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Abstract

Aurora A is an important mitotic regulator that Haeen found to be up-regulated in a variety of
tumours provoking a great deal of attention anddéeelopment of a number of small molecule
Aurora kinase inhibitors. Most of these inhibiteh®ugh have predominantly targeted Aurora B,
meaning that our understanding of the role of ihade activity of Aurora A is comparatively less
well developed.

MLN8054 however, is a small molecule inhibitor thets been reported vitro to have a high
degree of specificity towards Aurora A activity.tms thesis, | shown vivo that MLN8054 can be
used to specifically inhibit Aurora A activity, amploit this quality to probe the role of Aurora A
activity in human cells. | was consequently ablshiow that Aurora A activity not only has a clear
role in spindle formation, where it is required tbe determination of K-fibre length and in the
degree of centrosome separation, but also in thdaton of microtubule organisation. Despite the
spindle deformities seen after inhibiting Auroraagtivity, the majority of HeLa and DLD-1 cells
were still able to form bipolar spindles capable atfaching to kinetochores. These spindle
structures did not however, assert normal levelfofe through the kinetochores, and cells were
consequently unable to efficiently align their almasomes, causing significant delays to mitotic
progression. Cells were still able to divide in thiessence of Aurora A activity, although the
detection of segregation defects and aneuploidgmpgndicates a role for Aurora A activity in the
faithful segregation of the genetic material. Imtpatly however, Aurora A activity was not found
to have a prominent role in the spindle assembégckoint.

Increasing the potency of Aurora A inhibition bying a drug-resistant cell line confirmed the
observations made in HeLa and DLD-1 cells, emphagithat although Aurora A activity is
required for spindle assembly, cells can still st the spindle checkpoint and divide in its
absence. | therefore propose that Aurora A actigityequired for the formation of normal spindle
structures capable of efficiently aligning and dyedlividing chromosomes during cell division.
These roles were attributed in part to the kinadivity of Aurora A in the regulation of TACC3
and chTOG localisation on the spindle and centresom

Interestingly however, Aurora A activity did notgar to be required for spindle assembly in non-
transformed cells, which were able to more effittieralign their chromosomes and divide
following Aurora A inhibition than the cancer cdithes. Furthermore, the non-transformed cells
accumulated with 2N DNA after longer-term Aurorairfhibition, as opposed to the cancer cell
lines, which exhibited profound aneuploidy follogithe equivalent treatment. This finding is
encouraging, as consistent with recently publistembrts, it indicates that Aurora A inhibition
may be successfully used in order to specificaiget cancer cells.
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1 Introduction

11 Historical developmentsin the understanding of cell division

111 Thebirth of Cell Theory

The notion that living organisms are made up oividdial units or ‘cells’ which are formed by the
division of a mother cell, was both conceptually aachnically difficult to develop. The ancient
Greeks were the first to theorise that living tisivgere made out of more simple components, with
Aristotle hypothesising that life was the resuledtital force’ which served to activate basictsni
Advances to this theory were however speculativetil the development of microscopic
techniques, which enabled the detailed observatianganisms. These techniques, together with a
succession of meticulous studies by prolific sdfenthinkers, would come to completely change

our understanding of the living world.

After the development of early microscopes in e I18' century, a number of scientists were
able to examine the intricate construction of vasitissues, however it was not until the first half
of the 19" century that the Cell Theory was developed. Tiipdrtant theory was the product of
two scientists called Schlieden (Schlieden, 1838) Shwann (Shwann, 1839), who described all
living things as being made out of individual urdtdled cells. This theory was further developed
by the observation that cells were not forndedhovo, but instead were created by the formation of
a partition in the parental cell, resulting in thduction of two daughter cells (Amos, 2000, von
Mohl, 1835). The observation in the 1840s and e&8§0s that nuclear division preceded cell
division brought the understanding of cell reprddwuc still further, however the step to
understanding the relevance of chromosomes was of@léenging. When analysing salamander
cells, Flemming observed the strand-like entititslwomosomes and witnessed their longitudinal
splitting at anaphase (Flemming, 1882) (Figure .1This process was consequently named
‘mitosis’, from the Greek word for thread. Flemmiggvestigations also indicated the presence of
a network of fibres, which would later be descrilzsithe ‘spindle’ (Flemming, 1882). These
revolutionary steps in the understanding of celisibn prompted a torrent of investigations which

shed further light on the intricacies of the praces



Figure 1.1 Early illustrations of the spindle and chromosomes from Flemming's book
Zellsubstanz, Kern und Zelltheilung, published in 1882 (image taken from (Paweletz,
2001)).

17
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112 The importance of nuclear material

Many leading thinkers in the field considered thgclaar factors of a cell to be of eminent
importance in determining the character of the, dedwever experimental challenges made this
theory difficult to prove. In 1889 however, Bovaticceeded in fertilising an enucleate sea urchin
egg with the sperm of another species to producksinguishably different embryo (Boveri,
1889). This appeared to be clear evidence of treeau rather than cytoplasmic control over
cellular development. Further advances in the atea revealed that each chromosome played a
distinct role in cell development, and that a castelchromosome set was required for normal

development.

113 The characterisation of the spindle

The improvement of experimental techniques suclivascell imaging and advanced microscopy
between 1920 and 1950 enabled better observatidnuaderstanding of mitosis. It became
possible to determine the shape of the mitotic dipirand the resulting force exerted on
chromosomes (Wilson, 1928, Bajer and Mole-Baje,51Ris, 1949, Ostergren, 1951). In the late
1940s, Ostergren theorised that the movement afnabsomes toward the metaphase plate was
achieved by the balancing of spindle forces whictamated from each pole. Consistent with this
theory, in the 1950s a collection of data revedhed the spindle was made from protein filaments
which ran parallel to the path of the chromosoraesl, that it may be spindle polymerisation that

drove chromosome dynamics (Inoue and Sato, 1967).

The development of electron microscopy enabledbservation of the spindle and its connection
to kinetochores in even finer detail (Bajer and &Bhjer, 1975, Brinkley and Stubblefield, 1966,
McDonald et al., 1992, Ding et al., 1993, Wineyakt 1995). Furthermore, the functioning of the
spindles was revealed by a number of ingeniousrempats such as spindle marking techniques
that enabled the observation of microtubule dynaraid the intricate use of a micro-needle which
demonstrated the pulling forces produced by thadipi(Mitchison et al., 1986, Gorbsky et al.,
1988, Maddox et al., 2000, Mallavarapu et al., 199&klas, 1983). Finally, the discovery of
motor proteins allowed the development of a momapmlete understanding of spindle construction
and instigated the search for further spindle dasext proteins (Sharp et al., 2000b, Walczak et al.
1998).

The culmination of all this evidence has enablesl development of the current model of cell
division, and in this introduction | will discuske current knowledge regarding the regulation of

this complicated process. As my investigation djgdly concerns the Aurora kinase family, | will
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then explore the current understanding of theseéem® and their role in the control of cell

division.

The current understanding of cell division

Recent advances in experimental techniques havlédima a greatly improved understanding of

cell division, revealing the existence of varioteps (Figure 1.2).

Phasesin cell division

In a normal life cycle of a cell, division of theeltular material occurs in ‘M phase’ which
compromises of mitosis and cytokinesis. The faltbimpletion of these two steps allows the even
segregation of the duplicated genome, thereforesepving the hereditary information and
necessary cytoplasmic content of dividing cellsr Hus essential process to occur, a tightly
regulated sequence of mitotic stages must be coetbleonsisting of: prophase, prometaphase,
metaphase, anaphase and telophase. On successfuktion of these mitotic steps, cytokinesis

allows the cleavage of the mother cell to form tyemetically identical daughter cells.

The progression through the cell cycle is highlyulated to ensure that mitosis is not initiatedlunt
after cellular replication has been completed amgdamaged DNA is repaired. The control over
the cyclical flow through the cell cycle was foutedbe dependent on the appropriate activation or
inactivation of a series of Cdk serine/threonineake family members, which are controlled both
by associations with partner cyclin proteins, agdabcomplicated system of phosphorylation and

dephosphorylation reactions.

The control of mitotic entry: Theregulation of Cyclin B1-Cdk1

Early experiments into the regulation of the cejicle revealed the cyclic activation and
inactivation of Cyclin B1 was required to drive gwegression from interphase to mitosis and back
again (Murray and Kirschner, 1989). Later it waswgh that Cyclin B1 was actually the activating
subunit for Cyclin dependent kinase 1 (Cdkl), whigs required for the entry into mitosis (for

review see [Nurse, 1990]).

In S phase, the transcription of Cyclin Bl is erdeghby the activation of transcription factors,
which coincides with an increase in its export frim nucleus (Yang et al., 1998, Ziebold and
Klempnauer, 1997, Saville and Watson, 1998, Cha,2004, Major et al., 2004, Laoukili et al.,
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Prometaphase

Prophase
/—"
@ \Metaphase

Spindle /\\ Anaphase

checkpoint

Interphase

Cytokinesis N

Telophase

Figure 1.2 The stages of mitosis

The division of animal cells can be divided into a series of stages:

Prophase - chromatin condenses to form defined chromosomes, the nuclear envelope
breaks down and centrosomes migrate to opposite ends of the cell; Prometaphase -
kinetochores become attached to dynamic spindle microtubules, causing the formation of
stable kinetochore-fibres, allowing chromosomes to congress towards the equatorial plane
of the cell; Metaphase - Biorientation of the chromosomes is achieved, allowing the
satisfaction of the spindle checkpoint; Anaphase - The satisfaction of the spindle
checkpoint and the resulting loss of sister chromatid cohesion allows the sisters to be
pulled towards the opposite poles of the cell; Telophase - Arrival of the sister chromatids at
the cell poles promotes their decondensation and a nuclear envelope is formed around
them; Cytokinesis - the formation of an actomyosin-based contractile ring brings about the
division of cellular material (for review see [Nigg, 2001b]).
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2008, Hagting et al., 1998). During G2, Cyclin Biltargeted to the centrosomes by Polo-like
kinase-1 (Plkl) and Aurora A, which act to amplifye effects of Cyclin B1, allowing the
formation of the Cyclin B1-Cdk1l complex (Jackmarakf 2003). The activity of the Cyclin B1-
Cdkl complex is controlled by phosphorylation egemthich can positively and negatively
regulate its activity (Tassan et al., 1994, McGoveand Russell 1995). The balancing of these
activities takes the form of a delicately regulateeidback loop, which is responsible for the major
regulatory step in mitotic entry (for review seeH@rell, 2001]; (Booher et al., 1997, Nakajima et
al., 2003, Watanabe et al., 2004, Dutertre e2@04, Gabrielli et al., 1996, Lammer et al., 1998,
Lindgvist et al., 2005, Baldin et al., 2002)). Irgstingly, if the levels of Cyclin B1 are lowered,
normal signalling networks do not properly functimmd mitoses are abnormal, possibly reflecting

the improper activation of the full signalling nettk (Lindgvist et al., 2007).

The phosphorylation from the activated Cdkl ha® disen shown to target Plkl to Cdkl
substrates such as Cdc25C, Mytl, Weel, Cyclin BiCdkd a range of others which further
promote the entry into mitosis (Elia et al., 2008atanabe et al., 2004, Watanabe et al., 2005,
Nakajima et al., 2003, Lowery et al., 2007, Yamdmjet al., 2005, Litvak et al., 2004, Toyoshima-
Morimoto et al., 2002, Yuan et al., 2002). Cdkl bh&o been shown to phosphorylate Bora, the
Aurora A kinase co-factor, which may help in stiating the Aurora A mediated activation of Plk1
(Hutterer et al., 2006, Chan et al., 2008). Indeled activity of both Aurora A and PIk1 has been
shown to be involved in a positive feedback looghvthe Cyclin B1-Cdk1l complex, in which the
three proteins experience increased phosphorylatidirecruitment to the centrosomes (for review
see [Barr and Gergely, 2007]; (Marumoto et al.,208brieu et al., 1998, Katayama et al., 2001,
Portier et al., 2007, Dutertre et al., 2004, Haehetl., 2007)).

These findings therefore demonstrate the existehea intertwined and complicated network of
regulation, which is essential to prevent entrg imitosis in the presence of DNA damage. If DNA
damage occurs in G2, this network is required totha progression until the damage is repaired
(for review see [Smits and Medema, 2001, Bartek hokas, 2007]; (Lukas et al., 2001)).
Interestingly, various pathways which are redundarthe mitosis of undisturbed cells, become
essential for the entry into mitosis after DNA damaln particular Aurora A and PIk1 activity
were found to be required for mitotic entry afteN/® damage (van Vugt et al., 2004, Macurek et
al., 2008).
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123 The controlled progression through mitosss The importance of regulating
Cyclin Bllevels

After the entry into mitosis, Cyclin B-Cdkl levelre seen to increase, which allows the
orchestration of normal mitotic progression (Lingget al., 2007). Ubiquitination of Cyclin B1 in
mitosis instigates its ubiquitin-dependent prot@esodegradation, consequentially causing the
reduction of the level of Cyclin B1 and the exibrir mitosis (for review see [Nandi et al., 2006]
Figure 1.3; (Murray et al., 1989, Glotzer et aP91, Hershko et al., 1991)). The E3 ubiquitin
ligase found to ubiquitinate Cyclin B1 was therefatso found to be required for anaphase onset,
and was subsequently coined the Anaphase-promotimplex (APC) (Zachariae and Nasmyth,
1996, Sudakin et al., 2001, Hershko et al., 1994gket al., 1995). Further investigation into the
APC has revealed that it is made up of severalrgtsand is only fully active when bound to one
of its co-factors, such as Cdc20 and Cdh1l, whioke Hdifferent binding affinities for the APC
depending on the cell cycle phase (for review Betdrs, 2006]).

The APC co-factor Cdhl is prevented from bindinthwhe APC by its phosphorylation by Cdks
during S phase, G2 phase and early mitosis (Zahamd Nasmyth, 1996, Blanco et al., 2000,
Kramer et al., 2000). However, during prophase li@y®1-Cdkl and PIk1 phosphorylate the APC
at several sites, causing it instead to bind to20d&ramer et al., 2000, Rudner and Murray, 2000,
Golan et al., 2002, Kraft et al., 2003). The appaiply activated APE“®targets Cyclin B1 and
Securin for proteosome-dependent degradation. EBoyblin B1 and Securin are important
regulators of the transition between metaphaseaaagphase (Murray et al., 1989, Glotzer et al.,
1991, Hershko et al., 1991, Clute and Pines, 188fjting et al., 2002). Securin inhibits the
protease called Seperase, and when Securin isdégejr&eperase is released from its inhibitory
constraints, cleaving Cohesin which allows sistomatids to separate (reviewed in [Nasmyth,
2001, Pines, 2006]; (Hagting et al., 2002, Rieded.1994)).

In the presence of inappropriately attached chromes however, a surveillance mechanism
called the spindle checkpoint ensures that the ABtomplex is prevented from initiating Cyclin
B1 and Securin destruction, thus delaying the onfetnaphase. This delay allows a period in
which cells can achieve universal chromosome hitaiton thus preventing the development of
aneuploidy (Kops et al., 2005, Weaver and Clevel@2@d5, Rieder et al., 1995, Rieder et al.,
1994). Indeed the disruption of the spindle cheokpga mammalian cells causes the disruption of
cell proliferation and the loss of cell viabilitio¢ review see [Dobles and Sorger, 2000, Kops.et al
2005]).
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Figure 1.3 Ubiquitin-dependant protein degradation

Ubiquitin-dependant proteosome degradation commences with the action of an E1
ubiquitin-activating enzyme, which through the consummation of ATP, forms a high-energy
thiolester linkage with a free ubiquitin (for review see [Ravid and Hochstrasser, 2008]).
The activated ubiquitin is then transferred to an E2 ubiquitin-conjugating (UBC) enzyme,
which is required for the degradation of cyclins such as Cyclin B (Hershko et al., 1994).
With the help of a third enzyme, an E3 ubiquitin ligase, which determines the specificity of
the substrate, the UBC enzyme transfers the ubiquitin to a lysine in the target protein. The
E3 ubiquitin ligases are commonly involved in the formation of poly-ubiquitin chains which
cause cells to be recognised and degraded by the 26S proteosome (Figure adapted from
[Ravid and Hochstrasser, 2008]).
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124 The spindle checkpoint

Spindle checkpoint activation can be maintainedthyy presence of just a single unaligned
chromosome (Rieder et al., 1994, Rieder et al.51Bcklas et al., 1995), which indicates that the
incorrectly attached chromosomes instigate the ymoh of a diffusible signal, capable of
preventing APE*?° from targeting Cyclin B1 and Securin for proteogsedependent degradation
(Figure 1.4). Interestingly however, this diffugitdignal does not inhibit the activity of AP

as the complex is still capable of targeting swter such as Cyclin A and NIMA-related kinase
2A (Nek2A) for degradation in prometaphase (Gelewle 2001, den Elzen and Pines, 2001).
Therefore the checkpoint signal may just preveatattion of APE“* towards specific substrates
(Hayes et al., 2006).

125 The mitotic checkpoint complex

The identification of a signal produced by unatetithromosomes, prompted the search for its
component parts. Following the identification o tIAD and BUB genes in budding yeast (Hoyt
et al., 1991, Li and Murray, 1991), a complex wagnid to form between Mad2, Mad3, Bub3 and
Cdc20, in budding yeast mitosis which was foundgsociate with the APC (Brady and Hardwick,
2000). Human homologues have since been found r{ti Benezra, 1996, Taylor et al., 1998,
Meraldi and Sorger, 2005), which similarly form @ngplex consisting of Mad2, BubR1, Bub3 as
well as Cdc20, which is known as the ‘Mitotic chpaint complex’ (MCC) (Sudakin et al., 2001).
Importantly, although recombinant Mad2 and BubRé& @&dividually capable of inhibiting the
APC, their combination into the MCC has a syneigisthibitory effect, preventing the APC from
targeting Cyclin B1 and Securin for destruction d&kin et al., 2001, Fraschini et al., 2001,
Morrow et al., 2005, Fang et al., 1998a, Fang ¢t18198b, Fang, 2002, Hardwick et al., 2000,
Tang et al., 2001, Millband and Hardwick, 2002).

Generation of the MCC: kinetochore microtubule occupancy

In early mitosis, checkpoint proteins and Cdc20imeg accumulate at kinetochores (for review
see [Cleveland et al.,, 2003, Musacchio and Salr260,]). These include Madl, Bubl, PIk1,
CENP-E and Aurora B which do not form part of th€®] but function instead to increase the
formation of the complex and amplify the spindleeckpoint signal or regulate the spindle
checkpoint in response to chromosomal misalignmébitehfield et al., 2003, De Antoni et al.,

2005, Kallio et al., 2002, Tang et al., 2004, Maale 2005, Morrow et al., 2005).
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Figure 1.4 Microtubule-kinetochore attachments and the satisfaction of the spindle
assembly checkpoint

(A) During the formation of the spindle, optimal chromosome orientation occurs when the
two adjacent sister kinetochores are attached to microtubules which emanate from
proximal spindle poles. Other forms of kinetochore-microtubule attachments do however
form. These alternative attachments activate the spindle checkpoint and are eventually
corrected to allow the universal biorientation of chromosomes within the cell.

(B) When chromosomes are not biorientated on the spindle they generate the checkpoint
signal, which inhibits the APC and prevents the onset of anaphase. When chromosomes
are biorientated however, appropriate force is applied to the kinetochore pair producing a
centromere stretch, thus preventing the generation of the checkpoint signal and promoting
anaphase onset (for review see [Santaguida and Musacchio, 2009, Marseca and Salmon,
2010] Figure adapted from [Maresca and Salmon, 2010]).
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The assembled proteins monitor the attachment afatibules to chromosomes. Checkpoint
proteins such as Mad2 and BubR1l attach to unatfadieetochores and are removed as
microtubules fill the kinetochore occupation si{€hen et al., 1996, Chen et al., 1998, Li and
Benezra, 1996, Taylor and McKeon, 1997, Taylorl et1898, Waters et al., 1998, Skoufias et al.,
2001). This reduction in levels of checkpoint pnageat attached kinetochores is attributed to the
increase in microtubules enhancing the level ofilmddynein to the area, which is capable of
‘stripping’ the proteins (King et al., 2000, King@Nicklas, 2000, Hoffman et al., 2001, Howell et
al., 2001). BubR1 activity is also silenced via GEHN in response to kinetochore microtubule
capture, which silences BubR1 dependent checkmsigralling (Mao et al.,, 2005). Mad2 at
kinetochores is also proposed to be regulated éynthibitor of the spindle assembly checkpoint
p31°™ which is thought to compete with Mad2 at kinetmrefs, thus inhibiting checkpoint
signalling (Yang et al., 2007, Habu et al., 20023 ¥t al., 2004, Mapelli et al., 2006). It appears
therefore, that many signalling networks are atkworactivate the spindle assembly checkpoint in
response to insufficient microtubule-kinetochor@aetiments. However, chromosomes can also be

incorrectly aligned as a result of their inappratgiattachment to spindle microtubules.

Generation of the MCC: low inter-kinetochore tension

To prevent the onset of anaphase until chromosaanescorrectly bi-orientated, it has been
proposed that cells monitor the tension generayethd spindle across sister kinetochores (Nicklas
et al., 1995, Nicklas, 1997). When chromosomesimgerrectly attached to K-fibres, it is not
possible for the spindle to assert the same degfetension as produced at bi-orientated
chromosomes, thus presenting a method which camséé by the cell to determine incorrectly
attached chromosomes (Figure 1.4). The existenceuoh a tension sensing mechanism is
supported by the observation that kinetochores utefesion experience a decrease in levels of
Bubl as well as changes in the phosphorylationrofems recognised by 3F3/2 (Waters et al.,
1998, Morrow et al., 2005, Gorbsky and Ricketts93,9Taylor et al., 2001, Chen et al., 1998).
Furthermore, under conditions where kinetochoresmaonotelically or synthetically attached to
the spindle, the chromosomal passenger complex Y@Riding Aurora B, is found to sense the
low tension and instigate the correction of thaditnent (reviewed in [Cimini and Degrassi, 2005,
Vader et al., 2006b]; (Morrow et al., 2005, Dewaale, 2004, Cimini et al., 2006, Knowlton et al.,
2006)).

Despite the evidence in support of it, the existen€ a tension-sensing arm of the spindle
checkpoint still remains controversial. Groups arguagainst the ability of cells to delay anaphase
in the presence of low levels of kinetochore temsicite experiments where cells can progress

through to anaphase even when centrosome strgpcéviented by laser ablation or the exploitation
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of replication defects (O'Connell et al., 2008, ewt al., 2004, Skibbens et al., 1995). In these
experiments, the spindle checkpoint can be salisirel cells progressed to anaphase following the
attachment of microtubules. There however remainsesdebate on whether the distance between
the inner and outer kinetochore proteins is moaddyy the cell as a method of detecting erroneous
low-tension attachments (Maresca and Salmon, 2008ida et al., 2009, Wan et al., 2009). If this
method of tension sensing exists in cells, it wostill be present in the cited experiments and
therefore negates the theory that tension is riattar in the spindle checkpoint. However before
this area of high debate can be resolved, furthegstigation must first be carried out (review in
[Maresca and Salmon, 2010]).

1.2.6 Destabilisation of low tension microtubule attachments

K-fibres that do not produce appropriate levels@fitromere stretch are destabilised (Hauf et al.,
2003, Cimini et al., 2006, Adams et al., 2001b, tKaiet al., 2002, Lampson et al., 2004).
However, the strong relationship between attachraedttension generation at kinetochores makes
it difficult to distinguish whether low levels oénision directly cause the activation of the spindle
checkpoint, as changing levels of tension will @dally alter the level of microtubule attachment
(Zhou et al., 2002, Pinsky et al., 2003).

Aurora B kinase is involved in this destabilisatioh low tension microtubule attachments by
controlling the microtubule-destabilising Kinl ksie MCAK (mitotic centromere-associated
kinesin), the Ndc80/HEC1 complex and the DASH caxphll of which are involved in causing
the depolymerisation of microtubules at the kinbtwe area (Andrews et al., 2004, Cheeseman et
al., 2002, Ohi et al., 2004, Zhang et al., 2007atkke et al., 2009, Tien et al., 2010). By
destabilising the low tension microtubule connewioAurora B kinase activates the spindle
checkpoint by causing reduced kinetochore attachntbos delaying anaphase onset until all
chromosomes are correctly bi-oriented (Ditchfietdak, 2003, Hauf et al., 2003, Girdler et al.,
2006, Biggins et al., 1999, Pinsky et al., 2006)isTrole for Aurora B activity was highlighted in
experiments in which its inhibition permitted mitotexit despite the absence of appropriate
centromeric tension (Ditchfield et al., 2003, Hatfal., 2003, Waters et al., 1998). Cells were
however retained in mitosis following Aurora B iblion when both kinetochore attachment and
tension were lost. This demonstrates that althdugpora B activity is involved in controlling the
activation of the spindle checkpoint in responséot@ tension, it is not involved in checkpoint

activation in response to loss of kinetochore attant.

The detection of checkpoint proteins on kinetochdralicates that the kinetochores serve as a
method of contributing to the formation of the MQdowell et al., 2000, Howell et al., 2004, Luo
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et al., 2002, Shah et al., 2004, De Antoni et241Q5). There is however some debate over the role
of kinetochores in the formation of the spindleatpmint signal, (Sudakin et al., 2001, Fraschini et
al., 2001, Poddar et al., 2005). Consequentlyastreen proposed that there may be two phases of
checkpoint activation, possibly involving an initiphase that occurs before kinetochores are
properly matured, and a second that is more depénole the presence of fully functional
kinetochores. Mad2 and BubR1 have been put fornaardontrollers of mitotic timing before the
maturation of kinetochores, possibly by directlynding and sequestering Cdc20, to inhibit
premature mitotic exit (for review see [Musacchim &almon, 2007]; (Meraldi et al., 2004)).The
extinguishing of the Mad2, BubR1 signal is thoughtoincide with the initiation of the second
phase of checkpoint signalling, which depends enrawly matured kinetochores (Meraldi et al.,
2004). Therefore, the presence of mature kinet@sharay not be required for inhibition of the
APC and the formation of the MCC. Kinetochores rhayvever increase the association of the
MCC with the APC, an idea which is supported by @bservation that while the MCC is present
throughout the cell cycle, it is only found to esaciated with APC during mitosis (Morrow et al.,
2005).

127 Sustained spindle checkpoint activation

The sustained activation of the spindle assembbclkgoint by long-term treatment with anti-

mitotic drugs, such as Nocodazole, causes celletmaintained in mitosis for extended periods
and prevents the satisfaction of the spindle aslgeahieckpoint (Brito and Rieder, 2006). Reports
of the fate of cells after extended checkpointvation vary greatly, with some describing mitotic
exit after a prolonged mitosis without division idan et al., 1996, Tao et al., 2005), while others
show cell death occurring directly in mitosis (Pahian et al., 1998), or alternatively cells are
observed to experience abnormal divisions (ChenHomvitz, 2002). Ultimately however, cells

incapable of satisfying the spindle checkpoint ¢valty die (Rieder and Maiato, 2004).

Recent publications have revealed the existeneevatriety of different responses to the sustained
spindle checkpoint activation (Gascoigne and TayR08, Brito and Rieder, 2006, Brito and
Rieder, 2009, Shi et al., 2008). These variatiomsewattributed to the balancing of the death
signals and Cyclin Bl levels (Gascoigne and Tay2008). Cyclin B1 levels were found to be
gradually degraded despite sustained spindle clo@ukpactivation, and when reduced below a
certain threshold, cells were caused to exit nstegthout first satisfying the spindle checkpoint,
through a process known as ‘slippage’ (Brito andder, 2006). The variation in cell fate in
response to sustained checkpoint activation wagfibre thought to be derived from the different
rates of Cyclin B1 degradation and slippage thrielshdnterestingly, mitotic delays inflicted by

anti-mitotic drugs were shown to be further extehdlerough their combination with caspase
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inhibition (Shi et al., 2008, Gascoigne and TayRB08, Brito et al., 2008). It was consequently
theorised that the gradual degradation of CyclinaBd the activation of cell death pathways may
act as two opposing networks working to defineftite of the cell (Gascoigne and Taylor, 2008).
Thus while the cell death signals increased inaese to sustained anti-mitotic drug treatment, the
Cyclin B1 levels were also falling. The first netkoto reach its designated threshold would

determine whether the cell died in mitosis or jgéd’ out.

128 Satisfaction of the spindle assembly checkpoint

When the chromosomes are finally aligned, the spiokeckpoint is satisfied, the APE® targets
Cyclin B1 and Securin for destruction and CdkInactivated, allowing the progression through to
anaphase (Clute and Pines, 1999, D'Angiolella.e2@03, Potapova et al., 2006). The inactivation
of Cdkl promotes the interaction of Cdhl with theQ\through its dephosphorylation, which in
turn targets Cdc20 for degradation and maintaims levels of Cyclin B1 to enable the correct
progression through G1 (Prinz et al., 1998, Pflegad Kirschner, 2000). The appropriate
phosphorylation of the APC and the dephosphorylatid Cdc20 therefore have antagonistic
effects towards the binding of the co-factors @ &PC. This demonstrates a network of activity,
and highlights the high degree of control thatetdhover mitotic progression. Structural elements
such as microtubule organising centres are howalser required for the efficient progression
through mitosis.

13 Microtubule organising centres

The accurate delivery of genetic material into tdaughter cells requires the formation of a
spindle, which is dependent on the action of midoate organising centres. Although
microtubules can form on their own, microtubule amging centres enable the efficient
organisation of tubulin subunits to form functiosgindles, and have been found in all eukaryotic

organisms apart from higher plants and yeasts.

1.3.1 Centrosomes

When present in cells, centrosomes function asnthr method of bipolar spindle formation,
although bipolar spindles have been shown to@titur after removal of centrioles. Cells lacking
centrosomes were however sometimes observed to peollems with cytokinesis and to
eventually arrest in G1 (Hinchcliffe et al., 20&hodjakov and Rieder, 2001, Khodjakov et al.,
2000, Basto et al., 2006).



30

In the absence of centrosomes a bipolar spindlefaan through a ‘self assembly’ pathway,
whereby microtubules are nucleated around chromesoim systems which lack centrosomes
(McKim and Hawley, 1995, Heald et al., 1996, Hegilél., 1997). In these cases the nucleation of
microtubules is thought to occur at siteg-afibulin complexes which are recruited by a netwafrk
factors (Luders et al., 2006). This nucleation edmated by the small GTPase Ran (Dasso, 2002,
Hetzer et al., 2002), which has been shown to iachipolar spindle assembly Xenopus egg
extracts lacking centrosomes (Carazo-Salas €t989, Kalab et al., 1999, Wilde and Zheng, 1999,
Ohba et al.,, 1999). RanGTP is thought to accumuddteehromosomes, where it creates a
favourable environment for microtubule polymerisatiinvolving many of the proteins involved in
centrosome dependent bipolar spindle formation (fiew see [Walczak and Heald, 2008];
(Kalab et al., 2006)). In this way Ran instigatesaacade of activities including promoting the
activation of Aurora A via TPX2 binding (Targetipgotein for Xklp2), which will be discussed
later in more detail (Eyers et al., 2003, Tsailet2903).

132 The centrosome cycle

When present in cells, centrosomes nucleate mioutds through the incorporation of andf3-
tubulin subunits to form long polymers or microtidsu(Bornens et al., 1987, Sluder and Rieder,
1985, Mitchison and Kirschner, 1984, Mitchison aticschner, 1986, Brinkley et al., 1981, Soltys
and Borisy, 1985). The function is however depahd® the passing of the centrosomes through

the highly regulated centrosome cycle (Kuriyama Radsy, 1981) (Figure 1.5).

Centriole duplication

Centrioles are composed @f and3-tubulin subunits arranged in a barrel shape, wifkfold axis

of symmetry (Bornens et al., 1987, Komesli et H989). A pair of centrioles begin the cell cycle
within a newly formed daughter cell, just after tbempletion of telophase. In S phase these
centrioles duplicate to produce procentrioles, Whice connected to their mother by a fibrous link
that prevents any further unwanted duplication @ahal., 2005, Faragher and Fry, 2003, Fry et
al., 1998, Mayor et al., 2000). In some cell lisesh as HeLa and CHO, the presence of a mother
centriole is not a necessity for the formation ofiaughter centriole, although it does make the
process more efficient as well as limiting the nembf centrioles produced (Khodjakov et al.,
2002, Kato and Sugiyama, 1971, Miki-Noumura, 19d@rshall et al., 2001, La Terra et al., 2005,
Uetake et al., 2007). In mammalian cells, the mottentriole can be distinguished from the
daughter by distal and subdistal appendages whiatk rts state of maturity and nucleation
capacity (Piel et al., 2000, Vorobjev and Chentd®80, Kuriyama, 1984, Sluder and Rieder,
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Centrosome disengagement

Centrioles are disengagé€ isengaged but tethered

Cetrosome duplication

Two pairs of centrioles

Figure 1.5 The centrosome cycle

The outer circle represents the path of the centrosome cycle, while the inner yellow circle
indicates the concurrent phases of the cell cycle. The centrioles are depicted as grey
cylinders, the darker version is the mature centriole while the lighter is the immature or
daughter centriole. The green areas represent the pericentriolar protein matrix, the curved
grey connecting line indicates the positioning of a putative tether between the mature
centrioles, and the small black dashes connecting the mature and immature centrioles
show that they are engaged to each other (diagram amended from [Lukasiewicz and
Lingle, 2009]).
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1985). The mother and daughter centrioles adogirogonal orientation, with their respective
ends that are situated closest to the nucleusiqusit at right angles to each other (Kuriyama and
Borisy, 1981).

A succession of experiments revealed that the clafmin of centrioles is dependent on several
proteins with homologues in human cells, and a@dinated by the activity on Cdk2/Cyclin E
and/or Cyclin A and Plk4 (Meraldi et al., 1999, Ehcliffe et al., 1999, Kleylein-Sohn et al., 2007,
Pelletier et al., 2006, Delattre et al., 2006, Asda et al., 2003, Leidel and Gonczy, 2003,
Habedanck et al., 2005). Furthermore the up-reigulaif Aurora A or Plk4 expression has been
shown to cause centrosome amplification (Meraldilgt2002, Zhou et al., 1998, Goepfert et al.,
2002, Shao et al., 2006, Duensing et al., 2007, gvan al., 2006, Ohishi et al., 2010).
Supernumerary centrosomes such as these have beem $0 function as extra microtubule
organising centres, even nucleating microtubuleserafficiently than normal centrosomes (Lingle
et al., 1998, Pihan et al., 1998). The misregutatibthe number of centrosomes has been linked to
chromosome instability and the development of cafcimgle et al.,, 1998, Lingle et al., 2002,
D'Assoro et al., 2002, Nigg, 2006, Pihan et al98,Dodson et al., 2004, Boveri, 1889, Lingle and
Salisbury, 1999, Chng et al., 2006). Furthermdne, dbsence or disruption of centrosomes at S
phase in many cells causes a cell cycle arrestiatn@icating that the loss of centrosomes is also
a source of major stress to the cell (Uetake et2807, Srsen et al., 2006, Mikule et al., 2007).
Damaged DNA however has also been shown to prodwmgkipolar cells through causing
centrosomes to lose their integrity and split, itesy in the production of multipolar spindles (Hut
et al., 2003, Keryer et al., 1984, Sluder and Riete85).

Elongation and centrosome maturation

After their duplication, the newly formed procentds go through a process of elongation
throughout S phase to G2, with some cell typesrdszbas even continuing the elongation process

during mitosis (Kuriyama and Borisy, 1981).

The elongating centrioles sit in a fibrous bedezhlihe pericentriolar matrix (PCM), which acts as
a scaffold to localise many different proteins (let al., 1990, Sellitto et al., 1992). One such
protein is the highly conservegtubulin, which has been found to be localised eéatmsomes,

forming ay-tubulin ring complex {-TuRC) mainly between prophase to metaphase (Oaktely

Oakley, 1989, Oakley et al., 1990, Stearns et1&91, Joshi et al., 1992, Felix et al., 1994).
Through electron microscopy, it was revealed thatbulin forms an open ring structure and was
found to be localised at the end of microtubulegngtit is involved in microtubule assembly and

functional bipolar spindle formation (Oakley andki@g, 1989, Oakley et al., 1990, Stearns et al.,
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1991, Joshi et al., 1992, Felix et al., 1994) (Ratal., 2000, Sampaio et al., 2001, Zheng et al.,
1995, Stearns and Kirschner, 1994, Li and Josl95,1@akley, 1992).

In late G2, the PCM undergoes a phosphorylatioredéent maturation process, in which it
increases its size, the numberyefuRC it contains, and its nucleation ability (Klekbv and
Rieder, 1999, Casenghi et al., 2003). Plk1, Nek2gim kinase, protein phosphatase 4 and Aurora
A have been associated with the control of therosnme maturation process, which involves
Hefl, TPX2, Bora, NDEL1 and LATS2. Interestinglyl, @ these proteins are involved in Aurora
A signalling, further highlighting the importancé the kinase in the maturation process (Mori et
al., 2007, Lane and Nigg, 1996, Hutterer et alg&@Pugacheva and Golemis, 2005, Deluca et al.,
2006, Toji et al., 2004, Prigent et al., 2005, MaGranados et al., 2008). In fact the inhibitidn o
either Aurora A or PIk1 activity delays the progries into mitosis as a consequence of reduced
centrosome maturation, a process which will beutised later in more detail (Lenart et al., 2007,
Hirota et al., 2003, Marumoto et al., 2002, Marumet al., 2003, Hannak et al., 2001, Portier et
al., 2007, Hachet et al., 2007, Qian et al., 1998).

Centrosome separation and bipolar spindle assembly

In late G2 or early mitosis, the link which conreethte two centrosomes together is severed by
PIk1, Nek2 and possibly Aurora A (Lane and Nigg989Glover et al., 1995, Fry et al., 1998,
Bahe et al., 2005, Tsou et al., 2009, Bahmanyal. 008, Mayor et al., 2000, Helps et al., 2000).
The disengaged centrosomes then begin to migradg fram each other, facilitating the formation

of the bipolar spindle.

Centrosome migration has been found to be depermemhany factors including the plus-end
directed motor protein Eg5 (Mayer et al., 1999) #mminus-end directed motor Dynein and the
Dynein binding protein CLIP-170 (Fuller and Wilsob992, Vaisberg et al., 1993, Pfarr et al.,
1990, Verde et al., 1991, Tanenbaum et al., 2088n&ers and Hoyt, 1992). However, it is not just
the balancing of motors that produces the forcalltaw the development of the bipolar spindle, as
force generated from kinetochores has also beelicabgd in centrosomal movement (Toso et al.,
2009, McAinsh et al., 2006). Furthermore, the moseetrof the centrosomes during prophase has
also been attributed to the presence of astralotibules (Verde et al., 1991, Vaisberg et al., 1993
Pfarr et al., 1990, Rosenblatt et al., 2004). Tdgulation of all the forces required to separage th
centrosomes and create a bipolar spindle is ayhighhplicated process, with Aurora A and PIk1
activity playing major parts which will be exploréater in this introduction (Lane and Nigg, 1996,
Glover et al., 1995, Gonzalez et al., 1998).
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Disengagement

The mother and daughter centrioles lose their fibriatercentriolar link in late mitosis through the
action of the APC, Seperase and Plkl (Wang ef@08a, Tsou et al., 2009, Tsou and Stearns,
2006, Nasmyth et al., 2000, Wang et al., 2008b)s Tisengagement allows the centrioles to

duplicate in the subsequent S phase, allowingeh&a@some cycle to continue.

The spindle

The production of mature centrosomes aids in thedton of the highly dynamic tubulin-based
structure of the spindle, which is required to agea chromosomes so that they can be equally
separated into two daughter cells. The mitotic dlgitbegins to form in prometaphase, and by late
prometaphase it is fully formed into two radiales of dynamically unstable microtubules. The
spindle is subject to both physical and chemiceticias, enabling the proper attachment, alignment
and segregation of chromosomes (Figure 1.6) (DumodtMitchison, 2009, Rieder, 1981, Itabashi
et al., 2009, Salmon, 1975, Sharp et al., 2000aring and Compton, 2008, Nicklas and Ward,
1994, Manneville and Etienne-Manneville, 2006, Iaiild Hyman, 2005).

Microtubule composition

Each spindle fibre consists ofi-/B-tubulin heterodimers, which can combine to form
protofilaments that associate in sets of ten tiedifi in a parallel orientation to create a hollow
tubulin cylinder known as a microtubule (Nogalesakt 1999). The asymmetry of the tubulin
subunits confers different physical properties idtee end of the microtubule, which allows the
plus-ends to grow roughly three times faster themnminus-ends (Wiese and Zheng, 2006, Desai
and Mitchison, 1997). The growth of the polymetsither end occurs through the addition of
tubulin dimers, which contain GTP in the nucleotikehangeable site (E-site) within fBeubulin

of the dimer. Depolymerisation occurs upon the blyais of thep-tubulin-bound GTP, which
induces a conformational change and causes thengemhay of the individual protofilaments
(Mandelkow et al., 1991, Nogales and Wang, 2006n§Vand Nogales, 2005). The ‘GTP cap’
model predicts that the integrity of the microtwwan be maintained by the ‘capping’ of the
microtubule polymer with GTP-tubulin subunits, awthen this cap is lost the parallel tubulin
filaments peel outward and the microtubule rapidgpolymerises (for review see [Gadde and
Heald, 2004]). This model indicates a degree oftrobrover the stability of microtubules, a
phenomenon that is verified by the observation thatrate of mitotic microtubule turnover that is

ten-fold higher than that seen in interphase (DasdiMitchison, 1997). The dynamic instability of
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Figure 1.6 Model of the mitotic spindle

The spindle is composed of kinetochore-fibres (K-fibres), non-kinetochore fibres and astral
microtubules. The structure and the function of the spindle are defined by the delicate
balancing of microtubule stability and movement, which are reliant on microtubule
associated proteins such as microtubule destabilisors and microtubule motor proteins
(figure amended from [Mollinedo and Gajate, 2003]).
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microtubules was investigated using photo-bleachivigch revealed that the turnover of tubulin
subunits appeared to cause a flow or ‘flux’ of tirbalong the length of the microtubules towards
the poles (Mitchison, 1989). These findings werevaaded with the use of the ‘speckling’
technique, in which fluorescently labelled tubwimas incorporated into microtubules in a non-
uniformed manner, causing the fluorescent stripofg microtubules (Waterman-Storer and
Danuser, 2002). This allowed the visualisation ofhbmicrotubule flux and the stability of the
microtubule lattice, thus revealing the dynamicghaf spindle during the different phases of the

cell cycle (for review see [Gadde and Heald, 2Q04])

14.2 Cédlular microtubule dynamics

The changes in microtubule dynamics throughoutcilecycle and the observation that cellular
microtubule dynamics are highly different from teasf microtubules formeth vitro out of pure
tubulin, indicated that cells are able to regulatierotubule stability (reviewed in [Gadde and
Heald, 2004]). This regulation has been attributedthe presence of microtubule associated
proteins (MAPs), which have been implicated in¢batrol of many areas of microtubule function
(Walczak and Heald, 2008, Liska et al., 2004, Mackl Compton, 2001, Gaglio et al., 1996,
Goshima et al., 2005a, Sharp et al., 2000b). MA®R® tbeen found to be required from even the
very beginning of spindle formation, witATURCs initiating microtubule nucleation (Moritz at,
1995). Additional MAPs such as the chTOG/XMAP21% arACC family have been found to
associate along the length of microtubules to msee their stability and even increase
polymerisation, while other MAPs have been showmbitm exclusively to microtubule ends (for
review see [Schuyler and Pellman, 2001, Howardtyman, 2003]; (Gard and Kirschner, 1987,
Tirnauer et al., 2002, Gergely et al., 2000a, Leale 2001)). EB1, EB2 and EB3 as well as
Clip170 and 155 and the Clasps 1 and 2 have alsp fmind to associate with the plus-ends of
microtubules, and by doing so control microtubutabdity and dynamics by reducing their
depolymerisation and protecting against microtutdastabilising factors (Tirnauer and Bierer,
2000, Akhmanova et al., 2001, Mimori-Kiyosue et, &i005). MAPs have also been found to
reduce microtubule stability by inducing deployrsation or increasing the levels of
depolymerisation. MAPs such as these include thmlgmerising kinesins of the Kin | family,
including MCAK, which can bind to microtubule endajbsequently distorting the microtubule
lattice and causing the energy dependent peeliray @fvmicrotubule protofilaments (Desai et al.,
1999). Similarly, Op18/stathmin can bind to tubuliimmers stimulating microtubule catastrophe
(Cassimeris, 2002), and Katanin can destabiliseatubules by either severing the fibres to reveal
unstable ends that lack a GTP cap, or breakingotulbules directly at the centrosome (McNally et
al., 2000).
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The coordination of the MAPs therefore permitsréngulation of microtubule dynamics, which can
result in substantial pushing or pulling forcestthee employed to position chromosomes and
contribute to spindle positioning (Inoue and S4®@%7, Dogterom and Yurke, 1997, Maiato et al.,
2005, Faivre-Moskalenko and Dogterom, 2002, Peagswh Bloom, 2004). A mechanism by
which microtubules exude a pushing force on pderceellular components has been predicted to
occur through a ‘Brownian ratchet’ method, wherdig formation of transient gaps between the
plus-end of the microtubule and the bound objelbbwa the binding of tubulin subunits thus
creating the pushing force (Peskin et al., 1993hetler this model is accurate remains to be
determined, although the existence of proteins catsml at the plus-ends of microtubules
complicates the model somewhat, and debate stilhires about whether kinetochores are actually
pushed by spindle forces (Akhmanova and Hoogenr2@@b, Skibbens et al., 1993, Toso et al.,
2009, Waters et al., 1996, Khodjakov and RiedeB6)9The pulling of chromosomes towards
spindle poles is however an accepted method ofnobsomal movement, which mainly occurs
through K-fibre dynamics (Inoue and Salmon, 199%miont and Mitchison, 2009).

The control over microtubule dynamics is therefdearly an important aspect of cellular function,
however when microtubules reach a certain lengthrerunder a high level of pressure, they can
bend and even break (Holy et al., 1997, WatermanreStand Salmon, 1997, Janson et al., 2003,
Tran et al., 2001). The detection of compressioog® such as these may function as a method of
controlling microtubule dynamics, as when spindies placed in a compressed situation structural
changes to the spindle are observed (Dumont andhiddn, 2009). Microtubules also have a
degree of elasticity (Gittes et al., 1993, Rubimstet al., 2009), and are supported by the
surrounding elastic cytoskeleton, which togethdovalthe spindle to sustain relatively large

compressive forces (Brangwynne et al., 2006, Itaibetsal., 2009).

143 Actin cytoskeleton

An interconnected actin-myosin micro-filamentouswak present within cells enables them to
withstand some of the contractile stress they éepee (Wang et al., 2001, Ingber, 1993). The
presence of a supportive structural network is destrated when the disruption of cellular tubulin
microtubules does not change the spreading morghotd many cells, indicating that other

architectural features are also at work (Domninal.etL985, Middleton et al., 1988, Ingber, 1993).
The tensegrity hypothesis describes how the cditraand compression forces of microtubules
and the cytoskeleton are balanced for normal @glfuinction, demonstrating the importance of the
interconnected relationship between the microtubaled the cytoskeleton (Ingber, 1993). This

relationship between tubulin microtubules and th8nacytoskeleton is further demonstrated in
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migrating cells, when the organisation of the aaytoskeleton influences the organisation of

microtubules (Salmon et al., 2002).

144 Spindle microtubules

The mitotic spindle is made up of three categooiemicrotubule: kinetochore microtubules (K-
fibres), non-kinetochore microtubules, and astrarotubules (for recent review see (Dumont and
Mitchison, 2009).

K-fibres

K-fibres are created from bundles of 10 to 30 ntidoales which are either nucleated at
centrosomes then captured by kinetochores, or @keated directly from kinetochores (Biggins
and Walczak, 2003, Cleveland et al., 2003, Maiatb @unkel, 2004). K-fibres are the most stable
of the three types of microtubule present in thtotia spindle (Zhai et al., 1995), and experience
relatively slow rates of depolymerisation at or mélae pole (Hyman and Mitchison, 1990,
McDonald et al., 1992). K-fibre plus-ends that fatg¢ with chromosomes however, experience
faster fluctuations (Hyman and Mitchison, 1990, Mokh and Euteneuer, 1984). The interaction
between K-fibres and chromosomes occurs via kifet@s, which are protein complexes that are
intimately associated with the centromeric DNA atle chromatid (Cooke et al., 1993, McEwen et
al., 1993, Rieder, 1982).

Non-kinetochore microtubules

Non-kinetochore microtubules are bundles of reddyivdynamic microtubules that span the
distance between two spindle poles (Mastronarda.etl993). Unlike K-fibres, non-kinetochore
microtubules do not attach to kinetochores, bueex perform structural roles such as defining the
spindle pole position, while also possibly provglen method of motor protein driven chromosomal
movement (Saxton et al., 1984, Burbank et al., 2Bi6bank et al., 2007, Inoue and Salmon,
1995).

Astral microtubules

Astral microtubules are the third type of spindlécnotubules, which have been found to be

nucleated at the centrosomes where they are capiffeg-TuRC and have highly dynamic plus-
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ends. (Grill et al., 2003, Rusan et al., 2001). Twor function of astral microtubules within the
cell is the positioning of the spindle within thellc(Cowan and Hyman, 2004, Manneville and
Etienne-Manneville, 2006).

Spindle positioning

The proper positioning of the spindle within cgdsrmits chromosomes to first be appropriately
positioned during metaphase, and then evenly satgégluring cell division. The prevention of
proper functioning of microtubule dynamics througk mutation of3-tubulin prevents the correct
positioning of the spindle within cells, demonstrgtthe importance of microtubules during the
positioning process (Wright and Hunter, 2003, Gugdtal., 2002). Furthermore, shortened astral
microtubules are unable to properly position thndlp within C. elegans cells (Cowan and
Hyman, 2004). Astral microtubules position the dfgnby making physical contacts with the
plasma membrane or the actin cytoskeleton, enafing to be applied to the spindle (Manneville
and Etienne-Manneville, 2006). Dynein, Dynactin &fll have been implicated in the generation
of the pulling force achieved by astral microtulsuladditionally, Dynein has also been attributed
to controlling microtubule polymerisation dynami@ujardin and Vallee, 2002, Dujardin et al.,
2003, Hunter and Wordeman, 2000). Consistent whtirtrole in astral microtubule spindle
positioning, the leading-edge of migrating cellslahe membranes of mitotic cells, have been
shown to have enriched Dynein or Dynactin whichoesge with astral microtubule plus-ends
(Dujardin et al., 2003, Busson et al., 1998, Skad &hite, 1998). Dynein is also present at
centrosomes, and has been found to have essemitiidns in the linking of the centrosome to the
microtubule minus-ends (Askham et al., 2002). EBdenomatous Polyposis Coli (APC), and
Clips 170 and 155, are all also connected eithrexctdy or indirectly to Dynein to enable spindle
positioning through the generation of plus-endaastricrotubule forces (reviewed in [Manneville
and Etienne-Manneville, 2006]).

The importance of proper spindle positioning isestsed during asymmetric cell division, which is
employed by both single-cell organisms (such asstyeand during stem cell division in
multicellular organisms (reviewed in [Fraschini &ft, 2008]). Asymmetric cell division in
multicellular organisms allows the generation afaaghter cell that is chemically different from its
mother, permitting growth or the maintenance afué homeostasis. Through the regulation of
astral microtubule pulling forces, G-proteins, PAiRteins and their regulators allow the spindle to
be arranged in response to polarity factors (Gattd Ahringer, 2001, Colombo et al., 2003,
Srinivasan et al., 2003, Grill et al., 2003, Laldteal., 2003, Ahringer, 2003). The positioning of
the spindle is monitored by the spindle positioaakpoint which delays cytokinesis until the DNA
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is deposited into both mother and daughter cellds Thechanism inhibits the signalling of the
mitotic exit network (MEN) in budding yeast, anc theptation-initiation network (SIN) in fission
yeast (for review see [Bardin and Amon, 2001]). &kpents in fission yeast have also revealed
that the integrity of the actin cytoskeleton isoatlmonitored by the spindle position checkpoint
((Gachet et al., 2001); reviewed in [Gachet et24106]).

146 Spindlelength

Similar to spindle positioning within the cell, sdie length is defined by a number of antagonistic
pushing and pulling forces (Sharp et al., 1999).lddolar motor proteins cause antiparallel
microtubules to slide apart, therefore when midezonicrotubules are disrupted, the poles of
spindles move in towards the centre of the celklieeand Pickett-Heaps, 1983, Tolic-Norrelykke
et al.,, 2004). In addition to experiencing conndateovements, centrosomes within vertebrate
prometaphase cells also experience independentmamig indicating that antiparallel sliding is
not the only spindle length determinant (Watersalet 1993). Astral microtubules have been
implicated in the divergence of centrosomes inrpttase and during mitosis (Waters et al., 1993,
Vogel et al., 2007, Tolic-Norrelykke et al., 200Mluch of this astral microtubule-dependent
movement is attributed to the connections withdék cortex that are mediated by Dynein, which
generates pulling forces, aiding both spindle pmsing and elongation (Fink et al., 2006). By
attaching the spindle to the cortex in this wayasnicrotubules can coordinate the length of the
spindle with that of the cell (Schultz and Onfé@@01). In addition to aiding to formation of a
bipolar spindle, astral microtubules can also lieghtrosome separation during anaphase, and
when severed, the poles are permitted to sepdratéasater pace (Aist and Berns, 1981, Aist et al.,
1993).

147 Motor MAPS

As well as regulating spindle length and stabilityicrotubule associated proteins also promote
spindle bipolarity by cross-linking microtubuless avell as by transporting cargo along
microtubules (Walczak et al., 1998, Walczak and Ite2008, Wittmann et al., 2001). Motor
MAPs walk either towards the minus- or plus-endsmiérotubules, and by doing so generate
force. This method of force generation allows thetors to move objects along microtubules,

move and arrange microtubules or regulate micrdéustability.

The kinesin-5 motor protein family (Eg5 in humaris)eassociate preferentially to spindle fibres

arranged in an antiparallel fashion, where they enmlong in a plus-end directed manner, causing
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the sliding apart of the fibres, aiding the forratiof bipolar spindles (Kapitein et al., 2005, van
den Wildenberg et al., 2008, Sharp et al., 1999%ev&t al., 1999, Brust-Mascher et al., 2009).
The localisation of Eg5 to spindle microtubuleslépendent on a phosphorylation from Cdk1, and
when localised, its positioning is surprisingly tfeated by microtubule flux (Blangy et al., 1995,
Sawin and Mitchison, 1995, Kapoor and MitchisorQP0

Similar to the kinesin-5 motor protein family, tih@nus-end directed kinesin-14 motor proteins
(HSET in human cells) aid spindle formation by erigking fibres, locking together parallel
microtubules and sliding apart adjacent antipdredierotubules (Fink et al., 2009, Mountain et al.,
1999, Tao et al., 2006). Similarly, Dynein and Dstira cross-link microtubule free-ends enabling
the rearrangement of microtubules and spindle foaesing (Fink et al., 2006, Verde et al., 1991,
Gaglio et al., 1997).

The balancing of forces of motor proteins suchhasé described, allows the maintenance of a
steady state spindle length, as well as focusirg gpindle poles and organising the spindle
structure (Burbank et al., 2007). Adding to thailes in spindle organisation, kinesin-5 and -14
have also been associated with microtubule dynabyiggromoting plus-end disassembly in yeast
(Sproul et al., 2005, Gardner et al., 2008). Wihenfinely tuned balance of kinesins is disrupted,
such as when using Monastrol to allosterically bithEg5 activity, the spindle structure is
disrupted. Monastrol works by reducing the motatissovement of Eg5 along microtubules and
even causes a decrease in Eg5 microtubule associlading to the collapse of bipolar spindles
(Kwok et al., 2006, Cochran and Gilbert, 2005, CGanlet al., 2005).

In addition to motor proteins on antiparallel microules, the presence of plus-end directed Kin N
kinesins on chromosome arms also contributes toemewt within the spindle. These motor
proteins cause the chromosome arms to be pushedfemma the spindle poles by their interaction
with non-kinetochore microtubules, producing a piveanon called the ‘polar ejection force’
(reviewed in [Heald, 2000]). With increased diserfoom the spindle pole, the polar ejection
forces decrease, thus producing a steady-statenolsmme position (Rieder et al., 1986, Ke et al.,
2009). The kinesin, Kid, has been proposed to egarsible for producing the polar ejection force
in vertebrate cells (Levesque and Compton, 200iedd, Kid inhibition reduces the distance of
chromosomes from the poles, highlighting its ralechromosome positioning, however because
the length of bipolar spindles is only reduced ©¢&in mammal cells and spindle lengths are
unaffected inXenopus extracts, additional methods of maintaining chreame positioning are
clearly in place (Tokai-Nishizumi et al., 2005, Rbiki and Murray, 2000, Levesque and
Compton, 2001).
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Lateral microtubule connections with the kinetoghaiso cause the movement of chromosomes
towards poles, a movement that has also beenuwéidlio the presence of motor proteins (Rieder
and Alexander, 1990, Merdes and De Mey, 1990). iStarg with the existence of motor proteins
at the kinetochores, the Kin N plus-end directedamn@ENP-E has been detected at kinetochores
and is required for chromosome positioning (Gadut ldeald, 2004). Despite the clear role for a
variety of motor proteins in the movement of chremmes and the maintenance of the spindle
length, deletion of minus-end directed motor pretdn yeast did not appear to affect chromosomal
movement, indicating that microtubule dynamics pagajor role in the process (Grishchuk and
Mclintosh, 2006).

In addition to their described roles in the propdignment of chromosomes, MAPs are also
required to regulate the structure of the spinftler &hromatid separation. During anaphase, many
MAPs associate with the central spindle in orderrégulate the process. The most well
characterised of these MAPs are CentralspindliotelT regulating cytokinesis 1 (PRC1), and the
Chromosome Passenger Complex (CPC) (reviewed iotZ€, 2009]). PRC1 in human cells
cross-links antiparallel microtubules of the sp&édenabling the establishment of the spindle
midzone to allow additional MAPs to bind and regeillaytokinesis (Zhu et al., 2006, Schuyler et
al., 2003, Jiang et al., 1998, Peterman and Scha089). PRC1 also directly binds to Plk1 during
anaphase, an interaction that is required fromctirapletion of cytokinesis (Neef et al., 2007).
Similarly, the Centralspindlin complex, consisting a dimmer of a kinesin-6 motor protein
(MKLP1) bound to a dimmer of the Rho family GTPass#ivating protein (GAP) CYK4, also
promotes microtubule bundling which is required éytokinesis (Pavicic-Kaltenbrunner et al.,
2007, Mishima et al., 2002). Proteins which arelised to the spindle midzone include the CPC,
who’s localisation to the area is thought to beemhglent on INCENP (inner-centromere binding
protein) (Wheatley et al., 2001).

Some MAPs are also directly responsible for the entent and transport of cellular components
throughout the spindle. NuMA is transported to thanus-ends of microtubules by
Dynein/Dynactin, where it serves a role in spinptde cohesion (Merdes et al., 2000). Dynein
itself is also positioned at the microtubule entisha cell cortex, and so can also help to orient
astral microtubules (Gadde and Heald, 2004, Vaughah, 2002).

148 MAP regulation

MAPs clearly have a huge diversity of actions, ahéir delicate coordination is highly
complicated. MAPs are involved in nhumerous signgllpathways, a feature that was uncovered

through the identification of many novel phosphatign sites on spindle proteins (Nousiainen et
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al., 2006, Manning and Compton, 2008, Nigg, 200T&)e balancing of these signalling pathways
enables the coordination of microtubule dynamicd tre development of the spindle structure
(Howard and Hyman, 2007).

It is predicted that much of the control over MARsd their signalling pathways occurs by a
gradient of morphogens, which diffuse from a souncine chromatin, producing activity gradients
that define areas of microtubule nucleation andbilssation (Caudron et al., 2005). Ran-GTP and
Aurora B kinase activity have been identified affudible spindle morphogens (for review see
[Dumont and Mitchison, 2009]; (Kalab et al., 20@3Rudron et al., 2005, Fuller et al., 2008)). In
addition to chromosome derived morphogen gradiespisidle poles have also been implicated in
generating gradients of regulatory factors ablectatribute to the formation of the spindle
(Greenan et al., 2010).

A sub-category of proteins involved in the sigmajlipathways are kinases, enzymes which
phosphorylate specific protein substrates by tearisiy a phosphate group from a donor molecule,
such as ATP, to specific sites on the substrattejoroThis phosphorylation event can modify the
activity or localisation of the involved proteirteus allowing the transmission of chemical signals.
Protein kinases mediate the majority of signalddarction in eukaryotic cells, and have been found
to govern the regulation of the spindle assemblgking analysis of these enzymes an essential
precursor to understanding the functioning of lfjeocesses (Manning et al., 2002). The
misregulation of kinases has also been linked ¢oottset of disease, demonstrating the important

regulatory roles they hold (Blume-Jensen and Hu@01, Malumbres and Barbacid, 2007).

An overview of the Aurorakinase family

The Aurora kinases are a family of highly conserkie@ses, which phosphorylate the OH group of
a serine or threonine residue within specific targeoteins, and are therefore known as
serine/threonine kinases. The Aurora kinases dar#ito the intricate control of the cell cycle
from G2 through to cytokinesis in organisms randirmgn yeast to humans. Yeast only have one
Aurora kinase, whereas higher organisms have at te@ Aurora family members called Aurora
A and Aurora B in mammalian cells. A third Auroran&se, Aurora C, is also seen in specific
mammalian meiotic cells (for review see [Andrewsakt 2003, Carmena and Earnshaw, 2003];
(Chan and Botstein, 1993, Glover et al., 1995, l@irdt al., 2006, Terada et al., 1998, Bernard et
al., 1998, Marumoto et al., 2003, Kimmins et aD0?2)).
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Figure 1.7 Aurora kinase structure

(A) The members of the human Aurora kinase family shown by schematic representation.
The grey numbers indicate the individual sizes of the Aurora proteins in amino acids, and
the percentages refer to the degree of sequence identity shared between the individual
family members. The coloured portions of the diagrams represent the relative positions of
the functional domains of the proteins. The catalytic domains of the kinases are shown in
green, while the activation loops (T-loops) are shown in pink. The sequences that enable
the targeting of Aurora A kinase for proteolysis are the destruction box (D-box) shown in
yellow and the D-box activating domain (A-box) indicated in blue. Although the similar
D-boxes occur in both Aurora B and C kinases, they have not been found to target the
proteins for proteolysis (figure amended from [Carmena and Earnshaw, 2003] and [Keen
and Taylor, 2004)). (B) The 3-dimentional structure of Aurora A kinase in complex with
adenosine. The indicated hinge region (green), activation loop (pink) the glycine-rich loop
(red), and the Thr288 residue are important for the activation of the kinase (image taken
and amended from (Cheetham et al., 2002)).
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The Aurorakinasesin Y east

The importance of the Aurora family was revealeteratertain mutant budding yeast strains
experienced a gain of chromosomes or ‘increaséoidyp after mitosis (Chan and Botstein, 1993).

Molecular cloning and genetic mapping of the mutstains identified an uncharacterised gene,
which was aptly named ‘Increase in Ploidy 1’ (Iplllp1 was later recognised as the only Aurora
family member present in budding yeast and wasddorbe localised to both the mitotic spindle

and kinetochores, co-localising with and phosplaiipyy various kinetochore proteins on an
Aurora consensus site (Kang et al., 2001, Cheesetnah, 2002, Biggins et al., 1999, Hsu et al.,
2000). Ipl1 was found to govern kinetochore-micbotie interactions by altering the connections
in response to the low tension they generated radté€chores (Pinsky et al., 2006, Biggins and
Murray, 2001, Biggins et al., 1999, Chan and BatstE993, Tanaka et al., 2002).

Fission yeast also contains a single member ofAtin®ra kinase family, named Aurora related
kinase 1 (Arkl). Similar to Ipl1, Arkl localises kinetochores and centromeres during mitosis,
and transfers to the mitotic spindles during anaphi{®etersen et al., 2001). Furthermore, Arkl has
been found to phosphorylate histone H3, contritat&inetochore activity and regulate spindle
formation (Petersen et al., 2001). Unlike its bugdyeast cousin however, the fission yeast Aurora
kinase was found to be required for a cellular eaesp to the lack of microtubule-kinetochore
attachment, as well as controlling the alteratibhow tension connections (Petersen and Hagan,
2003).

The Aurora kinase family in higher organisms

The three different Aurora kinase homologues in mafian cells have varying peptide lengths but
are highly similar in terms of structure and seaqeerwith a 70% degree of homology in their

catalytic domain (Figure 1.7A)(for review see [Kesrd Taylor, 2004]). Despite these similarities,

the different Aurora kinase family members localige distinct areas and exhibit divergent

functions during mitosis (Giet and Prigent, 199%t@&nd Glover, 2001, Carmena and Earnshaw,
2003, Bischoff et al., 1998, Crosio et al., 2002).

Aurora A kinase

Aurora A kinase activity is the target of a numlodrpromising cancer therapies currently in
development, making it an extremely interestingaki both clinically and academically
(Karthigeyan et al., 2010, Ochi et al., 2009). Dtesthis, at the begining of this project, relative
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little was known regarding the kinase and its atgtivmaking it an ideal topic for investigation and

thus the focus of this research project.

1.6.1 Aurora A kinase localisation

Aurora A protein is present throughout the wholé cgcle, although from G1 to S it is only
present at low levels. The protein localises to ¢hetrosomes immediately after S phase, after
which its levels increase, reaching a peak earlyitosis (Kimura et al., 1997, Bischoff et al.,
1998, Roghi et al., 1998).

Human Aurora A is targeted to centrosomes by it 810 amino acids, a localisation which is
thought to be stabilised by its catalytic C-ternginnteracting with centrosome components, such
as the motor protein Eg5 (Giet and Prigent, 20QdgiR et al., 1998, Stenoien et al., 2003). The
protein remains in constant and rapid flux throughaitosis, travelling between the centrosomes
and the adjacent microtubules to the cytoplasm,clwvhs indicative that Aurora A’'s major
functions lie in regulatory signalling, rather thhaving structural roles (Berdnik and Knoblich,
2002, Stenoien et al., 2003).

16.2 AuroraA kinase Activity

Aurora A kinase is initially activated during la@2 through a phosphorylation which occurs on a
T-loop residue (T288 in humans) within its catalydomain (Figure 1.7B) (Cheetham et al., 2002,
Van Horn et al., 2010, Walter et al., 2000, Ohahal., 2006, Dodson et al., 2010). In its active
state, the flexible T-loop is positioned so tha ghosphorylated T288 is exposed to the solvent,
where an inactivating dephosphorylation by profinsphatase 1 (PP1) can take place (Walter et
al., 2000). Aurora A can also phosphorylate arfdbih PP1 activity during mitosis, while the
regulatory subunit of PP1, Inhibitor 2, has alserbshown to bind to and activate AurorairA
vitro, indicating the presence of a feedback loop (Katay et al., 2001, Satinover et al., 2004). A
second protein phosphatase, PP2A, has also beam sbhdoth indirectly and directly inactivate
Aurora A kinase activity either by dephosphorylgtit or by stabilising Securin, which can then
inhibit the kinase (Eyers et al., 2003, Horn et 2007, Tong et al., 2008). Similarly, p53 can also
inhibit Aurora A either indirectly through regulatj the transcription of a secondary protein, or

directly when co-localised with the kinase at thatoosome (Shao et al., 2006).

Aurora A activity has been shown to be further tatpd by the condensation of chromatin which
activates Ran (a small GTPase), stimulating theass of TPX2 (targeting protein for Xklp2) from
an inhibitory complex (Kufer et al., 2003, Kuferat, 2002). TPX2 binds to the N-terminus of
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Aurora A, inducing a conformational change whiclows the autophosphorylation of Thr288 on
the T loop of the kinase (Eyers et al., 2003). bhand TPX2 also prevents its dephosphorylation
by protein phosphatase 1 (PP1) (Eyers et al., ZD€4,et al., 2003, Kufer et al., 2003, Kufer et al
2002, Bayliss et al., 2003). The interaction withXP localises Aurora A to the mitotic spindle,
and although attachment to microtubules is notrggdeit has been shown to enhance activation
(Gruss et al., 2001, Eyers and Maller, 2004, Bayisal., 2003). TPX2 is also phosphorylated by
Xenopus PIk1, which increases the activation of Aurora AK&dt et al.,, 2009). Interestingly,
building a spindle of the correct length requirbe interaction between TPX2 and Aurora A,
highlighting the importance of the TPX2 activati@hAurora A (Bird and Hyman, 2008).

Aurora A also interacts with the LIM domain-confaip protein, Ajuba, which promotes the
phosphorylation and full activation of Aurora A (dlia et al., 2003, Goyal et al., 1999). The
depletion of Ajuba has been shown to prevent thigadion of Aurora A at centrosomes (Hirota et
al., 2003). p21l-activated kinase 1 (Pakl), a pmoit@iportant for regulating focal adhesions, can
also bind to Aurora A, promoting the phosphorylatiof Aurora A at both Thr288 and Ser342
(Zhao et al., 2005). Furthermore, Arpclb, a compomd the actin related protein 2/3 (Arp2/3)
complex which initiates the formation of actin filents and has also been found to activate Aurora
A and thus may aid centrosome maturation (Zigmadms@8, Goley et al., 2006, Goley and Welch,
2006, Molli et al., 2010). The depletion or inhibit of Integrin-linked kinase (ILK), which has
role in focal adhesions, also prevents Aurora Anfreegulating TACC3, possibly indicating a
further method of Aurora A activation (Fieldingadt, 2008).

When activated at centrosomes during late G2, Aukoactivates Plk1 through a phosphorylation
event which is greatly enhanced by Bora, an Aufo-factor (Macurek et al., 2008, Hutterer et
al., 2006). Plk1 has also been shown to regulater&uA through Bora, indicating a feed-forward

mechanism in promoting the activation of both kesafChan et al., 2008, Seki et al., 2008).

16.3 Theroleof Aurora A kinasein bipolar spindle assembly

Aurora A kinase has been found to serve severaltifums within the cell, the first of which was
reported through work wittbrosophila embryos which displayed monopolar spindles afber t
inaction of the kinase (Glover et al., 1995). Thactivation of Aurora A kinase activity was later
observed to also cause the occurrence of monoppiadles in a range of other organisms from
Xenopus to humans (Roghi et al., 1998, Girdler et al.,@08annak et al., 2001, Mori et al., 2007,
Liu and Ruderman, 2006). Indeed, Aurora A inactorahas been shown to cause the collapse of a
previously assembled bipolar spindlesXenopus egg extracts (Giet and Prigent, 2000). Other

reports have alternatively described the formatibfabnormal spindles’, in the absence of Aurora
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A activity, whereby centrosomes were able to sépaftaut spindles were disorganised (Berdnik
and Knoblich, 2002, Giet et al., 2002, Schumacheal.e 1998b, Ozlu et al., 2005, Peset et al.,
2005, Hoar et al., 2007, Manfredi et al., 2007)isTinconsistency may be due to the different
experimental strategies employed, however bothrtegoghlight the requirement for Aurora A

activity in normal bipolar spindle formation.

Another protein involved in bipolar spindle asseynisl the motor protein Eg5, which has been
shown to interact with and be phosphorylated byofarrA, possibly indicating an additional
method by which Aurora A activity controls bipolsgindle formation (Walczak et al., 1998, Giet
and Prigent, 2000, Giet et al., 1999, Mayer et1@99, Kapitein et al., 2005, Koffa et al., 2006).
Similarly, Aurora A kinase has also been foundrteliact with and phosphorylate the spindle
associated protein ASAP (Aster-Associated Proteif)ich has been found to be required for
spindle assembly and timely mitotic progressiorff{sat al., 2005). When Aurora A is prevented
from doing so, ASAP is destabilised and spindigeasbly, spindle pole integrity and even cell
division are compromised, providing an additionaéthod of Aurora A control over spindle
formation (Venoux et al., 2008, Eot-Houllier et,a2010). Additionally Aurora A activity is
required for the efficient microtubule nucleatiohastral microtubules, and therefore the role for
the kinase in bipolar spindle formation may alsodeeived from its regulation of these pulling
forces (Kinoshita et al., 2005, Motegi et al., 20G&et et al., 2002, Rosenblatt et al., 2004).

Aurora A also regulates the activity and local@atthe microtubule depolymerisors Kif2a and
MCAK (or Kif2c), which have been shown to have ufist roles, although both contribute to the
formation of bipolar spindles (Ganem and Compto®04). In Xenopus egg extracts, MCAK
activity and localisation to Ran asters and spimmiiees was found to be regulated by Aurora A
activity (Zhang et al., 2008). These phosphoryfagoents were required to aid both centrosome-
independent pole focusing and bipolar spindle fdiona(Zhang et al., 2008). Aurora A also
interacts with and phosphorylates Kif2a, a microtatdepolymerise required for spindle assembly
and chromosome congression, consequently suppgelsgiza depolymerise activity (Jang et al.,
2008, Jang et al., 2009). Aurora A inhibition waswn to increase Kif2a on spindle microtubules,
causing a reduction in microtubule polymers (Jaingl.e 2009). Kif2a is also positively regulated
by Plk1, and due to the interconnected nature abrsuA and Plk1 throughout mitosis discussed
previously in this introduction, this antagonistigulation demonstrates an intriguing and complex
method of controlling Kif2a activity (Jang et a2009). The balancing of depolymerises such as
MCAK and Kif2a enables the highly dynamic structwk the spindle to remain remarkably

constant.
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164 Theroleof Aurora A kinasein centrosome-independent bipolar spindle assembly

Aurora A kinase has also been found to be reqdoethe nucleation, stabilisation and focusing of
microtubules as well as the formation of bipolandfes in environments which lack centrosomes.
In Xenopus egg extracts which lack chromosomes and centrosdkoeora A is responsible for
enhancing Ran-GTP-induced bipolar spindle assertfimgugh promoting the formation of a
particular complex. This complex comprises of therotubule cross-linking and bipolar spindle
promoting proteins Eg5 and TPX2 (Kapitein et aD02, Manning and Compton, 2007), the
microtubule stabiliser chTOG/XMAP215, the microtidbbundler HURP (Koffa et al., 2006, Sillje
et al., 2006) and Aurora A itself (Berdnik and Kiich, 2002, Liu and Ruderman, 2006). When
correctly assembled, the different components efctbmplex work together to provide an method
of microtubule nucleation and spindle assembly,ciwhis completely independent of centrosomes.
The requirement for Aurora A in centrosome-indemedipolar spindle assembly highlights the
kinase’s strong connection with the organisationmdérotubules and regulation of microtubule

stability and prominent role in bipolar spindlerfation.

1.6.5 Theroleof Aurora A kinasein centrosome matur ation

In addition to regulating the formation of a norrbgbolar spindle, Aurora A promotes the proper
maturation of centrosomes (Hannak et al., 2001,i bal., 2007, Berdnik and Knoblich, 2002,
Giet et al., 2002, Barros et al., 2005, Teradd.eP@03, Hirota et al., 2003, Greenan et al., 3010
The maturation of centrosomes increases both 8ie& and nucleation capacity, enabling the
organised growth of the mitotic spindle (Greenanlgt2010, Hannak et al., 2001, Khodjakov and
Rieder, 1999, Piehl et al., 2004). By causing tla¢unation of the centrosomes, a positive feedback
loop is created, which promotes further Aurora Aruément to the centrosome, thus amplifying

the maturation (Portier et al., 2007).

As discussed earlier, centrosomal maturation isssential step in the organisation and nucleation
of the mitotic spindle, involving the recruitment many different proteins, a process found to
involve Aurora A activity (Hannak et al., 2001, Baik and Knoblich, 2002). Aurora A stimulates
the recruitment of the essential centrosomal compbytubulin to the spindle poles, through
controlling Centrosomin (CNN) irosophila and Lats2 in human cells (Berdnik and Knaoblich,
2002, Taoji et al., 2004, Terada et al., 2003, Abalg 2006). The integrity of the centrosome and
the organisation of the spindle poles are alsogeeg to be regulated by Aurora A which, through
an interaction with Astrin, controls Seperase égti{Gruber et al., 2002, Thein et al., 2007, Yuan

et al., 2009). Astrin has also been shown to beluad in the localisation of Aurora A to mitotic
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spindles, and depleting Astrin levels causes atimigorest similar to that seen after the depletion
of Aurora A protein (Du et al., 2008).

The recruitment of TACC3 (transforming acidic cdileoil protein 3) to the centrosome and
spindle microtubules is also controlled by its dinghosphorylation by Aurora A, or by an indirect
phosphorylation by Plkl (Giet et al., 2002, Moriagt 2007, Barros et al., 2005, Kinoshita et al.,
2005, LeRoy et al., 2007). Interestingly, cells hwihactivated Plkl have reduced centrosome
maturation and form monopolar spindles, thus higtiing the importance of the kinase in
centrosome maturation (Lane and Nigg, 1996, Sunwraal., 2004, Lenart et al., 2007)
Furthermore, the immunodegibn of Aurora A or the prevention of Aurora A pipb®rylation of
TACC, reduces the level of microtubules nuclearednfcentrosomes, particularly in the case of
astral microtubules (Barros et al., 2005, Wand.ef808a).

The recruitment of phosphorylated TACC3 stabiliseatrosomal microtubules through loading
chTOG/XMAP215 to the minus-ends of centrosome ntidrales (Barros et al., 2005, Kinoshita et
al., 2001, Kinoshita et al., 2005, Peset et alQ52Q.ee et al., 2001, Gergely et al., 2003). The
protein known as XMAP215 was first identified Xenopus egg extracts, were it was found to
increase the elongation rate of microtubulesitro (Gard and Kirschner, 1987). The function of
the protein in increasing microtubule length andssnevas determined to be derived through the
promotion of the polymerisation rate, the slowing the switching between microtubule
polymerisation and depolymerisation states, andwaging the formation of highly dynamic
microtubules, all of which have particular impotanin mitosis (for review see [(Peset and
Vernos, 2008]). This was later found to be dueht proteins ability to counter the microtubule
destabilising activity of MCAK (Tournebize et a2000). XMAP215 was subsequently discovered
to be related to a human protein which was overesged in tumour cells called chTOG (colonic
and hepatic tumour over-expressed protein). Depletof chTOG/XMAP215 produces
disorganised spindles consisting of relatively silbmicrotubules (Gergely et al., 2003, Cassimeris
and Morabito, 2004). The interaction between Aurdraand TACC3/chTOGXMAP215 is
maintained by the serine/threonine kinase and d@dafirotein Integrin-like kinase (ILK), and its

depletion or inhibition disrupts spindle organisat{Fielding et al., 2008).

Theroleof Aurora A in mitotic entry

The part played by Aurora A in centrosome maturagigtends to the regulation of the entry into
mitosis. Cells depleted of Aurora A experience gelin their nuclear envelope breakdown,
although the timing of chromosome decondensatiowisltered. This phenotype is also seen after

the prevention of centrosome maturation, furthg@psuting the notion that Aurora A activity is
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involved in the maturation of the centrosome (Lnd &uderman, 2006, Hachet et al., 2007, Portier
et al., 2007). Consistent with its role in promgtimitotic entry, Aurora A has been shown to
phosphorylate Cdc25B (Dutertre et al., 2004, Cazateal., 2005), which promotes the activation
of Cyclin B1-Cdkland the entry into mitosis (Hiragal., 2003). Aurora A has also been linked to
the regulation of the translation Cyclin B1 in la®2, which can then be recruited to the
centrosome to further promote mitotic entry (Hiretaal., 2003, Warner et al., 2003). Aurora A
kinase may also control mitotic entry through regjng the threshold of Cyclin B1 that permits the
entry into mitosis, with delays in the entry to osils reported to occur due to an increase in Cyclin
B1 threshold in interphase cells following the djpin of Aurora A (Satinover et al., 2006,
Satinover et al., 2004). Cyclin B1-Cdk1 activatisralso accentuated by the activation of PIk1 by
Aurora A and Bora, which initiates mitotic entrflléaving a checkpoint dependent arrest (Lenart et
al., 2007, Qian et al., 1998, van Vugt et al., 2004curek et al., 2008, Seki et al., 2008, Van Horn
et al., 2010).

Aurora A kinase degradation

At anaphase and early G1, the presence of Aurora feduced through ubiquitin-dependent
proteolysis by the APEn? complex (Marumoto et al., 2002, Gurden et al.,®@0Marumoto et al.,
2003). Degradation of the protein is dependenthenrécognition of two motifs: a destruction box
(D box) at the C-terminus, and an A-box in the Nri@us (Honda et al., 2000, Castro et al., 2002).
This process is regulated by a phosphorylationeg®®B which renders the kinase resistant to APC
mediated degradation and by AIP (Aurora A kinagerarcting protein), which counters this event

by initiating its proteosome dependent degraddtioat et al., 2002).

AuroraB kinase

AuroraB activation and localisation

Aurora B kinase forms part of a multimeric chrommosopassenger complex (CPC) made up of
INCENP, Survivin and Borealin, which brings abdu factivation of Aurora B kinase by causing a
conformational change in its structure and locadjsit to the chromosomes (Vader et al., 2006a,
Uren et al., 2000, Wheatley et al., 2001, Bishod &thumacher, 2002, Bolton et al., 2002,
Vagnarelli and Earnshaw, 2004, Sessa et al., 208®@prakash et al., 2007, Kelly et al., 2007,
Jelluma et al., 2008).
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On entry to mitosis the CPC is localised to thesaohchromosomes and inner centromere. The
proportion of the CPC localised to the chromosomesadecreases as cells progress through
mitosis, with the majority targeted instead to itteer centromere (Beardmore et al., 2004). Aurora
A may also be indirectly responsible for the coridion of Aurora B to the inner centromere and

even kinetochore function through the phosphomytatof CENP-A on Ser7 during prophase

(Kunitoku et al., 2003). Similarly, Disc-60kD (TD3§ a protein required for the progression from

prometaphase to metaphase, is also involved idisotga Aurora B to centromeres and is required

for Aurora B to reach its full activation (Mollinaet al., 2003, Rosasco-Nitcher et al., 2008). At
anaphase the localisation of the complex changam agelocalising to the spindle midzone. The

activation of Aurora B at its various localisatioissbalanced by inhibitory agents such as PP1,
PP2A and BubR1, which negatively regulate its actfBugiyama et al., 2002, Lampson and

Kapoor, 2005, Sun et al., 2008).

Therole of AuroraB kinase and chromosome alignment

Like the yeast Aurora kinase Ipll, Aurora B is prepd to sense microtubule-kinetochore
interactions, and consequently promote chromosonmeriebtation through destabilising
kinetochore attachments that induce low tensionc(ibield et al., 2003, Hauf et al., 2003, Tanaka
et al., 2002, Sampath et al., 2004, Liu and Lamp20a9). Microtubule connections are altered by
Aurora B through targeted phosphorylation of MCAKd&Kif2b, which controls their localisation
and therefore their action at centromeres (Andreivad., 2004, Gorbsky, 2004, Tanaka et al., 2002,
Ducat and Zheng, 2004, Kline-Smith et al., 2004 ktal., 2004, Bakhoum et al., 2009). Aurora B
within the CPC also controls the recruitment ofuamber of additional proteins to centromeres
such as CENP-E, Dynein, Ndc80 and PIk1, which Haaen linked to kinetochore function and
microtubule-kinetochore stability, indicating a pie method of control over microtubule
attachment (Ditchfield et al., 2003, Murata-HordaWwang, 2002, Cheeseman et al., 2006, Deluca
et al., 2006, Goto et al., 2006).

Theroleof AuroraB kinasein cytokinesis

The CPC has also been implicated as a key instigditthe segregation of cellular material and
cytokinesis, a process which begins with furrowr@sgion during anaphase and ends with the
cleavage into two separate daughter cells (GietGloger, 2001, Guse et al., 2005, Fuller et al.,
2008). Aurora B activity also regulates the alsois of cells by stabilising the bridge when
chromatin from unsegregated chromosomes is trappéte cleavage furrow (Steigemann et al.,

2009). The various roles of Aurora B and the CPCcytokinesis demonstrates the kinase’s
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importance for protecting against tetraploidy. kediethe use of small molecule inhibitors to probe
the role of Aurora B activity have revealed that thhibition of the kinase produced chromosome
alignment defects, problems with cytokinesis andugioidy (Ditchfield et al., 2003, Hauf et al.,
2003).

Aurora C kinase

A high degree of homology occurs between the kinlaseains of Aurora B and C (83%), however
out of the Aurora kinase family members, the fumttof Aurora C remains the most elusive
(Katayama et al., 2003, Keen and Taylor, 2004).

Aurora C kinase has been found to be expresseciotically dividing spermatocytes and oocytes
(Yanai et al., 1997, Bernard et al., 1998, Tsenglet1l998, Kimura et al., 1999, Li et al., 2004,
Tang et al., 2006, Yang et al., 2010b, Chen etl808). Similar to the described localisation of
Aurora B kinase during mitosis, in mouse meiosigoda C has been detected on chromosome
arms and centromeres, before accumulating on thellspmidzone and midbody during anaphase
and telophase (Tang et al., 2006, Yang et al., 20This sequence of localisation has given rise to
the theory that Aurora C may function as a meiokimbmmosomal passenger protein like Aurora B
during female mouse meiosis (Yang et al., 2010bjleéd, Aurora C has been shown to be
recruited by INCENP (Chen et al., 2005a), and muoés of additional components of the CPC
such as Survivin, Borealin and INCENP have beemtified in Drosophila meiosis, possibly
representing a method of meiosis specific Aurong@llation (Gao et al., 2008). Furthermore, an
Aurora C kinase-dead dominant negative mutant wasd to prevent the localisation of Bubl1 and

BubR1 to the kinetochore in female mouse meiosangyet al., 2010b).

Merotelic and syntelic attached chromosomes wege séen in meiosis after depletion of active
Aurora C, indicating that, like Aurora B kinase, rAta C may also have a role in correcting
microtubule kinetochore attachments (Yang et &@10D). Cells exposed to dominant negative
kinase-dead Aurora C exhibit cytokinesis failureeafMI, consequently producing a polyploidy
after meiosis in mice (Dieterich et al., 2009, brath et al., 2007).

Importantly however, Aurora C knockout mice werable, despite being sterile (Kimmins et al.,
2007), and the loss of a functional Aurora C gené&male oocytes inferred only minor effects to
oogenesis (Kimmins et al., 2007, Hu et al., 200@&tddich et al., 2009). These relatively mild

effects of the Aurora C kinase’s depletion withdiscernable effects to mitotic cells, are in stark
contrast to the more severe effects seen afterdédpdetion other two Aurora kinase family

members (Girdler et al., 2006).
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19 Cancer and the Aurora Kinase family

In recent years the Aurora kinases have raisedfis@nt interest due to reports of their over-

expression in various cancers (Mountzios et aD820

191 Cancer and Aurora A kinase

Aurora A is mapped to the chromosome region 20ql@ldich has also been found to be
frequently amplified in a range of cancers, inddleel over-expression of Aurora A had been
detected in tumours including breast, bladder, iamarcolon and pancreatic human cancers
(Katayama et al., 2003, Karthigeyan et al., 2018¢tBoff et al., 1998, Mountzios et al., 2008). This
strong correlation between Aurora A over-expressiod transformation consequently makes it a
potential prognostic or malignancy marker as welagromising anti-cancer target (Dutertre et al.,
2002).

Further supporting the link between Aurora A atyivand cancer susceptibility, the over-
expression of the kinase has been correlated \eitietge instability, the override of spindle toxin
induced spindle checkpoint, augmentation of the @&2st in response to DNA damage, and
resistancy to chemotherapeutic apoptosis (Meraldl.e2002, Goepfert et al., 2002, Marumoto et
al., 2002, Anand et al., 2003, Jiang et al., 200F=)rora A over-expression has also been linked
to the stabilisation of Cyclin B1 and centrosomeplfincation, both of which have been attributed
to tumorigenesis (Meraldi et al., 2002, Goepferalet2002, Yang et al., 2006, Zhou et al., 1998,
Qin et al., 2009). Additionally, Aurora A has beslmown to regulate the tumour suppressors p53
and BRCAL1 (Pascreau et al., 2009, Katayama eP@04, Ouchi et al., 2004, Liu et al., 2004).
Aurora A has been shown to directly interact wig8ghrough its N-terminal A-box motif, and
phosphorylate p53 at two locations which eitheibghtes its transactivation activity or causing its
ubiquitination and eventual proteolysis (Chen et2002, Katayama et al., 2004, Liu et al., 2004).
Aurora A over-expression has also been proposeetend the life-span of the cells by both
increasing the expression of the human telomemggrge transcriptase (hTERT), and activating
telomerase activity possibly through its regulatairc-Myc levels (Otto et al., 2009, Yang et al.,
2004). Aurora A may also promote metastasis of wmnuells through activating factors such as
RalA which is involved in the transformation pathlywvaausing enhanced collagen I-induced cell
migration and anchorage-independent growth (WU.e2805). Considering this large amount of
data, it is unsurprising to learn that the overregpion of Aurora A has been shown to cause the

oncogenic transformation of cells (Zhou et al.,8 9ischoff et al., 1998).
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In addition to Aurora A being over-expressed oréryactivated in cancer cell lines, reports have
also described its deletion and down regulatiothefkinase to be apparent in cancer cells (Bibby
et al., 2009). Intriguingly, these findings wers@sdated to the dual reduction of wild-type p53 in
cells, with Aurora A inhibition also found to in@®ge the growth of tumours with reduced p53
levels (Mao et al.,, 2007, Bibby et al., 2009). Altigh additional reports have described how
Aurora A inhibition can cause cell death in p53icieht cancer cell lines (Dar et al., 2008). This
ability of Aurora A inhibition to provide a growtladvantage to selected tumours therefore
highlights the requirement for tumour-specific tiqg@es in the fight against cancer progression.
Whether these changes to Aurora A are however thirao/olved in cell transformation or are

simply a product of the numerous mutations thag¢ tallace during the development of the tumour

is still to be determined.

Cancer and Aurora B kinase

Unlike Aurora A, Aurora B is located at a chromosoposition that has not been associated with
amplification. Aurora B over-expression has howebeien reported in some tumour samples such
as colorectal tumours, with an increase in Aurorkiase levels has been attributed to poor
prognosis, although this may simply represent #ighiened mitotic index of the samples (Tatsuka
et al.,, 1998, Katayama et al., 2003, Ota et alQ2P0OInstead of being a sole inducer of
tumorigenesis, Aurora B over-expression may cauek tansformation, possibly through the
hyperphosphorylation of its substrates, when in Woation with other misregulated factors
(Meraldi et al., 2002, Ota et al., 2002, Kandal ¢2805).

Cancer and Aurora C kinase

Although Aurora C expression is limited to germlséhvolved with reproduction, the expression
of the protein has also been described in humad@é&uia cells, with its depletion shown to cause
GO0/G1 arrest and apoptosis, indicating that Au©r&inase may have a role in transformation
(Kobayashi, 2006).

Aurorakinase-directed therapies

The association of the increased expression ofAilmra kinases with transformation, cancer
progression and metastasis make the Aurora famtihactive targets for anti-cancer drugs.

Furthermore, the up-regulation of Aurora kinasesancerous cells and in cells undergoing mitosis
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also allow Aurora directed therapies to weald arele@f targeted action towards tumours cells,

which may help avoid damage to the healthy tissues.

1.10 The development of small molecule Aurora A kinaseinhibitors

A range of Aurora targeted therapies have beenldgeé as anti-cancer treatments, a number of
which are presently in clinical trials (Karthigeyanal., 2010). Small molecule inhibition allows a
high degree of temporal control over kinase inatitbn, as they are easily diffusible so have a
rapid speed of action, but their inhibitory effecn also be washed out and therefore reversed
with relative ease. These properties have meantsthall molecule inhibitions have been both a
useful method of therapy and exciting investigativas which can be used to dissect the complex
and intricate roles of the Aurora kinases (Garaihdverria et al., 2000, Ditchfield et al., 2003,
Hauf et al., 2003, Girdler et al., 2006, Girdleakt 2008, Dar et al., 2008).

A drawback of small molecule Aurora inhibition ioth clinical and experimental usage however,
is the difficulty of specifically targeting one ldee in isolation. The three members of the Aurora
kinase family share a high degree of sequence logydietween their catalytic domains (reviewed
in [Karthigeyan et al., 2010]), and also bear clesactural similarities to CDK-2, GSKB3and
SRC kinase (Cheetham et al., 2002, Dancey and BHap2003, Garber, 2005). These similarities
make it extremely difficult to design and develaibitors that are specific to just one of the

Aurora kinase family members.

This problem with specificity became evident foling the attempted development of ZM447439
(herein referred to as ZM1) and VX680 as inhibitofsAurora A activity (Ditchfield et al., 2003,
Harrington et al., 2004). ZM1 was generated froateen of 250,000 compounds using Aurora A
kinase activity as an inhibition target, while VX®®as synthesised using knowledge regarding the
structure of Aurora A (Andrews, 2005). Applicatioh either of the drugs caused a reduction of
histone H3 phosphorylation on Serl0 as well asrthibition of cell division, producing tetraploid
cells (Girdler et al., 2006, Ditchfield et al., Z)MHarrington et al., 2004). These phenotypes were
suggestive of Aurora B inhibition, rather than AwrdA, and it was revealed that VX680 was
equipotent for the two kinases as well as inhigitan number of additional kinases, while ZM1
inhibited Aurora B more potently than Aurora A (@er et al., 2006, Cheetham et al., 2007, Tyler
et al., 2007).

Despite the lack of specificity towards Aurora Aieity, both ZM1 and VX680 have been shown
to selectively kill tumour cellgn vitro, although ZM1 never progressed to clinical treas VX680

has now been removed from trials due to complicatio the development process (Ditchfield et
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al., 2003, Girdler et al., 2006, Harrington et 2004, Keen and Taylor, 2009, Georgieva et al.,
2010).

The majority of small molecule inhibitors characted to date predominantly inhibit Aurora B
kinase activity. However, in 2006 the ZM-relatechibitor ZM3 was reported to cause the
formation of monopolar spindles, which is consisteith Aurora A inactivation (Girdler et al.,
2006, Barr and Gergely, 2007). Following ZM3 depstent, another small molecule named
MLN8054, was also found to cause the developmemharfiopolar spindles. It has been claimed
thatin vitro, MLN8054 can inhibit Aurora A activity over 40 tirmanore potently than Aurora B,
and more than 100 times more potently than a paheaelected kinases (Hoar et al., 2007).
MLN8054 is an ATP competitive and reversible intobiof Aurora A kinase activity, and has been
shown to cause the induction of apoptosis and senee in laboratory tests (Huck et al., 2010,
Manfredi et al., 2007). Clinical treatment of theugl did however cause somnolence in patients,
prompting the development of a secondary compouwiicc MLN8237, which at the time of
writing, is in phase Il clinical trials and has be&und to produce encouraging levels of
cytotoxicity when used as a combination therapy ¢Moet al., 2010, Karthigeyan et al., 2010,
Nawrocki, 2008).

111 M ethods of investigating Aurora A function

Many techniques have been successfully employetheénpast to characterise the role of the
Auroras within cellsin vitro andin vivo methods have been detailed in the literature, rgnfyjom
RNAIi and conditional knockouts of Aurora A, to noeinjection of anti-Aurora A antibodies and
the use of Aurora A mutant proteins (Giet and Rrig2001, Marumoto et al., 2002, Glover et al.,
1995, Girdler et al., 2006, Girdler et al., 200&niHak et al., 2001, Cowley et al., 2009, Mori et al
2007, Berdnik and Knoblich, 2002). It is howeverporntant to distinguish between reports
specifically concerned with the role of the kinastivity, and those that investigate the functién o
the entire protein. Removing a protein from theteays(using techniques such as null models and
RNAI) induces effects that reflect the preventidntlee kinase from performing its structural
function as well as any chemical roles. To speglificinvestigate the role of kinase activity, the
physical protein must still be present in the tekllow the activity of the kinase to be examiied
isolation.

Clearly, developing an understanding of the role gfarticular kinase’s activity is a delicate and
intricate process. However, investigation into AarcA kinase activity has been elegantly
conducted in the past by creating phospho-mimicAwbra A substrates, and by using catalytic
inactive Aurora A mutants (Mori et al., 2007, Glow al., 1995, Berdnik and Knoblich, 2002,
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Girdler et al., 2006). The creation of mutant piridehas been used to collect valuable information,
however it is not possible with the current tecleisjto have temporal control, a feature that has
extensive advantages when investigating tempocalhtrolled kinases. The mutant proteins must
either be continually expressed, or their expressmist be induced over a relatively long period
(Berdnik and Knoblich, 2002, Hannak et al., 200 comparison, the ability to rapidly manipulate
small molecule inhibitors means that they can bedus experiments to examine intricate and
specific areas of the cell cycle without the neadléng treatment periods (Sawyers, 2004, Keen
and Taylor, 2009).

1.12 Outlineof thisinvestigation

The Aurora kinase family are integral to the regjata of mitotic progression, and numerous

reports detail their importance in the process.ofaiA kinase has attracted particular interest due
to the strong links between its over-expression @tter. Despite a good number of discoveries
made regarding the role of Aurora A however, tmeithtions of experimental techniques have
meant that relatively little is known about theeraf its kinase activity. The aim of the study

presented in this thesis was therefore to explut éxperimental benefits of small molecule

inhibition in order to probe the role of Aurora Ateity in mitosis. During the course of this thesi

| will describe the experimental findings that résd from my exploration of the role of Aurora A

kinase activity.

In the first results section described in chaptet 8escribe how the small molecule inhibitor
MLNB8054 was selected as the best tool with whicimtestigate Aurora A kinase activity. Then in
chapter 4, | describe how MLN8054 was employedxam@ne the role of Aurora A activity within
cells, showing that its inhibition resulted in tfeemation of bipolar spindles of a reduced length,
with fewer long K-fibres and a lower level of mitwbule organisation. Despite demonstrating that
Aurora A activity has a role in spindle formatidhge results were in contrast to previous reports
which associated the removal of Aurora A activitithasthe production of a monopolar spindle
phenotype (Roghi et al., 1998, Glover et al., 199% and Ruderman, 2006, Girdler et al., 2006).

The functional consequences of the spindle abndtieslseen after Aurora A inhibition are
demonstrated in chapters 5 and 6, with data shotiiaigAurora A inhibition prevents cells from
being able to efficiently align their chromosomesl anaintain genetic integrity. These findings are
consistent with reports of Aurora A depletion andrédra A antibody micro-injection, which
described the treatments as causing chromosomaligmisients despite the presence of a bipolar
spindle (Marumoto et al., 2003, Kunitoku et al. 020 When examining the role of Aurora A

activity in chromosomal alignment, it became appatieat Aurora A activity was not required for
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the attachment of kinetochores to the spindle. #altilly, when causing the dramatic reduction in
centromeric stretch by inducing the formation of nopolar spindles in cells treated with
MLN8054, monotelically orientated chromosomes weteserved. This ability of MLN8054-
treated cells to produce monotelically orientatdslomosomes when kinetochores are under
reduced tension thus confirmed that Aurora B agtwias not inhibited by the MLN8054 treatment
(Hauf et al., 2003). Furthermore, contrary to pcedns, the finding also appeared to demonstrate
that Aurora A does not cooperate with Aurora Bagulating chromosomal attachment (Marumoto
et al., 2003). Therefore, the role of Aurora A wtyiin the alignment of chromosomes was instead

predicted to be derived from its function in regulg spindle formation.

When exploring the role of Aurora A activity in tlegulation of the formation of a functional
mitotic spindle, TACC3 was found to be completelislocalised following Aurora A inhibition,
which is consistent with reports in the literatused chTOG localisation to the centrosomal area
was also diminished (Giet et al., 2002, Kinoshitale 2005, LeRoy et al., 2007, Lee et al., 2001).
Aurora A localisation to spindle microtubules wdsoafound to be partially destabilised by its

inhibition and centrosome size appeared reduced.

Despite the clear role for Aurora A activity in sgie assembly and chromosomal alignment, the
majority of cells performed cytokinesis after exdted mitotic delays. This observation conflicts
with data from Aurora A RNAIi or antibody micro-imggon experiments, which may therefore
highlight divergent structural and catalytic roles Aurora A in the process (Marumoto et al.,
2003). Despite the ability of cells to divide irethbsence of Aurora A activity, segregation defects
were observed and the cells became aneuploid.régigrement for Aurora A activity to evenly
segregate segregation the genetic material is stensiwithDrosophila data and a report published
during the investigation (Hoar et al., 2007, Glogtal., 1995).

Despite the clear role for Aurora A activity in sgie assembly and mitotic progression, the effects
of its inhibition were not as profound as indicatedmany reports in the literature (Roghi et al.,
1998, Glover et al., 1995, Liu and Ruderman, 2@Bidler et al., 2006). Therefore, to address
whether Aurora A activity could be inhibited moretently, in chapter 7 | used a cell line which
made it possible to increase the concentratiomloibitor applied to cells, while maintaining its
specificity towards Aurora A over Aurora B activitfhese cells exhibited a monopolar spindle
phenotype in response to Aurora A inhibition, althb they were still able to divide, thus
supporting the notion that although Aurora A atyivis required for spindle formation it is not

involved in cytokinesis.

In comparison to the cancer cell lines tested, stigation into non-transformed cells during

chapter 8, revealed that they could form bipolandips of a normal length, which were able to
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more efficiently align their chromosomes in the ealze of Aurora A activity compared to the
cancer cell lines tested. The non-transformed te#ited also only suffered relatively short mitotic
delays following Aurora A inhibition and did not @onulate a substantial sub-G1 population,

unlike the cancer cells, which became profoundijialsie after the equivalent treatment.

In summary therefore, | will describe my findinghieh demonstrate that Aurora A activity is

involved in the formation of a functional spindledaefficient alignment of chromosomes. Through
the development of a functional spindle, | will damstrate that the kinase activity of Aurora A
enables the appropriate detection of alignmentatgfallowing the even segregation of genetic
material, although it does not play a prominentt parthe spindle assembly checkpoint or
cytokinesis. Finally, | will describe a number oftriguing differences between the cell lines in
response to Aurora A inhibition, which have impattaonnotations for the targeting of Aurora A

as an anti-cancer therapy.
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Materials and Methods

Cdll culture

The cell lines used during this investigation (dimsx in Table 2.1) were grown in Dulbecco’s
modified Eagle’s media (DMEM) (Invitrogen) supplembed with 100 U/ml penicillin, 100 pg/ml

streptomycin, 2 mM glutamine (all from Lonza) an® % (v/v) foetal calf serum (FCS)

(Invitrogen). GFP-H2B HelLa and RPE cell lines walso treated with 0.5 andi@/ml puromycin

respectively, to select for their pLPCX-based pliasm

Cell Line Origin Source p53

DLD-1 Human colorectal American Type Culture WT
adenocarinoma Collection

TA-HelLa Human cervical (Taylor and McKeon, WT (inactive)
carcinoma 1997)

HCT116 Human colon carcinoma  American Type CulturéVvT

Collection

HCT116 R12 Human colon carcinoma  (Girdler et 08 WT

hTERT RPE Telomerase immortalised gift from Dr. S, WT
human retinal pigment Doxsey, University of
epithelial cell Massachusetts

GFP H2B TA-HelLa Human cervical (Gascoigne and Taylor, WT (inactive)
carcinoma virally infected2008)

GFP H2B hTERT RPE

with pLPCX

Telomerase immortalis€@ascoigne and Taylor, WT
human retinal pigment 2008)
epithelial cell virally
infected with pLPCX

Table 2.1: Cell lines. The tissue and cell type of the cell line origin are described as in the ATCC

database, and the p53 status are designated as either wild type (WT) of inactivated form of

the p53 gene (WT (inactive)), as detailed in the Mutant P53 loss of activity database.

The cells were cultured as monolayers in a huneidifatmosphere at 37°C and 5% ,Cihd
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passaged when necessary by first washing with pladspuffered saline (PBS) then incubating at

37°C for 5 minutes with 1% (v/v) trypsin in PBS (Imagen). After detachment of the cells by

trypsinisation, fresh media was used to both quénehrypsin and appropriately dilute the cells.
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For storage, the cells were harvested as aboveddetnifuged at 1000 rpm for 5 minutes. The
resulting pellet was resuspended in freezing méB@sS with 10% (v/v) dimethyl sulfoxide
(DMSO) (Sigma)) and aliquoted into cryotubes (Nurithe tubes were incubated at *80in
polystyrene boxes for a minimum of 24 hours befwng transferred to liquid nitrogen for long-

term storage.

Drug treatment

The drugs used were stored at -20°C at stock ctmatiems in DMSO or, in the case of MLN8054,
sterile water (Table 2.2). To achieve the final aamtrations, drugs were diluted with media,
although DMSO was never more that 0.1% (v/v) of fimal concentration. Samples with
equivalent concentrations of DMSO were used asralsnfor experiments using drugs stored in
DMSO.

Drug Stock concentration Final concentration
Nocodazole (Sigma) 5 mg/ml 30 ng/ml
AZ138 10 mM 1uM

(A gift from AstraZeneca)

Monastrol 100 mM 100puM
ZM447439 (Tocris) 10 mM 2uM
MLN8054 10 mM 1um

(A gift from Millennium
Pharmaceuticals)

Table 2.2: Drug concentrations. The stock concentrations of the drugs were diluted to make the
indicated final concentrations with media.

Cell Biology

Flow Cytometry

Cells were seeded into 10 cm Petri dishes and redltfior 24 hours before drug treatment.
Following the drug treatment, media was collectexnf the plates and the cells were carefully
washed with 2 ml PBS, which was also subsequertlieated. The cells were harvested by

trypsinisation, pooled with the media and PBS ctdld earlier, then centrifuged at 1000 rpm for 5
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minutes to form a pellet. The pellet was resusperinel50ul PBS and fixed using 350 100%
ice-cold ethanol, which was added in a drop-wishifan while gently vortexing. The fixed cells

were then incubated at -20°C for at least 16 hours.

To assess the DNA content and mitotic index ofdilés were stained with propidium iodide (PI)
and an antibody against MPM-2 respectively. Betbeestaining however, the cells were washed
to remove ethanol by adding 10 ml PBS and centnfygat 1000 rpm for 5 minutes. The
supernatant was removed and the cells were inalilzitd°C in the dark for 2 hours with 50D
mouse monoclonal MPM-2 (Upstate) diluted to 1:2@00PBS. The samples were then washed
again by adding 10 ml PBS, centrifuging at 1000 fprb minutes and discarding the supernatant.
Anti-mouse-FITC secondary antibody (Jackson Lathié)fed to 1:1000 in PBS, was added for 1
hour after which samples were washed with PBS anoee and then resuspended in 500
propidium iodide solution (4Qg/ml PI, 50ug/ml ribonuclease A in PBS: Sigma) and incubated in
the dark at 4C for 30 minuteslf it was not necessary to observe the mitotic indé the cell
population, the addition of primary and secondarybmdies against MPM-2 was omitted from the
protocol. The stained cells were analysed using rC¥ADakoCytomation) and Summit analysis

software (Dako), with 10,000 cells analysed frorohesample.

232 Phase-contrast time-lapse micr oscopy

To observe individual cell progression through sigpcells were plated into a clear-bottomed 24-
well dish (Corning) and cultured for 24 hours befdrugs were applied. To reduce the evaporation
of media from the cells and therefore maintaindahecated drug concentrations, the unused wells
of the 24-well dish were filled with media in ordercreate a humidified environment. Filming of
the cells was started 1 hour after drug applicatidgth images being taken every 2 minutes with a
CoolSNAP HQ camera (Photometrics) operated by Metahl software (Universal Imaging).
Phase contrast was used to visualise cells witBxaApo Plan objective and 200 ms exposure
using a Zeiss Axiovert 200 fitted with a PZ-2000 torsed stage (Applied Scientific
Instrumentation) to enable point revisiting. Cudtuconditions of 37°C and 5% GQwere
maintained during filming through the use of aniesmmental control chamber and heater (Solent
Scientific). A syringe needle was inserted into phestic dish lid to deliver humidified GQo the

cells.

The images produced from the procedure were arthlysang Metamorph software (Universal
Imaging), and the time taken from cells to progtfess the point of nuclear envelope breakdown

to chromosome decondensation was used to deteth@maitotic period of the cells.
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233 Fluor escent spinning-disc time-lapse micr oscopy

Spinning-disc time-lapse microscopy enabled théectbn of high-resolution imaging, allowing
the observation of individual fluorescently markeltromosomes within live cells. The cells in
guestion expressed GFP-histone H2B to enable guahsation of the DNA, and were plated in a
35 mm Petri-dish with a 14 nfir0.16 — 0.19mm thick glass insert (Mat Tek). Thlisowere left to
settle for around 24 hours, after which the medss wemoved and replaced with the appropriate
drug concentration diluted using fresh media. Thkuce conditions of 37°C and 5% g@ere
maintained by enclosing the cell plate in a heagedironmental control chamber (Solent
Scientific). Following a 1 hour period which wasedgo allow the cell environment to stabilise, a
100x objective was used to take a series of 7 tiesescevery 2 minutes with a CoolSNAP HQ
camera (Photometrics) and spinning disc (Yokogawp&yated by MetaMorph software (Universal

Imaging).

234 Immunofluorescent staining of cell samples

Immunofluorescence microscopy was used to obseitaicnspindles within cells as well as the
positioning of various proteins in response to easitreatments. To do this, the cells were first
seeded onto 19 mm glass cover slips usingd®0 1.2 or 2.4 x 18ml cell suspension. 24 hours
after plating the cells, the media was removed r@pthced with the appropriate drug treatment.
Following the specifically allocated treatment peri the cell samples were fixed, washed and
blocked according to Table 2.3, and 3@0f primary antibody in blocking agent was applied
each slip (Table 2.4). After washing the cells ¢htienes with PBS plus 0.1% (v/v) Triton X-100
(PBST), 100ul of secondary antibody conjugated to Cy2, Cy3 g6 Call used at 1:500 from
Jackson Immunoresearch Laboratories) diluted irckiiy agent was applied to each slip and
incubated in the dark for 30 minutes. To stain@A, after washing with PBS three further times
with PBST to remove unbound secondary antibodiemcHst No. 33358 (Sigma) diluted to 1
png/ml in PBS was applied to the samples for 2 neiswuifter washing with PBST three final times
to remove the Hoechst, the cover slips were indeated positioned onto mounting media (90%
glycerol (v/v) with 20 mM Tris HCL pH 8.0) which Habeen placed on glass slides. Nail varnish

was applied to the edges of the cover slips totbeah to the glass slide.
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Protocol Fixation techniques
step Methanol Formaldehyde PEM extraction PEM/methanol
Microtubule  None. None. Aspirate off media, Aspirate off media,
extraction wash with PBS, and wash with PBS, then
then apply apply PEM for 90
microtubule extractiorseconds.
buffer PEM (100 mM
PIPES pH 6.9, 1 mM
MgCl,, 0.1 mM
CaCl, 0.1 % triton)
for 90 seconds.
Fixation Aspirate off media and Aspirate off media Aspirate off PEM and Remove PEM and
carefully wash once withand wash once witlapply 4% (v/v) submerge into ice-
PBS. Remove PBS by PBS, then apply formaldehyde in PEMcold 100% ethanol for
and submerge into ice- 1% (v/v) for 10 minutes. 10 seconds. Fix cells
cold 100% ethanol for 1@ormaldehyde in by placing in fresh
seconds. Fix cells by  PBS for 5 minutes. ice-cold 100% ethanol
placing in fresh ice-cold and incubate at —-2Q
100% ethanol and for 10 minutes.
incubate at —2 for 10
minutes.
Wash 3-times with PBST 3-times with PBST 3-times with\PE  3-times with PEM
Block 5% (w/v) fat-free milk  Glycine in PBS for Glycine in PEM for 5 % (w/v) fat-free milk
powder (Marvel) in 5 minutes. minutes. powder (Marvel) in
PBST for 10 minutes. PEM for 10 minutes.
Experiment  Figures 5.3 and 5.5. Figures 3.4B, 3.4kgures 3.4A, 4.1,  Figures 4.7C. 4.7D
4.2,4.4,45,4.6, 54A 4.7A, 4.7B, and 8.6C.
5.1,7.1A, 7.4 and 8.6A and 8.6B.
8.3.
Table 2.3: Fixation techniques. Four different protocols were selected for the fixation of samples
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from immunofluorescence, which involved specifically tailored methods of microtubule

extraction, sample fixation, washing and blocking. The figures in which each of the

methods were used are indicated at the bottom of the table.

I mmunofluor escence micr oscopy

Immunofluorescently stained samples were analyseadrange of different methodologies. When

simply counting cells, a Zeiss Axioskop 2 microseopith a 100x objective and epifluorescence

was used. Single plane images were taken of theamiples through the use of a CoolSNAP HQ

CCD camera (Photometrics) and Metamorph softwareviidsal Imaging).

For the acquisition of z-sectioned fluorescencegesaof the cells or the quantitation of areas of

fluorescence through measuring pixel intensity,idevfield optical sectioning microscope (Delta

Vision; Applied Precision) driven by SoftWorx (Apgdl Precision) was used. Image stacks were
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created by taking z-sections at QuZn intervals to create image stacks, which were then

deconvolved using 10 cycles of enhanced ratio desfation (SoftWorx). These stacks could

either then be projected to make 2D images or teselserve the cell image in 3D.

Antibody Antigen Dilution for IF Dilution for WB  Source
SAA-1 Sheep anti-Aurora A 1:5000 1:5000 (Girdleak, 2006)
TAT1 Mouse monoclonal anti- 1:200 - Gull Lab (Woods et al.,
a-tubulin 1989)
Pericentrin Rabbit polyclonal anti- 1:1000 - Abcam
Pericentrin
4B12/6 Mouse anti-Bubl1 1:10 - (Taylor and McKeon,
1997)
pH3 Rabbit anti-phospho-S101:500 1:500 Chemicon
Histone H3
SAB.1 Sheep polyclonal anti- 1:1000 1:1000 (Ditchfield et al., 2003)
Aurora B
SM2.1 Sheep polyclonal anti- 1:500 - (Johnson et al., 2004)
Mad2
ACA Human anti-centromere  1:800 - Bill Earnshaw
TACC3 Rabbit anti-TACC3 1:500 1:1000 (Gergely et 2000a)
Phospho-TACC3  Rabbit anti- - 1:1000 A gift from Fanni
phospho(Ser558)TACC3 Gergely (University of
Cambridge)
chTOG Rabbit polyclonal anti- 1:500 - Abcam
chTOG
2914 Rabbit anti-Phospho- - 1:1000 Cell Signalling
Aurora A (Thr288),
Aurora B (Thr232), and
Aurora C (Th198)*
SB1.2 Sheep anti-Bubl 1:1000 - (Taylor et al., 2001
MIL Rabbit anti-pT288 - 1:2000 Millennium
Pharmaceuticals
Table 2.4: Antibodies used for immunofluorescence and Western blotting. The concentrations of

primary antibodies used for immunofluorescence microscopy (IF) or immunoblotting of
Western blots (WB). NB: Antibody 2914 was to detect phospho-Aurora in Figures 3.1 and

3.3, while MIL was used in Figure 3.2.

*It is claimed by the manufacturer that the antibody 2914 recognises a phophorylation event on Aurora C, |

however have no evidence to support this claim.
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236 Immunoblotting

Sodium dodecyl sulphate polyacrylamide gel eled¢toopsis (SDS-PAGE) and immunoblotting
were used to observe the presence of differentdafproteins within cell samples that had been
exposed to a range of drug treatments. Beforerélaenent of the cells, they were plated in 6-well
dishes and allowed to settle 24 hours, then métyicenriched with Nocodazole for 16 hours.
After this period the cells were treated for furtlzehours with the indicated Aurora A inhibitor
concentrations in combination with MG132 and Noamde A 500ul portion of the media was
then collected from the wells and the rest wasadied. The cells were gently washed with PBS,
which was pooled with the collected aliquots of raed’ he cells were harvested by trypsinisation
and combined with the collected media and PBS, wha@rved to quench the trypsin. The samples
were centrifuged at 1000 rpm for 5 minutes, theesogtant was discarded, the pellet was
resuspended in 2 x Laemmli SD sample buffer (108 @-mercaptoethanol, 125 mM Tris, 4%
SDS, 20% (v/v) glycerol, 0.02% (w/v) bromophenoud)l and then incubated at 100°C for 5
minutes to lyse the cells and denature proteinserAdllowing the samples to cool to room
temperature, they were centrifuged for 15 secondst®00 rpm, after which the samples could

then either be stored at *ZDor loaded into a 12% polyacrylamide gel (see & &b).

Reagent Resolving gel (12%) Stacking gel

Water 51 5.7

Tris 1.5M pH 8.8 3.75 -

Tris 0.5M pH 6.8 - 2.5

SDS 10% 0.15 0.1

Acrylamide 30% 6 1.7

Ammonium persulphate (APS) 10% 0.15 0.1

Table 2.5: Resolving and stacking gels for SDS PAGE. Volumes of the indicated reagents are in

ml. ‘12%’ refers to the final percentage of acrylamide within the resolving gel. All the
reagents are from Sigma, apart from the acrylamide, which is from National Diagnostics.

The SDS PAGE gels were made with the ingrediemtisated in Table 2.5, and polymerisation of
the resulting solutions was aided and/or inducedhleyaddition of TEMED (Sigma). To make a
gel, a mould was made from a 10 cm x 10.5 cm ghteie clamped to a notched ceramic plate
separated by 1.5 mm spacers (all from Hoefer).gehesolution was prevented from flowing out of
the vertical plates by standing on a section o&fi#m (Scientific Laboratory Supplies). To make a

gel plug, 1 ml aliquot of resolving gel solution sveombined with 1Qul of TEMED and poured
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into the mould, and after it had polymerised, thmaining resolving solution was combined with
15 ul of TEMED and poured between the plates. To hefpave bubbles from the gel and flatten
the top, a 0.1% (w/v) SDS solution was poured ahi hardening resolving gel. When the
resolving solution had solidified, the SDS solutisas poured away and the sacking solution was
poured into the mould after adding iof TEMED. Wells for the samples were made by iting

a fifteen-tooth comb (Hoefer) into the solidifyingsolving gel. When the gel was fully solidified,
the comb was removed and the wells were washedugbly. The gel, which as still held between
the two plates, was then clamped into a running {&loefer) filled with running buffer (25 mM
Tris, 200 mM glycine, 0.1% (w/v) SDS) and a 30 nf#age was applied to each gel for 90 to 120

minutes to separate the proteins.

To observe the separated proteins, the SDS PAGwaglcarefully removed from the plates and
immersed in transfer buffer (25 mM Tris, 190 mMahe, 0.1% (w/v) SDS, 20% methanol). The
gel was sandwiched between six Whatman paper ssjaaceImmobilon-P membrane (Millipore)

all of which were also soaked in transfer buffeneTgel, paper squares and membrane were then
placed in an EB10 or EB20 Electro-Blot Unit (Wolalhoratories), and a preferential difference of
15 V was applied in the Electro-Blot unit, causthg proteins to be transferred from the gel onto

the membrane.

After the transfer, the membrane was removed fitoenunit and incubated for 1 hour in 5 % (w/v)
fat-free dried milk powder (Marvel) which had bedituted in TBST (100 mM Tris, 150 mM
NaCl, 0.1 % (v/v) Tween-20, pH 7.5). To detect $fieproteins, the membrane was incubated
with primary antibodies which had been diluted fedfic concentrations in blocking agent
overnight at 4°C (Table 2.4). Unbound antibody weareoved by agitating the membranes for 30
minutes in TBST, after which secondary antibodiemjugated to horseradish-peroxidease-
conjugated (HRP) (Zymed) diluted to 1:2000 in biogkagent, were applied to the membrane for
1 hour at room temperature. After a another 30 teiragitated wash in TBST to remove any
unbound secondary antibody, the HRP signal wasctetausing Super Signal west pico luminal
based chemiluminecent substrate (Pierce), whickidised by HRP to produce luminescence. The
luminescence was imaged on Biomax MR film (Kodagabling the visualisation of the HRP

signal.
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The characterisation of the Aurora A inhibitors

I ntroduction

Aurora A kinase plays a key role in several stagfawmitosis, in addition Aurora A expression has
been implicated in oncogenesis (Bischoff et al98,%hou et al., 1998, Carmena and Earnshaw,
2003, Keen and Taylor, 2004). These observation® lmade Aurora A an exciting area of
research for those studying both mitosis and piatieauti-cancer therapies. Numerous groups have
consequently endeavoured to characterise the kiaalsee of investigation that has been greatly
advanced by the development of RNA interferenceARKElbashir et al., 2001, Marumoto et al.,
2003, Hannak et al., 2001, Motegi et al., 2006)spte the many benefits of using RNAIi as an
investigative technique, the depletion of endogenprotein induced by the treatment does not
allow for the distinction between any possible Iydi@ roles and the identification structural
function. To address this issue, groups have irdlute expression of mutated proteins in
combination with using RNAI to deplete endogenoustgin, to mimic the effects of Aurora A
kinase inhibition. This treatment has been desdritte cause the development of monopolar
spindles, a phenotype that was consequently atddbto the inactivation of Aurora A kinase
activity (Girdler et al., 2006, Liu and Ruderma@Q08, Mori et al., 2007). Despite these promising
results, Girdler and colleagues (2006) warned agaissuming that such experiments demonstrate
a solid role for Aurora A activity in bipolar spiledformation, as it was argued that there walittl
evidence to indicate Aurora A was truly inactivatéistead, the writers called for the use of
antibodies, which recognise both the phosphorylatéabp of Aurora A and phosphorylated forms
of Aurora A downstream targets, to enable the ateudepiction of the role of Aurora A kinase

activity in cells.

Subsequent to the introduction of RNAI techniquks, development of small molecule inhibitors
opened new doors for the investigation of kinasevie (for review see [Taylor and Peters,
2008]). The highly penetrant and often reversibfeeots of small molecule inhibitors, in
conjunction with their rapid speed of action, amté for dose-response investigations and precise
temporal control, make them a highly attractive hodtof experimentation (Sawyers, 2004, Keen
and Taylor, 2009). Most importantly however, the w§ small molecule inhibitors enables the
specific inhibition of enzymic activity, without so affecting the protein’s levels or structural
interactions, thus enabling the role of the catalgttion to be more efficiently characterised. The
many advantages of using small molecule inhibitongrobe catalytic activity therefore make them

ideal tools for investigating the role of Aurorakihase activity.
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To date, a number of small molecule inhibitors hbagen developed to target the Aurora kinases,
however the high degree of homology shared betwerora A and B, has made the identification
of a specific Aurora A inhibitor rather challengi(fgr review see [Keen and Taylor, 2004, Giet et
al., 2005, Carmena and Earnshaw, 2003]). Althougimofa C also shows a high degree of
structural similarity to the other Aurora family mbers, it has been observed to be expressed in
specific mammalian meiotic cells, with no endogenpuwotein detected in HeLa or DLD-1 cells
(Yanai et al., 1997, Tang et al., 2006, Bernarclet1998, Tseng et al., 1998, Li et al., 2004,
Kimura et al., 1999, Yang et al., 2010b, Girdlealet2006).

Frustratingly, the majority of Aurora inhibitors afacterised to date principally inhibit Aurora B
activity (Hauf et al., 2003, Ditchfield et al., 2R00Girdler et al., 2006, Girdler et al., 2008,
Bebbington et al., 2009, Harrington et al., 2004fleed the first small molecule developed to
inhibit Aurora A activity, ZM1, was later revealdd actually inhibits Aurora B activity more
potently than Aurora A (Ditchfield et al., 2003,r@er et al., 2006). Encouragingly however, three
further small molecule Aurora inhibitors, VX680, 2vind MLN8054, have recently been reported
to target the activity of Aurora A kinase. At céntaoncentrations though, these three inhibitors
have also been shown to also affect Aurora B dgt{¥darrington et al., 2004, Bebbington et al.,
2009, Girdler et al., 2006, Hoar et al., 2007). réfare, before any one of these three inhibitors
could be used to probe the role of Aurora A kinastvity, | first needed to determine whether
they could be used to specifically inhibit Auroraw&thout also effecting Aurora B activity in my
chosen experimental system. Human tumour DLD-1telda cell lines were selected for use in
the investigation, as both have previously been gferacterised in the fields of cell division and

anti-mitotic drug response (Jordan et al., 199&dG@ne and Taylor, 2008).

To determine the selectivity of the small moleculeibitors for Aurora A activity in the chosen
cell lines, | used a combination of immunofluoresme and immunoblotting techniques to analyse
changes in specific phosphorylation events in nespdo individual inhibitor treatments (Jackman
et al., 2003, Girdler et al., 2008). The level afréra A inhibition achieved by the inhibitors was
gauged using immunoblotting to observe changesh@ auto-phosphorylation on the T-loop
(residue Thr288) in the catalytic region of Aurora (see Figure 1.7), as well as the
phosphorylation of TACC3 on an Aurora A phosphdigia site (residue Ser558) (Bischoff et al.,
1998, Littlepage et al., 2002, Walter et al., 200, and Ruderman, 2006, Ohashi et al., 2006,
Barros et al., 2005, Giet et al., 2002, LeRoy et2007, Peset et al., 2005, Tyler et al., 20Q7). |
addition, | also assessed whether any unwantedraddnhibitory effects were produced by the
inhibitors, which may occur as a result of the elgsructural similarities between the active sites
Aurora A and B. Changes in Aurora B activity weetedmined by observing its phosphorylation

on Thr232, together with detecting the kinase'sdffon one of its down-stream targets by
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analysing the phosphorylation of histone H3 (Se(Niyg, 2001b, Carmena and Earnshaw, 2003,
Vagnarelli and Earnshaw, 2004, Ditchfield et aD02). In addition to this, immunofluorescence
microscopy was used to compare the effects of hheetinhibitors on cell morphology, thereby
highlighting any other off-target effects causedtbg inhibitors. By addressing whether VX680,
ZM3 and MLN8054 produced off-target cellular effeeis well as assessing their potency towards
Aurora A activity, | aimed to determine their sbilety as experimental tools to investigate theerol

of Aurora A kinase activity in mitosis.

VX680 inhibitsboth Aurora A and Aurora B activity

Following the development of ZM1, VX680 was the sedpent Aurora kinase inhibitor to be
characterised (Harrington et al., 2004). VX680 weginally designed to target all three members
of the Aurora family, however encouragingly it wasndin vitro to be most potent against Aurora
A activity, with tests showing IC50 values of 083 and 4.6 nM for Aurora A, B and C
respectively (Harrington et al., 2004, Bebbingtaorale, 2009). | therefore set out to determine if
this specificity of VX680 indicated in the vitro tests could also be seamvivo, and thus whether

it could be used as a tool to investigate Aurotdrfase activity.

To characterise the inhibitory action of VX680rédted both HeLa and DLD-1 cells with a range
of concentrations of VX680, before lysing and thegparating the samples by SDS PAGE.
Immunoblotting of the separated cell lysates reagkahat increasing the concentration of VX680
caused the reduction of both phospho-Aurora A amospho-TACCS3 signals in both HeLa and
DLD-1 cell samples (Figure 3.1). Therefore, comsistwith the publishedh vitro data, VX680
could be used to inhibit Aurora A activity in an vivo environment (Harrington et al., 2004,
Bebbington et al., 2009). This inhibition was detered to be maximally achieved by 350 nM and
900 nM of VX680 in HeLa and DLD-1 cells respectixelCrucially however, at these
concentrations, a reduction could also be seemédnptesence of phosphorylated Aurora B and
histone H3 in the immunoblotted samples. This iadid that Aurora B activity was inhibited at
equivalent concentrations to that of Aurora A. Tisling conflicts with the results of the kinase
assays of Harrington and colleagues (2004), bewisistent with two reports published during the
course of my investigation (Scutt et al.,, 2009, €fykt al., 2007). This lack of selectivity
demonstrated by VX680 thus reduced its value a®latd investigate the role of Aurora A kinase
activity. Consequently, | turned my attention tee thther small molecule Aurora inhibitors

available for investigation, to assess whether theyld make more suitable investigative tools.
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Figure 3.1 VX680 inhibits both Aurora A and B kinase activity

HeLa (A) and DLD-1 cells (B) were treated with Nocodazole for 16 hours to mitotically
enrich the cell population, after which the cells were treated with MG132 together with a

range of concentrations of VX680 for a further 2 hours. To compare the inhibition

produced by VX680 with that of MLN8054, the last lane of the gel was used for cells

which had been treated with 1 uM MLN8054 and MG132 in parallel to the VX680

treatments. After the various drug treatments, the cells were harvested and lysed, and
whole cell lysates were separated using SDS PAGE. Immunoblotting was used to detect
the presence of: Aurora A, Phopho-Aurora A (Thr288), phopho-Aurora B (Thr232),

phopho-TACC (Ser558), Aurora B and phospho-histone H3 (Ser10). The images
displayed represent results that were consistent over three independent experiments.
* It is claimed by the antibody manufacturer that the indicated band is generated by
antibodies against the phosphorylated form of Aurora C (Thr198), however | have no
evidence to support this.

72



3.3

3.4

73

ZM3inhibitsboth Aurora A and Aurora B activity

The next small molecule inhibitor selected for it characterisation was ZM3. This ZM-related
compound had previously been reported to inhibitofai A activity 20-times more potently than
ZM1 in kinase assays, making it an exciting newdadate for use in the investigation (Girdler et
al., 2006). Howevetto corroborate then vitro data and determine whether ZM3 could be used to
specifically inhibit Aurora A activityin vivo, | treated both HeLa and DLD-1 cells with a ramge
ZM3 concentrations, then lysed and separated thwlea by SDS PAGE. Immunoblotting the
separated cell lysates revealed that, like VX68@3Zaused a reduction in phospho-Aurora A
signal, confirming that ZM3 could also be used nbilbit Aurora A activity in both HelLa and
DLD-1 cells (Figure 3.2). The immunoblots showedttAurora A activity was inhibited in HeLa
cell samples treated withi M of ZM3, whereas in DLD-1 it took M of ZM3 before Aurora A
activity was fully inhibited. Despite these encayirg results, Aurora B activity was also inhibited
at similar concentrations as Aurora A, an obseomthat was deduced from the reduction in
phospho-histone H3 band intensity. In fact, AuBractivity even appeared to be affected at only
0.25uM of ZM3 in both cell lines, a finding which is csistent with publisheth vitro data, which
described ZM3 as being more potent towards AuroracBvity than Aurora A (Girdler et al.,
2006). Therefore, although both ZM3 and VX680 canuked to inhibit Aurora A activity, their
dual inhibition of Aurora B activity reduced thetpotial of using them as tools to specifically

investigate Aurora A activity.

ML NB8054 can be used to inhibit Aurora A activity without also inhibiting Aurora B

activity

Subsequent to the finding that both VX680 and ZM&ked selectivity towards Aurora A, my
search for a suitable investigative tool was ex¢ein a third small molecule inhibitor: MLN8054.
This is a compound that has been shawwitro by it's manufacturing company to be the firstyrul
specific Aurora A inhibitor, thus making it an aittive potential tool investigate Aurora A activity
(Hoar et al., 2007, Manfredi et al., 2007).

To verify these claims and confirm MLN8054 spedifidor Aurora A activity, | treated the cells
with a range of MLN8054 concentrations before lgsand separating them by SDS PAGE. The
immunoblotting of the separated lysates showed Htimdh auto-phosphorylated Aurora A and
phospho-TACC3 antibody signal were reduced follawitheir treatment with increasing
concentrations of MLN8054 (Figures 3.3A and 3.38jowing that, consistent with the published
literature, MLN8054 could be used to inhibit Aurdkaactivity (Hoar et al., 2007, Manfredi et al.,
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Figure 3.2 ZM3 inhibits both Aurora A and B kinase activity

HeLa (A) and DLD-1 cells (B) were treated with Nocodazole for 16 hours to mitotically
enrich the cell population. The cells were then treated with MG132 together with a range
of concentrations of ZM3 for a further 2 hours. In parallel, both cell lines were treated with

1 uM MLN8054 to allow the comparison of the inhibitors (right-hand lane). After the drug
treatments, the cells were harvested and lysed, and whole cell lysates were separated
using SDS PAGE. Immunoblotting was used to detect: Aurora A, Phopho-Aurora A
(Thr288), Aurora B and phospho-histone H3 (Ser10).
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2007). Aurora A activity was inhibited in both HeLa and DLD-1 cell lines by 1 uM MLN8054,
although importantly Aurora B activity suffered no observable decrease at this concentration, as
judged by levels of antibodies against the phosphorylated Aurora B and Histone H3 (Figures 3.3A
and 3.3B). Importantly, Aurora B activity appeared to only be affected at 2 pM MLN8054 and
above in DLD-1 cdlls, but not until 4 pM in HelLa cells. MLN8054 can therefore inhibit Aurora A
activity without aso inhibiting Aurora B in vivo, making it an ideal tool to probe the role of Aurora

A activity.

To quantitate the degree of Aurora A inhibition achieved by 1 uM MLN8054, | compared the level
of phospho-Aurora A antibody staining seen on treated immunoblotted samples, with that of a
series of increasingly diluted control samples presented on the same gel. Importantly however,
phospho-Aurora antibody signal was not detectable on samples which were diluted below 5% of
the total cell lysate (Figures 3.3C and 3.3D). Taking this antibody limitation into consideration,
immunoblotted Hel a lysates from cells treated with 1 uM MLN8054 showed only an extremely
weak phospho-Aurora A band, even when overexposing the blot (Figure 3.3C). In comparison,
DLD-1 cel lysates treated with 1 pM MLN8054 showed a band similar to that observed by
diluting down to 5% of the total control cell lysates. Therefore, by comparing diluted control
samples with samples of cells treated with MLN8054, it was deduced that 1 uM MLN8054
inhibited Aurora A activity to more than 95% in HelL a cells and to around 95% in DLD-1 cells.

ZM3 and MLNB8054 produce similar cellular phenotypes, while the compar ative
severity of the cellular effects of VX680 treatment may be indicative of its off-tar get
effects

All three small molecule inhibitors tested were shown to be capable of inhibiting Aurora A activity,
however MLN8054 was the only compound that could potently inhibit Aurora A without also
affecting the activity of AuroraB (Figure 3.3). These results were encouraging, although it was not
yet clear whether MLN8054 exhibited inhibitory action towards kinases other than those of the
Aurorafamily. Previously conducted tests show MLN8054 to be more potent for Aurora A activity
in vitro than a panel of selected kinases, however the hundreds of remaining kinases that make up
the human kinome have, as yet, not been tested (Hoar et a., 2007, Manning et a., 2002). It was
therefore essential to further understand the specificity of MLN8054 before it could be used to
investigate the role of Aurora A kinase activity.

Therefore to explore whether MLN8054 exhibited inhibitory action in addition to Aurora A
activity, | compared the cdlular effects of MLN8054 with those seen after VX680 and ZM3
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Figure 3.3 MLN8054 can be used to specifically inhibit Aurora A activity

HelLa (A and C) and DLD-1 cells (B and D) were treated with Nocodazole for 16 hours to

mitotically enrich the cell population. The cells were then treated with MG132 in

combination with a range of concentrations of MLN8054 for a further 2 hours, after which
the cells were harvested and lysed, and whole cell lysates were separated using SDS
PAGE. Immunoblotting was used to detect the presence of: Aurora A, Phospho-Aurora A

(Thr288), phospho-Aurora B (Thr232), phospho-TACC (Ser558), Aurora B and

phospho-histone H3 (Ser10). A range of increasingly diluted control cell lysates was used
as a comparative tool to enable the determination of the level of active Aurora A remaining

in HeLa (C) and DLD-1 cells (D) after treatment with 1 uM of MLN8054. The images
displayed represent results that were consistent over three independent experiments.
*It is claimed by the antibody manufacturer that the indicated band is generated by
antibodies against the phosphorylated form of Aurora C (Thr198), however | have no
evidence to support this.
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treatments. The thinking behind this methodology was that if used a concentrations that
equivalently inhibited Aurora A activity, one would expect that that all three inhibitors would
simply cause the equivalent range of spindle defects to the treated cells. This theory is based on a
considerable body of evidence implicating Aurora A activity in spindle assembly (Peset et al.,
2005, Cowley et al., 2009, Liu and Ruderman, 2006, Roghi et al., 1998, Marumoto et al., 2003,
Glover et al., 1995, Hannak et a., 2001, Girdler et al., 2006, Schumacher €t al., 1998a, Berdnik and
Knoblich, 2002, Hoar et al., 2007). The fact that Aurora B activity is aso dualy inhibited by ZM3
and VX680 makes the comparison of their inhibition with that of MLN8054 a little more complex.
However, because Aurora B activity is involved in resolving improper kinetochore-microtubule
interactions and its inhibition has been shown to cause chromosome misalignment, any difference
in chromosome alignment between the three inhibitors was disregarded so as to allow for a fair
comparison of the inhibitors (Ditchfield et al., 2003, Hauf et a., 2003, Girdler et al., 2006).
Therefore by comparing the cellular effects of the three small molecule inhibitors, and ignoring any
differences in chromosome alignment caused by Aurora B inhibition, | hoped to highlight any
additional off-target effects of the inhibitors, with particular emphasis on those of MLN8054.

To enable the effective comparison of the effects of the three inhibitors, equivalent levels of Aurora
A inhibition were determined by the examination of Western blots which exhibited the various
inhibition profiles (Figures 3.1, 3.2 and 3.3). Analysis of the inhibitors inhibitory profiles in this
way revealed that equivalent Aurora A inhibition was achieved by VX680 at 350 nM in HelLa and
800 nM in DLD-1 cells, by ZM3 at 1 uM in HeLaand 4 uM in DLD-1 cells, and by MLN8054 at 1
UM in both cdl lines.

When the selected inhibitor concentrations were applied to cells, which were consequently fixed
and immunostained, al three inhibitors were found to produce a range of cellular effects in both
HelLaand DLD-1 cells (Figure 3.4). Out of the three inhibitors however, VX680 appeared to cause
the most severe cdlular effects, with around 44% of DLD-1 cells observed to be monopolar, and
the rest showing severely reduced spindle lengths (Figure 3.4B), which bears close resemblance to
the findings of two recently published reports (Scutt et al., 2009, Tyler et a., 2007). In HeLacells,
VX680 caused the majority (76%) of Hel a cells to appear to have numerous centrosomal foci
(Figure 3.4C), which is similar to a report of high numbers of multipolar Hel a cells following the
microinjection of an inhibitory Aurora A antibody (Marumoto et a., 2003).

In contrast to the effects of VX680 in HelL a cdlls, the treatment with MLN8054 or ZM3 allowed a
large proportion the cells to form bipolar spindles (68% and 55% of MLN8054 and ZM3 treated
cells respectively) (Figure 3.4C). Similarly, DLD-1 cells were also able to form bipolar spindles
following MLN8054 or ZM3 treatment, although at dightly reduced levels compared to Hel acells
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Figure 3.4 The Aurora inhibitors produce a range of spindle abnormalities

(A) Example images of spindle phenotype categories. HelLa cells were immunostained
with antibodies against Tubulin (Red) and Pericentrin (green), and Hoescht was used to
observe the DNA (Blue). DLD-1(B) and HelLa cells (C) were treated with either DMSO or
an Aurora inhibitor together with MG132 for 2 hours. Appropriate Aurora inhibitor
concentrations were chosen on the basis of their equivalent levels of Aurora A inhibition,
determined from western blots such as those displayed in Figures 3.1, 3.2 and 3.3.
MLN8054 was used at 1 uM in HeLa and DLD-1 cells, VX680 at 350 nM in HeLa and 800
nM in DLD-1 cells, and ZM3 at 1 uM in HeLa and 4 uM in DLD-1 cells. After treatment with
the Aurora inhibitors at these concentrations, the samples were fixed, immunostained with
antibodies against Aurora A to observe centrosomes, and quantitated using the 4
categories shown in (A). The graphs represent the average counts from three independent
experiments with a minimum of 300 cells counted for each treatment. A two-tailed t-test
was used to determine the significance of the differences in the proportion of bipolar
spindles observed following each treatment. ** = P<0.01; ns = P>0.01. Error bars
represent s.e.m.
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(54% of MLN8054-treated cells and 42% of ZM3 trekeells) (Figure 3.4B). The observation of
bipolar spindle formation following Aurora A inhiimn in both DLD-1 and Hela cells is
surprising when considering the large amount ofl@wvte implicating Aurora A in bipolar spindle
assembly (Figures 3.4B and 3.4C) (Peset et al.5,200wley et al., 2009, Liu and Ruderman,
2006, Roghi et al., 1998, Marumoto et al., 200vét et al., 1995, Hannak et al., 2001, Girdler et
al., 2006, Schumacher et al., 1998a, Berdnik anabKch, 2002, Hoar et al., 2007).

In addition to permitting bipolar spindle formatijomeatment of cells with MLN8054 and ZM3
produced very similar cellular phenotype ranges.DHL cells exposed to the designated
concentrations of MLN8054 or ZM3 exhibited a neaere mixture of monopolar, bipolar and
mini-spindles (Figure 3.4B). This finding is similto a published report of the effects of ZM3
inhibition, which described around 29% of cells dmaing monopolar following the treatment,
while others were detected as having a range ohaloand shortened spindle lengths (Girdler et
al., 2006). The equivalent effects of MLN8054 oindfe length had not been described in the
literature at the time of writing, however durirgetinvestigation a report was published describing
the creation of around 75% abnormal spindles in HiBTcells in response to treatment with 0.25
UM MLN8054 for 5 hours (Hoar et al., 2007). This ®a close resemblance to the 66% of
‘abnormal spindles’ (referred in my analysis as omolar and mini-spindles) produced by 1 hour
of 1 uM MLNB8054 treatment in DLD-1 cells.

Consistent with DLD-1 cells, HelLa also were obsdrte exhibit similar morphology profiles
when exposed to the selected concentrations of NBM&r ZM3 (Figure 3.4C). HelLa cells did
however not seem as affected by either drug treatase DLD-1 cells, with only 11% and 14% of
the cells having monopolar spindles after MLN8054ZM3 treatment respectively. Interestingly
though, proportionally more HelLa cells were obsdngs having multipolar spindles after
MLN8054 or ZM3 treatments than in DLD-1 cells. Thi€rease in multipolar spindles following
Aurora A inactivation is similar, although not asopounced, as seen that seen after VX680
treatment or the microinjection of Aurora A antiiesglinto HeLa cells (Marumoto et al., 2003).
Interestingly however, increasing the concentratibmicroinjected antibody was also reported to
allow 85% of cells to form bipolar spindles, as oppd to the high proportion of multipolar
spindles seen at the lower concentration (Figud€B(Marumoto et al., 2003). This surprising
effect of apparently further reducing Aurora A aityi, produces cellular effects that are similar to
those seen after MLN8054 or ZM3 inhibition, insteafdthe more profound multipolar spindle

phenotype seen after VX680 treatment of HelLa cells.

Therefore, the initial hypothesis that all threerdya inhibitors would produce similar cellular

effects was incorrect. Instead, VX680 treatmentsedudistinct array of cellular phenotypes,
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appearing to be the ‘odd one out’ of the three bmalecule inhibitors, possibly indicating ‘off-
target’ inhibition (Figures 3.4A and 3.4B). Compgarely, the cellular effects of ZM3 and
MLN8054 treatments are highly similar, suggestihgttthey may not affect the activity of ‘off-
target’ kinases. ZM3 however, was shown to inhfitora B activity at equivalent concentrations
to Aurora A. In comparison, MLN8054 acts specifidibwards Aurora A activity over other the

other family members, thus making it an ideal togbrobe the role of the kinase in mitosis.

Summary

In this chapter | have described my work into detaing a small molecule inhibitor that could be
used to specifically inhibit Aurora A activity inéila and DLD-1 cultured cells. Western blotting
was used to select concentrations of three smd#cute inhibitors, MLN8054, ZM3 and VX680,
at which Aurora A activity could be potently inhidd. Consistent with the current literature
however, Aurora B activity was inhibited in combioa with Aurora A activity by both VX680
and ZM3 (Bebbington et al., 2009, Harrington ef 2004, Girdler et al., 2006). MLN8054 was
found to be the only inhibitor out of the threet¢eisthat could be used to specifically inhibit
Aurora A activity over Aurora B. This finding is osistent with publishech vitro data, in which
MLN8054 was found to be more than 40-times morecéide for Aurora A activity than for that of
Aurora B (Manfredi et al., 2007). In the same pcddiion, in vitro data was used to show
MLN8054 was more potent towards Aurora A activiham a panel of 226 other kinases. In
agreement with these findings, comparative immwuaréiscence microscopy revealed no obvious
off-target effects produced by the MLN8054 or ZNi@atment. Surprisingly however, treatment of
cells with either MLN8054 or ZM3 appeared to onffeat a small proportion of mitotic spindles
despite potent Aurora A inhibition. This result apped to conflict with findings described in the
published literature, which links Aurora A inactiva with the observation of a high proportion of
monopolar spindles (Roghi et al., 1998, Gloved etl895, Liu and Ruderman, 2006, Girdler et al.,
2006). In comparison, VX680 treatment caused moteeacellular phenotypes, which instead of
being linked with more potent Aurora A inhibitiowas predicted to reflect inhibition of off-target
kinases due to the inconsistency with the other itibitor effects. Consistent with this idea,
VX680 has previously been reported to target kinatber than the Aurora family (Harrington et
al., 2004, Carter et al., 2005, Giles et al., 2007)

Therefore in summary, all three of the small moledohibitors tested inhibit Aurora A activity

with varying degrees of potency, which is consisteith reports in the published literature (Hoar
et al., 2007, Manfredi et al., 2007, Girdler et 2D06, Harrington et al., 2004, Bebbington et al.,
2009). MLN8054 however, was identified as the amyall molecule out of the three, which could
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be used to inhibit Aurora A activity without alsohibiting Aurora Bin vivo. Furthermore, the
comparison of the cellular effects of the threabnbrs indicated that, unlike ZM3 and MLN8054,
VX680 may have had additional cellular effects ottiean to the Aurora family. The lack of
specificity demonstrated by both VX680 and ZM3 d#fere strengthened the decision to select
MLN8054 as the best tool available for probing tbie of Aurora A kinase activity.

In the next chapter, | describe how MLN8054 wasduas a tool to understand why a large
proportion of spindles appeared to be unaffectedimpra A inhibition, despite a large amount of
literature to the contrary (Hoar et al., 2007, Madf et al., 2007, Girdler et al., 2006, Harringtdn
al., 2004, Bebbington et al., 2009).
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Examining the role of Aurora A activity in spinckssembly

I ntroduction

In the last chapter | analysed the effects of theeall molecule inhibitors and evaluated their
specificity towards Aurora A activity. Surprisinglg was revealed that most cells were capable of
forming bipolar spindles in the absence of Aurorachivity despite reports describing a monopolar
spindle phenotype after the inactivation of AurAr&ginase (Roghi et al., 1998, Glover et al., 1995,
Liu and Ruderman, 2006, Girdler et al., 2006). Thexpected occurrence of bipolar spindles after

Aurora A inhibition in my experiments therefore warted further investigation.

Despite the large body of evidence implicating anginent role for Aurora A activity in spindle
assembly, descriptions of this role do however wnpughout the published literature. Some
groups have shown that bipolar spindles are presfert the inactivation of Aurora A, although
their spindles were often reported as being disvsga (Berdnik and Knoblich, 2002, Peset et al.,
2005, Giet et al., 2002, Hoar et al., 2007). Theneit may be possible that effects of Aurora A
inhibition may have gone undetected, as spindlarasgtion was not intricately scrutinised in the
previous chapter. Thus to determine whether this wdeed the case, | performed a more detailed
examination of spindles formed during MLN8054 treant on to assess whether Aurora A activity

had a more prominent role in spindle assembly thdicated in the previous chapter.

AuroraA activity hasakey rolein spindle assembly

Immunofluorescence microscopy was used to closggmee the spindles of immunostained
control and MLN8054-treated HelLa cells. Clear insag# the spindles were produced by
extracting the cells before fixation, using corah that maintained stable K-fibres but caused the
loss of spindle and astral microtubules (Mitchisdral., 1986). The imaging of the cells revealed
some distinct differences between the spindles sqgbdo the different treatments (Figure 4.1).
Control cells displayed robust and clearly visiki&ibres, which formed bipolar spindles with well
separated poles and chromosomes that were negtigdlon the metaphase plate (Figure 4.1A). In
contrast, bipolar spindles formed during MLN805datment exhibited poorly defined K-fibres,
with spindles that appeared to be shorter tharetlsegn in control cells (Figure 4.1B). The vast
majority of K-fibres seen in MLN8054-treated cedisemed to be attached to both kinetochores and
the centrosomal area, however some long microtsheoelld also bee seen to extend away from

the centrosomes towards the cytosol. The chromasevaee also often less organised, forming
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Figure 4.1 Aurora A activity is required for the formation of normal spindle
structures

Hela cells were treated with DMSO (A), 1 uM MLN8054 (B and D) or the Eg5 inhibitor
AZ138 (C) for 2 hours in combination with MG132. After treatment the cells were fixed and
immunostained with antibodies against Bub1 (green), Tubulin (red) and Pericentrin (blue
and green). Hoescht was used to identify the DNA (pink). Z-sectioned images were taken
of each of the cells and projected to produce the images shown.
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broader metaphase plates, with some chromosomes pulled closdly into the poles. This showed that,
athough Aurora A inhibition did not prevent bipolar spindles from occurring, significant
differences in spindle morphology were clearly visible when compared to control cells. Thus,
Aurora A activity did appear to play a more prominent role in spindle assembly than indicated in

the previous chapter.

Having inspected the spindles of bipolar cells, | extended the investigation to monopolar cells,
comparing those created by Aurora A inhibition with those seen after inhibiting Eg5 activity. Egb
is a plus-end directed motor protein, whose inhibition produces monopolar spindles by causing the
collapse of the centrosomes through the inability to maintain their separation, without affecting the
length of spindle fibres (Mayer et a., 1999, Walczak et a., 1998). By comparing the morphologies
of the two monopolar spindle types, | hoped to highlight any further spindle abnormalities
produced by Aurora A inhibition. The same extraction and immunostaining process was used to
examine spindles, with the imaging of the cells showing that consistent with the published
literature, treatment with the Eg5 inhibitor caused spindles to collapse (Mayer et ., 1999, Walczak
et a., 1998). The resulting monopolar spindles exhibited straight, robust K-fibres, which radiated
out from the centrosome area towards the attached chromosomes (Figure 4.1C). The chromosomes
were mono-orientated with just one kinetochore of the pair attached to a K-fibre. These monotelic
attachments were highlighted by weak Bubl staining on the attached kinetochore sisters, while the
unattached sisters showed strong Bubl staining, reflecting the different level of microtubule
connections with the kinetochores (Taylor et al., 2001). In comparison, the monopolar spindles
formed during MLN8054 treatment and therefore in the absence of Aurora A activity, displayed
noticeably shortened K-fibres, which caused the chromosomes to be pulled closely into the
centrosomal area (Figure 4.1D). Furthermore, long non-kinetochore microtubules could sometimes
also be seen to protrude from the centrosomal area, similar to those observed in MLN8054-treated
bipolar cells (Figure 4.1B). These spindle abnormalities therefore demonstrate a prominent and

complex role for Aurora A kinase activity in spindle assembly.

AuroraA activity isinvolved in the separation of centrosomes

Out of the many structural abnormalities seen after MLN8054 treatment, two of the most notable
were the reduction of K-fibre length and degree of centrosome separation (Figures 3.4 and 4.1B).
To test whether these observations represented a quantifiable reduction in the average spindle
length, | measured the distance between the centrosomes of fixed and immunostained cells (Figure
3.2A). The collection of the data revealed that populations of both control and MLN8054-treated
cells exhibited arange of spindle lengths, presumably reflecting the different stages of centrosome
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Figure 4.2 Aurora A activity is required for normal centrosome separation

Hela cells were treated with 0 uM MLN8054 (control) or 1 uM MLN8054 for 2 hours, fixed
then immunostained with antibodies against Aurora A and phospho-histone H3 (Ser10) as
well as Hoescht to observe the DNA. Z-sectioned images were taken of cells that were
between the stages of nuclear envelope breakdown and anaphase. (A) Projections of z-
sectioned images of control and 1 uM MLN8054 treated HelLa cells, with Aurora A (green),
DNA (blue) and phospho-histone H3 (Ser10) (red). (B) Graph representing the qunatitation
of the inter-centrosomal distances of HeLa cells treated with no inhibitor (control in green)
and 1 uM MLN8054 (red). 50 cells were measured in total for each condition as part of
three independent experiments. The stated values for inter-centrosomal distances on the
x-axis represent categories of grouped inter-centrosomal measurements, which include
measurements up to 0.99 um more than the indicated value. Treating the cells with 1 uM
MLN8054 was found to significantly reduce inter-centrosomal distances (P<0.0001) using
a two-tailed t-test to analyse the individual distances.
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separation (Figure 4.2). When the inter-pol e distances were plotted on a graph, the control cell data
formed a bell-shaped distribution, with the most common category of inter-pole distance being 8
pum to 8.99 um (Figure 4.2B). In contrast, the largest category of MLN8054-treated cells (26%) had
inter-pole distances of only 6 pm to 6.99 pum, which was notably shorter than the most common
spindle length in control cells. A second peak could also be seen in MLN8054-treated samples,
representing an increase in the proportion of cells with greatly reduced inter-pole measurements.
Interestingly, the proportion of cells with greatly reduced inter-pole distances (between 0 and 1.99
pm long) is consistent with the proportion with monopolar spindles produced after MLN8054
treatment described in chapter 3 (14% and 11% respectively) (Figure 3.4C and 4.1D). Therefore,
although only a small proportion of cells become monopolar after Aurora A inhibition, Aurora A

activity has adefinite role in the separation of centrosomes in mitotic cells.

Inhibiting Aurora A activity reduces the number of long K-fibres

The examination of MLN8054-treated spindles appeared to indicate that they consisted of
shortened K-fibres (Figures 4.1B and 4.1D). It was therefore hypothesised that the shortened K-
fibres may cause reduced spindle length, thus providing a possible explanation as to how Aurora A

activity isinvolved in the determination of centrosome separation (Figure 4.2).

To determine whether the reduction in K-fibre length observed in images of cells was quantifiable,
| treated DLD-1 and HelLa cells with MLN8054, an Eg5 inhibitor or a combination of the two
treatments. The samples were then extracted to remove all the tubulin polymers apart from K-
fibres, before fixing and immunostaining the cells. Antibodies against tubulin were used to observe
K-fibres, while antibodies recognising Bubl and Aurora A were used to detect kinetochores and
centrosomes respectively. Using DNA and centrosomal staining as a guide for spindle polarity,
images were taken only of cells with monopolar spindles. Circles of afixed size were then placed
over the cell images, and the number of long K-fibres per cell was determined by counting Bubl

foci that fell outside of the circle circumference (Figure 4.3A).

As anegative control for the experiment, cells were treated with an Eg5 inhibitor, which caused the
formation of monopolar spindles consisting of K-fibres radiating out from the centrosomal area
towards the connected kinetochores (Figure 4.3A). The chromosomes of within cells treated with
the Eg5 inhibitor were situated at a distance from the centre of the cell, producing a relatively
disperse effect. In contrast, the chromosomes of cells treated with MLN8054 were seen to be
tightly clustered around the centrosomal area. Similarly, the dual inhibition of Eg5 and MLN8054
aso caused chromosomes to appear gathered in towards the collapsed centrosomes. To determine

whether this positioning of chromosomes close to the centrosomes reflected a shortening of K-
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Figure 4.3 Aurora A inhibition causes a reduction in the presence of long K-fibres
(A) DLD-1 and Hela cells were treated with AZ138, 1 uM MLN8054 or the combination of
the two treatments for 2 hours. The cells were then fixed and immunostained with
antibodies against Tubulin (red), Bub1 (green) and Pericentrin (blue and green), and
Hoescht to visualise DNA (pink). Z-sectioned images were taken of monopolar mitotic
cells and circles of a fixed size (6 um for DLD-1 cells and 7 um for HelLa cells) were
placed in the centre of the cell images. The number of kinetochore pairs (indicated by
Bub1 antibody staining) which fell outside the circles were counted and plotted on box and
whisker graphs to represent DLD-1 (B) and HelLa cells (C). 12 cells were counted for each
condition as part of 2 independent experiments. Two-tailed t tests were used to assess the
significance of the differences ** = P<0.01; *** = P<0.001.
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fibres, the number of Bubl foci pairs present outside of the analysis circles was analysed. DLD-1
cells treated with an Eg5 inhibitor had an average of 28 Bubl foci pairs outside of the anaysis
circles, which dropped to only 7 when cells were treated with MLN8054 or 15 when combining the
Eg5 and MLN8054. Similarly, Eg5 inhibition in Hel a cells alowed an average of 48 Bubl foci
pairs to be counted outside analysis circles, compared with 16 and 15 after MLN8054 and the
combined treatments respectively. Therefore, the relatively low number of Bubl foci pairs recorded
after MLN8054 treatment, indicated that Aurora A inhibition did indeed cause a reduction in the
presence of long K-fibres. Therefore, Aurora A activity must therefore have a role in determining
K-fibre length, which may explain the diminished inter-pole distances also seen after MLN8054
treatment (Figure 4.1 and 4.2).

AuroraA activity isrequired to maintain the separation of centrosomes

The data so far in this chapter has shown that Aurora A activity is required the formation of normal
bipolar spindles, although it is not clear whether Aurora A activity is aso required to maintain a
bipolar spindle (Figures 3.4, 4.1, 4.2 and 4.3). Previous investigations, carried out in Xenopus egg
extracts, describe the collapse of previously formed bipolar spindles after the addition of a
recombinant kinase-dead Aurora A protein, a monoclonal Aurora A antibody or the non-catalytic
region of Aurora A (Giet and Prigent, 2000, Giet and Prigent, 2001). These observations therefore
demonstrate that, in Xenopus egg extracts at least, Aurora A activity is required to maintain astable
bipolar spindle. Using a similar methodology, | examined whether this was also the case in human
cells, by inhibiting Aurora A activity in cells with previously assembled bipolar spindles. However,
before | could investigate the role of Aurora A activity in bipolar spindle maintenance, | first
explored potentia positive controls for the experiment, a line of investigation which was to give an

intriguing and unexpected outcome.

An ideal positive control would be a condition which would both prevent the development of a
normal bipolar spindle (as seen after Aurora A inhibition), as well as hindering the maintenance of
spindle bipolarity. EQ5 inhibition was selected as a potential positive control, as it has previoudy
been found to be required for the formation of bipolar spindles, and was therefore predicted to also
be required for bipolar maintenance (Figure 3.1C; (Walczak et al., 1998, Mayer et al., 1999).
Indeed, consistent with the published literature, inhibiting Eg5 activity in DLD-1 cells revealed that
the cells were unable to separate their centrosomes (Figure 4.4A). In comparison, although the
majority of HelLa cells also were unable to separate their centrosomes after Eg5 inhibition, 33%
were still able to form bipolar spindles (Figure 4.4B). Despite this proportion of bipolar HeLa cells,
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Figure 4.4 Eg5 activity is required for the maintenance of spindle bipolarity in DLD-1
but not in HeLa cells

DLD-1 (A) and HelLa cells (B) were treated with MG132 or MG132 and the Eg5 inhibitor
AZ138 for 2 hours. The cells were then fixed and stained with Hoechst to observe DNA
and antibodies against Aurora A to determine the resulting spindle phenotype, which were
then plotted on in the form of histograms. (C) Diagram representing the protocol used to
observe the effect of Eg5 inhibition on the maintenance of bipolar spindles. Cells were
treated as indicated in protocol (C), then fixed and stained with Hoechst and antibodies
against Aurora A. The resulting spindle phenotypes seen in DLD-1 and Hela cells were
displayed in graphs (D) and (E) respectively. In the graphs (A), (B), (D) and (E) 300 cells
were counted for each condition from 3 independent experiments. Error bars represent
s.e.m.



Egb activity was clearly required in the mgjority of cells analysed for the creation of spindle
polarity.

To test whether Eg5 activity was also required to maintain a bipolar spindle, | first collected cells
with assembled bipolar spindles by treating cell samples with the proteosome inhibitor MG132.
This has been shown to inhibit the degradation of Securin and other target proteins of the anaphase
promoting complex, consequently preventing the onset of anaphase and stopping any additional
cells from entering mitosis, thus resulting in an accumulation of cells with bipolar spindles
(Sherwood et a., 1993, Wojcik et a., 1996). These cells were then exposed to an Eg5 inhibitor to
determine whether they required the activity of Eg5 to maintain their bipolarity (Figure 4.4C).
DLD-1 bipolar cells callapsed following the treatment, confirming that Eg5 activity was required to
maintain bipolar spindles (Figure 4.4 D). Surprisingly however, the equivalent treatment in HelL.a
cells showed that 90% were able to maintain separated centrosomes (Figure 4.4E). This unexpected
divergence in results therefore revealed some important differences that exist between Hela and
DLD-1 cells, which will be discussed in the summary in more detail, as well as highlighting the

danger of forming universal assumptions based on asingle cell line.

Despite this unexpected result, the experimental test showed that the protocol could be used to
investigate the capacity of cells to maintain their bipolar spindles in response to drug treatment.
Therefore, following an adapted version of the protocol, | treated bipolar DLD-1 cells with
MLN8054 to determine if they were dependent on Aurora A activity for the maintenance of their
bipolarity (Figure 4.5A). The quantitation of the cells revealed that MLN8054 treatment caused
only 11% of the bipolar spindles to collapse into monopolar or mini-spindles, while the mgjority
(76%) were able to maintain their bipolarity (Figure 4.5B). This result appeared to indicate that
most cells did not require Aurora A activity to maintain their bipolar spindles. However, a similar
method of spindle phenotype characterisation, employed in the previous chapter, was found to be
misleading resulting in the underestimation of the full effects of Aurora A inhibition (Figure 3.4).
Therefore, to explore whether the bipolar cells were truly unaffected by the Aurora A inhibition, |
measured their inter-pole distances. The analysis of control bipolar inter-pole distances showed
they were maintained at an average length of 12.6 um, while MLN8054 treatment significantly
reduced the bipolar inter-pole distance to 9.4 pum (Figure 4.5C). Therefore, although it did not
cause the complete collapse of centrosomes, Aurora A activity was required for the maintenance of
normal spindle length in DLD-1 cells.

To determine whether HelLa cells were also dependent on Aurora A activity for the maintenance of
normal spindle bipolarity, the same protocol was used (Figure 4.6A). The analysis of the resulting
effects showed that, similar to as observed in DLD-1 cells, only a small proportion (8%) of HeLa
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Figure 4.5 Aurora A activity is required to maintain centrosome separation in DLD-1
cells

DLD-1 cells were treated as indicated in (A) before being fixed and stained with Hoescht
to visualise DNA and immunostained with antibodies against Aurora A to determine the
spindle polarity. Mitotic cells were then categorised as having monopolar, bipolar,
multipolar or mini-spindles (for example pictures see figure 3.4A), and plotted on graph (B).
A minimum of 300 cells were counted for each condition as part of 3 independent
experiments. (C) The inter-centrosomal distances of cells classified as having bipolar
spindles were measured and plotted in the dot plot in. Over 25 inter-centrosomal distanc-
es were measured for each condition from 3 independent experiments. Error bars repre-
sent s.e.m. *** = P<0.001 two-tailed t test.
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bipolar cells collapsed following Aurora A inhibition, while the majority of cells were analysed as
remaining bipolar. To determine whether these bipolar spindles were reduced in length, similar to
observed in DLD-1 cells, they were also measured. The measurement of the bipolar spindles
revealed that while the average inter-pole distance of control bipolar HelL.a cells was 10.4 um,
MLN8054 treatment caused a significant reduction in the spindle length of bipolar cellsto 6.9 pm.
Therefore the combined Hel.a and DLD-1 data demonstrates that Aurora A activity is required to

maintain the normal inter-pole separation in both HeLaand DLD-1 cells.

AuroraA activity isrequired for the maturation of the centrosome

Aurora A activity is clearly involved in both the efficient formation and maintenance of mitotic
spindles, however to explore how the kinase is involved in these processes, | analysed changesin
the cellular localisation of particular spindle components in response to Aurora A inhibition.
Through the detailed analysis of changesin the localisation of various cellular components | hoped
to identify regulatory pathways that may be dependent on Aurora A activity.

The Aurora A protein itself has been found to be rapidly exchanged between the centrosome and a
cytoplasmic pool (Stenoien et al., 2003, Berdnik and Knoblich, 2002), athough in Xenopus, its
centrosomal localisation has been reported to be stabilised by substrate interaction (Giet and
Prigent, 2001, Roghi €t al., 1998, Stenoien et al., 2003). Furthermore, the application of VX680 to
DLD-1 cells has also been shown to cause areduction of the proportion of Aurora A protein that is
localised to centrosomes (Tyler et a., 2007). These findings suggest that Aurora A localisation may
be effected by its activity, however previously discussed evidence suggests that VX680 may have
off-target effects (Figure 3.4). Furthermore, both a kinase-dead mutant and small molecule
inhibited Aurora A have been shown to still be able to localise to the centrosomes, indicating that
its activity may not be required for its localisation (Girdler et d., 2006, Manfredi et a., 2007). To
resolve these discrepanciesin the current literature and determine if Aurora A localisation isindeed
dependent on its activity, | analysed images of fixed cells that had been immunostained with
antibodies against Aurora A to determine any changes in response to MLN8054 treatment (Figure
4.7A). In control cells, Aurora A was strongly localised to the centrosomes and along the spindle
microtubules. Cells exposed to MLN8054 however, showed reduced Aurora A antibody staining on
the spindle, although no apparent reduction could be seen in Aurora A centrosome localisation.
Intriguingly however, if the protocol was altered so as not to extract the cells before their fixation,
no change could be seen in the localisation of Aurora A antibody to either the centrosomes or the
spindle after MLN8054 treatment when compared to control cells (data not shown). This therefore
suggests that Aurora A activity may not be required for the localisation of Aurora A protein to the
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Figure 4.6 Aurora A activity is required to maintain centrosome separation in HeLa
cells

HeLa cells were treated as indicated in (A) before being fixed and stained with Hoescht to
visualise DNA and immunostained with antibodies against Aurora A to determine the
spindle polarity. Mitotic cells were then categorised as having monopolar, bipolar,
multipolar or mini-spindles (for example pictures see figure 3.4A), and plotted on graph (B).
A minimum of 300 cells were counted for each condition as part of 3 independent
experiments. (C) The inter-centrosomal distances of cells classified as having bipolar
spindles were measured and plotted in the dot plot in. Over 25 inter-centrosomal
distances were measured for each condition from 3 independent experiments. Error bars
represent s.e.m. *** = P<0.001 two-tailed t test.
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centrosome and spindle. However, because Auroraofeip could be partially ‘washed away’
from the spindle after MLN8054 treatment by extiragtthem before fixation, the kinase activity
may be just one of the cellular features requimdtiie stable localisation of the protein to the

spindle microtubules.

Aurora A activity has also been reported to be iregufor the localisation of various other spindle
and centrosomal components during the processntfos®me maturation (Berdnik and Knoblich,
2002, Hannak et al., 2001, Mori et al., 2007, Taratlal., 2003). In particular, the phosphorylatio
of TACC by Aurora A has been reported to be requfoe the localisation of TACC protein to the
spindle and centrosome (Giet et al., 2002, Kinaséital., 2005, LeRoy et al., 2007). Contrary to
these findings however, a mutant form of TACC, vahimnnot be phosphorylated on a Aurora A
consensus phosphorylation site, has been shovidrasophila embryos to partially localise to
centrosomes (Barros et al., 2005). To determinedéffgrences in TACC localisation after Aurora
A inhibition in my experimental set up, | once agaised immunofluorescence microscopy to
observe changes in protein localisation after MLBBOtreatment. The observation of
immunostained cells enabled me to confirm that TBAC®as localised along the spindle
microtubules and on the centrosomes of controsd@ligure 4.7B). The inhibition of Aurora A
activity with MLN8054 treatment however, caused Té&Lto be completely mislocalised from the
centrosomes and spindle, thus confirming that Auwractivity was indeed required for TACC3

localisation.

A demonstrated role for TACC at the centrosome spiddle, is to load chTOG/XMAP215 onto
the minus-ends of the microtubules and cause amease to its microtubule stabilising activity
(Peset et al., 2005, Lee et al., 2001, Gergely.g2@03, Kinoshita et al., 2005). | therefore wexht

to determine if the mislocalisation of TACC3 frolmetcentrosome and spindle, which was seen
after Aurora A inhibition, also caused the misligation of chTOG. Immunofluorescence
microscopy revealed that chTOG was clearly locdlise the centrosomal area of control cells.
This localisation was reduced in some of the celpybation after treatment with MLN8054,
however a proportion of cells seemed not be eftegteigure 4.7C). Therefore to determine
whether Aurora A inhibition caused an overall mislisation of chTOG from centrosomes, |
quantified antibody intensity at the centrosomesnofiopolar cell samples, and then divided this
by its level in the rest of the cell. This lattée®was employed to normalise the antibody intgnsit
readings and give a value of chTOG ‘centrosomé/d®yl inhibiting Eg5 activity, | was able to
induce the monopolarity and allow efficient and gamable analysis of the centrosomal and
cellular chTOG levels. Following this methodologlywas revealed that cells exposed to just Eg5
inhibition showed average levels of chTOG at 9.8tmsome/cell, whereas MLN8054 treatment

combined with Eg5 inhibition caused the antibodgmsity to be reduced to 7.5 centrosome/cell
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Figure 4.7 Aurora A activity is required for the proper localisation of Aurora A,
TACC3 and chTOG in HelLa cells

HelLa cells were treated with 1 uM MLN8054, AZ138 or a combination of the two
treatments for 2 hours. The samples were fixed and stained with Hoescht to visualise DNA
and immunostained with Tubulin in combination with Aurora A (A), TACC3 (B) or
chTOG(C) to observe changes in protein localisation (scale bars = 3 uM). All images
shown were created from projected z-section images. The localisation of chTOG was
quantitated in (D) by determining antibody intensity at the centrosome then normalising it
by dividing the value at the centrosome by the antibody intensity from the whole cell. The
graph represents data taken from 3 independent experiments. *** = P<0.001 two-tail

t test.
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(Figure 4.7D). This therefore confirmed that Aurora A activity was involved in localising chTOG

to the centrosome.

The localisation of Kif2a and MCAK have also been shown to be regulated by Aurora A activity
(Jang et a., 2009, Zhang et al., 2008). Interestingly both have also been shown to effect
microtubule stability and are required to maintain normal steady state microtubule length,
microtubule nucleation and spindle bipolarity (Ganem and Compton, 2004, Jang et al., 2008,
Manning and Compton, 2007, Moore and Wordeman, 2004, Walczak et al., 1996, Zhang et al.,
2008). | could not however, detect any changes in the localisation of either Kif2a or MCAK after
MLN8054 treatment (data hot shown).

Summary

In this chapter | described how Aurora A activity is involved in the separation of centrosomes and
the determination of spindle length, a role which is likely to be at least partialy dependent on the
control of K-fibre length. Aurora A inhibition did not however, have as a profound effect on
spindle bipolarity as inhibiting Egb activity, or produce effects as potent as described in previous
publications (Roghi et al., 1998, Glover et a., 1995, Liu and Ruderman, 2006, Girdler et al., 2006).
Despite this, the detailed examination of spindles formed in the absence of Aurora A activity
nonetheless indicated that Aurora A activity plays an important role in spindle construction.

The spindle abnormalities seen after MLN8054 trestment indicate that the inactivated Aurora A
kinase is unable to perform its usua roles in the phosphorylation and organisation of various
spindle and centrosomal components. Indeed, the stable localisation of a proportion of Aurora A
protein to the spindle was found to be dependent on its activity. Furthermore, consistent with
previous reports, Aurora A activity was also found to be required for the proper localisation of
TACC3 to the centrosomes and spindle (Giet et a., 2002, Kinoshita et a., 2005, LeRoy et al.,
2007). This relationship between TACC3 and Aurora A activity may be responsible for the
determination of K-fibre length, as shortened microtubules were aso seen in Drosophila embryos
expressing non-phosphorylateable TACC3 (Barros et a., 2005). Similar to TACC3, chTOG was
aso dependent on Aurora A activity to achieve normal levels of localisation to the centrosome.
This reduction of chTOG at centrosomes after Aurora A inhibition may have been the result of
TACC3 midocalisation, as TACC is proposed to load chTOG/XMAP215 onto the minus-ends of
the microtubules (Peset et a., 2005, Lee et a., 2001, Gergely et d., 2003, Kinoshita et a., 2005).
The reduction in the levels of chTOG on the centrosome may have contributed to the

disorganisation of spindles after MLN8054 treatment, as similar spindle abnormalities have aso
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been seen after the depletion of chTOG/XMAP215 (Cassimeris and Morabito, 2004, Gergely et al.,
2003).

In addition to Aurora A activity being involved in spindle formation and maintenance, consistent
with published reports, data presented during this chapter demonstrated that Eg5 activity also
played a part in spindle development (Blangy et al., 1995). Interestingly however, inter-cell line
differences were observed in response to the requirement for Eg5 activity in the formation and
maintenance of spindle bipolarity. Indeed, while DLD-1 cells were prevented from forming bipolar
spindles following Eg5 inhibition (Figure 4.4A), 33% of Hel a cells were found to exhibit bipolar
spindles after the same treatment (Figure 4.4B). Furthermore, bipolar spindles which had been
previoudy formed in DLD-1 cells were unable to be maintained after Eg5 inhibition, causing them
to collapse into monopolars (Figure 4.4D). In contrast, 90% of Hel a cells were able to maintain

previoudy formed bipolar spindles once Eg5 activity was inhibited (Figure 4.4E).

These contrasting responses to Eg5 inhibition may be explained by the different methods employed
by the cell lines to separate and maintain the separation of centrosomes. Hel a cells are capable of
separating their centrosomes before nuclear envelope breakdown through the nucleation of astral
microtubules and their associations with cortical actin and the actin cytoskeleton (Whitehead et al.,
1996, Buittrick et al., 2008, Robinson et al., 1999, Cytrynbaum et al., 2005, Cao et al., 2010).
Conversely, DLD-1 cells exhibit late centrosome separation, which is dependent on astral
microtubules connections with the cell cortex following nuclear envelope breakdown and the
nucleation of the spindle microtubules (see (Morrow et al., 2005) for schematic). These
observations may highlight integral differences in spindle construction between the two cell lines

which may therefore explain their divergent dependencies on Eg5 activity.

A further explanation for the differencesin response to Eg5 inhibition may be that Hel.a cells could
be able to maintain centrosome separation early in mitosis due to the dependence on astral
microtubules before nuclear envelope breakdown. Therefore when EQ5 activity is inhibited, HelL.a
cells may rely on astral microtubule connections to separate and maintain the separation of their
centrosomes before the formation of spindles, which may represent the 33% of bipolar spindles
observed after MLN8054 treatment. HeLa cells may also have increased astral microtubule
attachments after the formation of a spindle, which may offer support the bipolar spindle structure
when Eg5 activity is inhibited. Immature Hel.a spindles, which are unable to form appropriate
levels of support to stabilise their bipolarity may however collapse on inhibition of Eg5, possibly
explaining why 90% and not 100% of HelLa cells are able to maintain their bipolarity after Eg5
inhibition (Figure 4.4B). Consistent with the dependency of HelLa cells on astral microtubules,
previous reports have highlighted the presence of astral microtubules as acting as spindle tethersin

HelLa cells (Thery et a., 2007). In contrast, DLD-1 cells may not have an equivalent supportive
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spindle mechanism and this may explain why they are not capable of maintaining previously
formed bipolar spindles on Eg5 inhibition. This is however a speculative hypothesis, and there are
other potential explanations for the inter-cell line variation, such as the differing sensitivities of the
two cdll linesto the Eg5 inhibitor.

Despite the inter-cell line differences observed in response to Eg5 inhibition and whatever their
cause may be, the main focus of this chapter was the demonstration that Aurora A activity is
involved in the process of spindle formation and maintenance. In the next chapter, | will describe
whether thisrole for Aurora A activity in spindle assembly extends to the ability to efficiently align

chromosomes.
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5.1

5.2

Investigating the importance of AuroraA activity in
chromosome alignment

Introduction

The major function of the mitotic spindle is to properly align chromosomes to form a metaphase
plate, it istherefore unsurprising to learn that conditions which disrupt the proper functioning of the
spindle, aso cause chromosomal misalignment (Mayer et al., 1999, Gascoigne and Taylor, 2008,
Schneider et a., 2007). Thus, as Aurora A activity has been shown to have an important role in
spindle assembly (Figures 4.1 to 4.7) it was apparent that it may have an additional function in the
alignment of chromosomes. Aurora A has even been shown to interact with the kinetochore protein
CENP-A, which has been implicated in the recruitment of various proteins to the kinetochore, thus
the proper functioning of the kinetochore (Kunitoku et al., 2003). Indeed, consistent with arole for
Aurora A activity in chromosome alignment, previous investigations have shown that the
inactivation of Aurora A kinase to causes severe chromosomal misalignments (Glover et al., 1995,
Mori et a., 2007, Girdler et al., 2006, Liu and Ruderman, 2006). The chromosome misalignments
described in these publications, were however reported to occur as a result of the high occurrence
of monopolar spindles. Such potent monopolar effects were not seen after Aurora A inhibition in
my investigation, nor were they in a number of similar investigations (Berdnik and Knoblich, 2002,
Peset et d., 2005, Hoar et a., 2007). | therefore set about to determine whether the less acute
spindle defects produced by the Aurora A inhibition during my investigation would also cause
problems with chromosome alignment during mitosis. This investigation would consegquently
facilitate both a better understanding of the role Aurora A activity in the regulation of spindle

assembly and determine whether this role extends to facilitating proper spindle function.

AuroraA activity isrequired for efficient chromosome alignment

To test the efficiency of cells to align chromosomes, | first induced a consistent degree of
chromosomal misalignments by treating HelL a cells with an Eg5 inhibitor. | then washed away the
inhibitor, and alowed the cells to recover from the induced alignment defects in a series of
different conditions (Figure 5.1A). After this recovery period, the cells were fixed and

immunostained to observe any problems in chromosome realignment.



Analysis of the fixed cell samples revealed that maintaining exposure to the Eg5 inhibitor produced
severe chromosome misalignment in 100% of cells (Figure 5.1B), with 97% also displaying
monopolar spindles, a phenotype that is consistent with the published literature (Figure 5.1C)
(Mayer et a., 1999, Kapoor et a., 2000). The high occurrence of monopolar spindles after Egb
inhibition indicates that the chromosomal misalignments were a consequence of the acute spindle
defects. In contrast to sustained Eg5 inhibition, the removal of the Eg5 inhibitor and its
replacement with DM SO, alowed 97% of cells to form bipolar spindles, most of which were able
to align their chromosomes. In fact, only 9% of cells allowed to recover from the Eg5 inhibition in
DMSO showed signs of severe chromosoma misaignment. Conversely, when an Aurora B
inhibitor was applied to cells after the removal of the EQ5 inhibitor, severe chromosome
misalignments were seen in 96% of cels analysed. This inability to align chromosomes in the
absence of Aurora B activity is consistent with previous reports implicating Aurora B activity in
the process (Kapoor et al., 2000). However, unlike the sustained Eg5 treatment, which produced a
similar severity in chromosome alignment defects, 94% of cells treated with the Aurora B inhibitor

were seen to have bipolar spindles after Aurora B inhibition.

To determine whether Aurora A activity, like that of Aurora B, was required for efficient
chromosome alignment in the presence of a bipolar spindle, | analysed the fixed cell samples to
assess their ability to recover from Eg5 inhibitor-induced alignment defects in the presence of 1
UM MLN8054 (Figure 5.1A). The quantitation of the treated cells revealed that most showed signs
of chromosoma misalignment after the treatment with only 23% of MLN8054-treated cells
displayed neatly organised metaphase plates (Figure 5.1B). This level of chromosome
misalignment therefore demonstrates that Aurora A activity was indeed required for efficient
chromosome alignment in cells. Interestingly however, similar to the effects of Aurora B inhibition,
the majority (78%) of MLNB8054-treated cells exhibited bipolar spindles (Figure 5.1C). This
finding is comparable to data derived from the depletion of Aurora A or the use of micro-injected
antibody to disrupt its function, both of which caused misalignment defects despite the formation
of abipolar spindle (Marumoto et al., 2003, Kunitoku et al., 2003).

The inability to align chromosomes therefore suggests that either, similar to the effects of AuroraB
inhibition, the chromosome alignment defects were not a result of inadequately formed spindle
structures, or conversely, the complete effects of the Aurora A inhibition on spindles were not
detected. To investigate the latter possibility, | measured the inter-pole distances of the cdlls to
highlight any potentially undetected defects in the spindles (Figure 5.1D). Unsurprisingly, the
measurement of the inter-pole distance of cells exposed to sustained Eg5 inhibition, revealed an
average measurement of only 1.6 um, reflecting the monopolarity of the spindles. In comparison,
washing the effects of Eg5 inhibition from cells and replacing it with either DM SO or the Aurora B
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Figure 5.1 Aurora A activity is required for the efficient alignment of chromosomes
in HeLa cells

(A) The protocol used to determine whether Aurora A activity has a role in chromosome
alignment. After treating HelLa cells according to the protocol outlined in (A), cells were
then fixed and immunostained with antibodies against Pericentrin and Tubulin to
determine the spindle phenotype and Aurora B together with Hoerscht to allow
determination of chromosomal alignment. (B) Quantitation of chromosomal alignment.
Cells were classified as having 'mild’ misalignment if up to four of their chromosomes
were unaligned, or if there were more than four, they were classified as having ’severe’
misalignment. Cells were classified as being ’aligned’ if all their chromosomes were in the
form of a neat metaphase plate. Cell samples treated with 1 uM MLN8054 were found to
have significantly fewer bipolar spindles than those threated with DMSO. (C) Histogram to
show spindle phenotypes of the samples treated as indicated in (A). (D) Measurement of
spindle lengths of samples treated as indicated in (A), calculated from z-stacked images.
All graphs represent data taken from three independent experiments. ** = P<0.01 two-
tailed t test.
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inhibitor, showed average spindle lengths of 8.9 um and 9.5 um respectively. Importantly however,
if cells were instead treated with MLN8054 after removing the Eg5 inhibitor, an average spindle
length of only 5.7 um was detected. Some cells were even recorded to have spindle lengths as low
as 1.9 um. Therefore, athough MLN8054 did not have such a dramatic an effect on spindle
polarity as Eg5 inhibition, the observed shortened spindle lengths after MLN8054 treatment
showed that Aurora A activity was required in the process of spindle reassembly after induced
monopolarity. This role for Aurora A activity in spindle formation is consistent with previous
observations (Figure 4.2), and may provide an explanation as to why cells are unable to reaign

their chromosomes after Aurora A inhibition.

AuroraA activity isrequired for theregulation of microtubule nucleation and

organisation

Having clearly shown that Aurora A activity functions in the regulation of the assembly of spindle
structures (Figure 4.1, 4.2 and 5.1), | next sought to identify how the kinase controls spindle
formation and function. Many reports, including those in the previous chapter, have linked the
presence of the Aurora A protein or its kinase activity to the maturation of centrosomes, thus
implicating a role for the kinase in the regulation of microtubule nucleation from the centrosome
(Figure 4.7) (Mori et al., 2007, Terada et a., 2003, Hannak et al., 2001, Berdnik and Knoblich,
2002, Hachet et a., 2007, Barros et d., 2005, Piehl et a., 2004). Aurora A activity has also been
associated with the regulation of spindle formation in the absence of centrosomes in Xenopus egg
extracts (Koffa et al., 2006, Liu and Ruderman, 2006, Zhang et a., 2008). In support of this
finding, chromosome/kinetochore microtubule nucleation has also been linked to the interaction of
Aurora A with its activator, TPX2, in human cells (Bird and Hyman, 2008). These studies all
indicate that Aurora A kinase activity serves to regulate the nucleation of microtubulesin order to
create normal spindle structures, which could explain why reduced K-fibre lengths and inter-pole

measurements are seen after Aurora A inhibition (Figure 4.2 and 4.3).

To confirm whether the role described for Aurora A activity in the regulation of microtubule
nucleation would explain the abnormal spindle structures seen after MLN8054 treatment, |
analysed the effect of the treatment on microtubule repolymerisation. To effectively observe
microtubule repolymerisation, | first induced the depolymerisation of all cellular microtubules
through a combination of cold treatment and the depolymerising effects of Nocodazole. The cells
were subsequently incubated in warmed Nocodazole to ensure that they were able to regain their
function after the cold treatment. When released from the Nocodazole, the cells were allowed to

repolymerise in a range of different conditions, before being fixed and immunostained to observe
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their tubulin polymers and various kinetochore components (Figure 5.2). As a comparative control
for the experiment, | maintained the exposure of some cells to Nocodazole, to enable the
examination of cells that were completely unable to reform spindles (Figures 5.2 A(i) and 5.3 A).
Interestingly, unlike cells analysed immediately after the Nocodazole and cold treatment (data not
shown), immunofluorescence microscopy revealed that a large number of short tubulin polymer
stubs were present over the DNA of the Nocodazole treated cells. This suggested that a limited
amount of centrosome-independent microtubule nucleation may have been possible, although the
tiny microtubule polymers were clearly unable to form any kind of spindle. The ability to carry out
chromosome/kinetochore microtubule nucleation has been previously reported to be dependent on
the interaction of Aurora A with its activator, TPX2 (Bird and Hyman, 2008). This observation thus
indicates that the process of chromosome/kinetochore nucleation may be reliant on active Aurora
A. Totest thistheory, preceding the cold and Nocodazol e treatments, | treated cells with MLN8054
in combination with Nocodazole, and looked for evidence of similar microtubule polymers over the
DNA (Figure 5.2B(i)). In contrast to the effects seen after preventing Aurora A and TPX2
interaction however, the inhibition of Aurora A activity did not appear to cause a reduction in the
level of the small tubulin polymers, suggesting that Aurora A activity may not be required for the
initiation of chromosome directed microtubule nucleation (Figure 5.3B) (Bird and Hyman, 2008).

To determine whether Aurora A activity was required for the control of more general microtubule
polymerisation, | observed spindles which were permitted to form in the absence of Nocodazole
(Figure 5.2Aii). Unsurprisingly, in cells which had not been treated with either Nocodazole or
MLN8054, microtubules were able to polymerise and form bipolar spindles with robust K-fibres,
which emanated out from the centrosomal area and attached to the kinetochores of chromosomes
(Figure 5.3C). These K-fibre attachments were highlighted by low Mad2 levels at kinetochores and
the neat organisation of chromosomes within cells (Waters et al., 1998, Chen et al., 1996, Waters et
a., 1996). Importantly however, microtubules nucleated in the presence of MLN8054 were
noticeably disorganised compared with those within control spindles (Figures 5.2B(ii) and 5.3B).
In many cases, the spindles of MLN8054-treated cells did not appear to have any clear canonical
structure, and were made up of unfocused and often crooked microtubules of varying thickness and
length. Some microtubules could even be seen to extend outside of the spindle bundle, with their
unattached ends stretching out into the cell with no apparent function. Despite the disorganised and
chaotic state of the spindles formed in the absence of Aurora A activity, the spindle fibres appeared
to be attached to kinetochores, as judged by low levels of Mad2 at kinetochores. Unsurprisingly
however, the chromosomes within the cells were not generally aligned on the metaphase plate.
From the immunofluorescent images of the various samples it can therefore be deduced that Aurora
A activity is involved in the regulation of microtubule nucleation, and is necessary for their

organisation and the formation of afunctional spindle.
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Figure 5.2 Protocols to determine whether Aurora A activity is involved in the
regulation of microtubule nucleation and organisation
(A(i))-A(iii)) Protocols used to examine the regrowth of microtubules in the absence of

MLN8054 treatment. (B(i)-B(iii)) Protocols used to examine the regrowth of microtubules
following MLN8054 treatment.



A Nocodazole
at®)

Control

D MLN8054

Figure 5.3 Aurora A activity regulates the formation and organisation of spindle
microtubules

Immunofluorescence images of HelLa cells treated according to the microtubule regrowth
protocols shown in Figure 5.2:

(A) Nocodazole: Figure 5.2A(i)

(B) MLN8054 and Nocodazole: Figure 5.2B(i)

(C) Control: Figure 5.2A(ii)

(D) MLN8054: Figure 5.2B(ii)

The cells were fixed and immunostained with antibodies against ACA (red), Tubulin
(green) and Mad2 (blue), Hoescht was use to visualise the DNA (white). Z-sectioned
images were taken of the samples, which were then projected to produce the images
shown. Blow-ups were used to highlight microtubule-kinetochore attachments.
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5.4 AuroraA activity isrequired for the formation of a functional spindle

The chromosome misalignments observed in cells with spindles nucleated in the absence of Aurora
A activity indicated that the kinase activity is required for the regulation of spindle function as well
as the formation of its structure. An alternative hypothesis however, isthat Aurora A activity may
be required for the proper attachment of kinetochores to the spindle microtubules. In support of this
hypothesis, the activity of Ipll, the single yeast Aurora kinase, has been shown to be involved in
the regulation of chromosome attachment to the spindle, indicating that mammalian Aurora A may
aso have a similar role (Biggins and Murray, 1999, Li et al., 2002, Biggins and Murray, 2001).
Furthermore, | have been able to faintly detect Aurora A antibody at the centromeres of
immunostained cells, which may indicate a proportion of cellular Aurora A which may carry out its
potential function in regulating microtubule attachments (Figure 5.4A). Aurora A over-expression
has aso been shown to cause an increase in unattached chromosomes, thus potentialy
strengthening the association between the kinase and the regulation of microtubule-kinetochore
attachments (Anand et a., 2003). The link between Aurora A activity and chromosomal attachment
could therefore provide an alternate explanation as to why cells are not able to efficiently align

their chromosomes after Aurora A inhibition.

To explore this aternative hypothesis, | carried out the close examination of kinetochore
microtubule occupancy in cells with spindles formed in the absence of Aurora A activity.
Immunofluorescent images of these spindles appeared to indicate that microtubules were however
attached to kinetochores (Figure 5.3), although to gain a more definitive understanding of
chromosome attachment, | employed a quantifiable approach. By using the pixel intensity of
Mad2-directed antibody at kinetochores of images of fixed and immunostained cells, | was able to
quantify the level of microtubule occupancy at kinetochores (Waters et a., 1998, Chen et 4d.,
1996). This level of Mad2 at kinetochores was normalised by dividing the pixel intensity with that
of ACA on adjacent centromeres to give a value of Mad2/ACA. As a negative control for the
experiment, cells were prevented from forming microtubules through their treatment with
Nocodazole. These cells showed high levels of Mad2 at kinetochores (average 3.7 Mad2/ACA),
which is consistent with the notion that microtubule occupation at kinetochores causes a reduction
in Mad2 levels (Figures 5.2A(i), 5.3A and 5.4B). The encouragingly high Mad2 level at
kinetochores is also consistent with the observation that no long microtubules were formed after the
Nocodazole treatment (Figure 5.3A). When MLN8054 was added in conjunction with Nocodazole,
cells were observed to have similarly high levels of Mad2 at their kinetochores (average of 3.6
Mad2/ACA) (Figures 5.2 B(i), 5.3B and 5.4B). This similarity in Mad2 levels at kinetochores after
the two treatments was vital to the integrity of the experiment, asit indicated that the MLN8054
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Figure 5.4 Aurora A activity is not required for the attachment of K-fibres to
kinetochores but is needed for the generation of normal inter-kinetochore stretch
(A) Immunofluorescence images of an untreated Hela cell, which was fixed and
immunostained with antibodies against Tubulin (red), Aurora A (green) and Bub1 (blue).
(B-D) Hela cells were treated according to the microtubule regrowth protocols shown in
Figure 5.2: Nocodazole = Figure 5.2A(i); MLN8054 and Nocodazole = Figure 5.2B(i);
control = Figure 5.2A(ii); MLN8054 = Figure 5.2B(ii). (B) Histograms to show kinetochore
localisation of Mad2. The pixel intensity of both Mad2 and ACA antibodies at kinetochores
was measured from projected z-stacked images. Mad2 levels were then normalised by
dividing the Madz2 pixel intensity at individual kinetochores with that of ACA at
corresponding centromeres. Between 305 and 399 kinetochores were analysed for each
condition from, three independent experiments. (C) Measurements of the distance
between sister kinetochores, a minimum of 417 inter-kinetochore distances were
measured from 3 independent experiments. Both graphs in (B and C) display the mean
and the s.e.m. (D) Inter-centrosomal measurements from a minimum of 16 cells for each
condition taken from 3 independent experiments, shown in the form of box and whisker
graphs. Two-tail t-tests used to analyse the significance of differences observed.

ns = P>0.01; ** = P<0.01; *** = P<0.001.
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treatment did not cause a reduction in Mad2 at tkoteres independent of microtubule

attachment.

Control cells that had been permitted to nucleltsr tmicrotubules unperturbed, exhibited an
average Mad?2 level of only 0.8 Mad2/ACA at kinetods (range of -10.5 to 27.6) (Figures
5.2A(ii)) and 5.4B). This relatively low value indited the presence of high numbers of
microtubule connections with kinetochores. Simylavhen MLN8054 was used to inhibit Aurora
A activity in cells, low levels of Mad2 at kinetamtes were also seen. Interestingly however,
MLN8054-treated cells showed slightly lower levefdMad2 than seen in the control cell samples,
with cells showing on average 0.3 Mad2/ACA (ran§e203 to 8.2). This finding demonstrated
that Aurora A activity is not required for the aftanent of spindle fibres to kinetochores.
Therefore, the chromosomal misalignments seen Afteora A inhibition were not produced by

the failure of chromosomes to attach to the spindle

To further examine how Aurora A activity is invotvén the alignment of chromosomes, | next
looked at the requirement for the kinase’s actiuityhe generation of spindle mechanical force. If
the spindle structural abnormalities observed dftbibiting Aurora A activity were sufficiently
severe enough to prevent the generation of adegpatdle force on chromosomes, the cell would
therefore be unable of efficiently align its DNAk{Bbens and Salmon, 1997, Skibbens et al.,
1993). This could therefore explain the existentelwomosome misalignments after Aurora A
inhibition. To test this theory, | measured theerrtinetochore distances of cells exposed to a
variety of different treatments, to determine wieethppropriate tension was being generated by
the spindle (Chen et al., 1996, Waters et al., 198@alysis of cells exposed to sustained
Nocodazole treatment, whether combined with MLN8@&htment or not, revealed that they
displayed relatively small inter-kinetochore distas, averaging at 0.em (Figures 5.2A(i),
5.2B(i) and 5.4C). This small inter-kinetochore swa@&ment indicated a lack of tension across the
kinetochore pairs, which is consistent with theatment of Nocodazole preventing the formation
of a spindle capable of generating force to chramas (Figures 5.3A and 5.3B). In contrast to
this, cells which were permitted to re-nucleate rotigbules without their treatment with
Nocodazole or MLN8054, exhibited kinetochore péiat were held on average Jush from each
other (Figures 5.2A(ii) and 5.4C). This larger mtenetochore distance is indicative of force
generated across the centrosome by a functionadllep{Figure 5.3C). In comparison however,
cells with spindles formed in the presence of MLB&0vere only able to produce an average
kinetochore separation of 1uin (Figure 5.4C). This suggests that although MLNB@®&atment
did permit the formation of a spindle which waseatd produce some mechanical force across
kinetochore pairs, the tension generated was ngitesg as that seen in the control cells. Therefore

Aurora A activity may be required for the formatiohspindles capable of applying adequate force
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to chromosomes, and consequently enabling thatieit alignment. Interestingly however, the
greater inter-kinetochore distances seen in MLN&@&dted cells compared to the Nocodazole
treated samples, suggested that Aurora A activig wot required for the generation of all the
mechanical force exerted on the chromosomes. Hssreation therefore indicates the presence of
additional factors other than Aurora A activity oo control spindle function, thus possibly
explaining how some cells were able to correct ewliromosomal misalignments even in the

absence of Aurora A activity (Figure 5.1B).

Despite the ability of cells to generate some tamsicross kinetochore pairs after Aurora A
inhibition, Aurora A activity was clearly requiretb produce normal levels of force on the
chromosomes. To test whether these observatiand be related to inadequacies in the spindle
structure, | measured the inter-pole distancesi@fspindles to assess defects in spindle structure
(Figures 5.2 and 5.4D). Cells that had been expdsebtlocodazole, either with or without
MLN8054, exhibited a large range of inter-pole @igtes, possibly reflecting the inability to affect
centrosomal positioning after nuclear envelope ktean due to the lack of spindle microtubules
(Figures 5.3A and 5.3B). Intriguingly however, mostls which had been exclusively treated with
Nocodazole showed a notably larger degree of cemne separation than cells that had been
additionally exposed to MLN8054. In comparison tocNdazole treated cells, control cells with
undisrupted microtubule re-growth were observechdave a relatively small range of spindle
lengths, with an average inter-pole distance ofifril Importantly through, the average spindle
length reformed in after MLN8054 treatment was odly um. The shortened spindle lengths
observed after MLN8054 treatment is consistent vgthvious findings (Figure 5.1D), which
together with the observation that the spindlesatse disorganised (Figure 5.3D), further highlight
the existence of abnormal spindles after Aurorat#ikition. These spindle abnormalities could be
used to explain how the cells are unable to produwemal levels of inter-kinetochore tension and

consequently efficiently align their chromosomelfof@ing Aurora A inhibition.

Chromosome alignment defects seen after ML N8054 treatment are produced by

Aurora A inhibition and not Aurora B inhibition

Despite the evidence suggesting that Aurora A itibib causes chromosome alignment defects, it
could be argued that the effects could be causemffidgrget Aurora B inhibition by the treatment
with MLN8054 (Figure 5.1B) (Adams et al., 2001btdbifield et al., 2003, Hauf et al., 2003). |
have previously shown MLN8054 to have a high degfespecificity towards Aurora A activity at
the 1uM concentration employed throughout the invest@ahowever, at certain concentrations it

can also inhibit Aurora B activity (Figure 3.3). dfiefore to confirm that the MLN8054 treatment
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does not inhibit Aurora B when used g, | employed a further method of testing for Awrd
activity. This method relied on exploiting the robé Aurora B activity in the correction of
improper microtubule/kinetochore attachments asag of identifying whether Aurora B activity
was being inhibited. Key to this method was theatiom of monopolar spindles and the
consequential prevention of normal levels of sprdduced tension across kinetochore pairs. The
production of monopolar spindles should therefarly allow monotelic attachments to exist in the
presence of Aurora B activity to lack of the cemtnmal stretch generated by amphitelic
kinetochore attachment (see Figure 1.4) (Hauf .e2803, Cassimeris et al., 1994, Cimini et al.,
2006, Kapoor et al., 2000). Therefore the existasfcany kinetochore pairs that were attached to
the spindle in any way other than through a moimteinnection, would be evidence of inactivated
Aurora B kinase. Consistent with this theory, amlgnotelic attachments were detected in spindles
treated with an Eg5 inhibitor, highlighting the geace of active Aurora B (Figures 5.2A(iii) and
5.5A). Importantly, cells treated with MLN8054 irorobination with the Eg5 inhibitor, also
appeared to exclusively demonstrate monotelic lattaats (Figures 5.2B(iii) and 5.5B). The short
K-fibres produced by the MLN8054 treatment howeweade analysis of microtubule attachments
difficult. Therefore, as a further method of deiegt microtubule occupancy, Mad2
immunostaining was used to detect the single drsected sisters of monotelically attached
kinetochore pairs. Using this method of detectgingle unattached kinetochores were observed to
occur in MLN8054-treated cells, thus indicating theesence of monotelic attachments, and
supporting the finding that Aurora B activity wastninhibited by the MLN8054 treatment.
Furthermore, the observation that Mad2 levels weteeduced after the MLN8054 treatment also
indicated the presence of active Aurora B afte\théN8054 treatment, as Aurora B inhibition has
been shown to cause the reduction in Mad2 levelgnatochores (Ditchfield et al., 2003). This
collective evidence therefore demonstrates thatorurB must have been active after the
MLN8054 treatment, further validating my previouslgscribed Western blot results (Figure 3.3).
Consequently, the chromosomal misalignments sdenthe MLN8054 treatment must have been
a product of Aurora A inhibition, thus demonstrgtitne requirement for Aurora A activity in the
regulation of the development and organisation toficturally and functionally sound spindles
(Figures 5.1B and 5.3D).

Summary

Through observing the effects of MLN8054 on thdighbof a cell to recover from severe spindle
disruption, | have shown that Aurora A activity wesguired for the efficient alignment of
chromosomes. The alignment defects seen after Aukanhibition were not caused by problems

with kinetochore/spindle attachments. Instead, ceduevels of inter-kinetochore tension and



111

Monastrol

Monastrol and MLN8054

Figure 5.5 Aurora B activity is not inhibited by 1 uM MLN8054 in HeLa cells
Immunofluorescence images of HelLa cells treated according to the microtubule regrowth
protocols shown in Figure 5.2:

(A) Monastrol: Figure 5.2A(iii)

(B) Monastrol and MLN8054: Figure 5.2B(iii)

The cells were fixed and immunostained with antibodies against ACA (red), Tubulin
(green) and Mad2 (blue), Hoescht was use to visualise the DNA (white). Z-sectioned
images were taken of the cells with blow-ups to highlight microtubule-kinetochore
attachments. Images levels were scaled identically.
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shortened spindle lengths and levels of organisageen after the MLN8054 treatment indicated

that the role for Aurora A kinase activity in thikgament of chromosomes was derived from its
function in spindle assembly.

The roles for Aurora A activity in spindle assemblyd chromosome alignment potentially have
important implications in mitotic progression. lhet next chapter, | will discuss whether the
chromosome misalignments observed after Aurora Wibition are capable of extending the

mitotic period and examine their effect on longiarell viability.
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Investigating the role of Aurora A activity in mito
progression and the preservation of cell viability

Introduction

In the previous chapter | described the role pldygdurora A activity in the efficient alignment
of chromosomes. An inability of cells to align thehromosomes such as that described after
Aurora A inhibition has previously been shown toimin the activation of the spindle assembly
checkpoint, delaying a cell's progression into drage and consequently extending the time spent
in mitosis (Mayer et al., 1999, Musacchio and Haottw2002, Nicklas and Koch, 1969, Li and
Nicklas, 1995, Rieder et al., 1995). One could d@fae infer that the inhibition of Aurora A
activity would also increase the time cells spantitosis. Consistent with this theory, Aurora A
inhibition has been shown to cause an increashdrptoportion of mitotic cells, thus indicating
that cells were delayed in mitosis (Manfredi et 2007). Additionally, the micro-injection of anti-
Aurora A antibodies was even shown to often pretlemtcompletion of mitosis (Marumoto et al.,
2003). Furthermore, during the course of this itigasion, Hoar and colleagues also reported that
the inhibition of Aurora A caused a delay to thegression from prophase to anaphase, with the
time spent in mitosis more than doubling (Hoar let 2007). These reports of mitotic delays
indicate that the spindle assembly checkpoint ivated by Aurora A inactivation, presumably in

response to the dependency on Aurora A to effiieriign chromosomes (Figure 5.1B).

Intriguingly, although cells without active Aurofawere often observed to divide after extended
mitotic periods, many displayed segregation defesid the progeny was detected as being
aneuploid (Marumoto et al., 2003, Hoar et al., 200atayama et al., 2001, Glover et al., 1995).
The observation of segregation defects after Audrmhibition suggested that not all of the
chromosomes had been properly aligned before themitnent to anaphase. Interestingly, two
reports published after this investigation linkedréra A activity with the ability to maintain
spindle checkpoint activation, which may explaie thccurrence of segregation defects after the
inactivation of the kinase (Wysong et al., 2009¢#taer et al., 2009). Alternatively, the apparent
ability of the cells to exit mitosis without aligr@ chromosomes, could be attributed to the cells
‘slipping’ from mitosis after the extended delags, in similar reports of the effects of spindle
disruption cells have been shown to exit mitosieraéxtended delays to produce aneuploid
progeny (for review see [Musacchio and Hardwick)20Musacchio and Salmon, 2007, Rieder
and Maiato, 2004, Weaver and Cleveland, 2005]; @&y al., 1999, Li and Nicklas, 1995, Rieder
et al., 1995, Gascoigne and Taylor, 2008)). Impdigehowever, the spindle checkpoint has been
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shown to be functional in these cells, with thereggtion errors being attributed to merotelic
attachments that had gone undetected by the cafiq@igne and Taylor, 2008).

Therefore to better understand the role of Aurorachivity in mitotic progression, | set out to
examine whether Aurora A inhibition in my experin@nset up caused delays to mitosis, and
whether cells were capable of dividing after thiaglel also examined whether Aurora A activity
was required for the maintenance of the overalbilityg of cells, a line of investigation that would

have important implications for targeting of Aurdkaactivity as an anti-cancer therapy.

AuroraA activity isrequired for normal mitotic progression

To test whether cells were dependent on Aurora tvigc for their timely progression through
mitosis, | treated DLD-1 cells with MLN8054, usippase contrast time-lapse microscopy to track
the progression of individual cells through thd cgtle. By distinguishing the breakdown of the
nuclear envelope and subsequent decondensatiohrofatin within the cells, | was able to
ascertain the duration of mitosis. | also assesisedability of cells to perform cytokinesis and
divide into two cells following their exit from nasis. The results of this observation would
provide an indication of whether it was eventugtlyssible to adequately correct the spindle
abnormalities and chromosome misalignments preljoabserved after Aurora A inhibition
(Figures 3.4, 5.1 and 5.3).

The analysis of time-lapse microscopy movies reagkdhat control cells spent an average of 47
minutes in mitosis, before dividing into two daughtells (Figure 6.1). In comparison, treating
cells with MLN8054 caused cells to spend an averdgél minutes in mitosis, 54% longer than

control cells. An increase in mitotic period in pease to Aurora A inhibition is consistent with

reports of similar spindle defect-inducing treatmserindicating the sustained activation of the
spindle assembly checkpoint activation in respdogthe misaligned chromosomes (Mayer et al.,
1999, Kapoor et al., 2000). Interestingly howewslls exposed to MLN8054 were capable of
dividing into two daughter cells after their exteddmitotic period, although the nature of the

phase-contrast imaging made it difficult to idenahy possible chromosome segregation defects.

Similar to the MLN8054 treatment, treating cellshwan Eg5 inhibitor also caused a mitotic delay
compared to control cells, however the extensiothéotime in mitosis experienced by cells was
even more pronounced. Cells treated with the Ebitor took an average of 689 minutes to exit
mitosis, after which they were observed to exitogiig without dividing, similar to recent reports of
the effects of the treatment in the literature @@ame and Taylor, 2008). This extended mitotic

delay followed by the exit without division indieat that cells were unable to produce a spindle
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Figure 6.1 The inhibition of Aurora A activity causes cells to delay in mitosis

DLD-1 cells were treated with DMSO, 1 uM MLN8054, the Eg5 inhibitor AZ138 or a
combination of 1 uM MLN8054 and AZ138. Time-lapse phase contrast images were taken
every 2 minutes to enable the analysis of mitosis (determined as being between nuclear
envelope breakdown and chromosome decondensation). Green circles represent cells
that performed cytokinesis, while red circles indicate cells that were unable to do so.
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capable of aligning chromosomes, suggesting thig weere only permitted to exit mitosis by
mitotic slippage (Rieder and Maiato, 2004, Brita &ieder, 2006, Weaver and Cleveland, 2005,
Gascoigne and Taylor, 2008). The difference obsenvdiow cells are affected by Eg5 and Aurora
A inhibition is consistent with the differing seugr of spindle effects produced by the two

treatments (Figures 4.2 and 5.1).

The large mitotic delay seen after Eg5 inhibitioot ronly indicated the presence of severe
chromosome misalignments, but also highlightedetkistence of a functional checkpoint, which
was capable of detecting them. Similarly, after gkar A inhibition, the mitotic delay prior to
division also suggested the activation of the dpirdsembly checkpoint consequently preventing
anaphase onset. Interestingly however, Aurora Aviacthas been implicated in the proper
functioning of the spindle assembly checkpoint (dhg et al.,, 2009, Kaestner et al., 2009,
Kunitoku et al., 2003). Furthermore, Aurora A oespression has also been reported to cause the
override of the spindle assembly checkpoint (Ananhdl., 2003, Dutertre and Prigent, 2003, Jiang
et al., 2003a, Rong et al., 2007). The role ofodarA kinase activity in the checkpoint override
following Aurora A over-expression is however upg fiebate, as some studies have found the
activity to be required for the override of the ck@oint (Anand et al., 2003), while others have
found it not to be (Jiang et al., 2003a, Littlepagel Ruderman, 2002, Meraldi et al., 2002). This
large range of varying reports implicating Aurora i the spindle checkpoint provoked the
examination of the integrity of the spindle assgmdbieckpoint following MLN8054 treatment, in

order to resolve the role of Aurora A activity hretprocess.

Therefore, to explore the role of Aurora A activitythe spindle assembly checkpoint, | exposed
cells to both Eg5 and Aurora A inhibition. If theéeckpoint was indeed dependent on Aurora A
activity, the extended delay seen after Eg5 intobishould no longer be seen after the combined
treatment, as the cells would not have a functiamt@ckpoint to alert them to the severely
unaligned chromosomes caused by inhibiting Eg5viactiln a similar experiment, Aurora B
inhibition has been previously shown to cause therricde of a Taxol induced mitotic arrest,
driving cells out of mitosis and highlighting a cpramised checkpoint in the absence of active
Aurora B (Ditchfield et al., 2003). Surprisingly Wwever, although a decrease in average mitotic
timings was seen after the dual inhibition of Egisl &urora A, the cells were not driven straight
out of mitosis. Instead, cells were held in mitdsisan average period of 481 minutes. This result
is similar to two recently published papers, whiddo used MLN8054 to show that spindle toxin
induced mitotic arrest could be slightly reducedimlyibiting Aurora A activity (Wysong et al.,
2009, Kaestner et al., 2009).
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The extended mitotic period observed after Aurora A inhibition isdueto thecells

inability to efficiently align their chromosomes

Similar to DLD-1 cells, HelLa cells also sufferedtatic delays after MLN8054 treatment (Figure
6.2A). The induced delay was however more substiatitan that described in DLD-1 cells, as
after MLN8054 treatment the average HelLa mitotigirig was extended to 292.7 minutes, 289%
longer than the mitotic period of control cellsgiie 6.4A). Also like DLD-1 cells, the majority of
HeLa cells were capable of dividing following MLN®® treatment, although a small number of
cells suffered from cytokinesis defects, while osheere observed to start blebbing during mitosis,
indicating the instigation of cell death (Charr2808).

The long mitotic delays produced in both DLD-1 aHélLa cells, indicated that Aurora A
inhibition caused chromosome alignment defectss fireventing the onset of anaphase (for review
see [Taylor et al., 2004]). Consistent with thisadl previously described how Aurora A inhibition
prevented the efficient alignment of chromosomeguife 5.1). Although to determine whether the
mitotic delay following MLN8054 treatment was irreltt response to chromosome misalignments
caused by Aurora A inhibition, | analysed live Hetalls which had been transfected with GFP-
Histone H2B. Analysis of this cell line with theeusf time-lapse fluorescent microscopy enabled
the examination of chromosome alignments in respdaosdifferent treatments. The analysis of
control cells showed that their chromosomes wetfe abefficiently align after nuclear envelope
breakdown to form a metaphase plate, before ewdimiging (Figure 6.2B(i)). Cells treated with
MLN8054 however, were not able to align their chosmmes as efficiently as control cells
(Figures 6.3(ii) and 6.3(iii)). Instead, chromosamaoved around each other in a disorganised
bundle for extended periods. In some instances, NhdN8054 treatment even prevented
chromosomes from forming a metaphase plate at calsing cells to decondense their
chromosomes without dividing (Figure 6.2B(ii)). Mawells were however observed to form
metaphase plates and divide after the MLN8054 rtreat, although segregation errors were
detected (Figure 6.2B(iii)). The observation theltsctreated with MLN8054 were able to progress
to anaphase despite the presence of misalignednosmmes or exit mitosis without dividing was

predicted to have a detrimental effect on the ltmrg: viability of cells.

AuroraA inhibition causes aneuploidy and cell death

The purpose of mitosis is to produce two geneticalentical daughter cells. The inhibition of
Aurora A however, appeared to cause problems Wwihability of cells to evenly divide, indicating
that many of the treated cells’ progeny may be ploédt To test this possibility and investigate

whether Aurora A activity has a role in preservihg genetic stability and thus the viability of
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Figure 6.2 The inhibition of Aurora A activity causes HelLa cells to delay in mitosis
by preventing efficient chromosome alignment

(A) HelLa cells were treated with DMSO or 1 uM MLN8054 and analysed using time-lapse
phase contrast images, which were taken every 2 minutes. The images were transformed
into movies, which were analysed, and the time taken for cells to go through mitosis
(determined as being between nuclear envelope break down and chromosome
decondensation) was plotted. Green circles represent cells that performed cytokinesis;
purple circles represent cells that began blebbing during mitosis; black circles represent
cells that appeared to divide into two daughter cells but remerged into one cell; yellow cells
indicate cells that appeared to divide into three cells but refomed into two daughters.

(B) Projected z-section images from the time-lapse movies of GFP histone H2B HeLa cells
treated with DMSO (i) or 1 uM MLN8054 (ii) and (iii). Numbers shown in the bottom
right-hand corner of each image indicate time elapsed in minutes after nuclear envelope
breakdown. Arrowheads highlight a pair of sister chromatids that were not properly aligned
before the initiation of anaphase. *** = P<0.001 two-tailed t test.



cells, | used flow cytometry to analyse the DNA content of the cells that had been treated with
MLN8054.

As a positive control for the experiment, | observed what effect long-term Eg5 inhibition had on
the DNA content of cells. | had previously observed Eg5 inhibition to produce severe spindle
assembly defects, chromosome misalignments and long mitotic delays, and | therefore expected the
cell cycle profilesto reflect this severity of the treatment (Figures 5.1 and 6.1). Consistent with this
prediction, the flow cytometry profiles showed that the exposure of the cells to an Eg5 inhibitor
caused a huge increase in the proportion of cells with 4N DNA (Figure 6.3A(i)). A massive 44% of
cells were shown to accumulate in mitosis after 24 hours of treatment, compared with only 3% of
mitotic cells in control samples. Additionally, after 24 hours of treatment only a minimal peak
representing cells with 2N DNA could be seen. Thisis consistent with the live cell imaging data, as
it indicates that cells were unable to divide into two geneticaly identica daughter cells. A large
sub-G1 peak could also be seen after only 24 hours of Eg5 inhibition, with near total genetic
disintegration seen after 48 hours of inhibitor treatment. The occurrence of such profound sub-G1
population indicated that cell death was induced by the Eg5 inhibitor, which is consistent with data
from arecent publication (Gascoigne and Taylor, 2008).

Similar to the effects of Egb inhibition, the flow cytometry profiles of MLN8054-treated cells also
revealed an accumulation of cellsin mitosis (Figure 6.3(ii)). The proportion of cells accumulated in
mitosis after MLN8054 treatment was not however as profound as that seen after Eg5 inhibition,
with only 19% of cells being identified as being mitotic after 24 hours of treatment. Interestingly, a
clear peak could still be seen representing cells with 2N DNA even after 48 hours of MLN8054
treatment, which consistent with the live-cell imaging, suggested that cell divison was possible
(Figure 6.2A). As the treatment period increased however, the peaks representing both 2N and 4N
DNA were notably diminished. A large sub-G1 population could be detected after 72 hours of
MLN8054 treatment, 24 hours longer than it had taken Eg5 inhibition to cause roughly equivalent
cellular effects. Eventualy, after 96 hours of MLN8054 treatment only 1% of cells were recorded
as being in mitosis. This finding, together with the considerable sub-G1 population, indicated that
like Eg@5 inhibition, sustained MLNB8054 treatment caused profound cell death.

To test whether the increase in the proportion of cells in the sub-G1 popul ation seen after extended
MLN8054 treatment, did actually represent the loss of cell viability, | tested the growth and
survival of cells exposed to MLN8054 using a colony formation assay (Figures 6.3B and 6.3C).
The crystal violet staining of control colony formation samples illustrated the occurrence of many
colonies after 14 days of growth. In comparison, sustained treatment with the positive control
inhibitor, ZM1, prevented the occurrence of cell colonies after the same time period. This is
consistent with published data, which described ZM1 treatment as negatively effecting the
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(A) Flow cytometry PI cell cycle profiles of HeLa cells treated with the Eg5 inhibitor AZ138
(i) or 1 uM MLNB8054 (ii) for the indicated time periods. The numbers shown in the top
right-hand corner of the graphs refer to the percentage of the cell population in mitosis as
determined by MPM-2 staining. (B) HelLa cells were treated with DMSO, 1 uM MLN8054,
4 uM MLN8054 or 2 uM ZM1 for 14 days before fixing and then staining with crystal violet.
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proliferation and viability of cells (Girdler et.aR006). Similar to this result, the treatmentells
with either 1uM or 4 uM MLN8054, also prevented the formation of coloni€his observation
therefore indicates that Aurora A activity is ragui for the preservation of the long-term viability
of cells presumably through the maintenance ofscgénetic integrity (Hoar et al., 2007). In
agreement with these findings, reports have shouora A inhibition or depletion to bring about
apoptosis (Huck et al., 2010, Dar et al., 2008, sti@ar et al., 2009, Yang et al., 2010a). Indeed,
such as activation if the DNA damage checkpoint megur as a result of the production of the

aneuploidy, which was shown to be caused by the 8054 treatment

Summary

In this chapter | described how the inhibition airAra A activity caused a marked delay of cells in
mitosis. This delay was found to be related to dmminished ability of cells to align their
chromosomes after Aurora A inhibition, indicatiftgetpresence of a functional spindle assembly
checkpoint. Cells were capable of dividing aftex thitotic delays induced by Aurora A inhibition,
however segregation errors were observed. Long-Aemora A inhibition caused the development
of aneuploidy and the occurrence of sub-G1 peah ientual loss of cell viability, demonstrating

the degenerative effect of the segregation errors.

The analysis of the effects of Aurora A inhibition mitosis therefore presented an interesting
paradox, in which the spindle assembly checkpoias$ wctivated causing a delay to anaphase,
although the segregation defects and aneuploidgiugsexd by the treatment indicated that cells
were capable of dividing with misaligned chromosemnihe occurrence of such a phenomenon has
been attributed to the dependency on Aurora A iggtte maintain the activation of the spindle
assembly checkpoint (Wysong et al., 2009, Kaesthat., 2009). To explore this theory, | used the
spindle disrupting power of an Eg5 inhibitor to sauthe prolonged activation of the spindle
assembly checkpoint, but found that the co-intabitbf Aurora A activity did not compromise the
spindle checkpoint to the same extent as seen iafidgiting Aurora B (Ditchfield et al., 2003).
The combined Eg5 and Aurora A inhibition did howegause cells to spend less time in mitosis
than cells treated with just Eg5 inhibitor, althbugyidence for a direct role for Aurora A activity
in the maintenance of the spindle assembly cheokp®iet to be presented (Wysong et al., 2009,
Kaestner et al., 2009). The simplest explanationtfe reduction in mitotic delay after the
combined treatment is instead that the two druge laa antagonistic effect when used together, a
phenomenon that has been noted to occur in thenithsthe combination of treatments (Lee et al.,
2008, Borisy et al., 2003, Hata et al., 2005). Tihtseases potency on the combination may be

derived from increased off-target effects. Thusgdrwhich individually have minimal effects on
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off-target kinases may cause the augmentationdifiadal effects, providing an explanation of the

accelerated of the mitotic slippage experienceddig (Manfredi et al., 2007, Mayer et al., 1999).

Despite the occurrence of a slight acceleratiomitotic slippage, the observation of considerable
mitotic delays following combined Eg5 and Aurorairfibition, suggests that Aurora A activity
does not play a prominent role in the spindle asdgrheckpoint. This proposition is supported by
the extended mitotic delays seen when inhibitire Aurora A activity, as well as the maintenance
of the localisation of checkpoint protein when tireg cells with Nocodazole in combination with
MLN8054. This combined evidence therefore indicales cells exposed to an Aurora A inhibitor
must therefore have been able to satisfy the spiadsembly checkpoint in order to progress to
anaphase and divide. The existence of segregagi@atd after Aurora A inhibition is therefore not
likely to be a general loss of checkpoint functitmit may instead be indicative of the altered
ability of cells to identify chromosomal misalignmis. This phenomenon may be derived from the
disorganised nature of the spindles formed aftefsuA inhibition which, despite their abnormal
appearance, are capable of connecting to kinetesh@he abnormal spindles formed after Aurora
A inhibition may be able to produce adequate tangickinetochores regardless of their unaligned
state, thus enabling the satisfaction of the cheickpconsequentially allowing cells to progress to
anaphase with segregation errors (Li and Nickl@951 Nicklas et al., 1998, Nicklas et al., 1995,
Skoufias et al., 2001, Biggins and Murray, 200Er$tand Murray, 2001). Consistent with this
idea, | have described the incidence of multipsfaindles and spindle deformities after Aurora A
inhibition, which may be capable of applying suffict degrees of tension to kinetochores
irrespective of their alignment on the metaphasg¢ep{Figures 3.4 and 5.3D). Furthermore, in the
previous chapter, | showed that spindles growrheabsence of Aurora A activity were able to
attach chromosomes to a high degree, despiteltiveinter-kinetochore stretch and misalignment.
This high level of K-fibre attachment therefore wedd the levels of Mad2 on the kinetochores.
The reduction level of Mad2 has been previouslyshto allow cells to prematurely exit mitosis
without first arranging chromosomes on metaphaatepl(Orr et al., 2007). Therefore, the ability
of spindles formed in the absence of Aurora A téfigantly reduce the levels of kinetochore
Mad2 even on misaligned chromosomes, may permiptbgression through to anaphase without
first properly aligning chromosomes. Thereforehaltgh it is not completely clear how cells can
progress through to anaphase despite the presdnpgsaligned chromosomes, a number of
interesting possibilities must first be consideirestead of simply assuming Aurora A activity has a
role in the spindle assembly checkpoint. In thet redvapter, | will discuss my investigation into
increasing the potency of MLN8054 towards Auroradiivity, to determine whether it is possible

to increase the severity to the effects to mitspimdles and mitotic progression.
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Increasing the potency of Aurora A inhibition

I ntroduction

| have previously described how the inhibition afiréra A activity caused the development of
shortened and disorganised spindles, preventingetheient alignment of chromosomes and
consequently delaying mitosis. Previous studieshmadever found the inactivation of Aurora A to
have more potent effects on mitotic spindles tharmad observed, describing instead the high
occurrence of monopolar spindles (Glover et al951Mori et al., 2007, Girdler et al., 2006). The
spindle phenotypes described in these reportsighéytsimilar to those seen after the inhibition of
Eg5 activity, which also produces monopolar spisdis well as causing cytokinesis defects and
the loss of cell viability (Figures 4.1, 6.1 an@)6(Mayer et al., 1999, Walczak et al., 1998).his t
chapter, | examine whether Aurora A can be inhibiteore potently to produce phenotypes more
similar those seen after Eg5 inhibition, than thlatively mild spindle effects | have described so

far in the investigation (Figures 3.4 and 4.2).

Throughout the investigation | employed MLN8054 aatconcentration of JuM, which was
determined by Western blotting to have a high degfepotency towards Aurora A kinase activity
(Figure 3.3). The accuracy of techniques such ast®ke blotting however, is limited by the
sensitivity of the experimental components, sucthasantibodies used to immunoblot the samples.
Indeed, the phospho-Aurora antibody used for thetéva blots was incapable of detecting signal
below a certain concentration of protein, showingsignal when less than 5% of total control cell
lysate was present on the membrane. Thereforepugth no signal was seen to indicate the
presence of phospho-Aurora after M MLN8054 treatment of Hela cells, the antibody
limitations may mean that complete kinase inadiwatis not actually achieved at this
concentration (Figure 3.3C). Therefore, it may losgible to increase the potency of Aurora A
inhibition, which may enable a more accurate charaation of the role of Aurora A kinase

activity within cells.

Increasing the concentration of ML N8054 causes more potent Aurora A inhibitory

effects but also inhibits Aurora B activity

To increase the potency of Aurora A inhibition asi@d by MLN8054, the obvious solution would
be to simply increase the concentration of the MQB applied to cells. Indeed, analysing the

polarity of fixed cell samples indicated that iresang the concentration of MLN8054 did cause a
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reduction in the proportion of bipolar spindlesgiiie 7.1A). As Aurora A activity is required for
bipolar spindle assembly, the reduction in the kipindex therefore suggested that MLN8054
could be used at higher concentrations to inhilitoda A activity more potently (Glover et al.,
1995, Girdler et al., 2006, Mori et al., 2007). thermore, cell cycle profiles revealed that while 1
UM MLNB8054 caused an increase of cells with 4N DX&atment with 1M MLN8054 caused a
further accumulation of cells with 4N DNA. This asulation of cells with 4N DNA may
represent an extended mitotic delay caused by igeeh MLN8054 concentration, which is
comparable to that seen after Eg5 inhibition (FégBu3A).

MLN8054 has been used in the investigation so tfdrjgv, as | found that higher concentrations
of MLN8054 caused the inhibition of Aurora B actywias well as Aurora A, as judged by the
analysis of Western blots (Figure 3.3). To furtirerestigate the effect of high dose MLN8054
treatment on Aurora B activity however, | obsertieel ability of the cells to divide, as cytokinesis
failure is a hallmark of Aurora B inhibition (Bisoff and Plowman, 1999, Adams et al., 2001a,
Nigg, 2001b). The investigation into Aurora B aitfivin response to MLN8054 was carried out
using phase contrast time-lapse imaging of livésd€ligure 7.1C). Interestingly, both control cells
and the majority of cells treated withi MM MLN8054 were observed to divide. Increasing the
concentration of MLN8054 however, caused a dramiaticease in cells which were unable to
perform cytokinesis, which was similar to the effeof the Aurora B inhibitor ZM1 that also

produced cytokinesis failures. Therefore, the ysislof the ability of cells to perform cytokinesis
supported the previously described Western bloa détat increasing the concentration of
MLN8054 lead to the dual inhibition of Aurora Bagll as Aurora A activity. Importantly, it was

not possible to identify the effects of Aurora Bhilnition from the flow cytometry profiles, as it

was not possible to distinguish between cells whictd overridden the spindle assembly
checkpoint and failed to divide, from those whiclerev held in mitosis (Figure 7.1B). This

therefore highlights the danger of using flow cy&trg profiles to draw conclusions regarding

specific cell cycle phases.

In addition to inhibiting Aurora B activity and csing cytokinesis failure, increasing the
concentration of MLN8054 from LM to 4 uM also increased the time by which cells were
delayed in mitosis (Figure 7.1C). On average, exymsf cells to JuM MLN8054, caused them to
spend 117 minutes in mitosis (a 156% increase cmrdpa control samples), while treatment with
4 uM MLN8054 caused cells to spend an average of 1bRites in mitosis (a 244% increase
compared to control cells). This increased mitateday seen after treatment with the higher
concentration of MLN8054, together with the redoistin cell bipolarity, suggested that it may
indeed be possible to increase the potency of Aufomhibition by increasing the concentration
of MLN8054.
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Figure 7.1 Increasing the MLN8054 concentration appears to increase the potency
of Aurora A inhibition, however Aurora B inhibitory phenotypes are also detected
(A) HelLa cells were treated with a range of MLN8054 concentrations for 2 hours before
fixing. The cells were then immunostained with antibodies against Aurora A to observe
centrosomes and enable the identification of bipolar spindles. (B) Flow cytometry Pl
profiles of HelLa cells treated with 0 uM, 1 uM and 3 uM MLN8054 for 24 hours. (C) DLD-1
cells were treated with the indicated drugs while time-lapse phase contrast microscopy
images were taken every 2 minutes. The resulting movies were analysed and the time
taken for cells to go through mitosis was plotted (determined as being between nuclear
envelope break down and chromosome decondensation). Green circles represent cells
that performed cytokinesis, red circles indicate cells that were unable to do so, and purple
circles denote cells that started blebbing while in mitosis.
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The reduction in bipolar index after MLN8054 treatm suggested that by increasing the
concentration of MLN8054 it may be possible to proel spindle defects more comparable to those
seen after Eg5 inhibition (Figure 4.4). The mitateday experienced by the cells treated withivt
MLN8054 however, was not as pronounced as thatrteghdo occur after Eg5 inhibition (Figure
6.1). Thus to determine whether the mitotic effgcteduced my 4M MLN8054 were comparable
to those seen after Eg5 inhibition, with combinadt@ka B inhibition, | applied both ZM1 and an
Eg5 inhibitor to cells and observed the affect aitotic progression. Interestingly, the average
mitotic timing of cells treated with both ZM1 arfiet Eg5 inhibitor 145 minutes, which was highly
comparable to that seen aftep¥ MLN8054 treatment. This therefore indicated thatreasing
the concentration of MLN8054 resulted in an inceghaffect on the spindles of cells, which was
bore close resemblance to those seen after Edaitiohias well as the previously described effects
of removing Aurora A activity from cells (Mori el.a2007, Glover et al., 1995, Girdler et al.,
2006). Therefore, it appeared to be possible toease the potency of Aurora A inhibition by
increasing the concentration of MLN8054 aboveM, although above iM MLN8054, Aurora B
activity was also affected. Therefore to effectivptobe the role of Aurora A activity | required a
method by which | could increase the concentratibMLN8054 to more potently inhibit Aurora
A activity, but identify a method by which Auroraativity was not also inhibited at this higher
concentration of MLN8054.

A drug-resistant cell line can be used to revert the high-dose effects of ML N8054 on
Aurora B activity

To enable to use of MLN8054 at higher concentratiaiithout inhibiting Aurora B activity in
addition to Aurora A, | investigated the use ofgiresistant mutants. A variety of different drug-
resistant cell lines have previously been createthé lab by continuously exposing the colon
cancer cell line HCT116 to the Aurora B inhibitoZ (Girdler et al., 2008). HCT116 cells were
chosen as they have defective mismatch repair maghiwhich has been shown to cause higher
levels of spontaneous mutations (Glaab and Tind#1§7). This hyper-mutation rate enabled
Girdler and colleagues to produce a greater nundfegenetic variants within the culture
population, thus increasing the possibility of sttey for a drug-resistant mutant. Furthermore,
HCT116 cells have been shown to express a relgtidel level of p-glycoprotein, which is
involved in removing a broad range of harmful sabses from the cell (Teraishi et al., 2005).
Reduced expression of p-glycoprotein therefore gedihe chance of resistancy to ZM1 through
the expression of drug pumps, and increases theibildg of drug-resistant mutant cells

developing.
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The continued exposure of the HCT116 cells to Zvtidpced a variety of resistant mutants, some
of which were shown by the examination of flow eytry profiles to revert the Aurora B
inhibitory effects of MLN8054 (Girdler et al., 20p8To confirm whether this data reflected the
ability of the mutated cell lines to maintain thetiaty of Aurora B in the presence of presence of
high doses of MLN8054, | used Western blotting tuserve the activity of Aurora B after
MLN8054 treatments.

Before testing the drug-resistancy of the mutanTHI®B cells however, the effect of MLN8054 in
wild-type HCT116 cells was assessed to determinethven Aurora A activity could be inhibited
and any effects on Aurora B activity in the wilgty cells. The wild-type HCT116 cells were
exposed to a range of MLN8054 concentrations, hrdanhalysis of the Western blotted samples
revealed that both Aurora A and B activity couldibkibited by MLN8054. Interestingly, both
kinases were inhibited at roughly equivalent cohegions as those in HeLa and DLD-1 cells
(Figure 3.3). At 0.25uM MLN8054, Aurora A activity was markedly reduced the wild-type
HCT116 cells, as indicated by low phospho-AurorgTar288) and phospho-TACC3 (Ser558)
signal. Increasing the concentration of MLN80541tquM, caused the removal of all visible
phospho-Aurora A signal from the blotted sampladjaating the potent inhibition of the kinase.
Similarly, a reduction in phospho-Histone H3 (S¢rit@licated a reduction of Aurora B activity
when samples were treated with only OpR8 MLN8054. Phospho-Aurora B (Thr232) signal was
also reduced in samples treated wittukd MLN8054. Therefore, although Aurora A can be
inhibited by MLN8054 in wild-type HCT116 cells, Aara B activity is also inhibited at similar

concentrations.

To determine whether the mutations produced dfieektended exposure to ZM1 were capable of
inferring resistance to the Aurora B inhibitoryexffs of MLN8054, | treated the mutant HCT116
cell lines with a range of MLN8054 concentratiomsl analysed the effect. One of the HCT116
cell lines, found to have a Tyrosine residue stugstl for a histadine at position 156 in Aurora B
(referred to as R12 — (Girdler et al., 2008)), sedva high level of resistance against high dose
MLN8054 effects on Aurora B activity (Figure 7.2B)deed, the analysis of the phospho-Histone
H3 (Ser10) and phospho-Aurora B (Thr232) signaWlifN8054-treated R12 samples, showed no
reduction even after their treatment with @M MLN8054. Importantly however, Aurora A
activity was seen to be inhibited byuM MLN8054 in the R12 HCT116 cell line, as deternine
by phospho-Aurora A (Thr288) and phospho-TACC3 §58) signal.

The Western blot analysis therefore revealed tiatrtutant R12 HCT116 cell line was resistant to
the effects of MLN8054 on Aurora B, however to donfwhether this resistance would be capable

to reverting the cytokinesis defects observed #iighn does MLN8054 treatments, | compared the
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represent results that were consistent over three independent experiments.
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cell cycle flow-cytometry profiles of wild-type and R12 HCT116 cell lines, which had both been
treated with a range of MLN8054 concentrations for 24 hours (Figure 7.3). Consistent with
previoudy reported Hela data (Figure 6.3A), 1 uM MLN8054 caused the reduction in the
proportion of cells with 2N DNA in both the wild-type and the mutant cell line and increased the
proportion of R12 cells with 4N DNA. This 4N DNA increase most probably represents an
extension to the time taken for the R12 cells to progress through mitosis after the 1 yM MLN8054
treatment (Figures 6.1 and 6.2A). Wild-type cells however, did not show a similar increase in the
population of cells with 4N DNA, and instead exhibited a shortening and widening of the 4N peak.
The inability of wild-type cells to show the same accumulation of cells with 4N DNA, may be
indicative of the combined inhibition of Aurora A and B activity, which may be experienced by
wild-type cells.

Increasing the concentration of MLN8054 applied to wild-type HCT116 cellsto 4 uM and 10 uM,
produced effects that were very typical of Aurora B inhibition, with most cells observed as having
either 4N or 8N DNA following the treatments. This finding is indicative of the treated cells being
unable to perform cytokinesis and separate their genetic material into two cells, a phenomenon that
has previously been noted following Aurora B inhibition (Ditchfield et d., 2003). In contrast, the
cycle profiles of R12 HCT116 cells treated 4 uM and 10 uM, were strikingly similar to those of 1
UM MLN8054-treated R12 cells, indicating that, unlike wild-type cells, the three treatments
produced very similar cell cycle effects. All three MLN8054 concentrations caused the R12 cell
line to accumulate a greater population of cells with 4N DNA and decrease the proportion of cells
with 2N DNA. This phenotype may either demonstrate a delay in mitosis, or indicate the inability
of cells to perform cytokinesis following the treatments. The presence of only a very small 8N
DNA population indicates that any cytokinesis defects caused by the MLN8054 treatments are
unlikely be the result of profound Aurora B inhibition, although mild Aurora B inhibition cannot be
ruled out, particularly after the treatment of the cells with 10 uM MLN8054, which caused the
largest 8N DNA peak. Despite the possibility of mild cytokinesis defects at 10 uM MLN8054, the
argument for the existence of profound cytokinesis failure is further weakened by the observation
of arelatively large cell population with 2N DNA after MLN8054 treatment in the R12 cell line.
This population indicates that, unlike wild-type cells, the R12 cells were till able to divide even
after the high doses of MLN8054 treatment.

Therefore R12 HCT115 reversion of the Aurora B inhibitory phenotype seen in wild-type cells
after high dose MLN8054 treatment indicates the possibility of potentially increasing the potency
of Aurora A inhibition. Whether it is actualy possible to more potently increase Aurora A
inhibition in this way remains to be seen. It is interesting to observe however, that no dramatic

changes occurred in the cell cycle profiles of R12 HCT116 in response to increases in MLN8054
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Figure 7.3 Potent and specific Aurora A inhibition causes an accumulation of cells
with 4N DNA, but does not appear to block cell cycle progression

Flow cytometry Pl cell cycle profiles of wild-type and R12 HCT116 cells treated for 24
hours with the indicated concentrations of MLN8054.
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Figure 7.4 Treating R12 HCT116 cells with MLN8054 causes the profound
occurrence of monopolar spindles

R12 HCT116 cells were treated with 0 uM, 1 uM or 4 uM MLN8054 for 2 hours and then
fixed. The fixed samples were then immunostained with antibodies against Aurora A to
observe centrosomes and phospho-Histone H3 to determine the cell cycle stage.
Z-sectioned images were taken of cells during the period after nuclear envelope
breakdown and before anaphase, and inter-pole distances were measured. The graph
shows data from three independent experiments, with 30 cells analysed for each condition.
The stated values for inter-centrosomal measurements represent categories of grouped
measurements, which include cells with inter-centrosomal distances of up to 0.99 um more
than the indicated value.
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concentration, indicating that potent Aurora A inhibition may be aready achieved at 1 uM
MLN8054.

Increasing the potency of Aurora A inhibition in HCT 116 cells decreasesthe inter -

pole distance

The revelation that increasing the concentration of MLN8054 did not largely appear to cause large
changes to cell cycle profiles of R12 HCT116 cells or further affect their ability to divide,
suggested that Aurora A activity may not have been optimally inactivated at 1 uM MLN8054. To
gain a more accurate understanding of the level of Aurora A inhibition achieved however, | next
examined the degree of centrosome separation seen in cells treated with a range of MLN8054

concentrations.

| have previoudly shown that 1 uM MLN8054 treatment of Hel a cells caused a shortening of inter-
pole measurements (Figure 4.2). Despite this, the mgjority of cells were capable of separating their
centrosomes to form bipolar spindles (Figure 3.4), which is inconsistent with a number of reports
which described the occurrence of large numbers of monopolar spindles after Aurora A
inactivation (Glover et a., 1995, Mori et al., 2007, Girdler et al., 2006). | have also described the
reduction in HelLa cell spindle bipolarity with increasing concentrations of MLN8054 (Figure
7.1A). Therefore, using fixed and immunostained R12 HCT116 cells, | tested whether these cells
aso experienced a reduction in spindle polarity, in relation to increasing the concentration of
MLN8054 (Figure 7.4).

Measurements of control cells R12 HCT116 showed a range of different spindle lengths,
presumably reflecting the different stages of mitotic progression (Figure 4.2). The most common
inter-pole length category of the control R12 HCT116 cells was observed to be 9-9.99 microns, and
the largest inter-pole distance recorded distance as 12.51 microns, both of which are highly
comparable with the HelLa cell data. Treatment of the R12 cells with 1 uM of MLN8054 however,
severely shortened the inter-pole distances of the R12 cells, with most recorded as having
centrosomes less than 1.99 microns apart reflecting the profound monopolarity of the population.
This finding was in stark contrast to the same treatment in Hela cells, where the equivalent
MLN8054 concentration only caused a dight shortening to the mgjority of spindle lengths (Figure
4.2). These clear differences in the effects of MLN8054 in HCT116 cells compared to Hel.a or
DLD-1 cellsis surprising, as Western blotting showed the cells lines exhibited relatively equivalent
levels of Aurora A inhibition (Figures 3.3 and 7.2). The observed differences in spindle polarity
after MLN8054 treatment, may therefore be indicative of cellular differences in response to Aurora
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A inhibition, or could either be indicative of off-target effects in the HCT116 cells. Interestingly, a
similar in the differing abilities to form bipolar spindles between HCT116 cells and Hel a cells has
also seen after Aurora A was down regulated in previous reports in the literature (Marumoto et d .,
2003).

Although the RI2 HCT116 cells experienced profound monopolarity after their treatment with 1
UM MLN8054, arange of larger inter-pole distances were recorded, with the longest spindle length
being 7.68 microns. Increasing the concentration of MLN8054 to 4 uM caused a dightly higher
proportion of R12 HCT116 cells to have inter-pole distances of less than 1 micron. Importantly
however, as with the 1 uM treatment, a proportion of the population were also observed to have a

range of larger inter-pole distances of up to 10.06 microns.

Despite occurrence of alarge range of spindle lengths after MLN8054 treatment, the occurrence of
high numbers of monopolar spindles after Aurora A inhibition is more consistent with severd
reports in the literature, which describe a prominent role for Aurora A activity in bipolar spindle
formation (Glover et al., 1995, Mori et a., 2007, Girdler et a., 2006). The production of a high
proportion of monopolar spindles is similar to the effect of inhibiting Eg5 activity, which has also
been shown to cause extended mitotic delays, after which cells were not capable of dividing
(Figures 4.4A, 4.4B, 6.1 and 6.3A). Despite the similarity in respect to both treatments causing
profound monopolarity, the cell cycle profiles of R12 HCT116 cells treated with MLN8054
indicated that they did not experience similar extreme mitotic delays, and were still able to divide
(Figure 7.3). This interesting discrepancy between the two treatments, despite apparently causing
the same spindle defects, therefore required further investigation.

Increasing the potency of Aurora A inhibition extendsthe delay in mitosis, although

cells can still divide

To address whether the cell cycle profiles of R12 HCT116 cells were correct in indicating that cells
were still able to divide after potent Aurora A inhibition, despite the prominent presence of
monopolar spindles, | used phase contrast microscopy and time-lapse imaging to follow the mitotic

progression of individual cells (Figure 7.5).

To determine the time cells spent in mitosisin response to various treatments, the duration between
nuclear envelope breakdown and chromosome decondensation was recorded, as well as whether
cell division had taken place. Using this methodology, | found untreated wild-type cells to take an

average of 41 minutes to progress through mitosis, after which they all divided into two daughter
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Figure 7.5 Increasing the concentration of MLN8054 up to 4 uM increases the time
R12 HCT116 cells spent in mitosis, although they are eventually able to divide

Wild-type (A) and R12 (B) HCT116 cells were treated with the indicated concentrations of
MLN8054, and time-lapse phase contrast microscopy images were taken every 2 minutes.
The resulting movies were analysed and the time taken for cells to go through mitosis was
plotted (determined as between nuclear envelope break down and chromosome
decondensation). Green circles represent cells that performed cytokinesis and red circles
indicate cells that were unable to do so. *** = P<0.001; ns = P>0.01 two-tailed t test.
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cells (Figure 7.5A). In contrast, 1 uM MLNB8054 caused the wild-type cells to exhibit a large range
of different mitotic periods, although all cells spent longer in mitosis than untreated cells, with an
average mitotic period of 312 minutes. Therefore, consistent with data from both MLN8054-treated
HelLa and DLD-1 cells, MLN8054 treatment caused a mitotic delay in wild-type HCT116 cells
(Figures 6.1 and 6.2A). Unlike HeLa or DLD-1 cells however, a large proportion of wild-type
HCT116 cells were unable to perform cytokinesis after treatment with 1 uM MLN8054 (Figures
6.1 and 7.1). This could reflect the apparently more severe effect of MLN8054 treatment in the
HCT116 cells, or dternatively it may be indicative of mild Aurora B inhibition being caused by
MLN8054 at this concentration. Interestingly, increasing the concentration of MLN8054 to 4 uM,
did not significantly change the mitotic period compared to cells treated with 1 uM MLN8054,
however the mgjority of cells were also prevented from dividing (Figure 7.5A). At 4 uM MLN8054
however, the level of phospho-Aurora B had previously been shown to be greatly decreased,
suggesting that MLN8054 was inhibiting Aurora B activity at this concentration (Figure 7.2). This
could therefore indicate a compromised spindle assembly checkpoint, which may explain the
increase in cytokinesis defects and the dight decrease in mitotic timings. Increasing the
concentration of MLN8054 to 10 uM, further reduced the time wild-type HCT116 cells spent in
mitosis, with an average mitotic period of 189 minutes (Figure 7.5A). Furthermore, all cells were
prevented from performing cytokinesis, which is consistent with previously described data and
reportsin the published literature which show the Aurora B activity is inhibited following treatment
with high concentrations of MLN8054 (Manfredi et a., 2007, Hoar et d., 2007).

To test whether the effects of high dose MLN8054 could be reverted by using the drug-resistant
cell line, | applied the same range of MLN8054 concentrations to R12 HCT116 cells. Following
the progression of individual cells through mitosis revealed that, similar to wild-type cells, control
R12 HCT116 cells spent 42 minutes in mitosis before dividing (Figure 7.5B). Furthermore, treating
the R12 HCT116 cells with 1 pyM MLN8054 extended the time cells spent in mitosis, with an
average mitotic period being recorded as lasting 160 minutes. Interestingly however, this increase
was hot as profound as that seen in wild-type cells, and unlike wild-type cells, R12 HCT116 cells
were gtill able to divide. The ability of the R12 HCT116 cells to revert the cytokinesis defects and
even reduce the degree of mitotic delay, suggests these phenomena may be derived from Aurora B
inhibitory effects. The finding that 1 uM MLN8054 may cause Aurora B inhibition in HCT116
cells has important implications, particularly for the findings of some reports in the literature,
which use 1 uM MLN8054 to make assumptions regarding Aurora A activity in HCT116 cells
(Kaestner et d., 2009).
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Increasing the concentration of MLN8054 further to 4 uM in R12 HCT116 cedlls, prolonged mitosis
still further, causing the average cell to take 248 minutes to exit mitosis. In agreement with the
HCT116 flow cytometry profiles however, many cells were still able to divide after the extended
mitotic periods (Figure 7.3). Cells treated with 10 uM though, experienced no significant further
mitotic delay when compared with cells treated with 4 pM MLNB8054. A great increase was
however observed in the proportion of cells that were unable to divide following treatment with 10
UM MLNB8054. Consequently, in the previoudy discussed flow cytometry profiles, the dight
increase to the population of the 4N DNA population of cells treated with 10 uM MLN8054 may
therefore have been caused by cells that were unable to perform cytokinesis rather than by a great
extension to the mitotic delay (Figure 7.2).

Therefore, although it may be possible that amild Aurora B inhibition is seen in R12 HCT116 cells
after treatment with 10 pM MLN8054, it was largely possible to revert the Aurora B inhibition
seen after lower concentrations using the drug-resistant cell line. By exploiting this resistancy for
MLN8054 effects to Aurora B activity, it was possible to increase the concentration of MLN8054
without also inhibiting Aurora B, to reveal the effect of potently inhibiting Aurora A activity.
Interestingly, increasing the concentration of MLN8054 of 1 uM to 4 uM, caused an extension to
the time R12 cells spent in mitosis, however the vast majority were still able to divide. Although
this supports the findings of the flow cytometry graphs (Figure 7.3), it is surprisng when
considering that most cells appear to have monopolar spindles after MLN8054 treatment (Figure
7.4). The ability of cellsto divide following Aurora A inhibition suggests that they are eventually
able to form functional spindles after the extended mitotic delays. Indeed, as well as the prominent
occurrence of monopolar spindles after both 1 pM and 4 pM MLN8054 treatments, a range of
longer spindle lengths were also recorded, supporting the assumption that cells are eventually

capabl e of forming bipolar spindles.

An aternative explanation for the ability of cells to exit mitosis despite the profound occurrence of
monopolar spindles may however be that Aurora A inhibition causes the override of the spindle
assembly checkpoint. This latter theory would therefore imply that cells were capable of exiting
mitosis without rectifying their monopolar spindles and satisfying the spindle assembly checkpoint.
| have previously been unable to identify a prominent role for Aurora A activity in the spindle
assembly checkpoint, however it was not clear whether such a role could be detected when more

potently inhibiting Aurora A activity.
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7.6 AuroraA activity doesnot have a prominent rolein the spindle assembly checkpoint

The ability of cdlsto arrest after Aurora A inhibition, and effectively localise spindle checkpoint
proteins in the absence of Aurora A activity after Nocodazole treatment, supports the idea that
Aurora A activity does not have arole in the spindle assembly checkpoint (Figures 6.1, 6.2, 5.3B
and 5.4B). In addition, increasing the potency of Aurora A inhibition still permitted cellsto stay in
mitosis and divide after extended mitotic delays, indicating the presence of an active spindle
checkpoint in cells after Aurora A inhibition (Figure 7.7B). However, two recently published
papers have described arole for Aurora A activity in the proper functioning of the spindle assembly
checkpoint (Wysong et al., 2009, Kaestner et a., 2009).

Therefore, to examine whether potent Aurora A inhibition was capable of overriding the spindle
assembly checkpoint, | inhibited Eg5 activity to cause chromosome misalignments to maintain
checkpoint activation (Figure 4.4) (Kapoor et a., 2000, Mayer et a., 1999). Consistent with
sustained checkpoint activation, the flow cytometry profiles of both wild-type and R12 HCT116
cells treated with an Eg5 inhibitor for 24 hours showed an accumulation of cells with 4N DNA
(Figure 7.6). By co-treating the cells with MLN8054, | hoped to determine whether Aurora A
inhibition could cause cells to be driven out of mitosis, despite the chromosome alignment defects
produced by inhibiting Eg5 activity. If such an effect was seen to occur, it would imply a role for
Aurora A activity in the spindle assembly checkpoint.

By following this experimenta deign, the resulting flow cytometry profiles of wild-type cells co-
treated with 1 uM MLN8054 for 24 hours showed a dight reduction in the proportion of cells with
4N DNA when compared to cells treated with just the Eg5 inhibitor. Increasing the concentration
of MLN8054 to 4 pM and 10 uM however, greatly reduced the 4N population of cells and
introduced a prominent 8N peak. In comparison to wild-type cells however, the mgjority of R12
HCT116 cells were able to maintain 4N DNA after combined Eg5 and potent Aurora A inhibition.
A small 8N peak could however be detected after the treatment of the cells with 10 uM MLN8054
and Eg5 inhibitor. This clear difference observed after the co-treatment of MLN8054 in the wild-
type and the drug-resistant HCT116 cells, is likely to result from the ability of MLN8054 to inhibit
Aurora B activity in wild-type cells, but not in the drug-resistant cell line. Therefore, the inhibition
of Aurora B by MLN8054 in wild-type cells provides an example of a checkpoint override, where
the 8N cell population is representative of cells which have been driven out of mitosis (Ditchfield
et a., 2003, Kapoor et a., 2000). The absence of such a prominent 8N cell population after the
equivalent treatment in R12 cellsindicates that cells were not driven out of mitosis when cells were
ableto resist the Aurora B inhibitory effect of MLN8054. Therefore, the potent inhibition of
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Figure 7.6 Potent Aurora A inhibition does not noticeably override the spindle
assembly checkpoint

Flow cytometry Pl profiles of wild-type and R12 HCT116 cells, which were harvested after
24 hours of treatment with the indicated concentrations of MLN8054 in combination with
AZ138.
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Aurora A activity did not noticeably compromise the spindle assembly checkpoint, indicating that

Aurora A activity does not play a prominent rolein it the checkpoint.

Whether the Aurora A kinase activity is involved in the maintenance of the checkpoint is however
still up for debate, as the cell cycle profiles do not allow one to distinguish between cells that were
held in mitosis, from those which were prematurely forced into G1 after an extended delay (as seen
in DLD-1 cellsin Figure 6.1). Despite this limitation, Aurora A activity clearly is not prominently

involved in the spindle assembly checkpoint.

Summary

In the previous chapters | inhibited Aurora A activity demonstrating its roles in efficient spindle
assembly, chromosome alignment, timely mitotic progression and normal cell division. However,
inconsistencies with the published literature suggested that it may be possible to inhibit Aurora A
to a greater degree to produce more profound effects on spindle assembly and mitotic progression
(Glover et d., 1995, Mori et a., 2007, Girdler et a., 2006). While investigating this hypothesis, |
found that ssimply increasing its concentration also caused the inhibition of Aurora B activity.
Despite this, the observation of decreased spindle bipolarity together with the extension of mitotic
timings, suggested that it might indeed be possible to increase the potency of Aurora A inhibition
by raising the concentration of MLN8054.

Through using a drug-resistant HCT116 cell line, | was able to revert the effects of MLN8054 on
Aurora B activity, thus enabling the characterisation of the effects of potent Aurora A inhibition
without also inhibiting Aurora B activity. Using this cell line | was able to increase the
concentration of MLN8054, which produced profound monopolarity in the spindles of mitotic cells
and extended the time cells spent in mitosis. Despite the monopolarity of their spindles, the cells
were dill able to divide even after the extended mitotic delays. This phenomenon was not
considered to be derived from a prominent role for Aurora A activity in the functioning of the
spindle assembly checkpoint, but rather cells were predicted to be capable of forming bipolar
spindles after extended mitotic periods. Therefore the potent inhibition of Aurora A activity
confirmed that Aurora A activity was required for the formation of normal bipolar spindles and for
the timely progression through mitosis. Aurora A activity however was not required for the process
of cell division as cells were eventually able to form adequate spindles without the kinase activity.
The accuracy of the cell division in the absence of Aurora A activity is however as yet unknown,
although cell cycle profiles indicated the existence of a relatively narrow 2N DNA peak after 24
hours of MLN8054 treatment in HCT 116 cells, possibly suggesting even segregation.

138



So far in the investigation, the role of Aurora A activity has only been investigated in cancer cell
lines. Therefore, in the next chapter | will describe data in which non-transformed cells were tested
for their dependency on Aurora A activity. This line of investigation may consequently have
important connotations in developing a more universal understanding of the role of Aurora A
activity in cells, as well as understanding the effects of Aurora A-directed anti-cancer therapies to
healthy cellsin the human body.
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Investigating the role of Aurora A kinase activity in a non-
transformed cell line

Introduction

Cancerous cdll lines are commonly used for research in laboratories as they are typically fast
growing, have been immortalised, and are relatively robust to life in culture conditions. These
qualities have meant that many cancer cell lines, such as the ones used in this investigation, have
been well characterised, making them ideal model systems. It was important however, to examine
the role of Aurora A activity within non-tumour cells to develop a better understanding of the role
of Aurora A kinase activity within the normally functioning human body. Furthermore, if any
differences were observed between the roles of Aurora A activity in non-tumour cell lines and in
cancer cells, this may have important implications for the effectiveness of the targeting of Aurora A
kinase activity as an anti-cancer therapy. For these reasons, | therefore decided to expand the

investigation to examine the role of Aurora A activity in non-transformed cells.

To enable the practical use of non-transformed cells, it was necessary to select a cell line that had
been immortalised to prevent the induction of scenescence, in response to telomere shortening
resulting from a limited proliferation capacity. Despite being immortalised, the cell line could still
be used as a model to exemplify the role of Aurora A activity in non-transfomed cells as they,
unlike transformed cells, would not form atumour if injected into mice and were subject to contact
inhibition induced senescence (data not shown). It must be noted however, that athough non-
transformed cells were used to model the role of Aurora A activity in non-cancer cells, the process
of isolating and culturing cells has been shown to cause adaptation to culture conditions, and thus
cultures cdlls cannot be used synonymously with healthy tissue samples (Engelmann and Valtink,
2004). To truly investigate the role of Aurora A kinase activity in healthy tissues, in vivo methods
would have to be emplyed, however in this investigation such techniques were not feasable, and

non-transformed culture cells were used as an adequate alternative.

Differences between transformed and non-transformed cell lines in their response to various anti-
mitotic drug treatments have been previously reported (Orth et a., 2008, Brito et a., 2008, Brito
and Rieder, 2009, Gascoigne and Taylor, 2008). In al these cases, a greater proportion of cell death
was observed in the cancer cell lines compared to the non-transformed lines when exposed to anti-

mitotic drugs. In light of this data, | set out to determine whether non-transformed cell lines were
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Figure 8.1 MLN8054 can be used to specifically inhibit Aurora A activity in RPE cells

RPE cells were mitotically enriched with Nocodazole for 16 hours before being treated with
MG132 and a range of concentrations of MLN8054 for a further 2 hours. The samples were
then harvested and lysed, and whole cell lysates were separated using SDS PAGE.
Immunoblotting was used to detect the presence of: Aurora A, Phospho-Aurora A (Thr288),
phospho-Aurora B (Thr232), phospho-TACC (Ser558), Aurora B and phospho-histone H3
(Ser10). HelLa cells were treated identically with 0 uM, 1 uM and 4 uM MLN8054 and run
on the same blot to compare inhibition levels. The images displayed represent results that

were consistent over three independent experiments.
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also more resilient to Aurora A inhibition, as well as addressing whether Aurora A activity played

an equivalent role in non-transformed cells to that observed in the cancer cell lines tested.

AuroraA activity can beinhibited in RPE cells

Immortalised human retina pigment epithelial (RPE) cells expressing telomerase reverse
transcriptase (hTERT) were selected as the non-transformed cell line to be investigated in this
chapter. The expression of hTERT prolongs cell life by reconstituting telomerase activity, thus
preventing senescence occurring as a result of telomere shortening. Importantly however, neither
aneuploidy nor transformation is induced by the expression of hTERT, making it an ideal method
of immortalisation for the investigation into non-transformed cells (Jiang et a., 2003a, Gascoigne
and Taylor, 2008, Jiang et a., 2003b).

After selecting the non-transformed cell line, | next set out determine whether they were responsive
to the Aurora A inhibitory effects of MLN8054. To do this, | treated the RPE cells with a range of
MLN8054 concentrations, separated the samples on a SDS PAGE gel, and then used Western
blotting to observe any changes in activity (Figure 8.1). Encouragingly, the disappearance of bands
representing phospho-Aurora A indicated that Aurora A activity could indeed be inhibited in RPE
cells with MLN8054. Furthermore, the level of Aurora A inhibition produced appeared to be
equivalent to that observed in cancer cells samples (Figures 3.3 and 7.2), where the complete
disappearance of phospho-Aurora A signa was observed to occur in samples treated with 1 pM
MLN8054. Interestingly however, in RPE cell samples the phospho-TACC3 signal was not
reduced to equivalent levels as in HelLa cell samples shown on the same blot. Despite these
differences, the RPE Western blot data demonstrated that Aurora A activity could be potently be
inhibited at 1 UM MLN8054.

Aswell asinhibiting Aurora A activity however, MLN8054 could also inhibit Aurora B activity in
the RPE cedll line. RPE samples treated with 4 pM MLN8054 showed a reduction in phospho-
Aurora B signal when compared with a control sample, however treatment with 10 uM MLN8054
appeared to abolish the signal completely. This level of inhibition was consistent with that seen in
HelLa cells on the same Western blot, however the RPE phospho-histone H3 signal was only
reduced when RPE cells were treated with 10 uM MLN8054. This differs from the cancer cell lines
tested, as the level of phospho-Histone H3 signal in Hel.a, DLD-1 and HCT116 cells was affected
by lower concentrations of MLN8054 (Figures 3.3, 7.2 and 8.1). Therefore, although differences
could be observed between the effects of MLN8054 on the downstream targets of Aurora A and
AuroraB, the analysis of the phosphorylated forms of Aurora A and B in the Western blots
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Figure 8.2 Inhibiting Aurora A activity increases the time RPE cells spend in mitosis,
but not to the extent seen in transformed cell lines

(A) RPE cells were treated with the indicated drugs, and time-lapse phase contrast images
were taken every 2 minutes. The images were made into movies, which were analysed,
and the time taken for cells to go through mitosis was plotted (determined as between
nuclear envelope break-down and chromosome decondensation). Green circles represent
cells that performed cytokinesis, red circles indicate cells that were unable to do so, purple
circles denote cells that started blebbing while in mitosis and blue circles show cells which
appeared to divide into 2 cells but then remerged back into one. (B and C) Histograms
showing the average time R12 HCT116, HeLa and RPE cells spent in mitosis after
treatment with DMSO (B) and 1 uM MLN8054 (C). The graphs contain data from at least
three independent phase contrast time-lapse experiments. *** = P<0.001 two-tailed t test.
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demonstrated that MLN8054 could be used at 1 uM in non-transformed cells to potently and
specifically inhibit Aurora A activity.

Inhibiting Aurora A activity causes mitotic delaysin RPE cells, although not to the

extent seen in the cancer cdll lines

After confirming that it was possible to inhibit Aurora A activity in RPE cells, | next wanted to
establish if, as seen in cancer cdls, Aurora A activity was required for efficient mitotic progression.
To address this question | used phase-contrast time-lapse microscopy to observe the length of time
individual cellstook to go from nuclear envel ope break-down to chromosome decondensation. The
quantitation of the mitotic timings revealed that control RPE cells took on average 31 minutes to go
through mitosis before dividing into two cells (Figure 8.2A). Interestingly, this mitotic period is
dlightly shorter than those previously described for the cancer cdl lines, with HeLa and R12
HCT116 cells observed to take an average of 68 and 42 minutes to complete mitosis respectively
(Figure 8.2B). Treatment of the RPE cdls with 1 uM MLN8054 caused them to be retained in
mitosis for 44 minutes, a 42% increase in mitotic period compared to control cells. Thisincrease is
strikingly shorter than those seen in HeLa and R12 HCT116 cells after the equivalent treatment,
which saw average mitotic periods increase by 289% and 281% respectively (Figure 8.2C). Despite
the differences in severity of MLN8054 treatment on transformed and non-transformed mitoses, as
with cancer cdll lines the mgjority of the RPE cells were able to divide following their treatment
with 1 uM MLN8054 (Figures 6.1, 6.2A, 7.1C and 7.5B).

Raising the concentration of MLN8054 to 4 uM, caused a further extension to the RPE mitotic
period, with cells taking an average of 168 minutes to exit mitosis, a 443% increase to the mitotic
timing compared with control cells. Interestingly, unlike previously reported cancer cell data, the
vast majority of RPE cells were still able to perform cytokinesis after treatment with 4 uM
MLN8054 (Figures 7.1C and 7.5A). This difference may be due to RPE cells being more resilient
to the effects of 4 uM MLN8054 on down stream components of the Aurora B signalling pathway
compared to the cancer cell lines tested, as determined by phospho-Histone H3 levels (Figure 8.1).
Treating RPE cells with 10 uM MLN8054, caused cells to spend an average of 173 minutes in
mitosis, a 458% increase compared to control cells. This extended mitotic period suggested that 10
UM MLN8054 was capable of causing more profound chromosomal alignment defects, possibly
through an increased potency towards Aurora A activity. Importantly however, al cells analysed
were incapable of dividing, demonstrating the effects of Aurora B inhibition seen at this MLN8054
concentration and confirming that MLN8054 cannot be used at 10 pM to specifically inhibit
Aurora A activity (Figure 8.1). The lower concentrations of MLN8054 however, were capable of
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specifically inhibiting Aurora A activity, and clearly showed that Aurora A inhibition extended the
time RPE cells spent in mitosis. Interestingly though, Aurora A inhibition did not produce such
profound increases to mitotic periods in RPE cells as was seen in cancer cells after the equivalent

treatments, indicating the existence of integral differences between the cell types.

In RPE cellsthe processes of chromosome alignment and spindle assembly are not as

severely affected by Aurora A inhibition asin cancer cells

To explore the reason as for why RPE cells did not experience as acute effects to mitotic
progression as cancer cell lines, despite apparently equivalent levels of Aurora A inhibition, |
examined the effect of Aurora A inhibition on the ability of RPE cells to form bipolar spindles and
align their chromosomes. | had previously shown Aurora A inhibition to reduce the efficiency of
bipolar spindle assembly and chromosome alignment in cancer cells, consequentially causing
extended mitotic delays (Figures 5.1 and 6.1). Therefore, consistent with the previously outlined
identical experiment in HeLa cells, | treated RPE cells with an Eg5 inhibitor to create monopolar
spindles, then allowed the cells to reorganise their spindles and align their chromosomes in the
presence of various treatments (Figure 8.3A). The analysis of the fixed cell samples revealed that
as seen in HelLa cells, maintaining the Eg5 inhibition produced severe chromosomal alignment
defects in 100% of cells (Figure 8.3B). This treatment also produced monopolar spindles in the
majority of cells analysed, explaining the source of the chromosome misalignments (Figure 8.3C).
In contrast, washing out the effects of the Eg5 inhibitor produced the occurrence of bipolar spindles
and properly aligned chromosomes (Figures 8.3B DMSO and 8.3C DM SO). Replacing the Egb
inhibitor with an Aurora B inhibitor however, prevented the re-alignment of the chromosomes in
98% of cells, despite the reformation of their bipolar spindles (Figures 8.3B-ZM1and 8.3C-ZM1).
Importantly, al three of the treatments produced phenotype profiles which were consistent with
previoudy described Hela data as well as published reports of similar treatments (Figure 5.1)
(Mayer et al., 1999, Kapoor et a., 2000, Adams et al., 2001b, Ditchfield et al., 2003).

Interestingly however, the replacement of the Eg5 inhibitor with 1 pM MLN8054 in the RPE cdlls
produced strikingly less severe cellular phenotypes from those described in the cancer cell line.
Only 23% of Hel a cells were previously reported to be capable of realigning their chromosomes in
the absence of Aurora A inhibition in the allocated time period (Figure 5.1A), whereas 90% of RPE
cells were recorded as having compl etely aligned chromosomes after the same treatment, and 100%
of cells were observed as having bipolar spindles (Figures 8.3B-MLN8054 and 8.3C-MLN8054).
Although | had previously also described the majority of Hela cells to be capable of forming
bipolar spindles after MLN8054 treatment, the spindles were found to be shorter than in control
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Figure 8.3 Aurora A inhibition only minimally reduces the efficiency of chromosome
alignment in RPE cells and does not significantly reduce centrosome separation

(A) Protocol used to determine whether Aurora A activity has a role in chromosome
alignment. After following the protocol outlined in (A), RPE cells were fixed and stained
with antibodies against Pericentrin and Tubulin to determine the spindle phenotype, and
Aurora B together with Hoesht to allow the observation of chromosomal alignment.

(B) Quantitation of efficiency of chromosomal alignment. Cells were classified as having
'mild’ misalignment if up to 4 of their chromosomes were unaligned or, if there were more
than 4, the cell was termed as having ’severe’ misalignment. Cells treated with 1 uM
MLN8054 were found to show no significant difference in in their ability to align their
chromosomes (two-tailed t test). (C) Histogram to show spindle phenotypes of the
samples. (D) Measurement of spindle lengths from z-stacked images. The graphs
represent data taken from three independent experiments. ns = P>0.01 two-tailed t-test.



cells (Figures 5.1C and 5.1D). Therefore to determine whether RPE cells aso suffered from
shortened spindles after Aurora A inhibition, | measured the inter-pole distances of the cells
exposed to each of the previously described treatments (Figure 8.3A). The measurement of fixed
cell spindles revealed that sustained Eg5 inhibition produced severely shortened spindle lengths an
average of 1.9 microns long, reflecting the monopolarity of the spindles (Figure 8.3D).
Comparatively, cells exposed to DMSO or ZM1 after the removal of the Eg5 inhibitor, showed
longer average spindle lengths of 9.3 and 9.0 microns respectively. Interestingly, RPE spindles
formed in the presence of MLN8054, showed similar spindle lengths that were not significantly
different from those of control cells, with an average spindle length measurement of 8.3 microns.
This datatherefore indicated that RPE cells were more efficiently able to form spindles of a normal
length and aign their chromosomes in the absence of Aurora A inhibition, than the cancer cell line
tested. This distinction may therefore provide an explanation as to why the cancer cdl lines were

delayed in mitosis for longer periods than the RPE cells.

To test whether the relatively short mitotic delay caused in RPE cells by Aurora A inhibition was
related to their superior ability to align their chromosomes compared to cancer cdlls, | analysed live
RPE cells which had been transfected with GFP-histone to observe their DNA (Gascoigne and
Taylor, 2008). The analysis of cellular DNA by fluorescence microscopy time-lapse imaging
showed that, as with Hel.a cell samples (Figure 6.2B(i)), control RPE cells experienced nuclear
envel ope breakdown, before organising their chromosomes into a metaphase plate and proceeded
into anaphase and dividing into two cells (Figure 8.4A). Consistent with previously described live
cell data (Figure 8.2A), when treated with MLN8054, RPE cells were delayed in mitosis (Figure
8.4B). RPE cells were however able to aign chromosomes to form a metaphase plate in a shorter
time period that seen in HeLa cell samples exposed to Aurora A inhibition (Figure 6.2B).
Furthermore, unlike Hel a cells, no segregation defects were observed in the RPE cells analysed,
demonstrating the presence of correctly aligned chromosomes (Figures 6.2B (ii) and 6.2B(iii)). The
ability of RPE cells to more efficiently form bipolar spindles and align their chromosomes after
Aurora A inhibition can therefore be used to explain why RPE cells only suffer comparatively short
mitotic delays after the treatment. Alternatively however, Aurora A activity may not be as potently
inhibited asin the cancer cell lines tested, despite evidence to the contrary (Figure 8.1). Without the
creation of mutant RPE cells that able to revert the high dose MLN8054 effects on Aurora B
activity however, it would not be possible to increase the concentration of MLN8054 while

maintaining specificity towards Aurora A activity.
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Figure 8.4 Aurora A inhibition in RPE cells causes the extension of prometaphase,
however they are eventually able to divide after only a relatively short delay
Projected z-section time-lapse images of GFP histone H2B RPE cells treated with 0 uM
MLN8054 (A) and 1 uM MLN8054 (B). Numbers shown in the bottom right-hand corner of
each image indicate the time elapsed in minutes after nuclear envelope breakdown.
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8.5 Long-term AuroraA inhibition causes RPE cellsto accumulate with 2N DNA and

permitsthe survival of anumber of sparsely populated colonies

The ability of non-transformed cells to more efficiently aign their chromosomes compared to
cancer cellsin the absence of Aurora A activity, indicates that the cells may be more resilient to the
degenerative effects of Aurora A inhibition compared to the cancer cell lines tested. Differences
between the long-term viability of transformed and non-transformed cells may have important
implications for the targeting of Aurora A activity as an anti-cancer therapy, since an important
consideration in determining the effectiveness of a therapeutic agent is whether healthy tissue is

a so damaged during the targeting of the disease.

| previously described how prolonged exposure to 1 uM MLN8054 caused HelLa cells to
experience severe chromosomal misalignment, prolonged delay in mitosis, aneuploidy and
eventually cell death, indicating the toxicity of the treatment (Figures 6.3A(ii), 6.3B and 6.3C). In
comparison, flow cytometry profiles of RPE cells treated with 1 uM MLN8054 for 24 hours,
showed only a very dlight increase in the proportion of cells with 4N DNA, demonstrating the
comparatively short mitotic delay experienced by the cells (Figure 8.5A). Interestingly, treatment
with 1 puM MLN8054 for more than 48 hours caused the proportion of RPE cells with 4N DNA to
be reduced, suggesting that cells were prevented from progressing normally through the cell cycle.
Furthermore, the development of a sub-G1 peak after 72 hours of treatment indicated that cells
were dead or dieing as a result of the inhibitor treatment. Interestingly however, after 96 hours of
sustained Aurora A inhibition, only a minimal sub-G1 population was detected, with most cells
instead forming a prominent 2N DNA peak (Figure 8.5A).

Treating RPE cellswith 4 uM MLN8054 produced similar cell cycle profiles to those seen after the
1 uM treatment, athough a dlightly larger 4N peak and smaller 2N DNA peak were detected,
indicating of the longer mitotic delay experienced by the cells (Figure 8.2A). Despite this, both
1puM and 4 pM MLN8054 produced distinct effects to RPE cells than those observed in Hela
cells, with the flow cytometry profiles appearing to indicate that RPE cells only experienced a

comparatively low amount of cell death after extended Aurora A inhibition.

To assess the long-term viability of the RPE cells exposed sustained Aurora A inhibition, and
address whether they did indeed suffer only relatively low amounts of cell death, | tested their
ability to form colonies after prolonged Aurora A inhibition. Following 14 days of the exposure of
the RPE cells to arange of different treatments, | fixed and stained the samples with crystal violet
and analysed the samples to detect cell colonies (Figure 8.5B). Previoudy, Hel a cells had been
shown to be unable to form colonies after sustained treatment with 1 uM (Figures 6.3B and 6.3C).
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Figure 8.5 Long-term Aurora A inhibition causes RPE cells to accumulate with 2N
DNA and the formation of sparsely populated colonies

(A) Flow cytometry PI profiles of RPE cells treated with 0 uM, 1 uM and 4 uM MLN8054.
Cells were harvested and processed after every 24 hours for a total of 96 hours. (B) RPE
cells were treated with the indicated drugs for 14 days before fixing and staining with
crystal violet. (C) Qunatitation of the colony formation assay in (B).
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In the equivalent experiment in RPE cells, control cells were shown to form a large number of
densely populated colonies during the growth period. In contrast, treating the cells with ZM1
completely prevented the formation of colonies, which is consistent with previously described
Hel a data (Figure 6.3C). RPE cells exposed to sustained 1 uM MLN8054, were unable to form
colonies that were identical to those of control samples, however surprisingly, smaller and less
densely populated colonies could be detected. Importantly however, not only was the density of the
colonies reduced after the 1 uM MLN8054 treatment but also the quantity, with a 41% reduction in
the number of colonies detected. Interestingly, the sustained treatment of cells with 4 uM
MLN8054 prevented the growth of almost all colonies, denoting the higher toxicity of the
treatment.

Although RPE cells were rendered unviable after their extended exposure to 4 uM MLN8054, the
observation that 1 uM MLN8054 allowed the formation of a number of sparsely populated colonies
was in stark contrast the complete loss of HeL a cell viability after the same treatment. Furthermore,
the finding that long-term Aurora A inhibition caused RPE cells to accumulate with 2N DNA,
while a profound sub-G1 population was produced in HelLa cells, highlighted some important
differences in how the transformed and cancer cells responded to the treatment. Supporting these
observations, a recently published report described how MLN8054 caused a higher proportion of
cell death in transformed cells compared to non-transformed cell lines (Shang et a., 2009).

The effect of Aurora A inhibition on thelocalisation of RPE proteins

The data in this chapter so far has outlined some clear differences between the effects of Aurora A
inhibition on transformed and non-transformed cell lines. To uncover an explanation for these
differences, | examined changes in the localisation of various proteins in response to Aurora A

inhibition.

| have previously described that Aurora A localisation in HelLa cells was not dependent on its
activity, however its activity was partially required for its stable association to the spindle (Figure
4.7A). A similar result was aso seen in fixed and immunostained RPE cells (Figure 8.6A). When
RPE cells were not extracted before their fixation, there appeared to be no change to the Aurora A
antibody localisation after MLN8054 treatment (data not shown). However, when including the
extraction step in the protocol, Aurora A inhibition caused a reduction of Aurora A to be detected
on the spindle, athough consistent with the Hel a data, its localisation to the centrosome did not
appear to be affected.
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C Control MLN8054

Figure 8.6 Aurora A activity is partially required for the stable association of Aurora
A protein to the spindle, however TACC3 and chTOG localisation are not as

affected by Aurora A inhibition as previously described in HeLa cells

RPE cells were treated with 0 uM MLN8054 (control) or 1 uM MLN8054 for 2 hours before
being fixed and stained with the indicated antibodies. Z-stacked images were taken of the
samples to observe the affect of Aurora A inhibition on Aurora A localisation (A), on
TACCS3 localisation (B), and chTOG localisation (C). Scale bars = 4 um.
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The localisation of TACC has been attributed to gkar A activity, with a recent study even
suggesting that the mislocalisation of TACC3 sedteraMLN8054 treatment could be a
pharmacodynamic method of measuring Aurora A dgtiftieRoy et al., 2007). Furthermore, the
localisation of chTOG/XMAP215 to the minus-ends microtubules has been proposed to be
dependent on TACC (Barros et al., 2005, Giet et28l02, Kinoshita et al., 2005, LeRoy et al.,
2007, Deluca et al., 2006, Peset et al., 2005 et ek, 2001, Gergely et al., 2003). Consistent wit
these findings, | previously showed that TACC3 wampletely mislocalised and chTOG levels
were reduced after Aurora A inhibition in HeLa selFigures 4.7B, 4.7C and 4.7D). Intriguingly
however, MLN8054 treatment of RPE cells did notseathe same level of TACC3 mislocalisation
as previously seen in HelLa cells (Figure 8.6B)tdad, its localisation was only slightly reduced
on spindles after the treatment. This finding isagreement with the findings of Barros and
colleagues (2003), which showed that a D-TACC twatld not be phosphorylated by Aurora A,
was still localised to the centrosomes DBfosophila, but its localisation was reduced on
microtubules. Interestingly, the localisation ofT@G to the centrosomes did not seem to be
reduced at all, with its localisation instead ofegpearing to be more intense on some centrosomes
after the treatment (Figure 8.6C).

Summary

Comparing the effects of Aurora A inhibition in ntlansformed cells with cancer lines, revealed
some interesting differences. One of the most pimdoof these differences was the ability of RPE
cells to more efficiently form bipolar spindles aatign their chromosomes in the absence of
Aurora A activity compared to cancer cells despiiivalent levels of Aurora A inhibition. The

comparative efficiency of these processes in treemte of Aurora A activity meant that non-

transformed cells only suffered relatively mininmaitotic delays after the treatment. Furthermore,
after extended Aurora A inhibition RPE cells weeaiged to accumulate with 4N DNA and were
able to form sparsely populated colonies, while &laells quickly become aneuploid and died

after the same treatment.

The ability of RPE cells to maintain relatively iefént cell division after Aurora A inhibition may

be due to a capacity to either sustain the activitparticular cellular pathways in the absence of
Aurora A activity or exploit alternatives, whereethancer cells were less able to do so. This wbilit
to withstand the effects of Aurora A inhibition wdemonstrated through the continued efficient
localisation of chTOG and TACC3 to centrosomes eafter MLN8054 treatment, a phenomenon
that was not seen in the cancer cell line testadréstingly, both chrTOG/XMAP215 and TACC3

have been attributed to the normal growth of sgisdiBarros et al., 2005, Giet et al., 2002,
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Kinoshita et al., 2005, LeRoy et al., 2007, Deletal., 2006, Peset et al., 2005, Lee et al., 2001,
Gergely et al., 2003). The sustained localisatibohdOG and TACC3 after MLN8054 treatment
could possibly therefore be used to explain how REIE are able to form spindles of a normal

length after the treatment, whereas Hel a cellsctoat.

The apparent higher sensitivity to Aurora A inhidnit of cancer cell lines compared to RPE cells
suggests that targeting the kinase activity of Aaid may be able to effectively target transformed
cells while leaving the healthy cells comparitiviegs effected, a theory that is supported by a
number of reports (Tomita and Mori 2010, Manfretdiak, 2007, Dees et al., 2010). Despite the
differences observed between the cancer cell lmesthe RPE cells, it is important to highlight
that RPE cells were the only non-transformed cellde tested during this investigation. The
differences observed between the two cell types tmaxefore simply be the result of inter-cell line
differences. More work with alternative non-transfied cell lines would need to be undertaken
before any concrete conclusions could be made digparthe different effects of Aurora A

inhibition in healthy and cancer cells.

Furthermore, the process of removing RPE cells ftoeretinal sample to growing them in culture
involves a major level of disruption to their noiriiging conditions, causing the development of a
degree of continuous adaptation in the cell pomraEngelmann and Valtink, 20P4Such
adaptations make it possible to effectively cultilve cells, however the resulting cell populati®n i
also consequently made integraly different from shmple from which they were derived. Thus,
although RPE cells have been used during this figa®n to represent non-transformed cells,
they are not truly synonymous with naturally ocmgrcells of the human body. A true observation
of the role of Aurora A activity within healthy delwould therefore instead, have to be in the form

of in vivo experiements, which unfortunately were not poksithiring this investigation.

Desepite the requirement for vivo studies to make accurate conclusions about tleeofofurora
A activity in healthy cells, the differences higlilted between transformed and the RPE cell line
demonstrated the danger of assuming commonalitydaat distinct cell lines, and was thus an

important part of the investigation.
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9 Discussion

9.1

I ntroduction

The Aurora kinase family has received much attentiorecent years, with investigations revealing
roles for the kinases throughout mitosis, with ¢irdven reported between the expression of the
kinases and the development and progression otcddbou et al., 1998, Keen and Taylor, 2004,
Bischoff et al., 1998, Carmena and Earnshaw, 20683he case of Aurora A kinase, much of this
work comprised of depleting, disabling or mutatemglogenous protein, or exogenously expressing
mutated forms to determine the role of the Aurorkidase (Marumoto et al., 2002, Marumoto et
al., 2003, Hannak et al., 2001, Mori et al., 20GKver et al., 1995, Motegi et al., 2006). These
techniques provided important insight into the roleAurora A kinase, exposing many intriguing
qualities of the kinase. Despite the elegant usi@fexperimental techniques, the requirement to
constitutively express mutated forms of the kinaseinduce the expression or depletion of
proteins, meant that temporal control over the arpmts was unachievable. Furthermore, the
removal or depletion of the protein either by genkhockouts or nulls or by RNAi obstructs the
ability to distinguish between the structural fuoes of the kinase and its catalytic roles withie t
cell. Therefore instead of causing permanent chabtgeellular Aurora A or employing methods
that are characteristically slow to take effecteehnique that permits the intricate and reversible
manipulation of Aurora A activity, would help toddop a more complete understanding of the
kinase. Throughout the last decade, small moldahibitors have proved to be both efficient anti-
cancer therapies and valuable experimental toold,reave made it possible to specifically and

potently inhibit Aurora A activity in an efficier@nd reversible way.

Using the small molecule inhibition of Aurora A Ry, | have been able to reveal some
interesting features of the kinase, some of whighflct with established perceptions within the
literature. Throughout this report | have detailkdse findings, showing that Aurora A activity is
involved in the formation of a functional spindie order to efficiently align chromosomes and
enable the efficient detection of alignment defedberefore when Aurora A activity was

inhibited, cells displayed segregation errors dral dell population became eventually unviable.
Despite this prominent role for Aurora A activity mitosis, | showed that cells can divide and
activate the spindle assembly checkpoint in it®abs, demonstrating that Aurora A activity is not
required for cytokinesis and does not play a premirrole in the checkpoint. Aurora A activity

was also not required for cytokinesis or the atiivaof the spindle checkpoint in the non-
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transformed cells tested, although surprisinglyn-transformed cell spindles were not as

profoundly affected by Aurora A inhibition as cancell lines.

The limitations of the study

The use of small molecules to inhibit Aurora A wityi permitted fast, easily controllable, dose-
dependent and reversible kinase inhibition, withditgctly affecting protein levels. However, the
specificity of the inhibitors towards Aurora A was issue (for review see [Taylor and Peters,
2008]). To determine the ability of MLN8054 to sjfmally target Aurora A activity, Western
blotting was used to reveal that MLN8054 was thesthspecific Aurora A inhibitor out of those
available (Figure 3.3). At tM MLN8054 inhibited Aurora A activity to more th&5% in HelLa
cells and to around 95% in DLD-1 cells, and impuatfiadidn’t also show signs of also inhibiting
Aurora B activity (Figures 3.3C and 3.3D). The speity of MLN8054 for Aurora A activity over
the other Aurora family members was further confidrby the observation that the majority of
cells did not suffer cytokinesis defects or exhibiabilised merotelic attachments following
treatment (Figures 5.5, 6.1 and 6.2A) (Hauf et2003, Ditchfield et al., 2003, Giet and Glover,
2001, Yang et al., 2010b).

This data therefore demonstrated that MLN8054 cdwddused to potently inhibit Aurora A
activity, over that of the other family memberswewer it was also important to determine
whether MLN8054 affected any additional kinasese Wpecificity of the 1uM MLN8054
treatment over the other members of the kinomeimaestigated by comparing the cellular effects
of the treatment with those of two other Aurora Ahibitors, through the inspection of
immunofluorescently-stained cell samples. Encomglyi similarities between the effects of
MLN8054 and the Aurora inhibitor ZM3 to cells indied that both treatments appeared to be have
no obvious off-target action. This deduction is sietent with publishedn vitro data, in which
MLN8054 was found to be more than 40-times moredige for Aurora A activity than for that of
Aurora B (Manfredi et al., 2007). In the same pcddion, in vitro data was used to show
MLN8054 was more potent towards Aurora A activitan a panel of 226 other kinases. A recent
publication futher highlighted the importance o$tieg chemical inhibitors on a large panel of
protein kinases such as this to ensure their spiggifwhich is of particular importance when
considering that there are over 500 protein kinaseéke human genome (Cohen, 2010). Despite
the promising result of the comparative immunofesmence however, it could not be ruled out that
additional off-target kinases were being inhibited the MLN8054 treatment, and that this was

simply not realised by using this technique.



157

To further tackle this issue, | therefore attempiedreate a cell line which expressed a form of
Aurora A that was mutated in a way that renderegéststant to UM MLN8054. This cell line
could then be used to identify any off-target efeby treating the cells with MLN8054 and
observing any differences that occurred betweemeatdd cells. Any differences between the
treated and untreated mutant cell lines would foezehighlight off-target effects of the inhibitor.
Despite attempting to introduce a number of diffiéreutations into Aurora A however, none
conferred sufficient resistance to MLN8054, andstlmould not be used to investigate any off-
target effects of the treatment (data not showhusT although immunofluorescence comparison
experiments and published vivo data appeared to indicate that MLN8054 was notnigauff-
target effects when used atuM, | cannot completely rule out the occurrence wéhs effects
(Figure 3.4; (Manfredi et al., 2007)). Despite tisappointing inability to produce MLN8054-
resistant Aurora A mutants, this difficulty may lkawmportant connotations for the development of
resistancy in treated patients, and thus the fusuczess of Aurora A inhibitors as anti-cancer

treatments.

In addition to being unable to fully investigatd-tzrget MLN8054 effects, a further weakness of
the investigation was highlighted in that Auroraagtivity may not be sufficiently inhibited by 1
UM MLNB8054. Indeed, the application of MLN8054 ayuM to HeLa and DLD-1 cells did not
produce as markedly pronounced spindle effecthi@setdescribed in may other reports, despite
the apparent potent inhibition indicated in the Wisblot data (Figures 3.3, 3.4, 4.4A and 4.4B)
(Liu and Ruderman, 2006, Giet and Prigent, 200@&t @nhd Prigent, 2001, Roghi et al., 1998,
Marumoto et al., 2003, Glover et al., 1995, Haneté&l., 2001, Girdler et al., 2006). Therefore, to
test whether the potency of Aurora A inhibition ktbbe increased, | used a HCT116 line which
endogenously expressed a mutated drug-resistamt dorAurora B kinase (Girdler et al., 2008).
This mutant HCT116 cell line was able to supprésseffects of high concentrations of MLN8054
on Aurora B activity, making it possible to increabe concentration of MLN8054, and therefore

to investigate whether more potent Aurora A inldoitwas possible (Figures 7.2 and 7.3).

Surprisingly however, treating the mutant HCT11Bsceith even 1uM MLN8054 produced the
profound occurrence of monopolar spindles in nitoglls, although raising the concentration still
further to 4uM caused a further increase in the proportion &It agith shorter spindles (Figure
7.4). These observations were extremely similahtse of cells treated with an Eg5 inhibitor, as
well as previous reports of the effects of remowimg activity of Aurora A from cells (Figure 4.4A
and 4.4B) (Liu and Ruderman, 2006, Giet and Prigg®d0, Giet and Prigent, 2001, Glover et al.,
1995, Hannak et al., 2001, Girdler et al., 2006héder the increased monopolarity of the
HCT116 cells following MLN8054 treatment represemtwre potent Aurora A inhibition

compared to the other cell lines tested howevepifor debate, although Western blots indicated
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that the Aurora A inhibition achieved throughoutswequivalent in the cell lines tested (Figure
7.2). HCT116 cells may simply have a distinct ba&anof signalling pathways, causing them to be

more dependent on Aurora A activity for bipolarrgfle assembly.

Finally, although deductions could be made regardine differing dependencies of non-
transformed and cancer cells on Aurora A activiy the efficient formation of mitotic spindles
(Chapter 8), no concrete conclusions could be ntadeto the use of only one non-transformed
cell line. This limitation leaves the study openthe criticism that the differences observed
between the two cell types may simply be the resfultter-cell line differences in the effect of
Aurora A inhibition. Further work with multiple ddines would have to be completed before any
firm conclusions could be formed regarding the atdhces between transformed and non-

transformed cells in response to Aurora A inhilpitio

9.3 AuroraA activity isrequired for the development of normal mitotic spindle

structuresin cancer cell lines

Although relatively little was known regarding AugoA activity at the beginning of this project,
depletion and mutagenesis experiments had been tosewlicate that Aurora A activity was
required for the formation of a bipolar spindle,dawithout it mitotic cells were shown to
predominantly exhibit monopolar spindles (Liu anaddBrman, 2006, Giet and Prigent, 2000, Giet
and Prigent, 2001, Roghi et al., 1998, Marumotalgt2003, Glover et al., 1995, Hannak et al.,
2001, Girdler et al., 2006). By using MLN8054 tagaly inhibit Aurora A activity, | was able to
demonstrate that although Aurora A activity waseiedl required for the normal development of a
mitotic spindle, some interesting differences webserved to occur between my data and the

published literature.

931 Aurora A activity isnot required for the formation of bipolar spindlesin the majority
of DLD-1and HeLacells

Western blotting of cell samples treated withM MLN8054 indicated that the treatment caused
specific inhibition of Aurora A activity (Figure 3). Despite this, the majority of DLD-1 and HelLa
cells were seen to form bipolar spindles duringomg (Figure 3.4), which is in contrast with the
finding that the removal of Aurora A activity prozkd the prominent occurrence of monopolar
spindles in mitotic cells (Liu and Ruderman, 20G&t and Prigent, 2000, Giet and Prigent, 2001,
Roghi et al., 1998, Marumoto et al., 2003, Glovieale 1995, Hannak et al., 2001, Girdler et al.,
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2006). This intriguing discrepancy provoked theseloinspection of the mitotic spindles formed in

the absence of Aurora A activity, which revealetheanteresting spindle abnormalities.

932 AuroraA activity isrequired to define spindlelength

Although the majority of HeLa and DLD-1 cells appeh to have bipolar spindles following
Aurora A inhibition, the number of long K-fibres wdound to be reduced and the spindles were
less capable of separating and maintaining centresseparation (Figures 4.2, 4.3, 4.5 and 5.6).
This shortening of inter-pole distance in the absenf Aurora A activity is intriguingly similar to
reports describing shorter spindle lengths in cetiere Aurora A is prevented from interacting
with its activator TPX2 (Bird and Hyman, 2008). 8arly, the depletion of TPX2 irC. elegans
embryos was also reported to lead to a reductiogpindle lengths, a phenomenon which was
linked to causing a reduction in TPX2/Aurora A doggindle microtubules (Greenan et al., 2010).
Indeed TPX2 has previously been determined to geined for both Aurora A localisation to the
spindle microtubules and for activating and maiitaj its Aurora A kinase activity (Eyers et al.,
2003, Tsai et al., 2003, Kufer et al., 2002, Kufeal., 2003, Bayliss et al., 2003, Gruss et 8012
Eyers and Maller, 2004). Interestingly, the stadsociation of Aurora A to the spindle was found
to be reduced after treatment with MLN8054 (FigdreA). This may indicate a direct role for the
activity of Aurora A in its stable attachment tdrefle microtubules. Alternatively the association
of MLN8054 to Aurora A may negatively affect therrfmation of the TPX2/Aurora A complex,
which may as a result hinder Aurora A recruitmenspindle microtubules in a TPX2-dependent
way. Thus, both the direct inactivation of Auroraagtivity in my experiments or the prevention of
Aurora A from interacting with TXP2 appears to reduhe length of the mitotic spindle structure,

highlighting the importance of Aurora A activity ithe regulation of spindle formation.

9.33 AuroraA activity regulatesthe stability of spindle microtubules

The exact role of Aurora A on the spindle is asyrdtnown, however Aurora A activity is required
for the proper localisation of TACC3 to both thenttesomes and spindle microtubules (Figure
4.7B), a finding that is supported in the literat(Giet et al., 2002, Kinoshita et al., 2005, LeRby
al., 2007, Peset et al., 2005, Mori et al., 200¥hen theXenopus TACC protein Maskin was
prevented from localising to the spindle and cestinoes through its depletion in egg extracts, the
resulting spindles were reported to be on averd&jé 8maller than control cells with markedly
reduced microtubule nucleation (O'Brien et al., 20Kinoshita et al., 2005, Peset et al., 2005).
Furthermore, the over-expression of TACC3, D-TAQCMaskin, has been shown to cause the

increase in the level and length of spindle midoatas (Gergely et al., 2000b, Peset et al., 2005,



160

Lee et al., 2001). These findings therefore suggjest through regulating the localisation of
TACC3, Aurora A activity may regulate microtubukength, thus providing an explanation as to
why reduced K-fibre length and inter-pole distanaese observed following MLN8054 treatment
(Figures 4.2 and 4.3 and for model see Figure 3Hg.role for the TACC proteins in maintaining
microtubule length is not thought to be derivedrfrthe increase of microtubule nucleation or
centrosomal maturation, but by the stabilisationttug microtubules (reviewed in [Peset and
Vernos, 2008]; (Peset et al., 2005, Bellanger andc®y, 2003)). Thus Aurora A activity may
therefore regulate spindle length by increasing phietection of spindle microtubules from

depolymerisation.

This method of microtubule stabilisation may octlrough the regulation of the microtubule
stabilising family of proteins. Indeed, TACC pratei have been found to interact with

chTOG/XMAP215, and aid its localisation to the ceabme and spindle minus-ends, thus

countering the effects of the microtubule destabiliMCAK (Bellanger and Gonczy, 2003, Srayko
et al., 2003, Sato et al., 2004, Conte et al., 2068 et al., 2001, Gergely et al., 2003, Barras.et
2005). Interestingly, the depletion of chTOG/XMARB2has been shown to shorten the length of
spindles, thus producing effects similar to thosensafter Aurora A inhibition (Figures 4.2 and
4.3) (Goshima et al., 2005b). Further supportirgylthk between Aurora A and the regulation of
chTOG/XMAP215, the phosphorylation of TACC3 by AtaoA has been shown to stabilise
microtubules by loading chTOG/XMAP215 to the mirarsds of centrosomal spindle fibres (Lee et
al., 2001, Gergely et al., 2003, Barros et al.,5200noshita et al., 2001). Consistent with these
findings, | found chTOG to be reduced at centrosomater MLN8054 treatment in HelLa cells
(Figures 4.7C and 4.7D). This level of regulatmmer microtubule stability may therefore explain
why there are less long K-fibres following the ioition of Aurora A (Figure 4.3 and for model see
Figure 9.1)

Therefore Aurora A activity appears to regulatendf@ formation through the protection of spindle
microtubules from depolymerisation. Aurora A adiivihas however also been implicated in
regulating microtubule stability by directly confting the activity and localisation the microtubule
depolymerisors Kif2a and MCAK. Through the delicdatalancing of their action, these two
microtubule depolymerisors have been shown to wagkether, enabling the formation of bipolar
spindles (Ganem and Compton, 2004, Zhang et abD8)20ndeed the depletion of proteins
involved in microtubule deploymerisation has preiy been reported to increase the length of
spindles (Goshima et al., 2005b). Furthermore, tydwsre has been shown to selectively
depolymerise long microtubules rather than shorespnhighlighting the requirement for
microtubule depolymerisors to maintain the lengtindividual spindle fibres (Varga et al., 2006).

Therefore, by regulating the intricate balancinglepolymerise activity and localisation to
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Figure 9.1 Model of changes in microtubule stability following Aurora A inhibition

In control cells and those experiencing Aurora A inhibition three major types of spindle
microtubule were observed: 1) long and relatively stable, 2) dynamic, 3) short. Aurora A
activity was found to be required to determine that chromosomes were attached to long
and relatively stable microtubules, while unattached kinetochores were dynamic or
destabilised. Without Aurora A activity, shortened K-fibres were observed, while long and
apparently stable unattached microtubules were often also detected.

These changes observed after Aurora A inhibition were predicted to occur as a result of
the misregulation of the delicate balancing of polymerisation and depolymerisation events
within the cell. When Aurora A kinase activity is inhibited TACC3 is mislocalised from the
centrosome (Figure 4.7B), which reduces the localisation and activity of chTOG/XMAP215
at the minus-ends of microtubules (Figure 4.7C) (Kinoshita et al., 2005). As a conse-
quence, centrosomal microtubule growth and protection from MCAK may be reduced,
causing the shortening of spindle fibres. Furthermore, due to their mislocalisation from the
centrosomal area, TACC3 and chTOG/XMAP215 may become increasingly localised to
the plus-ends of microtubules, and in the case of chTOG/XMAP215, also along the lengths
of microtubules (Spittle et al., 2000; Lee et al., 2001). This may enable inappropriate
microtubule protection and plus-end polymerisation, allowing the growth of abnormally
long non-kinetochore microtubules. In addition, the inhibition of Aurora A may cause the
over-activation of MCAK at early stages of mitosis (Zhang et al., 2008) and an increase of
Kif2a on spindle microtubules (Jang et al., 2009). This misregulation help may also help
explain the problems with bipolar spindle formation as well as the shorter microtubule
length characteristic of cells depleted of Aurora A activity.
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different areas of the spindle, Aurora A activitgyrcontrol the length of spindle fibres (for model
see figure 9.1). Kif2a is also implicated in chr@ome congression, a process that was found to be
disrupted following Aurora A inhibition (Figure 3B} (Jang et al., 2008, Jang et al., 2009). The
requirement for Aurora A to regulate Kif2a functiomn chromosome congression may therefore
provide an explanation to the reduced ability disce align their chromosomes following Aurora

A inhibition (Figure 5.1B). During my investigatidmwever, no difference could be detected in
the localisation of the microtubule destabiliseif2K and MCAK following Aurora A inhibition
(data not shown). | cannot however, rule out thesfility that Aurora A activity does wield some

form of control, either over the function or location of microtubule depolymerases.

934 AuroraA activity isrequired for the proper maturation of the centrosomes

Aurora A activity may also control the formationtbe spindle structure via its role in centrosome
maturation (Berdnik and Knoblich, 2002, Hannak let 2001, Hirota et al., 2003, Terada et al.,
2003, Giet et al.,, 2002, Barros et al., 2005). Ttaktionship with the regulation of spindle
formation has been attributed to both the nucleat@pacity of the matured centrosomes and the
determination of microtubule length by contributitogcentrosome size (Greenan et al., 2010, Bird
and Hyman, 2008, Berdnik and Knoblich, 2002, Hanetadl., 2001, Hirota et al., 2003, Terada et
al., 2003, Giet et al.,, 2002, Barros et al., 2005pnsistent with the control of centrosome
maturation by Aurora A activity, | showed that MLOEB} treatment caused a reduction in the
localisation of various centrosomal components eLalcells (Figure 4.7), while also causing a
slight reduction in centrosomal size (Figures il 4.7). Interestingly however, such dramatic
mislocalisation of centrosomal components was aehsn non-transformed cells, and neither was
there an obvious reduction in centrosome size vigilg Aurora A inhibition (Figure 8.6). This
difference in the two cell lines is consistent wiitieir differing abilities to form a bipolar spired
capable of efficiently aligning chromosomes, highting the importance of proper centrosome

maturation in proper spindle formation (Figures @il 8.3).

Additionally, the role of Aurora A activity in cemtsome maturation may also contribute to the
determination of spindle length through the produncbf astral microtubules. Aurora A activity
and its regulation of TACC proteins have been laitéd to the efficient nucleation and
stabilisation of astral microtubules (Giet et 2DP2, Motegi et al., 2006, Srayko et al., 2003)e Th
importance of their presence is seen in early nsitadere even before the creation of a spindle
centrosomes have been shown to move apart, whigtojsed to occur through the nucleation of
astral microtubules (Waters et al., 1993, Rosehlliaal., 2004). Astral microtubules have also
been found to act as spindle tethers, contributinpe spindle positioning process with in the cell

(Thery et al., 2007). The dependency on Aurora Wvigg for the existence of astral microtubules,
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may therefore contribute to the reduction interepdistances seen after MLN8054 treatment
(Figure 4.2).

Aurora A has also been implicated in centriole sa&f@n, with the injection of anti-Aurora A
antibodies or the use of MLN8054 appearing to pnetiee separation of centriole pairs (Marumoto
et al., 2003, Hoar et al., 2007). Despite the repbdefects in centriole separation, most cellewer
capable of organising more than one spindle pitlep@gh some spindle poles were observed to be
lacking NUMA or Centrin 3. This may therefore fuethdemonstrate the role of the Aurora A
kinase activity in the regulation of centrosome alegment and function, and may subsequently

help to explain the abnormal spindle assembly ofeskfollowing Aurora A inhibition.

9.35 AuroraA activity may regulate microtubule antiparallel diding

In addition to controlling spindle formation viardeosomal maturation, Aurora A activity may also
control spindle length through regulating the aatiliel sliding of its microtubules. Indeed, Aurora
A has been shown to interact with and phosphoryilateplus-end directed motor protein Eg5,
which has been reported to be required for bipsgandle formation (Giet et al., 1999, Giet and
Prigent, 2000, Koffa et al., 2006, Mayer et al.99P The prominent role of Eg5 in bipolar spindle
formation is highlighted by the observation thabhighibition causes a severe monopolar spindle
phenotype (Figures 4.4A and 4.4B). Such a dransfexct to spindle polarity was however not
seen in the majority of cells following Aurora Ahiition during this investigation (Figures 3.4,
8.3C and 8.3D), suggesting that other kinases nsy lae able to activate Eg5. Importantly
however, Aurora A inhibition in HCT116 cells diduse a severe monopolar spindle phenotype
(Figure 7.4), which could demonstrate the lack afgible alternative Eg5 activating pathways in
the cell line. Alternatively, HCT116 cells may beetonly cell line where complete Aurora A
inhibition was achieved, therefore residual Aurdxaactivity in the other cell lines may be
sufficient to maintain the activity of Eg5. Thishewever unlikely, as Western blot data indicated
that equivalent Aurora A inhibition was achieved MyN8054 in all of the cell lines tested, as

determined by phosphor-Aurora A signal (Figures 3.2 and 8.1).

9.3.6 AuroraA activity isrequired for the proper organisation of the spindle

One of the most notable features of HelLa cell dpmtreated with MLN8054 was that they were
decidedly less organised than those of contros ¢Eligures 4.1 and 5.3). During late prometaphase
to metaphase, control cells displayed robust aedrigl visible K-fibres, which formed bipolar

spindles with a canonical structure and neatlynaltchromosomes (Figure 4.1A). In comparison,
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MLNB8054-treated HelLa cells exhibited poorly definedibres which formed an unfocused mass
of microtubules (Figures 4.1B, 4.1D, 5.3C and 5.3B)rthermore, although the kinetochores
within these cells appeared to be attached to Epimitrotubules, the chromosomes were often
misaligned, forming broader metaphase plates wotines chromosomes pulled closely into the
poles. These structural abnormalities formed inabsence of Aurora A activity demonstrate that
the activity is required not only for spindle lehgtletermination, but also for microtubule

organisation. These roles for Aurora A activity nmago stem from its function in bringing about

the proper maturation of centrosomes, a processhwpromotes both efficient microtubule

nucleation and importantly microtubule organisat{Berdnik and Knoblich, 2002, Hannak et al.,

2001, Hirota et al., 2003, Terada et al., 2003f &iel., 2002, Barros et al., 2005, Greenan et al.
2010).

937 AuroraA activity regulates the length of non-kinetochor e microtubules

In addition to Aurora A inhibition causing the stering and disorganisation of spindles,
abnormally long non-kinetochore microtubules weftero observed to protrude from the spindle
structure of MLN8054-treated HelLa cells (FiguresDiand 5.3D). The disruption of the highly

regulated and delicately balanced action of midyokel stabilisers and depolymerisors may go
some way in explaining the occurrence of these mbaldfibres. In untreated cells, the balancing of
these forces usually enables the formation of ediogly dynamic yet structurally constant mitotic

spindles. Therefore, the deregulation of this pseamay lead to the stabilisation of microtubules
that are normally dynamic, and the reduction in steility of spindle fibres that are typically

stable (for model see Figure 9.1). The shorteninperelatively stable K-fibres following Aurora

A inhibition demonstrates that the latter of these cases is true (Figure 4.3), with the
mislocalisation of chTOG also indicating the misgligation of microtubule stabilisers (Figures
4.7C and 4.7D). The mislocalisation of microtubstabilising factors from the minus-ends of
microtubules after Aurora A inhibition may produaemore disperse localisation throughout the
cell allowing the stabilising factors to abnormalbgalise or increase their localisation to various
positions throughout the cell. Indeed, both chTOAP215 and TACC proteins have been found
to be associated with microtubule plus-ends, asidn which may be heightened after Aurora A
activity is prevented from targeting them to thentcesomes (Figure 4.7B) (Lee et al., 2001,
Tournebize et al., 2000, Kinoshita et al., 200)rtlkermore, the role of Aurora A activity in

regulating MCAK may also contribute to the preseat@abnormal long microtubules, as MCAK

RNAI has been shown to increase the proportiorssbhmicrotubules (Zhang et al., 2008, Rankin

and Wordeman, 2010). Situations such as these rhagefore cause the production and
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stabilisation of long non-kinetochore microtubulekile reducing the length and stability of K-

fibres, similar to the situation seen observedrategora A inhibition (Figure 9.1).

9.4 AuroraA activity isrequired for the maintenance of genomic stability

Despite the spindle abnormalities seen after Aumranhibition, cells were still capable of
dividing, although they soon lost viability, higyliting the importance of the kinase in the
maintenance of genomic stability (Figures 6.1,a&hd 6.3).

94.1 The efficient alignment of chromosomes requires active Aurora A

Although Aurora A inhibition did not create the pot monopolar spindle phenotype as described
in the literature in the majority of cell lines ted, Aurora A activity was nonetheless found toehav
a prominent role in the formation of a normal spenfFigure 4.1). Despite the clearly abnormal
spindles produced by inhibiting Aurora A activitgever, the K-fibres within these spindles were
shown to attach to the kinetochores and generadégyieee of force to the chromosomes (Figures 5.3
and 5.4). This K-fibre attachment was marked byearehse in Mad2 staining at kinetochores,
indicating equivalent if not slightly increased natubule attachment compared to control cells.
This slight increase may be related to the shodé@ébres of the cells causing their kinetochores
to be placed closer towards the microtubule richtrosomal area, thus making them more
available for microtubule attachment. Alternativellye slight increase in microtubule attachment

may simply be the result of the disorganised natfirgpindles produced in the absence of Aurora
A activity.

Interestingly however, the centromere stretch gbeiosomes within cells exposed to MLN8054
treatment was greater than those in cells exposeNocodazole, but significantly less than
observed in control cells (Figure 5.4C). This rdiucin centromere stretch is most likely to be
derived from the reduction in length and level ajanisation of spindles formed in the absence of
Aurora A activity (Figures 5.3D and 5.4D). The &kgilof K-fibres to form apparently stable
attachments to the kinetochores despite the relgtlow levels of centromere stretch, suggests that
the inter-kinetochore tension applied by the smndias adequate to prevent microtubule
destabilisation by tension sensing pathways (fetere see [Santaguida and Musacchio, 2009,
Maresca and Salmon, 2010]; (King and Nicklas, 26Q{hoor et al., 2000, Waters et al., 1998)). It
is highly likely that the low levels of force geagrd by the structurally disorganised spindle
following the inhibition of Aurora A, prevented tredfected cells from efficiently aligning their
chromosomes (Figure 5.1B).
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94.2 Aurora A activity isrequired to prevent segregation errors

The inability of cells to efficiently align theilhcomosomes in the absence of Aurora A activity was
found to cause significant delays in mitosis (Fezu6.1, 6.2A, 7.5 and 8.2). Live cell analysisiat
showed that after prolonged mitotic delay, HelLdscelere observed to suffer from segregation
errors and decondense their chromatin without fitisiding (Figure 6.2B). In light of these
observations, it was unsurprising to learn thatgidarm Aurora A inhibition caused the
development of aneuploidy as well as causing atanhal increase in the sub-G1 peak in flow
cytometry PI profiles of HelLa cells (Figure 6.3A)iiColony formation assays also demonstrated
that HelLa cells exposed to long-term Aurora A iitidh eventually lost viability, demonstrating
the degenerative effect of the segregation erfigufes 6.3B and 6.3C). The occurrence of such
segregation defects and the consequential develdpofieaneuploidy have been attributed to the
dependency on Aurora A activity to maintain theivation of the spindle assembly checkpoint
(Wysong et al., 2009, Kaestner et al., 2009). Tidsnot however appear to be the case, as cells
were arrested in mitosis for significant periodgeafAurora A inhibition (Figures 6.1, 7.6 and
8.2C). Therefore cells must instead be able tafyatihe spindle assembly checkpoint despite the

presence of incorrectly attached and aligned chsomes.

This inappropriate satisfaction of the spindle épeint despite misaligned chromosomes may be
derived from the disorganised nature of the spmfitemed in the absence of Aurora A activity
(Figures 4.1B and 5.3D). Their abnormal constructzmd disorganised nature may permit the
generation of sufficient tension across kinetochdresatisfy the spindle checkpoint, despite the
unaligned state of the chromosomes (Li and Nickl®895, Nicklas et al., 1998, Nicklas et al.,
1995, Skoufias et al., 2001, Biggins and MurrayQ20Stern and Murray, 2001). Alternatively,
cells may be able to satisfy the spindle checkpa@sipite low levels of centromere stretch, relying
only on the levels of microtubule attachment aekichores (Figures 5.4B and 5.4C). The concept
that a low level of tension does not sustain cheitkmctivation has been supported by a range of
reports, which range from using laser ablationgxploiting replication defects to support their
argument (Dewar et al., 2004, O'Connell et al.,.&®ieder et al., 1995). Despite the compelling
evidence in support of this theory however, it ificllt to apply it to the situation seen after
Aurora A inhibition. This difficulty stems from thebservation that spindles appear able to
relatively efficiently attach to kinetochores inetlabsence of Aurora A activity (Figure 5.4B),
although the cells still experience extended ndtdelays following the treatment (Figure 8.2C).
Indeed, the only divergence from the control ceikpotype appears to be the reduced centromere
stretch, suggesting that this may maintain checkpaaitivation, thus causing the extended mitotic

delays.
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Despite the abnormal spindles and chromosome aéghaefects, the majority of cells were able
to divide following Aurora A inhibition (Figures 5.and 6.2). Indeed, even when a cell population
was seen to be predominantly monopolar followingroka A inhibition, unlike with Eg5
inhibition, cells were still able to divide (Figuve5B). This unexpected finding was predicted to be
due to the cells eventually being capable of fognadequate spindles even in the absence of
Aurora A activity. Indeed, the observation of lideLa cell data revealed the sequential collapsing
and reformation of the mitotic spindle after Aurdranhibition (data not shown). This observation
indicates that although bipolar spindle assemblg wassible, the weakened spindle structure
formed in the absence of Aurora A activity may makémpossible for cells to continually
maintain their bipolarity. If the HCT116 cells obged to be mostly monopolar following Aurora
A inhibition spent more time with their spindles tine collapsed state, this would explain the
prominent occurrence of monopolar spindles andivels few bipolar spindles observed in the
fixed cell samples (Figure 7.4). The ability torfounstable bipolar spindles would therefore also
help explain how the cells are able to divide desppindle defects produced in the absence of

Aurora A activity.

AuroraA activity isnot required for regulation of spindlelength in non-transformed
cells

Cancer cells such as HeLa and HCT116 lines are amiynused in laboratories, due to their ease
of use and extensively studied profiles. Howeverbtild a more universal understanding of the
role of Aurora A kinase activity, | used a non-stormed RPE cell line that had been immortalised
through the expression of hTERT. The requiremenintestigate the role of Aurora A in non-
transformed cells was further supported by the mlasien that they responded differently to anti-
mitotic drugs compared to transformed cell lineglidating the same may be true for the effects of
inhibiting Aurora A activity (Orth et al., 2008, Bv et al., 2008, Gascoigne and Taylor, 2008).

Indeed, comparing Aurora A inhibition in non-tramshed cells and cancer lines revealed some
interesting differences. One of the most profouifigdidnces observed was the ability of RPE cells
to form bipolar spindles which were not signifidgnteduced in length when compared with
control cells (Figures 8.3C and 8.3D). Furthermdine, non-transformed cell line was also more
able to align its chromosomes in the absence obrauA activity compared to cancer cells
(Figures 8.3B and 8.4). The comparative efficieatyhese processes in the absence of Aurora A
activity meant that non-transformed cells only etétl relatively small mitotic delays after the

treatment (Figure 8.2). Furthermore, after extendlatbra A inhibition, RPE cells accumulated
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with 2N DNA and were able to form sparsely popudatelonies (Figure 8.5). In contrast, HeLa

cells quickly became aneuploid and lost viabiltiidwing the same treatment (Figure 6.3).

951 Non-transformed RPE cells may be able to maintain signalling pathways down-

stream of Aurora A in the absence of Aurora A activity

The ability of RPE cells to maintain bipolar spiedbrmation after the same level of Aurora A
inhibition experienced as the cancer lines mayu®etd their capacity to either sustain the activity
of particular cellular pathways in the absence ofoka A activity, or exploit alternatives, whereas
the cancer cells may be less able to do so. Thategxie of such a system may be demonstrated by
the presence of phospho-TACC3 even in RPE cebdddewith 10uM MLN8054, despite the loss
of phospho-Aurora A (Figure 8.1). Interestinglyistsituation was not observed in HeLa or DLD-
1 cells (Figures 3.3 and 8.1), and may indicateethod by which RPE cells retain the activation of
TACC3 even after Aurora A inhibition. Similarly, tabugh Aurora B activity appeared to be
inhibited to equivalent levels by M MLN8054 in both the transformed and non-transfedneell
lines, as judged by the reduction of phospho-Auisignal, the phospho-histone H3 signal was
only reduced at much higher concentrations in thretnansformed cells. The ability of RPE cells
to retain the activation of downstream kinases emehe absence of the upstream Aurora kinase
activity, could therefore demonstrate the preseaficedundant pathways which may not be present

in the cancer cell lines tested.

Furthermore, in RPE cells chTOG and TACC3 werecigffitly localised to centrosomes, and
TACC3 maintained a relatively high degree of spintticalisation after MLN8054 treatment,
which is in contrast to HelLa cells which were coetely unable to localise TACC3 and showed
reduced localisation of chTOG (Figures 4.7 and.&8®th chTOG/XMAP215 and TACC3 have
been linked with the normal growth of spindles, dheir sustained localisation after Aurora A
inhibition in RPE cells could therefore explain hdRPE cells are able to form spindles of a
relatively normal length and organisation after MieN8054 treatment (Barros et al., 2005, Giet et
al., 2002, Kinoshita et al., 2005, Peset et alQ52Qee et al., 2001, Gergely et al., 2003). HeLa
cells which may not be able to retain the activatid Aurora A-driven signalling pathways may
not consequently be able to sustain the localisaifccellular components that are essential for the

development of normal spindles, such as TACC3 &id¢.

Although both chTOG and TACC3 maintained a reldyiveonstant localisation after Aurora A
inhibition in RPE cells, the stable localisationfafrora A to the spindle microtubules appeared to
be reduced after the treatment in a similar wath& seen in HelLa cells (Figures 4.7A and 8.6A).

This similarity in the effect of MLN8054 on Aurora localisation, together with the equivalent
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loss of the phospho-Aurora A in Western blot samfégure 8.1), indicates that Aurora A activity
was indeed inhibited to a comparable levels byMh&I8054 in HeLa and RPE cells. Despite the
Western blot evidence, it could however be argied RPE cells are somehow more resistant to
the inhibitory effects of MLN8054, thus providing alternative theory as to how RPE cells were

able to more efficiently form functional bipolarisgles than the cancer cells tested.

952 In the absence of Aurora A activity RPE cells show signs of senescence

In addition to showing a differing ability to fortmipolar spindles following Aurora A inhibition,

RPE cells exposed to long-term Aurora A inhibitdid not develop a sub-G1 population (Figure
8.5A). Instead they accumulated with a 2N DNA cabhtend formed sparsely populated colonies
(Figures 8.5B and 8.5C). In contrast, HeLa cellgldu became aneuploid and became unviable
following the treatment (Figure 6.3). Consistenthwihese observations, MLN8054 has recently
been shown to cause a higher proportion of celthd@a transformed cells compared to non-

transformed cell lines (Shang et al., 2009).

The tendency of RPE cells to accumulate with 2N DMAresponse to long-term Aurora A
inhibition, may indicate that senescence is triggetSenescence is a state in which cells are no
longer permitted to proliferate, and are insteashllg held in GO (for review see [Reddel, 2010]).
The induction of senescence is a stress responddas been found to be triggered by a range of
situations including (Chen et al., 2009, Colladalet2007, Collado and Serrano, 2010, Mo et al.,
2007, Young et al., 2008, Courtois-Cox et al., J0Qerestingly, Aurora A over-expression has
been suggested to extend the life-span of cellsinbyeasing the expression of the human
telomerase reverse transcriptase (hTERT) and #éaiyveelomerase activity (Yang et al., 2004). It
may therefore be a possibility that the inhibitmnAurora A has the reverse effect, and causes the
shorting of telomeres, thus providing a mechanigmwhich senescence may be triggered after
Aurora A inhibition. The exact conditions by whislnescence is triggered, is however dependent
on the cell type and the culture conditions. Factehich cause increased senescence in some cell
lines lead to increased apoptosis in others, améiyt therefore be possible for MLN8054 treatment

to have alternate effects in different cell lingeiftura et al., 2007, Xue et al., 2007).

Senescent cells are prevented from further pralifen and can be cleared from the body by the
immune system, which can result in the regressidamours (Xue et al., 2007, Braig et al., 2005,
Collado and Serrano, 2010). Indeed, senescenceidslywregarded as a barrier to tumour
formation, as markers for it are often found on-aignant tumours, but are absent in their
malignant states, and senescence markers in bsopadinked with the success of chemotherapy
treatment (Chen et al., 2005b, Collado and Serr20@6, Gray-Schopfer et al., 2006, Roberson et
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al., 2005, te Poele et al., 2002). Chemotherapésggded to induce senescence when used may
even represent a valuable therapy, either on tivair or in combination with additional treatments
(Schmitt et al., 2002). Therefore, the observatbpossible senescence in the immortalised RPE
cells following Aurora A inhibition may indicateraethod of targeting the abnormally cycling cells
and removing them from the body. Indeed, althouBlE Rells are a non-transformed cell line, their
immortalisation may mimic benign tumour growth. Tddality of MLN8054 to induce a senescent

response may therefore indicate an important medhadti-cancer therapy.

The differences highlighted between transformed and-transformed cells, as well as the
observed variations in response between the cdime, demonstrate the danger of assuming
commonality between distinct cell lines. Howevée high occurrence of cell death in cancer cell
lines in response to MLN8054 treatment is encomgagConsistent witin vivo reports, it suggests
that targeting the kinase activity of Aurora A abdle a successful anti-cancer therapy (Shang et
al., 2009, LeRoy et al., 2007, Manfredi et al., 20Raestner et al., 2009, Dar et al., 2008, Hoar et
al., 2007).

Conclusion and thefuturetargeting of Aurora A

Throughout this thesis | have shown that in HeLBDEL and HCT116 cells, Aurora A activity is
required for the formation of a functional spindlgle to efficiently align its chromosomes and the
effective detection of alignment defects. As a eguence, when Aurora A is inhibited,
segregation errors are produced in the cancer liogll tested causing the cell population to
eventually become unviable. Despite this prominmeté for Aurora A activity in mitosis, | have
shown that cells can divide and activate the spirdisembly checkpoint in its absence, showing
that Aurora A activity is not required for cytoksie and does not play a prominent role in the
checkpoint. Interestingly however, the effects afréta A inhibition on non-transformed cells
were not as profound as those observed in the cartidines, with cells being able to retain their
ability to form spindles and align their chromosentelatively efficiently when compared to

cancer cell lines.

Therefore, in addition to highlighting the importanof Aurora A activity in the regulation of
spindle formation in many cell lines, this work@ldemonstrates the existence of important inter-
cell line differences, not just between non-transied cells and cancer lines, but also between all
the cell lines tested. This observation has importannotations with regards to making broad
generalisations from the characteristics of just oell type. Furthermore, the observation that
cancer cells became aneuploid after Aurora A itiloityj while non-transformed cells were able to

sustain relatively efficient chromosome alignmendicate that inhibiting Aurora A activity may
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be an efficient method of specifically targetingneer cells within patients. Indeed, early success i
both laboratory tests and clinical trials indicatieat Aurora A activity is a promising anti-cancer
target (Shang et al., 2009, LeRoy et al., 2007, fidan et al., 2007, Kaestner et al., 2009, Dar et
al., 2008, Hoar et al., 2007). Despite these primigisesults, the success of therapies such as
Aurora A inhibition will rely on the proper appretion of their effects in a patient and tumour-
specific basis, so as to enable the intelligentiegipon of the appropriate therapy or combination
of treatments. Therefore, clinical approaches #ating cancer in patients will be increasingly
reliant on findings such as those detailed in tkjsort in order to determine the most efficient

methods of cancer treatment.
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