Mos/MAPK pathway during oocyte maturation
Another signalling pathway operating in oocyte maturation is the Mos/MEK/MAPK/ p90Rsk

pathway. Mos, a 39 kD germ cell-specific protein, is the product of the proto-oncogene c-
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mos and functions as a mitogen activated protein kinase (MAPK) kinase kinase (MAPKKK).
Mos activates the MAPK/Erk kinase, MEK1, which then acts as the activator of MAPK
(Crews and Erikson, 1992;Nebreda and Hunt, 1993;Posada ez al., 1993). In mouse oocytes,
whilst Mos is detected at GV stage, expression is dramatically upregulated during oocyte
maturation and is abundant in MII eggs (Paules et al., 1989). Expression is subsequently
reduced following fertilisation, such that only a residual amount of Mos is detectable in
pronucleate embryos (Goldman ef al., 1988;Watanabe et al., 1991;Weber et al., 1991).

Mouse oocytes possess two forms of MAPK, p44 ERK 1 (extracellular signal-
regulated kinase 1) and p42 ERK 2 (Verlhac et al., 1993). In oocytes, MAPK activation is
driven by newly synthesised Mos (Sagata et al., 1988). When MAPK rises after GVBD, it
remains at maximum levels of activity during MI, the MI/MII transition and the MII arrest
only to be inactivated after the second polar body extrusion as a result of Mos degradation
(Ferrell, Jr. et al., 1991;Verlhac et al., 1993;Verlhac et al., 1994). More direct evidence for
the involvement of Mos in MAPK activation is provided by the finding that MAPK fails to
activate in oocytes of the Mos knockout mouse (Verlhac et al., 1996).

There are species-specific differences in the timing of the onset of MAPK activity in
oocytes. In the mouse, MAPK is only activated after GVBD and the initial rise of CDK1-
cyclin B activity (Verlhac et al., 1993). In contrast, MAPK in the Xenopus egg is activated
before GVBD concomitantly with CDKI-cyclin B activation (Ferrell, Jr. et al., 1991).
Injection of mos mRNA in Xenopus oocytes can induce MPF activation and GVBD in the
absence of progesterone treatment (Sagata et al., 1989a). This effect can be explained by the

fact that Mos/MAPK may contribute to the positive regulation of CDK1-cyclin B (Palmer et

40



al., 1998;Peter et al., 2002a). However, the converse is also true since, in oocytes, full
activation of MAPK depends on CDK1 activity (Abrieu ef al., 2001).

MAPK does not seem to be of great significance for MI since oocytes from Mos
knockout mice and Xenopus oocytes injected with morpholino antisense oligonucleotides
against Mos, with no MAPK activity, undergo GVBD and extrude Pbl (Verlhac et al.,
1996;Dupre et al;, 2002). MAPK inhibition, however, affects the size of polar bodies which
become larger than normal (Verlhac et al., 2000;Phillips et al., 2002). This is a result of
disruptions of the actin-microfilament network. The spindle can not migrate to the cortex and
remains in the middle of the oocyte, but still elongates at anaphase forming the midbody
close to the equator of the oocyte (Verlhac et al., 2000).

Although blocking the Mos/MAPK pathway does not necessarily prevent entry or
exit from MI, it severely disrupts MIIL. In Xenopus, Mos ablation causes oocytes to enter
interphase after MI and replicate DNA, while resynthesis of cyclin B is inhibited (Furuno et
al., 1994). In the Mos knockout mouse, the oocytes extrude first polar bodies at the same
time as the wild-type oocytes and the MI spindles have no obvious defects. After anaphase I,
however, the chromatin starts to decondense and elongated microtubules begin to form
leading the oocytes in an interphase state. The majority of the oocytes eventually enter MII;
but instead of arresting, they spontaneously activate forming monopolar spindles (Verlhac et
al., 1996).

All these experiments show that although the Mos/MAPK cascade does not seem to
be involved in GVBD or entry in Ml it plays a very important role in the progression from
MI to MII, maintaining chromatin and microtubules in a metaphase-like state, prohibiting

entry in interphase or into a spontaneous activation state after MI, driving cyclin B
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resynthesis at the MI/MII transition and coordinating polar body formation. The most
important role, however, of the Mos/MAPK pathway is the regulation of the cytostatic factor

(CSF) activity.

1.4 Cytostatic Factor

As discussed previously, oocytes entering metaphase II remain arrested at metaphase until
fertilisation. MII arrest is characterised by high CDK1-cyclin B activity which is obtained by
the constant synthesis and degradation of cyclin B. This arrested state of the meiotic cell

cycle is sustained by an activity known as cytostatic factor (CSF).

1.4.1 Discovery of CSF

As discussed earlier, Masui and Markert discovered MPF by injecting cytoplasm from
unfertilised frog eggs into immature GV-arrested oocytes and showing that this was able to
cause oocyte maturation (Masui and Markert, 1971). In the same paper they discovered that
injection of cytoplasm from an MII arrested eggs into one blastomere of 2-cell stage embryos
caused cleavage arrest of the injected blastomere, while the uninjected blastomere divided
normally. They also showed that the blastomeres injected with MII cytoplasm were arrested
at metaphase. Injection of cytoplasm from GV stage oocytes or early embryos into
blastomeres had no effect on cell division. These experiments led them to the assumption
that a specific cytoplasmic factor is responsible for this inhibition of mitosis at metaphase.
The factor was named cytostatic factor (CSF). The arrest of vertebrate eggs in metaphase of

meiosis II, is therefore known as a CSF arrest. The presence of CSF activity in mouse eggs
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has since been demonstrated by electrofusion experiments. Fusion of MII eggs with mitotic
embryos results in a persistant metaphase arrest not observed following fusion of two mitotic
cells (Kubiak ef al., 1993). As in the case of MPF, this factor was not a single molecule or a
specific protein, but an activity found in the mature egg. CSF activity must accumulate at
some point during oocyte maturation being active only in the second meiotic metaphase and

disappears on fertilisation or parthenogenetic activation.

1.4.2 Mos/ MAPK pathway-dependent CSF arrest
Unlike MPF which is a well defined protein complex, CSF activity appears to be derived
from a number of proteins, some of which may be necessary for the initiation and others for
the maintenance of CSF activity. The primary pathway identified as being required for
initiation of CSF activity is the Mos/MEK1/MAPK pathway.

Sagata and colleagues in 1989 were the first to show a connection between Mos and
CSF. They injected blastomeres from Xenopus embryos with mos mRNA and revealed that,
after one or two cell divisions, the blastomeres arrested at metaphase with high MPF activity
and condensed chromatin. In their experiments, they also used extracts from Xenopus MII
arrested eggs that contain high CSF activity. They immunodepleted Mos protein from these
CSF extracts, as they are called, and then injected them into blastomeres, showing that the
extracts were not capable to cause metaphase arrest (Sagata ez al., 1989b).

In addition, whole egg experiments in both Xenopus and mouse have shown the
importance of the presence of Mos for the development of CSF activity since, although
blocking the Mos/MAPK pathway does not necessarily prevent entry or exit from MI, it

severely disrupts MII. In Xenopus, Mos ablation causes oocytes to enter interphase after MI
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and replicate DNA, while resynthesis of cyclin B is inhibited (Furuno et al., 1994). In the
Mos knockout mouse, the oocytes extrude first polar bodies at the same time as the wild-type
oocytes and the MI spindles have no defects. After anaphase I, however, the chromatin starts
to decondense and elongated microtubules begin to form leading the oocytes in an interphase
state. The majority of the oocytes eventually enter MII, but instead of arresting, they
spontaneously activate forming monopolar spindles (Verlhac et al., 1996). Furthermore,
microinjection of antisense Mos oligonucleotides (O'Keefe et al., 1989) or double-stranded
Mos mRNA (Wianny and Zemnicka-Goetz, 2000) prevent the MII arrest, causing
spontaneous activation. These experiments demonstrate that Mos is a possible component of
CSF.

The finding that Mos is a MAPKKK implicated MAPK in CSF. This was confirmed
when injection of constitutively active MAPK in blastomeres causes cleavage arrest
(Haccard et al., 1993). Since MAPK is downstream of Mos, this result suggests that the
Mos-dependent CSF arrest is mediated by MAPK. In addition, co-injection of a MEK1
antibody and Mos recombinant protein in blastomeres of 2-cell embryos does not arrest the
injected cells in metaphase (Kosako et al., 1994). In the injected blastomeres MAPK is never
activated. Moreover, the MEKI1 inhibitor UO126 activates mouse eggs and produces
parthenogenetic embryos (Phillips et al., 2002). Thus, the effect of Mos in establishing CSF
arrest must operate through the activation of MEK1 that leads to the MAPK-mediated MII
arrest.

The next component of the Mos/MAPK pathway is thought to be p90Rsk (Ribosomal
protein S6 kinase). p90Rsk is activated by MAPK in Xenopus and mouse oocytes (Sturgill et

al., 1988;Erikson and Maller, 1989;Kalab et al., 1996). In oocytes from the Mos knockout
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mouse, where there is no MAPK activity, p90Rsk also remains inactive throughout oocyte
maturation (Verlhac et al., 1996). Although, there is no direct correlation of p90Rsk with
CSF in mammals, constitutively active Xenopus Rskl is able to cause cleavage arrest in
blastomeres of 2-cell embryos (Gross et al., 1999). Furthermore, recombinant Mos protein is
unable to rescue the CSF activity of Xenopus extracts immunodepleted of p90Rsk.
Recombinant Rsk1 or Rsk2 are able to re-establish CSF arrest in the immunodepleted egg
extracts (Bhatt and Ferrell, Jr., 1999). These experiments indicate that p90Rsk, acting
downstream of Mos/MAPK, is also necessary and sufficient for CSF arrest.

Thus far, the nature of the CSF activity appears to be downstream of only one
protein, Mos. Mos is the sole member of the pathway that gets destroyed after fertilisation
providing a mechanism to deactivate the MAPK pathway. Subsequently, the downstream
elements of the pathway, MEKIl, MAPK and p90Rsk, become inactive by
dephosphorylation. This makes Mos the initial mediator of the MAPK pathway and of CSF
arrest in MII eggs.

The level, however, of the Mos/MAPK pathway involvement in CSF arrest is species
specific. As discussed earlier, in the mouse, disruption of the pathway both during oocyte
maturation (Verlhac ez al., 1996;Wianny and Zernicka-Goetz, 2000) and after MII arrest is
obtained (Phillips et al., 2002), leads to the disappearance of CSF activity and
parthenogenetic activation of MII eggs. In Xenopus, on the contrary, although Mos ablation
in MI leads to an interphase state instead of MII arrest (Furuno et al., 1994), Mos/MAPK
inactivation in MII by the use of UO126 has no effect and the eggs remain arrested

(Reimann and Jackson, 2002;Tunquist et al, 2002). Thus, the Mos/MAPK pathway is

45



necessary only for establishing CSF in Xenopus, but both for establishing and maintaining

the activity in the mouse.

1.4.3 CSF arrest is mediated by inhibition of the APC/C

In MII eggs, although a complete spindle is formed with all the chromosomes attached to
microtubules and aligned at the metaphase plate, the eggs are arrested in metaphase by a
CSF-regulated mechanism. Release from the CSF arrest of MII eggs requires the activation
of the APC/C®%2° complex. The complex is not completely inactive since cyclin B is being
destroyed during the arrested state (Kubiak ez al., 1993;Nixon et al., 2002). However, total
activation of the APC/C occurs after fertilisation or parthenogenetic activation and leads to
the degradation of cyclin B (Kubiak et al., 1993;Nixon et al., 2002). Lorca and colleagues
showed that Xenopus Cdc20 is necessary for exit from CSF arrest. Addition of antibodies
against Cdc20 or immunodepletion of the protein from Xenopus CSF extracts prevented
sister chromatid separation and cyclin B polyubiquitination and degradation after egg
activation (Lorca et al., 1998;Peter et al., 2001). Lastly, overexpression of Cdc20 in CSF
extracts caused spontaneous activation in the absence of Ca®* increase (Reimann and
Jackson, 2002).

More evidence for the correlation of CSF with the APC/C comes from work on the
Mos/MAPK pathway, which is responsible for CSF arrest. After the incubation of oocytes
with the MEK1 inhibitor, UO126, the half-life of cyclin B is approximately 50% shorter than
in control oocytes. Experiments on the activation state of the APC component, Cdc27, have

also shown that MEK1 inhibition leads to APC activation (Gross et al., 2000). In addition,
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p90Rsk, which acts downstream of MAPK in the Mos/MAPK pathway, can also mediate the
inhibition of the APC/C in Xenopus (Gross ef al., 2000;Taieb et al., 2001).

APC/C inhibition during CSF arrest, despite the presence of an intact spindle, may
also involve spindle assembly checkpoint proteins like Bubl. Immunodepletion of Bubl
from Xenopus cycling extracts prevents recombinant Mos from establishing CSF arrest on
entry into the next M-phase. Arrest can be restored after wild-type Bubl addition to the
extracts (Tunquist et al., 2002). There is also evidence that Bubl may be a member of the
Mos/MAPK pathway, since purified p90Rsk is able to phosphorylate and activate Bubl in

vitro (Schwab et al., 2001).

1.4.4 Mos/MAPK-independent pathways involved in APC inhibition during CSF arrest
Recent evidence from Xenopus MII eggs imply that there may be other pathways besides the
Mos/ MAPK pathway that take part in the block of APC/C activation that leads to cyclin B
destruction and metaphase to anaphase transition. A pathway capable of contributing to CSF
arrest and of inhibiting full activation of the APC/C, independently of MAPK, is that
involving CDK2-cyclin E. A constitutively active form of CDK2-cyclin E is able to stabilise
the levels of cyclin B and cause metaphase arrest of cycling Xenopus extracts in the absence
of Mos protein (Tunquist et al., 2002).

Another pathway capable of affecting CSF arrest is that of Emil (Early mitotic
inhibitor 1) activation. This protein has been identified in Xenopus egg extracts and has been
shown to bind and inhibit Cdc20 (Reimann et al., 2001a). Since Cdc20 is the only known
activator of the APC/C complex during the CSF-mediated arrest of MII, Emil is potentially

able to regulate CSF arrest. Moreover, the addition of Emil in cycling extracts prevents exit
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from mitosis by stabilising cyclin B protein levels (Reimann et al., 2001b). Lastly,
immunodepletion of Emil from CSF extracts causes premature cyclin B degradation and exit
from meiosis in the absence of Ca*', although the MAPK pathway is fully active (Reimann
and Jackson, 2002). Although, there is no evidence that Emil contributes to the
establishment of CSF, these results indicate that Emil may act through a pathway
independent of the Mos/MAPK pathway in Meiosis II and is necessary for the maintenance

of CSF arrest.

1.5 Ca*" signalling

At fertilisation, sperm-egg fusion triggers a series of Ca®* oscillations inside the egg cytosol.
These oscillations induce CDK1-cyclin B and CSF inactivation leading to Pb2 extrusion and
pronucleus formation. In this section I will discuss the action of Ca®* as a second messenger,
the pattern of Ca?* oscillations at fertilisation, their origin and their involvement in the

resumption of meiosis and entry into the first embryonic interphase.

1.5.1 Ca2+ as a second messenger

Increases in cytosolic free calcium ion concentration ([Ca%']i) trigger a variety of processes
in eukaryotic cells, like fertilisation proliferation, development, learning and memory,
contraction and secretion (Berridge et al., 2000). In resting cells, [Ca*"]i is maintained at
around 100nM. On stimulation by an agonist [Ca?*]i is elevated to around 1pM. Unlike other
second messengers, calcium ions cannot be degraded or metabolised and cells employ a wide

range of calcium binding and transporting molecules to control [Ca?*]i. [Ca®']i can be
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modulated by accessing several different sources of Ca?*. In oocytes, the endoplasmic
reticulum (ER) is the major source of Ca?* for intracellular release (Eisen and Reynolds,
1985;Han and Nuccitelli, 1990). The importance of the role of the ER as a Ca’* store lies in
that under resting conditions, [Ca®']gg is in the range of a few hundred pM, some three to
four orders of magnitude greater than cytosolic [Ca**] (Miyawaki et al, 1997). After
appropriate stimulation, Ca?* channels in the ER membrane open, provoking the rapid
diffusion of Ca®" into the cytosol. The channels responsible for Ca?* release from the ER fall
into two families: inositol (1,4,5)-triphosphate receptors (IP3R) and ryanodine receptors
(RyR).

The role of RyR in mammalian eggs is unclear. The main mechanism for Ca**
release involves IP3;R channels. Typically, these channels are opened as a result of cell
stimulation by extracellular signals such as hormones and growth factors that activate
phospholipase C (PLC) enzymes. PLC hydrolyses the plasma membrane lipid phosphatidyl
inositol (4,5) biphosphate (PIP,) to produce the intracellular second messenger IP; and
diacylglycerol (DAG). The hydrophilic nature of IP; permits its diffusion to the ER and
association with IP;R (Berridge, 1993). The Ca?* released from the ER is then collected by
molecules called Ca?" sensors. One such molecule is the small Ca** binding protein
calmodulin (CaM). Binding of Ca®" causes CaM to undergo conformational changes such
that the Ca**-CaM complex binds and activates a variety of downstream effectors, such as
protein kinases (Hoeflich and Ikura, 2002). One of the best characterised downstream targets
of CaM is calmodulin-dependent kinase II (CaMKII), which in turn phosphorylates and

activates downstream proteins with broad substrate specificity (Hudmon and Schulman,
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2002). CaMKII is thought to be one of the principal effectors of Ca?* changes in oocytes

(Lorca et al., 1993;Winston and Maro, 1995).

1.5.2 Spatiotemporal organisation of Ca2+ signals

Since sustained elevations of [Ca®*]i are cytotoxic, many cell types respond to stimulation by
producing repetitive Ca®" transients, or Ca?* oscillations. Two main models have been
proposed to explain the generation of Ca®* oscillations. The first is that constant IPs levels
cause Ca?* oscillations by a process of feedback inhibition by Ca?* upon the Ca’*-binding
site of the IP;R (Hajnoczky and Thomas, 1997). The second model proposes that a negative
feedback loop may arise whereby each Ca?* transient suppresses the rate of PIP; hydrolysis,
causing the level of IP; to oscillate (Berridge and Irvine, 1989;Harootunian et al., 1991).

In addition to being temporally organised in the form of oscillations, Ca®" transients

can also have spatial organisation within a cell. This was first illustrated in the medaka fish
by using a Ca®'-sensitive luminescent protein, aequorin, to monitor the sperm-induced Ca?*
transient. Fertilisation of the medaka fish stimulates a wave of Ca** release that originates at
the point of sperm entry and traverses the egg (Gilkey et al., 1978). Confocal microscopy
and fluorescent Ca®* indicators have shown that Ca®" release in the form of waves is a
frequent process both in oocytes and somatic cells (Berridge et al., 2000;Jaffe, 2002). CaZ*
waves are dependent on the sensitivity of Ca?* release channels to Ca?" itself. Ca?* released
from one receptor has the potential to activate neighbouring channels by a process of Ca*-

induced Ca®" release, triggering a wave capable of spreading throughout the cell (Berridge,

1997).
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1.5.3 Ca** signalling at fertilisation

The first evidence of Ca®" involvement in fertilisation came in the 70s. It was reported that
microinjection of Ca?* was able to cause egg activation (Steinhardt et al., 1974;Fulton and
Whittingham, 1978). The first proof, however, of Ca®* oscillations was given in mouse eggs
a few years later (Cuthbertson and Cobbold, 1985). Since then, it has become clear that the
generation of repetitive Ca’" transients at fertilisation is the necessary trigger for the
resumption of meiosis (Kline and Kline, 1992;Swann and Ozil, 1994).

In the mouse, the sperm induced Ca®* oscillations persist for about four hours after
fertilisation, until around the time of pronucleus formation (Jones et al., 1995;Deguchi et al.,
2000;Day et al., 2000). The rising phase of the first Ca®* transient consists of two steps.
Initially, a Ca?" wave originating at the site of sperm-egg fusion propagates across the
cytoplasm within 4-5 seconds. Following a brief pause, maximal [Ca*]i is achieved by a
spatially homogeneous increase in [CaZ']i throughout the cytoplasm (Deguchi et al., 2000).
The first Ca®* transient is prolonged, lasting 3-5 minutes, with several small spikes detectable
on top of the plateau. Subsequent transients are shorter in duration and of lesser amplitude
than the initial one. The frequency and amplitude of the oscillations remain relatively
constant with the transients becoming infrequent and shorter only prior to pronucleus
formation.

The importance of fertilisation induced Ca?* transients is illustrated by the fact that

treatments that stimulate Ca®* changes in eggs are capable of triggering cortical granule
exocytosis and meiotic resumption (Steinhardt et al., 1974;Fulton and Whittingham,

1978;Kline and Kline, 1992). Conversely, egg activation is inhibited by treatments that block
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Ca?" oscillations. Incubation of MII eggs with the membrane permeable Ca?* chelator
BAPTA-AM, prior to egg activation, prevents both cortical granule exocytosis and
resumption of meiosis (Kline and Kline, 1992;Xu et al., 1996). The amplitude and frequency
of the oscillations are also very important for the degree of cell cycle progression and the rate
of developmental competence (Bos-Mikich et al., 1997;0zil and Huneau, 2001;Ducibella et
al., 2002). In experiments where mouse MII eggs were subjected to electric field pulses for
the generation of Ca”* transients, lowering the amplitude and number of the oscillations led
to the inhibition of Pn formation (Vitullo and Ozil, 1992;Lawrence et al., 1998;Ducibella et

al., 2002). Thus, Ca?* oscillations are both necessary and sufficient for egg activation.

1.5.4 Sperm-egg fusion triggers Ca’" oscillations

There is strong controversy about the means by which the sperm triggers Ca®* release in the
egg at fertilisation. There are two main theories. The first, the ‘receptor theory’, is that the
sperm interacts with a receptor on the plasma membrane of the egg, thus acting as an
extracellular ligand, triggering hydrolysis of PIP, by PLC, IP; production and subsequent
Ca?* release (Schultz and Kopf, 1995). The second hypothesis is that after sperm-egg fusion,
the sperm introduces a soluble factor inside the egg. This factor will then stimulate Ca?*
release. In mammalian eggs, there is more solid evidence supporting the second theory.
Firstly, microinjection of homogenised sperm extracts triggers Ca* oscillations and egg
activation (Swann, 1990). In addition, Ca** oscillations are stimulated by introduction of the
sperm inside the egg (intra-cytoplasmic sperm injection, ICSI) or microinjection of

spermatogenic mRNA (Sato et al., 1999;Parrington et al., 2000).
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A number of molecules were initially identified as the ‘sperm factor’, the protein
with Ca?* releasing activities, which is introduced in the egg at fertilisation (Parrington et al.,
1996;Sette et al., 1997). The most intriguing finding, so far however, is the identification of a
novel sperm-specific phospholipase C isoform, termed PLC{ (Cox et al., 2002;Saunders et
al., 2002). PLC{ microinjection in mouse eggs stimulates Ca®* oscillations remarkably
similar to those generated at fertilisation even in levels approximately equivalent to one
sperm. Furthermore, immunodepletion of PLC{ from sperm extracts inhibits Ca®" release
when the extracts are injected in eggs (Saunders et al., 2002) making PLC{ the primary

candidate to be the sperm factor.

1.5.5 Ca®" oscillations cause inactivation of CSF and CDK1-cyclin B
As discussed above, the metaphase II arrest is maintained by high CDK1-cyclin B levels,
while the block of cyclin destruction is regulated by MAPK. Resumption of meiosis is
associated with cyclin destruction and thus inactivation of CDK1-cyclin B (Kubiak et al.,
1993). There is evidence to link sperm-induced Ca®* release to cyclin B kinetics at
fertilisation. In ascidian eggs the two series of Ca" oscillations at fertilisation are associated
with high CDKl1-cyclin B activity levels (McDougall and Levasseur, 1998). The sperm-
triggered Ca* oscillations seem to be regulated by CDK1-cyclin B since microinjection of
undestructible cyclin B in ascidian oocytes sustains the oscillations for much longer than
normal (Levasseur and McDougall, 2000). This regulation of Ca** oscillations by CDK1-
cyclin B is further suggested by experiments presented in this thesis.

Furthermore, Ca®* oscillations at fertilisation are responsible for resumption of

meiosis, cyclin B degradation and subsequent CDK 1-cyclin B inactivation. Ca?" is sufficient
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to cause cyclin B destruction and, consequently, metaphase exit, since even single transients
are able to initiate cyclin degradation (Lorca et al., 1991;Winston et al., 1995;Collas et al.,
1995). Resumption of meiosis following egg activation, however, is not possible in the
absence of an intact spindle (Winston ez al., 1995). This can be explained by the fact that
treatment of MII mouse eggs with nocodazole blocks cyclin destruction (Kubiak et al.,
1993), presumably by invoking a spindle assembly checkpoint. Further evidence of Ca®*
involvement in cyclin B destruction is provided by recent results suggesting that individual
transients trigger incremental bursts of cyclin B destruction (Nixon et al., 2002). In addition,
the activity of the 26S proteosome responsible for ubiquitinated cyclin B proteolysis has
been shown to be sensitive to Ca®* (Kawahara and Yokosawa, 1994;Aizawa et al., 1996).
Regulation of cyclin B degradation may be mediated by CaMKII. When a
constitutively active CaMKII is added to Xenopus CSF extracts, cyclin B is degraded and
CDKl-cyclin B is inactivated even in the absence of any Ca®* release. Furthermore,
inhibitors against the CaMKII inhibit cyclin destruction and meiosis resumption in the
presence of Ca®" (Lorca et al., 1993). In the mouse, Ca?* release causes CaMKII activation
(Winston and Maro, 1995), while calmodulin inhibitors block egg activation (Xu et al.,
1996). Monotonic Ca®" rises only cause transient increases in CaMKII (Winston and Maro,
1995). This might explain why single Ca?* transients are not sufficient for permanent cyclin
B destruction (Collas et al., 1995). Thus, a series of oscillations may be necessary for
continuous CaMKII-dependent activation of the APC/C. This leads to the overriding of CSF

arrest in order to drive cyclin B destruction and CDK1-cyclin B inactivation.
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1.6 Synopsis

The experiments that follow address the mechanisms controlling the resumption of the
meiotic cell cycle and progression through MI and MII. Finally, we address the question of
whether Ca®* oscillations that stimulate meiotic resumption of Mll-arrested eggs are

regulated by the meiotic cell cycle kinases.
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