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Abstract

Cellular division is a vital process that must be tightly regulated to ensure the
faithful replication and segregation of the genetic material of a cell. Previous experiments
have shown that the Drosophila gene pebble plays an essential role in this process, and is
thought to be required for the activation of the Rho G protein and the stimulation of
cytokinesis. However, in addition to the DH/PH domains deemed responsible for this
activation of Rho, Pebble (PBL) also contains two highly conserved nuclear BRCT
domains, and a third conserved region, named the RadECI region. BRCT domains have
previously been implicated in the response to and repair of DNA damage. The presence
of such domains within a Rho GEF protein is both unique and intriguing in that it could
enable PBL to play a dual role in both cytokinesis and DNA repair. This would not only
be a novel mechanism, but it could also provide a link between the sensing of DNA
damage and cell cycle control. A potential nuclear role for PBL was therefore examined
in this thesis.

Through the use of a variety of biochemical and genetic techniques, the
importance of the nuclear localisation of PBL was examined, as well as the function of its
RadECI and BRCT domains. While nuclear localisation was found to be non-essential for
the role of PBL in cytokinesis, sequestering the protein to the nucleus at the appropriate
time was found to be highly important for the maintenance of normal cellular processes.
In a completely novel and exciting finding, the RadECI/BRCT domains were found to be
required in the cytoplasm for cytokinesis, extending the range of function attributed to
these domains. PBL was also shown to shuttle between the nucleus and the cytoplasm,
providing an explanation for the observed ability of nuclear PBL to influence cytoplasmic
structure.

In addition to its role in cytokinesis, the phenotypes observed when PBL and its
mutant forms were expressed in non-cytokinetic tissues suggested a novel cytoplasmic
and/or nuclear role for PBL in interphase. In line with the documented function for BRCT
domains, preliminary evidence also suggested a role for PBL in the response to DNA
damage.

The results of this study have therefore provided numerous novel findings
concerning the function of PBL, indicating that it is a multifunctional protein that utilises

multiple domains for its diverse cellular roles.
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Chapter 1: Introduction

1:1 Introduction

Cellular division is a vital process that must be tightly regulated to ensure the faithful
replication and segregation of the genetic material of a cell. During the development of a
multicellular organism this process must not only be tightly regulated, but it must also be
strictly coordinated with the process of development itself. In addition to this, cells are
constantly under the threat of genetic mutation through continuous errors in DNA replication
and the damaging effect of an unstable environment. A large number of spontaneous errors
occur every day in a typical human cell. Thus it is obvious that accurate and thorough
mechanisms must have evolved to cope with this high level of damage and maintain genomic
integrity. Despite these mechanisms, failures in this process are evident from the numerous
types of cancers that plague our existence. The massive detrimental impact of these diseases
on our society is one of the many reasons why cell proliferation and DNA repair are of such
high social and experimental interest. However, despite this interest and the many decades of
research devoted to the understanding of these processes, there is still much to learn. The
classical model organism Drosophila melanogaster provides an ideal system in which to
study this vital regulation of proliferation, as it is a genetically manipulable metazoan whose
cellular basis of development has been extremely well characterised. The high conservation
of genes and their function across the broadest range of eukaryotic species makes Drosophila

an invaluable research tool in the understanding of these complex cellular processes.



1:2 The eukaryotic cell cycle

The eukaryotic cell cycle can be divided into four distinct phases;
1) S phase, during which the genome is replicated.
2) M phase, consisting of mitosis, the process during which the duplicated genome is divided
into two daughter nuclei before the cell itself divides during cytokinesis.
3) G1 phase, the period of time between cell division and the start of DNA synthesis and
4) G2 phase, the period between the completion of DNA synthesis and the next M phase.
Coordination of genome replication during S phase with its segregation during M phase is of
vital importance to the correct development of a eukaryotic organism. If this process is not
correctly controlled, cell death or cancer can result. Studies of mammalian cultured cells
suggest that the two main control points of the cell cycle, G1 and G2, play different roles in
the regulation of the cell cycle. During G1, cells respond to growth factors and other
environmental signals, and a decision is made by the cell to continue through another cell
cycle or to cease proliferating. During G2, cells monitor the fidelity of replication of the
genome before the decision is made to commit to division. Throughout development, the
emphasis on these control points is thought to differ at different developmental stages and in
different tissue types (reviewed by Saint and Wigley, 1992; Edgar, 1995).

Studies in a multitude of different organisms have indicated the importance of two
key families of proteins in the regulation of the cell cycle. The cyclin dependent kinase
(CDK) family of serine/threonine protein kinases exert their effect by phosphorylating
selected proteins involved in cell cycle processes. Their activity depends on association with
a second family of proteins, termed cyclins because of the cyclic oscillations in the level of
these proteins observed throughout the cell cycle. The cyclic assembly, activation, and
disassembly of cyclin/CDK complexes is thought to act as the engine that drives the cell
cycle (reviewed by O'Farrell, 1992).



1:3 The process of cytokinesis

Cytokinesis itself, the division of the cell into two daughter cells, is a process about
which surprisingly little is known. Despite the fact that many of the structural components
involved have been identified on the basis of their mutant phenotypes or cellular localisation,
the actual mechanics and regulation of this fundamental process remains relatively poorly
understood. The process of cytokinesis varies widely in eukaryotes, from budding in yeast, to
septation in plants, and to contractile ring-driven cytokinesis in animal cells. Although a great
deal is known about the components of yeast budding and plant septation, this discussion will
focus on the factors identified in animal cell cytokinesis.

Cytokinesis in animal cells can be divided into a series of steps (Figure 1.1). The first
step is cleavage plane specification, i.e. specifying the plane along which the cell will divide
(Figure 1.1a). This is thought to involve the transmission of a signal, derived from the
mitotic spindle and targeted to the cellular cortex, which directs the accumulation and
alignment of proteins involved in the next step in cytokinesis, the formation of the contractile
ring (Figure 1.1b) (reviewed by Glotzer, 1997b).

The contractile ring is proposed to consist of filamentous actin, arranged in a
circumferential ring around the equator of a dividing cell, and non-muscle myosin II, which
is arranged into minifilaments that interdigitate the actin filaments. ATP hydrolysis by
myosin leads to constriction of the actin bundles via a slide filament mechanism, similar to
that which drives muscle contraction. Thus constriction of the ring applies tension to the
attached plasma membrane, generating the cleavage furrow which divides the cell in two
(Figure 1.1¢).

The ingression of this cleavage furrow continues until the cell membrane has been
pulled in towards the microtubule bundles forming the central spindle region. The
intercellular bridge structure generated after the furrow ingresses completely, which links the
two daughter cells, is known as the midbody (Figure 1.1d). It is a transient structure
consisting of an aggregate of overlapping microtubules from the spindle.

This final remaining link between the cells is resolved when the cells separate
(Figure 1.1e). Very little is known about this process, apart from the assumption that it must
involve the insertion of new membrane between the two now separate daughter cells

(reviewed by Glotzer, 1997a; Glotzer, 1997b).



Figure 1.1 Cytokinesis in animal cells.

A schematic diagram of the steps involved in cytokinesis in animal cells. Nuclear material
and the outline of the cell are shown in black, microtubules are shown in blue, the contractile
ring is shown in red, the central spindle region is shown in green, and the signal that specifies
the position of the cleavage plane is represented by yellow triangles.

A. Cleavage plane specification. This is thought to involve the transmission of a signal
from
the mitotic spindle to the cell cortex.

B. Contractile ring formation. The contractile ring consists of filamentous actin and
myosin
arranged in a circumferential ring around the equator of the dividing cell.

C. Furrow ingression. The constriction of the acto-myosin contractile ring leads to the
formation of the cleavage furrow that divides the cell in two.

D. Midbody formation. After furrow ingression, the two daughter cells are joined by a
small bridge termed the midbody. It is a transient structure consisting of an aggregate of
overlapping microtubules from the spindle.

E. Cell separation. Resolution of the midbody structure and insertion of new membrane

results in the formation of two separate daughter cells.






1:4 The initiation of cvtokinesis: when?

Cytokinesis begins shortly after the onset of anaphase, the stage in mitosis in which
the duplicated sister chromatids move apart to the opposite poles of the cell. The tight
temporal correlation between the processes of mitosis and cytokinesis is of upmost
importance to ensure that the cell does not divide until its genetic material has been
completely segregated. The exit from mitosis itself is triggered by the degradation of the
mitotic B type cyclins and by decreased levels of their associated CDK activity (reviewed by
Zachariae, 1999). However, it has also been shown that these mitotic proteins can control the
onset of cytokinesis. Inactivation of CDK1 has been shown to be required for cytokinesis to
proceed in cultured rat cells (Wheatley et al., 1997). Similarly, the expression of stable forms
of cyclin B (CYC-B) in a variety of cell types has shown that the degradation of B-type
cyclins is essential not only for late mitotic stages, but also for cytokinesis to proceed
(Murray et al., 1989; Sigrist et al., 1995; Yamano et al., 1996; Parry and O'Farrell, 2001). In
support of this, cycB mutant Drosophila embryos form premature cytokinetic furrows
(Knoblich and Lehner, 1993). Thus it appears that mitotic cyclin and CDK activity must be
removed for both the exit from mitosis and the initiation of cytokinesis, allowing these

processes to be precisely coordinated.

1:5 The initiation of cytokinesis: where?

How does a cell decide where it is going to initiate the process of cleavage furrow
specification and divide itself in two? How does it ensure that this process is initiated so that
each daughter receives its appropriate share of nuclear and cellular material? Mitosis is a
process that is driven by reorganisation of microtubule filaments. These filaments are one of
the three major protein components that make up the cytoskeleton. During the mitotic
process, microtubules are reorganised and proteins are recruited to form the structure known
as the mitotic spindle. This mechanical structure divides the duplicated genome in two by
applying opposing forces to the sister chromatids aligned on the metaphase plate.

Microtubule organising centres (MTOCs) or centrosomes play important roles in the



assembly of the spindle, the alignment of sister chromatids at the metaphase plate, and the

movement of the sister chromatids to opposite poles during mitosis.

1:5.1 Cleavage plane specification: the importance of the mitotic spindle

The results of numerous studies have indicated the importance of the mitotic spindle
structure to the initiation of cytokinesis. This is not at all surprising given that such
connection would enable the processes of mitosis and cytokinesis to be precisely coordinated,
ensuring both the correct timing and positioning of the cleavage furrow between the two
daughter nuclei after successful mitotic separation. However, there remains some controversy
as to which part of the mitotic spindle is responsible for this stimulus. The initial experiments
performed on sea urchin embryos originally suggested that the microtubules emanating from
the asters of the mitotic spindle specify the position of the cleavage furrow (Rappaport,
1961). In this system, the positioning of two polar asters from different spindles within the
same cell was sufficient to induce furrowing. It was therefore proposed that a signal,
originating at the asters, would travel along the astral microtubules to the cell cortex where it
would stimulate constriction of the cleavage furrow (Devore et al., 1989). However, more
recent experiments using cultured cells have suggested that it is the central spindle that
determines the position of the cleavage furrow (Cao and Wang, 1996; Wheatley and Wang,
1996; Eckley et al., 1997; Wheatley ef al., 1998). The central spindle is made up of cross-
linked bundles of antiparallel non-kinetochore spindle microtubules. In one study, tubulin
was fluorescently labelled to monitor the organisation of these microtubules. An ectopic
furrow was observed to form only when microtubule bundles formed between the asters,
suggesting that the asters themselves were insufficient to induce furrow formation (Wheatley
and Wang, 1996). The differences between the sea urchin and the mammalian tissue culture
system possibly reflect inherent differences in the structures of these cells. However, it is also
possible that in the original sea urchin experiments, a central spindle structure was able to
form between the two asters, and it was this structure that acted as the source of the signal.

More recent studies using Drosophila have lent further support to the theory that it is
the central spindle that provides the source of the signal. In asterless mutants, both
spermatocytes and neuroblasts form a normal central spindle that has the ability to initiate
cytokinesis (Bonaccorsi ef al., 1998; Giansanti et al., 2001). In addition to this, Drosophila
female meiosis is normally anastral (Theurkauf and Hawley, 1992). During male meiosis, a

strong correlation between the presence of a central spindle and the formation of a contractile

6



ring has also been demonstrated in a variety of different mutant backgrounds (Giansanti ef
al., 1998). Thus it seems that a wealth of data in both Drosophila and mammalian cells points

to the central spindle as the source of the signal that initiates cytokinesis.

1:6 Formation and function of the contractile ring

Once sister chromatid segregation has been initiated, the structure known as the
contractile ring forms between the segregating chromosomes. This consists of filamentous
actin arranged in a circumferential ring around the equator of the dividing cell. Non muscle
myosin II is arranged into minifilaments which interdigitate these actin filaments. ATP
hydrolysis by myosin leads to constriction of the actin bundles via a mechanism, similar to
that which drives muscle contraction. This constriction of the ring applies tension to the
attached plasma membrane, generating the cleavage furrow that divides the cell in two. In
addition to the actin filaments that run parallel to the cell cortex, several analyses have
indicated that in the equatorial regions of the contractile ring, many actin filaments also run
perpendicular to the length of the mitotic spindle (Opas and SoCtyNska, 1978; Fishkind and
Wang, 1993). Thus the organisation of actin within the contractile ring is quite complex
(Glotzer, 1997a). It is also known that actin is recruited to this region from a cytoplasmic
pool (Cao and Wang, 1990). Thus the formation and function of the contractile ring requires
significant changes in the actin cytoskeleton.

A host of other proteins also localise to the cleavage furrow and are involved in the

formation and activity of the contractile ring. A few of these are described briefly below.

1:6.1 The role of actin binding proteins

Profilin (encoded by chickadee in Drosophila) and cofilin (twinstar in Drosophila)
are actin binding proteins required for cytokinesis, which are thought play a role in the
regulation of actin assembly. While Profilin binds actin monomers and is involved in
filament formation (Verheyen and Cooley, 1994; Giansanti ef al., 1998), cofilin promotes the
disassembly of actin filaments (Gunsalus et al., 1995; Bamburg, 1999). Thus both the
assembly and disassembly of actin filaments are required for the function of the contractile

ring.



Another actin binding protein, anillin, colocalises with myosin II in the cleavage
furrow and has been shown to bundle actin filaments in vitro. As such, it may play a role in
stabilising the contractile ring by bundling cortical actin (Field and Alberts, 1995).

Thus it appears that the opposing effects of Profilin and cofilin, together with the

=ss==——=—actin-bundling-activity-of-anillin;-are-required- for the cytoskeletal Treorganisation events

necessary for the formation and function of the contractile ring.

1:6.2 The role of septins

The septins are a conserved family of proteins that are required for cytokinesis in a
wide range of organisms. They contain a characteristic GTP binding domain near the N-
terminus, and a coiled-coil domain near the C-terminus (reviewed in Longtine ez al., 1996).
They colocalise with actin and myosin to the cleavage furrow and in Drosophila are capable
of forming filaments in vitro (Neufeld and Rubin, 1994; Field et al., 1996). They are also
capable of forming complexes and are thought to function as a scaffold on which other
proteins assemble (Longtine ef al., 1998). In Drosophila 5 septins have been identified,
PEANUT (PNUT), and SEP1, SEP2, SEP4 and SEP5 (Adam et al., 2000). A 340 kD
complex of PNUT, SEP1 and SEP2 has been shown to be responsible for the filament-
forming activity (Field ef al., 1996). In vertebrate cells, septins have been shown to associate
with actin-containing structures, including the contractile ring (Kinoshita et al., 1997). In
addition to their ability to bind actin, they are also capable of binding microtubules in
Xenopus. This dual ability may be part of a link between the cell cortex and the central

spindle that promotes furrow ingression (Glotzer, 1997b).

1:6.3 The role of Formin Homology proteins

Formin Homology (FH) proteins are known to be required for cytokinesis in a variety
of species and to localise to contractile ring structures (Chang ef al., 1997; Harris et al., 1997;
Imamura et al., 1997). In Drosophila, the FH protein Diaphanous localises to the contractile
ring and is required for cytokinesis in the male germline and embryonic divisions (Castrillon
and Wasserman, 1994; Afshar et al., 2000). Mutations in the nematode FH gene cyk-1 also
lead to cytokinetic defects (Swan ef al., 1998).

Formin Homology proteins contain a number of characteristic FH domains that are
responsible for their function in the reorganisation of the actin cytoskeleton. The FH1 domain

is a polyproline rich region that has been demonstrated in both budding and fission yeast to
8



bind the actin polymerising protein Profilin (Chang et al., 1997; Imamura ef al., 1997),
suggesting that FH proteins are upstream regulators of actin reorganisation. In addition to this
actin regulatory ability, FH proteins are also capable of binding Rho GTPases through an
amino terminal domain (Evangelista et al., 1997; Imamura et al., 1997, Watanabe et al.,
1997). Among many cellular roles, Rho GTPases regulate the reorganisation of the actin
cytoskeleton during cytokinesis. Thus FH proteins may form a crucial link between these

GTPases and actin.

1:7 The importance of the central spindle and midbody

During cytokinesis, the ingression of the cleavage furrow continues until the cell
membrane has been pulled in towards the microtubules forming the central spindle region
(shown in green in Figl.1b and ¢). Once the furrow ingresses completely, an intercellular
bridge structure linking the two daughter cells remains. This structure is referred to as the
midbody and consists of an aggregate of overlapping microtubules from the spindle (shown
in Fig 1.1d). The function of the midbody is not yet entirely understood, but a variety of
proteins that localise to both the central spindle region and the midbody have been shown to

be required for cytokinesis. These are briefly discussed below.

1:7.1 The role of chromosomal passenger proteins

Chromosomal passenger proteins are proteins with a dynamic pattern of localisation.
They are observed to initially concentrate at the centromeric regions of chromosomes before
relocating to the microtubules of the central spindle and the region of the cell cortex where
the cytokinetic furrow will form. Their localisation to the future furrow site occurs before any
other evidence of furrowing, suggesting that these proteins may be involved in the earliest
stages of furrow formation (Earnshaw and Cooke, 1991; Eckley et al., 1997). However, the
observation that cytokinesis can occur in the absence of chromosomes in grasshopper
spermatocytes, suggests that, at least in these cells, passenger proteins are either not essential

for cytokinesis or can be delivered to the central spindle via a separate mechanism (Zhang
