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Abstract 

Aurora A (AurA) is an important mitotic kinase mainly studied for its 

involvement in cell cycle progression, centrosome maturation, 

mitotic spindle pole organization and bipolar spindle formation. It 

localizes to duplicated centrosomes and spindle microtubules (MTs) 

during mitosis where it regulates various factors participating in 

metaphase spindle formation. AurA is degraded late in mitosis 

suggesting that it might also have a function in anaphase. In this 

study we focused in understanding AurA function during anaphase 

in two different experimental systems. 

First, we kept AurA active in cycled Xenopus egg extracts and found 

that MTs maintained their mitotic organization longer throughout 

mitotic exit. We also observed chromosome segregation defects and 

problematic nuclear envelope formation. These observations 

indicate that AurA activity needs to be down-regulated for the 

transition from metaphase back to interphase.  

To get insights into the role of AurA during metaphase-anaphase 

transition we initially asked whether its kinase activity is still 

necessary for the maintenance of the metaphase spindle. We saw 

that the inhibition of AurA kinase activity in metaphase resulted to a 

collapse of the established metaphase spindle in HeLa cells. 

Indicating that AurA activity is necessary for the metaphase spindle 

maintenance.  

Then, we looked whether AurA kinase activity is still necessary 

during anaphase. We inhibited AurA at the onset of anaphase in 

Hela cells and found that anaphase spindles were smaller. We also 

observed that the MT structure responsible for anaphase spindle 

elongation, the central spindle, was defectively assembled and 

organized. Moreover, in cells where AurA was inhibited segregation 



 

of chromosomes was defective. These results indicate that AurA 

kinase activity is necessary for anaphase spindle elongation, central 

spindle assembly and organization and chromosome segregation. 

To understand further how AurA regulates anaphase spindle 

formation we looked known AurA substrates.  We depleted TACC3, 

a known AurA substrate involved in MT formation earlier in mitosis 

and observed that TACC3 depletion phenocopied AurA inhibition. 

This indicates that TACC3 has a function in MT organization and 

chromosome segregation during anaphase and this function could 

possibly be regulated by AurA. 

In this study we have demonstrated that AurA activity is essential for 

metaphase spindle maintenance. We also found that during 

anaphase when AurA is either maintained active or inhibited MT 

organization is greatly affected and chromosome segregation is 

defective. Suggesting that AurA activity needs to be tightly controlled 

during anaphase for a correct completion of mitosis. 



 

Resumen 

Aurora A (AurA) es una quinasa mitótica importante que se ha 

estudiado principalmente en su papel durante la progresión del ciclo 

celular, la maduración del centrosoma, la organización y la 

formación del polo y del huso mitótico. Durante la mitosis, AurA se 

localiza en los centrosomas duplicados y en los microtúbulos (MTs) 

del huso y se ha observado que regula varios factores que 

participan en la formación del huso mitótico. AurA se degrada al 

final de la mitosis indicando que pueda tener una función durante la 

anafase. En este estudio nos hemos centrado en la comprensión de 

la función de AurA durante la anafase en dos sistemas 

experimentales diferentes. 

En primer lugar, utilizando extractos de huevos de Xenopus hemos 

mantenido AurA activa durante la transición de metafase a anafase 

y hemos visto que los MTs del huso mitótico mantienen su 

organización durante más tiempo. También hemos observado que 

cuando AurA se mantiene activa existen defectos en la segregación 

cromosómica y la formación de la membrana nuclear. Esto indica 

que la actividad de AurA tiene un papel regulador sobre los MTs y la 

chromatina durante la transición de la metafase a la interfase. 

Para entender cual es la función de AurA durante la transición de 

metafase a anafase primero hemos estudiado si la actividad de la 

quinasa es necesaria para el mantenimiento del huso mitótico. 

Hemos visto que la inhibición de la actividad quinasa AurA resultó 

en el colapso del huso durante la metafase en células HeLa. Esto 

indica que la actividad de AurA es necesaria para el mantenimiento 

del huso mitótico de metafase. 

A continuación hemos analizamos si la actividad quinasa de AurA 

sigue siendo necesaria para la anafase. Para ello hemos inhibido 



 

AurA en células Hela al  inicio de la anafase. En estas condiciones 

los husos de la anafase son más pequeños y la estructura de los 

MTs responsable del alargamiento del huso mitótico durante la 

anafase, el huso central, se organiza defectuosamente. Además, se 

encontraron errores durante la segregación de los cromosomas. 

Estos resultados indican que la actividad quinasa de AurA es 

necesaria para el alargamiento del huso durante la anafase y la 

organización y segregación cromosómica. 

Para entender el mecanismo de la función de AurA durante la 

anafase hemos estudiado a sustratos de AurA. Al estudiar TACC3 , 

un sustrato conocido de AurA que participa en la formación de MTs 

en las fase iniciales de la mitosis hemos encontrado que su 

eliminación de células HeLa produce el mismo fenotipo que la 

inhibición de AurA. Esto indica que TACC3 tiene una función en la 

organización de MT y la segregación de cromosomas durante la 

anafase y que esta función podría estar regulada por la quinasa 

AurA.  

En este estudio hemos demostrado que la actividad quinasa de 

AurA es esencial para el mantenimiento del huso mitótico.  También 

hemos encontrado que durante la anafase cuando la quinasa AurA 

se mantiene activa o se inhibe la organización de los MTs del huso 

mitótico se ve muy afectada y los cromosomas se segregan 

defectuosamente. Por tanto los resultados de este estudio indican 

que la actividad quinasa de AurA está estrechamente controlada 

durante la anafase para el correcto cumplimiento de la mitosis. 
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ATP Adenosine triphosphate 

AurA Aurora A 

AurB Aurora B 

BSA Bovine serum albumin 
oC Degrees centigrade 

Cdk Cyclin dependent kinase 

cDNA Complementary DNA 

CSF Cytostatic factor 

C-terminal Carboxy-end of a protein 

DNA Deoxyribonucleic acid 

Drosophila Drosophila melanogaster 

DTT dithiothreitol 

EDTA Ethylenediaminetetra acetic acid 

EGTA ethylene glycol-bis(b-aminoethyl ether) N,N,N !,N ! tetraacetic 

acid GDP Guanosine diphosphate 

GFP Green fluorescent protein 

GST Glutathione-S-transferase 

GST-NT GST fusion protein of TPX2 N-terminal 

GTP Guanosine triphosphate 

HCG Human chrionic gonadotropin 

Hepes N-(2-hydroxyethyl)piperizine-N !-(2-ethanesulfonic acid) 

His Histidine 

Human Homo sapiens 

IPTG Isopropyl b-D-thiogalactopyranoside 

MAP Microtbule associated protein 

MPF Maturation promoting factor 

MT Microtubule 

mg Milligramme 

min Minute 

mL Milliliter 

mM milliMolar 

*g Microgramme 



 

*L Microliter 

Mouse Mus musculus 

N-terminal Amino terminal end of a protein 

nM nanoMolar 

PCR Polymerase chain reaction 

PBS Phosphate Buffered Saline 

PIPES Piperazine-N,N !-bis(2-ethanesulfonic) acid 

PMSG Pregnant mare serum ganadotropin 

RNA Ribonucleic acid 

rpm Rotations per minute 

SDS Sodium dodecyl sulfate 

SDS-

PAGE 

SDS-polyacrilamide gel electrophoresis 

TACC Transforming acidic coiled coil 

TPX2 Targeting protein for Xklp2 

Xenopus Xenopus laevis 
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Introduction 

 1 

I. Introduction 

1. The cell 

The cell is the simplest organized form of life, and also the building 

block of complex organisms. All living organisms consist of cells. 

The cellular membrane of a cell defines its boundaries. The 

cytoplasm, aqueous material inside the cell membrane, of the 

eukaryotic cell is organized in different compartments. Many 

different organelles can be found inside the eukaryotic cell (Alberts, 

Molecular Biology of the Cell).  

The degree of cellular organization is variable between different 

species but one can find in most cells the genetic material 

compacted into the nucleus, an energy producing compartment the 

mitochondria, a transport network (Endoplasmic Reticulum) and a 

protein processing compartment, the Golgi. Nutrients and other 

particles inside a cell can either be processed by the lysosomes or 

stored inside the vacuoles. The cell is very dynamic and is able to 

respond to intra and extra cellular signals. The plasticity of the cell is 

greatly dependent on complex filamentous networks inside the cell, 

the cytoskeleton. Independently of their cellular complexity both 

unicellular organisms and cells in a multicellular organism use the 

same mechanism to propagate, cell division. The cytoskeleton will 

facilitate the most complex process in the life of a cell, the cell cycle. 

2. The Cell Cycle 

The cell cycle is a very complex process that supports the 

continuation of life and consists of Interphase and Mitosis.  During 

Interphase the cell is mainly growing. Interphase can be divided in 

three different phases: G1, S and G2. During G1 the cell accumulates 

all the material necessary for the accomplishment of cell division. S 
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is the phase in which the cell replicates its genetic material. 

Moreover, during S phase the centrosome duplicates and the two 

centrosomes, later in the cell cycle, contribute to the organization of 

the metaphase bipolar spindle. After having replicated the genetic 

material the cell enters in another gap, G2, and prepares for mitosis. 

Mitosis is the phase during which the replicated genetic material is 

equally distributed to the forthcoming daughter cells. After mitosis, 

cytokinesis follows and the separation of the cytoplasm defines the 

completion of a cell cycle. Cells inside an organism can also 

permanently or temporarily exit the cell cycle and enter in a stage 

called G0. Cells in G0 are terminally differentiated cells that will carry 

out their function in the organism until their death. Mitosis is the 

process by which a cell divides and gives rise to two identical diploid 

cells.  

For this complex process to happen correctly tight spatiotemporal 

regulation of different mitotic factors is necessary. Many post-

translation modifications occur on different mitotic proteins. The 

most common post-translational modification is reversible 

phosphorylation. Phosphate groups are added on specific substrates 

by mitotic kinases. The major cell cycle regulatory kinases belong to 

the cyclin-dependent kinase (Cdk) family. Different cyclins interact 

and regulate members of the Cdk family. The progression of the cell 

cycle is governed by the waves of synthesis and degradation of 

cyclins. Resulting in waves of activation and inactivation of the Cdk 

kinases (Minshull et al., 1989; Murray, 1989; Nigg et al., 1995) 

(Figure 1).  
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Figure 1. The cell cycle. A schematic representation of the activity of different 

cyclins (CyclinD, CyclinE, CyclinA, CyclinB) during the cell cycle. CyclinD is 

required for mid- to late-G1 phase, CyclinE has a role in promoting S phase, CyclinA 

has a role during S phase and at the G2/M transition and finally CyclinB during 

Mitosis (Figure from Santamaría et al., 2007). 

 

The whole mitotic process is triggered by the interaction of key 

mitotic components. The mitotic kinase Cdk1 and its activator Cyclin 

B form a complex that orchestrates mitosis. The cyclinB/Cdk1 

complex is also known as the Maturation Promoting Factor (MPF) 

(Murray et al., 1989; Gautier et al., 1990). The MPF phosphorylates 

different proteins and regulates their activity spatiotemporally inside 

the cell. This allows the correct occurrence of sequential events 

such as cell cycle entry and progression, metaphase spindle 

assembly, chromosome segregation, anaphase spindle assembly 

and disassembly. Different checkpoints ascertain the correct 

progression through the cell cycle starting from DNA replication 

(DNA damage control), entry into mitosis (antephase), correct 

chromosome alignment (metaphase checkpoint) and the correct 

completion of chromosome segregation before abscission (NoCut 

pathway) (Mendoza et al., 2009).  
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3. Mitosis 

The accurate segregation of the duplicated genetic material is what 

makes this complex cellular process challenging for the cell, but at 

the same time fascinating for scientists to study. Mitosis is divided in 

different phases starting from prophase, to metaphase, anaphase, 

telophase and finally cytokinesis where the cytoplasm of the 

daughter cells is separated and mitosis is completed.  

During prophase the replicated genetic material compacts and 

organizes into highly ordered structures, the mitotic chromosomes. 

The duplicated centrosomes separate, mature and acquire their 

position at opposite sites of the nucleus. In prophase the nuclear 

envelope fragments and the mitotic spindle assembles around the 

condensed chromatin. The chromosomes start to oscillate and re 

transported to the spindle equatorial plate. In metaphase 

chromosome oscillation comes to an end and all chromosomes are 

aligned at the metaphase plate in the middle of the cell. Anaphase 

starts with the synchronous travelling of the sister chromatids to 

opposite poles. Early anaphase occurs when chromosomes lose 

their cohesion and start moving towards opposite poles. In late 

anaphase the anaphase spindle elongates to further separate the 

segregating chromosomes. In telophase the segregated 

chromosomes start to decondense and the nuclear envelope forms 

around the decondensing chromatin. Then cytokinesis follows and 

abscission separates the cytoplasm of the two daughter cells.  

Mitosis is a demanding cellular process and the cell undergoes 

numerous changes such as replication of the genetic material, 

reorganization of its cytoskeleton, nuclear envelope disassembly 

and re-assembly, reorganization of its membranous organelles 

(Golgi and Endoplasmic Reticulum), loss of adhesion to the 
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neighbouring cells and cell shape changes. As previously mentioned, 

all these changes are tightly regulated by the synthesis, degradation 

and post-translational modifications of different mitotic components. 

Mitotic events are not only regulated by the Cdk family but also by 

other mitotic kinases, such as Polo-like kinase 1 (Plk1) members of 

the Never In Mitosis (NIMA) kinase family as well as the Aurora 

Kinase family phosphorylates substrates with crucial functions in 

mitosis. Phosphatases reverse the phosphorylated state of 

substrates by removing the phosphate groups and induce mitotic 

exit. Other post-translation modifications, such as ubiquitination, also 

regulate mitotic proteins. Ubiquitination either modulates the 

functionality of a protein or flags a protein for degradation. The 

precise regulation of numerous mitotic proteins is necessary for 

mitosis to correct take place. 

Mitosis is greatly dependent on the building of the mitotic spindle 

that will facilitate the segregation of the genetic material.  

3.1. Microtubules 

The cytoskeleton of the cell consists of actin filaments, intermediate 

filaments and microtubules (MTs). MTs are specially important for 

mitosis since they are the building blocks of the mitotic spindle. MTs 

are tubular filaments that form by the polymerization of tubulin 

hetero-dimers consisting of +Tubulin and ,Tubulin. Tubulin is a 

GTPase that forms heterodimers that initially polymerize to form 

protofilaments. Lateral interaction of 13 protofilament form a cylinder, 

the MT. MTs have a diameter of 25nm and have a polarity. The 

pattern of Tubulin heterodimer polymerization defines the polarity of 

MTs. At the MT plus end we find exposed ,Tubulin in a GTP bound 

state and at the MT minus end +Tubulin is found in a GDP bound 

state. 
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MTs are dynamic and with certain flexibility polymers that have the 

intrinsic property to polymerize and depolymerize. Both in vivo and 

in vitro experiments show that MTs stochastically switch between 

growing and shrinking phases, a process termed dynamic instability. 

The dynamic instability is generally greater at the MT plus end. The 

MT minus end is less dynamic and is mostly pausing or shrinking. 

The switching of MTs from a growing state to a shrinking state is 

termed catastrophe; whereas the switching from a pausing or a 

shrinking state to a growing state is termed rescue (Mitchison and 

Kirschner, 1984; Howard and Hyman, 2007). The GTPase activity of 

tubulin is stimulating the polymerization of MTs. Incorporation of a 

new tubulin heterodimer results in the hydrolysis of the GTP bound 

to ,Tubulin. The energy released from this hydrolysis is saved in the 

MT lattice and increases the curvature of the heterodimer. GTP 

hydrolysis is responsible for the characteristic stochastic dynamic 

instability to the MTs (Vale et al., 2004). But how does the innate 

instability of MTs allow them to polymerize? The GTP cap model 

proposes that the hydrolysis of GTP lags behind the polymerization 

giving rise to a cap of GTP bound tubulin subunits at the plus end of 

growing MTs. When the open “wrapped sheet” conformation of a 

growing MT closes, the GTP cap that protects the MT from 

depolymerisation is lost resulting in plus end depolymerisation 

(Mitchison and Kirschner, 1984; Carlier at al., 1989). Another 

dynamic parameter of MTs is termed, treadmilling. Treadmilling is 

the result of the tubulin heterodimer addition to one MT end and the 

removal of tubulin heterodimers from the other end at the same rate. 

Treadmilling generates dynamic MTs that maintain a constant length 

(Margolis and Wilson, 1978). MT Dynamic instability is a parameter 

that is controlled by different motor proteins, and Microtubule 

Associated Proteins (MAPs) that are regulated during the cell cycle 

(Gadde and Heald, 2004; Mitchinson, 1989). In vivo experiments 
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with purified tubulin indicate that the nucleation capacity of MTs is 

concentration dependent. Inside the cell the concentration of tubulin 

is not sufficient for spontaneous polymerization of MTs. In higher 

eukaryotes, most MTs assemble and grow from Microtubule 

Organizing Centres (MTOC), the centrosomes.  

3.2. The centrosome 

The centrosome is the organelle that is duplicated during S phase of 

the cell cycle. They were named centrosomes by Theodor Boveri 

(1888) who observed them to be centrally localized inside the cell. 

He described them as the “special organ for cell division”. Indeed 

they have an important and conserved function in MT nucleation and 

organization in most mammalian cells. In interphase MTs emanate 

from the centrosomes with their less dynamic minus ends focused at 

the centrosome. Their plus ends explore the rest of the cell and 

serve as “tracks” on which organelle transport takes place. Moreover, 

centrosomal MTs define the shape, polarity and motility of the cell. 

Centrosomes have a crucial function in mitosis for mammalian cells 

but are not essential. During mitosis there are two different types of 

MTs emanating from the centrosomes: interpolar MTs that will define 

the division axis and the astral MTs that will position the metaphase 

spindle  (Nigg, 2002; Rosenblatt, 2005; Betterncourt-Dias and 

Glover, 2007). Centrosomes are non-membranous organelles that 

consist of two orthogonally arranged centrioles. Each centriole is a 

hollow cylinder composed of nine sets of microtubule triplets. A 

centrosome consists of two non-identical centrioles, one is the 

mother centriole and the other is the daughter. The two centrioles 

are surrounded by Peri-Centriolar Material (PCM), which consists of 

numerous proteins. Core resident proteins and non-permanent 

proteins such as structural and signaling proteins are crowding the 
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PCM (Paintrand et al., 1992; Chrétien et al., 1997; Ibrahim et al., 

2000).  

The centrosomal capacity to nucleate MTs is due to a conserved 

PCM component, &Tubulin. &Tubulin promotes MT nucleation from 

the centrosome. The interaction between &Tubulin and &Tubulin 

complex proteins (GCPs) gives rise to the &Tubulin small complex 

(&TuSC). Several &TuSC form a cylindrical platform termed &Tubulin 

Ring Complex (&TuRC). The &TuRC nucleates MTs both in vivo and 

in vitro. Using electron microscopy its ring like structure was shown 

to be approximately the size of a MT. It has been suggested, based 

on its size, structure and its ability to interact with MTs, to be the 

minus end capping structure (Zheng et al., 1995; Wiese and Zheng, 

2000). The &TuRC is also found to interact with the lateral side of 

MTs and nucleate MTs on pre-existing MTs (Lajoie-Mazenc et al., 

1994; Khodjakov and Rieder, 1999). It is yet unclear whether the 

&TuRC serves as a platform on which MTs start to assemble or acts 

as a capping structure that augments MT stability (Raynaus-Messina 

and Merdes, 2007;Keating and Borisy, 2000; Moritz and Agard, 

2001). Eventhough the centrosomes serve as potent MTOCs, 

centrosomal laser ablation experiments have shown that they are 

not essential for mitosis (Mahoney et al., 2006). 

3.3. RanGTP 

During mitosis MTs also assemble and grow around the chromatin 

as well as from pre-existing MTs. These acentrosomal pathways of 

MT assembly are particularly important for cell division in organisms 

or cells without centrosomes (i.e. in plants and female meiosis). 

A member of the Ras GTPase superfamily, Ran, regulates trafficking 

of proteins between the nucleus and the cytoplasm inside the 

interphase cell. Being a GTPase Ran can be found in two different 
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states, the GTP bound state (RanGTP) and the GDP bound state 

(RanGDP). In interphase there is a constant cycling of Ran between 

the RanGTP and RanGDP. Inside the nucleus GTP nucleotide 

exchange factors, RCC1, load GTP to Ran. In the cytoplasm 

GTPase activating proteins, RanGAP1, promote GTP hydrolysis and 

induce the formation of RanGDP (Sorokin et al.,2007). During 

interphase proteins containing nuclear localization signal (NLS) 

binds to importins and are transported to the nucleus. The high 

concentration of RanGTP allows the release of proteins from 

importins inside the nucleus (Clarke and Zhang, 2008). Proteins that 

contain a nuclear export signal (NES) bind to exportins that transport 

them through the nuclear pore to the cytoplasm. The high 

concentration of RanGDP in the cytoplasm releases the export 

cargo from exportins.  

Although Ran has been extensively studied in interphase various 

studies show that it has important functions in mitosis. Ran is 

responsible for MT assembly around the chromatin in mitosis 

(Ciciarello et al., 2007; Kalab and Heald, 2008). Distinguishing the 

direct role of Ran in mitosis was challenging because all the 

experiments performed interfered also with the nucleo-cytoplasmic 

transport during interphase. Ran was clearly found to have a direct 

role in regulating spindle assembly when mutant forms of Ran and 

Ran network component were added to Xenopus egg extracts 

(Kalab et al., 1999). Further experiments of mutants that mimicked 

RanGTP and RanGDP bound states of Ran elucidated the direct 

effect of Ran on MT assembly (Ohba et al., 1999; Wilde and Zheng, 

1999; Zhang et al., 1999). In mitosis, in the absence of a physical 

limit (the nuclear envelope), fluorescence resonance energy transfer 

(FRET) sensors have shown that RanGTP forms a gradient around 

the condensed chromatin in human somatic cells and Xenopus egg 
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extracts (Kalab et al., 2002; Kalab et al., 2006). The RanGTP 

gradient around the chromatin ensures the local nucleation of MTs 

and moreover promotes local MT stabilization (Caudron , 2005).  

We still need to understand the precise regulation of MT assembly 

by the molecules involved in or regulated by the RanGTP pathway. 

As in interphase, also in mitosis RanGTP or RanGDP have different 

binding affinity for importins (Clarke and Zhang, 2008). The gradient 

of RanGTP forming around the chromatin is proposed to be 

responsible for the release of spindle assembly factors (SAFs) from 

importins thus allowing them to regulate spindle assembly. TPX2 

(targeting protein for XKLP2) was the first SAF identified to be 

regulated by the RanGTP pathway (Wittmann et al., 2000; Gruss et 

al., 2001). Essentially, TPX2 is released from importins around the 

chromatin and once released it triggers MT assembly around the 

chromatin (Gruss et al., 2001; Gruss et al., 2002; Tulu et al., 2006). 

In the recent years various studies have unveiled a number of Ran-

GTP-regulated SAFs and most of them have been shown to be 

involved in MT stabilization and/or organization. 
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Table 1. RanGTP regulated Spindle Assembly Factors. TPX2, the first Ran-

GTP-regulated SAF to be identified, is essential for MT nucleation, some SAFs are 

involved in MT stabilization or bundling and others are more likely to be involved in 

spindle organization. n.d., not determined. (Meunier and Vernos, 2011). 

 

The transport of the MTs nucleated close to the chromosomes 

towards the poles could possibly explain the observed distribution of 

MT minus ends throughout the whole spindle in Xenopus egg 

extracts (Burbank et al., 2006) and the localization of &Tubulin on 

spindle MTs (Lajoie-Mazenc et al., 1994; Khodjakov and Rieder, 

1999). 

3.4. Augmin complex 

MT nucleation on pre-existing MTs, proposed for higher plants and 

fission yeast (Bratman and Chang, 2008), is also proposed for 

mammalian cells after the identification of the Dgt (Dim &Tubulin) 

protein family (Goshima et al., 2007). Dgt proteins form a complex 
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called Augmin in Drosophila (Goshima et al., 2008) and HAUS 

(homologous to Augmin subunits) in human cells (Lawo et al., 2009; 

Uehara et al., 2009). &TuRC  is recruited by the Augmin complex on 

preexisting MTs and is proposed to promote MT nucleation, 

amplification or branching (Zhu et al., 2008; Zhu et al., 2009). The 

function of all the Augmin complex components has not yet been 

elucidated. Dgt6 (also known as Fam29a and HAUS6) has been 

shown to directly bind &TuRC. HICE1 (HAUS8), another Augmin 

complex component, is reported to be the protein that links the 

complex to MTs as it directly associates to MTs (Zhu et al., 2008; 

Tsai et al., 2011). The specificity of this interaction on the MT lattice 

has yet to be investigated as well as whether this is the mechanism 

by which &TuRCs are recruited to pre-existing MTs and nucleate 

more MTs.  

Affecting the integrity of the complex leads to different phenotypes 

that depend on the system and the presence of centrosomes 

(Uehara et al., 2009; Wainman et al., 2009; Petry et al., 2011). 

When the centrosomes are absent MT amplification/nucleation by 

the Augmin complex and MT nucleation around the chromatin is 

necessary for a proper bipolar spindle assembly (Wainman et al., 

2009). 

3.5. CPC complex 

Another complex involved in MT regulation is the Chromosomal 

Passenger Complex (CPC) which consists of INCENP (inner 

centromere protein), survivin (also known as BIRC5), borealin (also 

known as CDCA8) as structural subunits and the kinase Aurora B 

being the catalytic subunit of the complex (Sampath et al., 2004; 

Tseng et al., 2010). The Xenopus egg extract is the main 

experimental system where the role of the CPC in MT stabilization 
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and spindle assembly has been reported (Kelly et al., 2007; Maresca 

et al., 2009; Sampath et al., 2004; Tseng et al., 2010). In egg 

extracts without RanGTP, beads coated with reconstituted CPC 

were able to promote MT assembly and bipolar spindle formation 

(Kelly et al., 2007; Maresca et al., 2009). In Xenopus egg extracts 

and in MUG (Mitosis with Unreplicated Genomes) system CPC 

promoted MT nucleation at the kinetochores independently of the 

RanGTP gradient (Kelly et al., 2007; Maresca et al., 2009; O’Connell 

et al., 2009).  

For bipolar spindle assembly (Tseng et al., 2010) the catalytic 

subunit of the CPC, AurB, is activated and then localized to MTs 

through its interaction with INCENP (Sampath et al., 2004). It is yet 

unclear whether the CPC is directly involved in the nucleation of 

MTs or in their stabilization. Aurora B is shown to negatively regulate 

MT destabilization activities of MCAK (mitotic centromere-associated 

kinesin, KIF2C) (Andrews et al., 2004; Lan et al., 2004; Ohi et al., 

2004) and stathmin 1 (STMN1, OP18) (Gadea and Ruderman, 

2006). &Tubulin has not yet been reported to be involved in the 

CPC-induced mechanism. It is therefore challenging to propose that 

the CPC and the RanGTP MT regulation pathways work together. 

More likely MTs are first nucleated near chromatin and then 

stabilized near the kinetochores (Tulu et al., 2006; Maresca et al., 

2009; Needleman et al., 2010). 

3.6. Metaphase spindle assembly 

As the cell commits to divide, the relatively stable interphase MT 

network disassembles and MTs become shorter and highly dynamic. 

These MTs then organize into two dynamic arrays with MT minus-

ends focused and anchored at the spindle poles. Three populations 

of MTs exist within the spindle: kinetochore MTs, interpolar MTs and 
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astral MTs. Kinetochore MTs connect each kinetochore to opposite 

spindle poles. Each kinetochore binds approximately 10-40 MTs that 

bundle along their length forming a kinetochore fiber (K-fiber). 

Interpolar MTs originate from the poles and interact in an antiparallel 

fashion at the centre of the spindle stabilizing the bipolar 

configuration. Astral MTs extend away from the centrosome into the 

cytoplasm, establishing connections with the cell cortex and playing 

an important role in spindle orientation and positioning (Compton, 

2000). 

The current view of spindle assembly involves a combination of the 

search and capture and the self-organization models (Figure 2). 

Astral arrays of MTs nucleated by the centrosomes grow and shrink 

constantly and help to organize the acentrosomally nucleated MTs. 

These last ones are in part directly initiated around the chromatin, 

where they begin the formation of the K-fiber that can then interact 

with those emanating from the centrosome and become efficiently 

oriented towards the spindle pole (O'Connell and Khodjakov, 2007; 

Tulu et al., 2006). The distal end of the K-fiber is transported to the 

pole along centrosomal MTs and integrates into the spindle. This 

mechanism is also responsible for the capture of other spindle 

components such as individual MTs emanating from the 

chromosomes (Khodjakov, 2003; Maiato et al., 2004a; Maiato et al., 

2004b). Therefore when the centrosome is present it plays a critical 

role in the integration of the two pathways of MT assembly to 

eventually assemble the bipolar spindle. 
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Figure 2. Spindle assembly models (A) ‘Search-and-Capture’: MTs nucleate from 

centrosomes and contact chromosomes and kinetochores by chance, and then 

become stabilized to form the spindle. (B) ‘Self-organization’: randomly oriented MT 

nucleated close to the chromosomes in the absence of centrosomes are organized 

into a bipolar array by motor proteins. (C) Combined model: peripheral MT or those 

emanating from chromosomes are captured and incorporated into the centrosome-

nucleated array to generate the spindle. MTs nucleated by the centrosome are 

shown in red, acentrosomal MTs shown in green. Figure adapted from Gadde el at, 

2004 (Gadde and Heald, 2004) 

 

3.7. Anaphase spindle assembly and dynamics 

After spindle checkpoint satisfaction the aligned chromosomes are 

segregated and the metaphase spindle reorganizes to facilitate 

chromosome segregation. Between the segregating chromosomes a 

MT structures forms, the central spindle. The central spindle and the 

metaphase spindle share some similarities, both being bipolar 
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structures that assemble at distinct times during the cell cycle via 

several pathways. Although the central spindle forms between the 

segregating chromosomes, neither chromosomes nor centrosomes 

are an absolute requirement (Alsop and Zhang, 2003). The central 

spindle consists of two parallel arrays of interpolar MTs with 

opposite polarities: minus ends towards the nearest spindle pole. As 

observed in fly spermatocytes, equatorial astral microtubules, in 

addition to interpolar microtubules, can contribute to the formation of 

the central spindle (Inoue et al., 2004; D’Avino et al., 2006), and, in 

the absence of a central spindle, central spindle-associated proteins 

are recruited to the furrow cortex, possibly via astral microtubules 

(Verbrugghe and White, 2004; Neef et al, 2007; Floyd et al., 2008). 

Reports show that the Augmin complex is necessary for the 

formation of the central spindle during anaphase. The authors 

suggest that the Augmin complex is necessary for MT nucleation 

and organization of the interpolar MTs composing the central spindle 

(Uehara et al., 2009; Uehara and Goshima, 2010). In a “Rappaport 

cell”, which is made by cell fusion and has two spindles back-to-back, 

an anti-parallel microtubule bundle, which induces furrow formation 

and matures into the midbody, can be formed at the region of 

overlap of astral MTs from different spindles (Savoian et al., 1999). 

Moreover, in an extreme situation, cells can form the central spindle 

without a pre-existing metaphase spindle (Canman et al., 2000). 

Under normal conditions the central spindle emerges from de novo 

nucleation of MTs from the elongating metaphase spindle as show in 

Figure 3 (Douglas and Mishima, 2010; Uehara and Goshima, 2010).  
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Figure 3. Assembly of the central spindle. Different sources of MTs contribute to 

central spindle assembly. (Douglas and Mishima, 2010). 

 

3.7.1. Dynamics of K-fibers in anaphase 

During anaphase the chromatin segregation is carried out by K-

Fibers, a group of MTs much less dynamic than the interpolar MTs 

(McEwen et al., 1997; Rieder, 1981). K-fiber half-life varies in 

different systems and is reported to range between 4–8 minutes 

(Bakhoum et al., 2009; Zhai et al., 1995). The attachment of MTs to 

the kinetochore occurs progressively as the cell advances from 

prometaphase to anaphase, in a process called K-fiber maturation 

(McEwen et al., 1997). The characteristic bundling of the K-fiber 

MTs seems to be, in part, achieved by a protein complex that 

includes clathrin, TACC3 and chTOG  (Booth et al., 2011). 
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During prometaphase K-fiber plus ends become attached to the 

outer kinetochore through the KMN complex (for KNL1–MIS12-

complex–NDC80) network (Joglekar et al., 2010), which couples 

force generation to MT plus-end polymerization and 

depolymerization (Salmon et al., 2005). Erroneous K-fiber 

kinetochore attachments are corrected by an error correction 

through a mechanism involving the targeting and regulation of 

various kinetochore factors by the kinase Aurora B (Kelly and 

Funabiki, 2009). The mechanism controlling the polymerization at 

the K-fiber plus-ends is largely dependent on microtubule plus-end 

tracking proteins, including CLASP (Maiato et al., 2005) and EB1 

(Tirnauer et al., 2002). The activities of kinesin-8 and -13 negatively 

regulate K-fiber plus end stability (Joglekar et al., 2010; Manning et 

al., 2010). 

When all K-fibers are properly attached to sister kinetochores the 

spindle checkpoint will be satisfied and the loss of tubulin subunits at 

the K-fiber minus end without spindle pole detachment occurs and 

drives the polewards tubulin flux in anaphase. The changes in K-

fiber dynamics at the plus end, and also at the minus end in some 

systems, promote the shortening of the K-fibers and chromosome 

segregation (Rogers et al., 2004; Ganem and Compton, 2006; Kwok 

and Kapoor, 2007; Cheerambathur et al., 2007). 

3.7.2. Organization of the central spindle 

During anaphase the fusi-form metaphase spindle undergoes a 

dramatic reorganization. K-fibers shorten as they segregate the 

chromatin, astral microtubules elongate (Tournebize et al.,2000; 

Rusan et al., 2001) and several important components for central 

spindle formation relocalize and initiate the bundling of antiparallel 

MT plus ends. Although MT minus ends seem to originate from the 



Introduction 

 19 

spindle pole, the central spindle MTs will eventually lose their 

association to poles. Rearrangement of the metaphase spindle will 

give rise to the central spindle in anaphase, suggesting that the 

metaphase spindle may act as the template of central spindle 

formation. However, structures similar to the central spindle can 

form in the absence of centrsosomes during Drosophila male 

meiosis (Bucciarelli et al.,2003). Moreover, under some 

experimental conditions, (cell fragments lacking centrosomes and 

chromosomes or with drug induced metaphase MT 

depolymerization) MTs can bundle into central spindle-like structures 

and induce furrowing later in telophase (Canman et al. 2000; Also 

and Zhang, 2003). Last, a MT organization role has been attributed 

to the kinesin 14 motor protein, HSET. The authors suggest that 

HSET organizes and stabilizes central spindle MTs. 

3.7.3. Dynamics of the central spindle 

Fluorescence Recovery After Photo-bleaching (FRAP) analysis of 

central spindle MTs have shown that the turnover of central MTs is 

t1/2>2 min in comparison to t1/2=10-20 sec of the metaphase spindle 

MTs. Although central spindle MTs are less dynamic MT growing 

plus tip markers are detectable indicating that MT polymerization 

takes place (Saxton and McIntosh, 1987; Shelden and Wadsworth, 

1990; Rosa et al., 2006). Chromosome poleward movement 

characterizes early anaphase and late anaphase is characterized by 

spindle elongation. Shortening of the kinetochore microtubules takes 

place early in anaphase and elongation of the anaphase spindle 

happens during late anaphase. Speckle microscopy experiments 

indicate that the elongation of the anaphase spindle is achieved by 

MT sliding (Brust-Mascher and Scholey, 2002). Recently a spindle 

midzone was reconstructed in vitro by only two proteins: PRC1 and 

Kif4A. Kif4A is recruited by PRC1 to the overlapping zone of MTs 
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and controls the overlap size of MTs by MT growth inhibition (Bieling 

et al., 2010). This could possibly be a mechanism by which MT 

sliding takes place in late anaphase. In telophase, the dense matrix 

formed at the region of anti-parallel overlap is confined and gives 

rise to the midbody (Mastronarde et al., 1993; Douglas and Mishima, 

2010). The dense matrix region consists of various central spindle 

components. 

3.7.4. Central spindle components  

Various MAPs, motor proteins and mitotic kinases participate in the 

assembly of the central spindle in anaphase. The function of all the 

components is not yet fully understood. In addition, some proteins 

like Plk1, FIP3 and ECT2, localize to the central spindle but are not 

required for its assembly. The mechanism of localization of central 

spindle components (Figure 4) is not clear yet for all the components. 

Some anaphase components manage to localize to the middle of the 

anaphase spindle in the absence of a central spindle possibly via 

astral microtubules (Verbrugghe and White 2004; Neef et al., 2007; 

Floyd et al., 2008). 

3.7.4.1.  Microtubule-associated proteins 

Protein regulator of cytokinesis 1 (PRC1) is a highly conserved MAP 

found in metazoans plants and yeast. PRC1 directly interacts with 

MTs and localizes to the overlapping zone of central spindle MTs 

during anaphase. PRC1 can induce MT bundling in vitro (Zhu and 

Jiang, 2005). Its conserved central domain localizes to MTs and 

induces MT bundling when overexpressed. Its amino-terminus is 

responsible for its localization at the overlapping MTs of the central 

spindle (Mollinari et al., 2005) and its interaction with the motor 

protein KIF4A. Depletion of KIF4A leads to a broader localization of 

PRC1 at the central spindle. An in vitro reconstruction study showed 
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that PRC1 autonomously bundles antiparallel MTs and recruits 

KIF4A selectively to overlapping MTs. The processive motor KIF4A 

controls the overlap length of central spindle MTs by controlling their 

dynamics (Bieling et al., 2010). 

3.7.4.2.  Centralspindlin 

Centralspindlin is a tetrameric complex that consists of the dimeric 

kinesin 6 motor protein MKLP1 bound to another dimer of the Rho 

family GTPase-activating protein CYK4 (Mishima et al., 2002; 

Pavicic-Kaltenbrunner et al., 2007). CYK4 binds to the coiled-coil 

domain of the motor protein MKLP1 and this interaction is essential 

for the formation of the central spindle (Mishima et al., 2002; Pavicic-

Kaltenbrunner et al., 2007). Centralspindlin localizes to the center of 

the central spindle (Powers et al, 1998; Raich et al., 1998; Misima et 

al., 2002; Sellitto and Kuriyama 1988; Pavicic-Kaltenbrunner et al., 

2007; Adams et al., 1998) promoting MT bundling and RhoA 

regulation serving for the recruitment of abscission regulators (Barr 

and Gruneberg, 2007; Glotzer, 2005). 

3.7.4.3.  CPC 

The Chromosomal Passenger Complex (CPC) is another essential 

central spindle component, which consists of Aurora B, the CPC 

enzymatic subunit, INCENP, survivin and borealin (Jeyaprakash, et 

al., 2007). The kinesins MKLP1 and MKLP2 are involved in the 

accumulation of CPC at the central spindle during anaphase 

(Gruneberg et al., 2004; Neef et al., 2006; Vazquez-Novelle and 

Petronczki, 2010). Central spindle componentns such as PRC1 (Ban 

et al., 2004) and MKLP1 (Guse et al., 2005) are phosphorylated 

during metaphase by CPC. But it is not known whether this 

phosphorylation might also promote MT bundling at the central 

spindle (Lewellyn et al., 2011).  
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Figure 4. Localization of different components to the anaphase spindle. 
Schematic representation of proteins and protein complexes with anaphase spindle 

localization. Aurora A and TPX2 have a pronounced localization at the spindle poles 

but as well on the central spindle MTs. Centralspindlin, CPC, PRC1 and Kif4A 

localize to the MT overlapping zone. The augmin complex localizes to the central 

spindle MTs as well as the spindle poles and RhoA localization is restricted to the 

membrane at the equator of the cell. 

 

4. The Aurora Kinase Family 

Various kinase families control mitotic events at the entry, during 

and at the exit of mitosis (Nigg, 2001). An important mitotic family is 

the serine/threonine Aurora family which consists of Aurora A, B and 

C in humans (Fu et al., 2007). Aurora A (AurA) and Aurora B (AurB) 

kinases have a peak of activity during mitosis and are degraded late 

in mitosis by the cdh1 activated Anaphase Promoting Complex 

(APCcdh1) (Floyd et al., 2008). AurA and AurB localization and 

function during mitosis are different and take place at different 

mitotic phases. 
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4.1. Aurora A 

AurA has been extensively studied for its oncogenic properties as a 

potent target for antitumor drug development. High AurA protein 

levels have been reported in various cancer types (colon, breast, 

pancreatic, ovary etc.) and numerous studies show that AurA protein 

level alterations are detrimental for the cell (Meraldi et al, 2004). On 

one hand, silencing AurA leads to a delay or a block during mitotic 

entry and various mitotic defects. On the other hand, the increase of 

AurA protein levels leads to aberrant cell divisions generating cells 

with abnormal chromosomes (Barr and Gergely, 2007), cell 

transformation and tumor formation in immunodeficient mice (Vader 

and Lens, 2008). Additionally, cell cycle checkpoints responsible for 

monitoring spindle formation are perturbed when AurA is over-

expressed (Anand et al., 2003).  

AurA serves specific functions during cell division: it is involved in 

cell cycle progression, centrosome maturation, mitotic pole 

organization as well as bipolar spindle formation. Experiments in 

Xenopus egg extract have shown that AurA is also involved in 

microtubule nucleation and stabilization during M-phase (Sardon et 

al., 2008). 

The expression and localization of AurA is consistent with its 

function as a mitotic centrosomal kinase (Barr and Gergely, 2007). 

AurA is present on duplicated centrosomes from late S phase until 

early G1. AurA is detectable on spindle microtubules during mitosis, 

coinciding with its peak of protein expression and kinase activity.  

All these data indicate that a tight control of AurA protein levels and 

kinase activity takes place during the cell cycle. Several 

mechanisms are indeed involved in AurA control: 1) AurA protein 

levels are controlled by cell cycle regulated protein synthesis and 
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degradation (Barr and Gergely, 2007). 2) AurA kinase activity peaks 

in mitosis when it interacts with its activators. 3) Localization of AurA 

to the centrosome and the spindle microtubules is also important to 

spatially constrain its activity. AurA localization to spindle 

microtubules depends on its kinase activity and its interaction with 

TPX2. The N-terminus of TPX2 interacts in vivo with the catalytic 

domain of AurA after Nuclear Envelope breakdown. TPX2 is the best 

characterized activator of the kinase and their interaction is RanGTP 

dependent (Bayliss et al., 2004; Bayliss et al., 2003; Gruss and 

Vernos, 2004). AurA, in conjunction with its activator TPX2, 

promotes spindle assembly. Moreover, the interaction between 

TPX2 and AurA has been reported to protect the kinase from 

degradation by APC/Ccdh1 (Sardon et al., 2008; Giubettini at al., 

2010). Another mechanism of AurA kinase activity regulation is PP1 

dephosphorylation of T288 that keeps AurA inactive during 

interphase. Although AurA is well studied in the first mitotic phases 

we know little on AurA kinase function after metaphase. 

4.2. Aurora B 

The second best studied member of the Aurora kinase family, AurB, 

is the catalytic component of CPC with a clear localization to the 

kinetochores where it is involved in the correct attachment of K-

fibers, promoting chromosome bi-orientation. AurB depletion leads 

to erroneous kinetochore attachment and premature metaphase to 

anaphase transition as well as cytokinesis defects. During 

metaphase to anaphase transition AurB localizes to the spindle 

midzone and to the cell cortex where it contributes to spindle 

disassembly and chromosome decondensation (Dobrynin et al., 

2011; Hégarat et al., 2011; Joukov 2011). AurB activity is necessary 

for correct localization of the centralspindlin complex involved in 

cytokinesis (Douglas et al., 2010).  
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Concluding, we know little on how the anaphase spindle is built and 

how different factors regulate its dynamics. It is not clear whether the 

same regulatory mechanisms, involved in the metaphase spindle, 

are also necessary for anaphase spindle assembly. Thus, in this 

work we mainly focused on gaining further insights on the function of 

a major mitotic kinase on central spindle assembly and dynamics: 

AurA. 
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II. Objectives 

The main goal of the work presented in this thesis was to study the 

function of AurA activity during anaphase focusing on the central 

spindle assembly and chromosome segregation during anaphase. 

. 

Our main objectives were: 

1. To study the function of AurA kinase during anaphase. 
2. To examine the functional role of AurA kinase activity on the 

assembly and dynamics of the anaphase spindle. 
3. To gain further insight in the mechanism of AurA function 

during anaphase. 
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III. Results 

Various studies have demonstrated that AurA is a mitotic kinase that 

has key functions in metaphase spindle assembly. Although, AurA is 

only degraded late in mitosis by the APCcdh1,very little is currently 

known on the function of AurA after metaphase.  

In this work we aimed at gaining some insights on the function of 

AurA during anaphase. Since this is an experimentally challenging 

question to answer, we looked for the right conditions to interfere 

with AurA kinase activity only after the metaphase spindle was 

assembled. To do this we used different tools to interfere with AurA 

activity at selected times. We either maintained AurA fully active or 

inhibited its kinase activity during anaphase. These experiments 

were performed in two different systems to accommodate the 

limitations of either systems, human somatic cells were used to 

inhibit AurA activity and Xenopus egg extracts to maintain its kinase 

activity during anaphase. 

1. Subcellular localization of the Aurora A during 

the cell cycle 

Immunofluorescence analysis of HeLa cells with showed that AurA 

protein levels are almost undetectable in interphase. AurA 

accumulates to the centrosome as the cell enters mitosis, in 

prophase. After nuclear envelope breakdown AurA acquires a 

pronounced localization to the spindle poles until metaphase. During 

anaphase AurA remains localized to the spindle poles but also 

localizes to the central spindle MTs. AurA detection is reduced as 

the cell progresses from telophase to cytokinesis (Figure 5). 

To follow the localization of the active form of AurA we used a 

specific antibody against AurA phosphorylation on Threonine 288, 



Results 

 28 

present in the kinase domain of the protein (Figure 5). 

Phosphorylation of T288 indicates AurA kinase is active (pT288 

AurA). The signal of pT288 AurA is present after nuclear envelope 

breakdown in prometaphase. The signal peaks in metaphase and is 

mainly observed at the metaphase spindle poles. During anaphase 

the signal is slightly reduced but it is still present at the anaphase 

spindle poles. As the cell proceeds from telophase to cytokinesis the 

staining of active AurA is practically absent. Indicating that AurA 

kinase activity is tightly regulated during mitosis. 

 

 

Figure 5. Localization of Aurora A and pT288 Aurora A of HeLa cells during 
mitosis. Cells were fixed in ice-cold methanol and processed for 

immunofluorescence with anti-+Tubulin, anti-Aurora A (Top), anti-pT288 Aurora A 

(Bottom) and Hoechst to visualize DNA. Aurora A localizes to the prometaphase 

poles and MTs. The signal increases during metaphase and a decrease is observed 

during anaphase. Late in telophase Aurora A signal is reduced and is absent during 

Prometaphase

pT288
 Aurora A
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pT288 
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DNA
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cytokinesis. pT288 Aurora A also initially decorated the prometaphase spindle poles 

then during metaphase the signal increases at spindle poles. pT288 Aurora A signal 

started reducing late in anaphase and was not detectable neither in telophase nor in 

cytokinesis. Scale bars, 5*m. 

2. TPX2 silencing prevents Aurora A activation in 

prometaphase 

TPX2 is the best characterized activator of AurA. Their interaction is 

regulated by the RanGTP gradient and is responsible for the 

localization of AurA to the mitotic spindle MTs. We initially wanted to 

know whether the kinase activity of AurA is altered when TPX2 is 

absent. Our first approach was to silence HeLa cells for TPX2 and 

synchronize them with STLC in prometaphase for easier comparison 

of different conditions. Immunofluorescence images with antibodies 

recognizing AurA or the active form of AurA (pT288 AurA) in TPX2 

depleted cells are shown in Figure 6. In prometaphase AurA 

localizes to the centre of the monopolar spindle and on the MTs. 

AurA did no longer accumulate to the centre of the monopolar 

spindles of cells silenced for TPX2 but was diffuse in the cytoplasm 

while a faint centrosomal staining was observed (Figure 5). pT288 

AurA was faintly detected at the centre of the monopolar spindle, 

most probably at the centrosome where other activators of AurA 

may localize. TPX2 is necessary for correct localization of AurA on 

prometaphase spindle MTs (Figure 6).  
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Figure 6. Localization of Aurora A and pT288 Aurora A in TPX2 silenced cells. 
Aurora A (Top), pT288 Aurora A (Middle) and MT (Bottom) staining for control and 

TPX2 silenced cells synchronized in prometaphase with STLC. Scale bar, 5 *m. 

 

Figure 7. Quantification of Aurora A and pT288 Aurora A signals for control 

and TPX2 silenced HeLa cells synchronized in prometaphase. Left: Aurora A 

localizes less to the center of the monopolar spindle and becomes diffuse in the 

cytoplasm in HeLa cells silenced for TPX2 in prometaphase. Right: pT288 Aurora A 

signal is greatly reduced in TPX2 silenced cells in prometaphase. White lines 

indicates the measurement area for Aurora A and pT288 Aurora A fluorescence 

intensities plotted on the top two graphs. 
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3. Studying anaphase when Aurora A is locked in its 

active conformation by TPX2 

We wanted to gain some insight into AurA activity regulation during 

anaphase. Is there a precise regulation of AurA activity? Is TPX2, 

involved in AurA regulation during anaphase? The interaction 

between AurA and TPX2 leads to the activation of AurA and is 

RanGTP regulated. The fact that the RanGTP gradient is less active 

during anaphase (Moore, 2001; Yokoyama et al., 2009) suggests 

that their interaction might be disrupted and thus AurA may be less 

active. To understand whether the interaction between AurA and 

TPX2 is still necessary during anaphase we used a tool that keeps 

AurA activate in Xenopus egg extracts. The addition of the 39 amino 

acid long amino terminal of TPX2 is reported to interact with and 

activate AurA, independently of the RanGTP in Xenopus egg 

extracts (Sardon et al., 2008). We therefore added a GST fusion 

protein containing the 39 amino acid long amino terminal of TPX2 

(N39) and induced anaphase of Xenopus egg extracts by calcium 

addition. 

3.1. Microtubules maintain mitotic characteristics when 

Aurora A is kept active in anaphase 

We added N39 to extracts cycled to mitosis and mitotic exit was 

induced by the addition of calcium. As the egg extracts were 

progressing from metaphase to interphase we took samples for 

microscopy analysis at different time points. We observed how the 

egg extract progressed from metaphase to anaphase and eventually 

back to Interphase. In the control condition where we added 

bacterially purified GST we observed that anaphase happened as 

expected: chromosome segregation occurred and MTs transiently 

changed organization to form a long MT network typically observed 
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in interphase. The MT interphase network started to form 30 minutes 

after calcium addition. Surprisingly, when AurA was kept active by 

N39 we observed that MTs maintained a mitotic organization for a 

longer compared to control. N39 containing extracts did not manage 

to organize MTs into a typical interphase network even 90 minutes 

after calcium addition (Figure 8).  

 

Figure 8. Active Aurora A affects the correct metaphase to interphase 

progression. Representative images of mitotic and interphase structures of Aurora 

A GST 20*M (control) and GST-N39 (N39) containing extract. 1*L samples were 

squashed at different times, as indicated. Scale bar, 10*m. 

 

We quantified the different types of MT organizations at different 

time points. We observed that one hour after calcium addition 67% 

of the nuclei in the N39 containing extract were associated with 

anaphase MT organization whereas this was the case for only 41% 

of the nuclei in control extract. Ninety minutes after calcium addition, 

the N39 extract still contained 34% of mitotic structures whereas in 

control extract most nuclei were back into interphase with 14% of 

anaphase structures (Figure 9). These results suggest that the 

down-regulation of AurA activity is essential for the correct MT 

organization transition from metaphase to interphase.  
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Figure 9. MTs maintain their anaphase organization longer when Aurora A is 

kept active during anaphase. Egg extract samples were taken at different time 

points and analysed. Keeping Aurora A active during anaphase resulted to an 

increase of anaphase structures. Representative images of the different structures 

that were quantified at different time points are presented. 

 

3.2. Chromatin segregation and nuclear envelope 

formation is defective when AurA is kept active 

during anaphase 

As the Xenopus egg extracts progressed to interphase the 

segregated chromatin decondenses and the nuclear envelope 

reforms around it. We quantified the morphology of the nuclei of N39 

and GST containing extract as they progressed from metaphase to 

interphase. We found that in the control extracts 60 minutes after 

mitotic exit induction 69% of the chromatin was decondensed while 

only 25% appeared still condensed (Figure 10). Interestingly, when 
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AurA was maintained active 50% of the chromatin was still 

condensed and additionally 32% showed an aberrant morphology 

(Figure 10). We conclude that when AurA is maintained active 

during anaphase chromatin fails to decondense.  

 

Figure 10. Chromatin remains condensed when Aurora A is kept active during 

anaphase. Egg extract samples were taken at different time points and analysed 

the morphology of the nuclei. Keeping Aurora A active during anaphase results in 

decreased chromatin decondesation. Representative images of the different 

chromatin morphologies that were quantified at different time points are presented. 

 

As chromatin fails to decondense when AurA is kept active, we 

examined whether this also affects nuclear envelope assembly. We 

performed two different experiments to investigate nuclear envelope 

formation around the decondensing chromatin when the egg extract 

was cycled to interphase. As a first approach we stained for the 
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nuclear membrane with a lipophilic dye DiOC6. We found that in 

control extracts the nuclear membrane assembles as DiOC6 staining 

indicates. The absence of DiOC6 signal around the nucleus of N39 

containing extracts indicate that the nuclear membrane did not 

assemble when AurA was maintained active (Figure 11).  

The second approach was to add to the egg extract a GFP-sumo 

fusion of the Importin Beta Binding domain (GFP-sumo-IBB). GFP-

sumo-IBB is expected to interact with importin , and thus localize to 

the interphase nuclei after nuclear envelope formation. As a control 

we also added GFP tagged sumo protein (GFP-sumo) that was not 

expected to give any specific nuclear staining. In control extracts we 

observed that GFP-sumo-IBB was indeed localizing to the 

interphase nucleus but when AurA was maintained active GFP-

sumo-IBB did not give any specific nuclear staining (Figure 11).  

Overall both methods showed that when AurA is kept active the 

nuclear envelope fails to form around the decondensing chromatin. 

These results strongly suggest that AurA activity needs to be down-

regulated for the assembly of the nuclear envelope at the end of 

mitosis.  
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Figure 11. Maintaining Aurora A active leads to defective nuclear envelope 

formation during anaphase. Top: The lipophilic dye DiOC6 was used to stain for 

the nuclear membrane of control and N39 containing extracts. Middle: Purified GFP-

sumo protein was added to control and N39 containing extracts. Bottom: Purified 

GFP-sumo-IBB signal is observed inside the properly formed control nucleus. No 

specific staining of GFP-sumo-IBB was observed for N39 containing extracts. Scale 

bar, 5*m. 

 

3.3. Cdk1 activity profile is not altered when Aurora A is 

maintained active in anaphase 

The defects in MT organisation, chromatin decondensation and 

nuclear envelope assembly in the presence of activated AurA could 

potentially be a consequence of an altered cell cycle status. We 

therefore investigated whether the maintenance of an active AurA 
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after metaphase could alter the inactivation profile of the Cyclin 

B/Cdk1 complex, the master mitotic regulating kinase. We 

performed an MPF (Metaphase Promoting Factor) activity assay 

with egg extract samples collected at different time points by 

measuring the in vitro activity of the Cyclin B/Cdk1 complex on 

Histone H1. We did not observe any significant change in the profile 

of the MPF activity over time for control or N39 containing extracts 

(Figure 12). Therefore, we conclude that Cdk1 inactivation was not 

altered when AurA was kept active during mitotic exit.  

Incorrect inactivation of CyclinB/Cdk1 therefore is probably not the 

cause of the observed defects on MT organization and nuclei 

formation during mitotic exit. Altogether, our results indicate that 

down-regulation of AurA activity is necessary for correct MT 

organization and nuclear envelope assembly late in mitosis. 

 

Figure 12. MPF activity profile. CyclinB/Cdk1 phosphorylation activity on Histone 

H1 of samples taken from different time point were analysed in vitro for control and 

N39 containing extracts. 
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4. Studying the role of Aurora A activity in HeLa 

cells after metaphase 

Our results in the Xenopus egg extract indicate that AurA needs to 

be down-regulated for successful MT organization and chromosome 

segregation during anaphase. We then asked how would anaphase 

progress when AurA is inhbited. One possibility would be to silence 

cells for TPX2 and thus inactivate the kinase. But, TPX2 silenced 

cells do not form a metaphase spindle, therefore if anaphase 

occurred it would be difficult to understand whether any observed 

phenotype is due to a defect in metaphase or in anaphase. To 

circumvent this experimental limitation we used a specific AurA 

inhibitor. We used MLN8237 (MLN), an ATP analogue that is 

reported to specifically inhibit AurA (Gorgun et al., 2010; Sloane et 

al., 2010; Malfredi et al., 2011). We first determined the optimal 

concentration of the inhibitor to target specifically AurA in STLC 

synchronized prometaphase HeLa cells (Figure 13). We found that 

the pT228 signal in our Western Blot analysis was absent for cells 

incubated with a concentration between 200 and 300nM of MLN.
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Figure 13. Test of MLN inhibition efficiency. HeLa cells syncronyzed in 

prometaphase with STLC and lysed after incubation with increasing MLN 

concentrations for 30 minutes. pT288 signal is reduced with 200 and 300nM of MLN. 

 

Then, HeLa cells were arrested in metaphase with the proteasome 

inhibitor MG132 and incubated with different concentrations of MLN. 

We observed that 250nM of MLN was sufficient to inhibit AurA 

activity, evaluated by the pT288 AurA signal reduction of metaphase 

cells (Figure 15). Moreover, we found that AurA signal was reduced 

from MTs and appeared cytosolic (Figure 14) as in prometaphase 

cells silenced for TPX2 (Figure 6). Overall, these results indicate that 

250nM of MLN efficiently inhibits AurA activity both in prometaphase 

and metaphase arrested cells. And also that AurA localization to 

spindle MTs depends on its interaction with TPX2 as well as on its 

own kinase activity.  
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Figure 14. Aurora A localization of metaphase cells incubated with MLN. HeLa 

cells synchronized in metaphase and incubated with increasing concentrations of 

MLN for 30 minutes. Cells were then fixed with ice-cold methanol and processed for 

immunofluorescence with anti-&Tubulin, anti-Aurora A and Hoechst to stain the DNA. 

Aurora A localization to the spindle poles is reduced when we incubated with 250nM 

MLN. Scale bar, 5 *m. 

 

 

Figure 15. pT288 Aurora A localization of metaphase cells incubated with MLN. 

HeLa cells synchronized in metaphase and incubated with increasing 
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concentrations of MLN for 30 minutes. Cells were then fixed with ice-cold methanol 

and processed for immunofluorescence with anti-&Tubulin, anti-pT288 Aurora A and 

Hoechst to stain the DNA. pT288 Aurora A signal to the spindle poles is already 

reduced when we incubated with 100nM and was absent when we incubated cells 

with 250nM MLN. Scale bar, 5 *m. 

 

4.1. Aurora A activity is necessary for metaphase 

spindle stability 

In these initial AurA inhibition experiments of metaphase arrested 

HeLa cells we also observed that the metaphase spindles size was 

reducing at higher MLN concentrations (Figures 14 and 15). Various 

studies have shown that AurA is important for the building of a 

proper metaphase spindle (Barr and Gergely 2003; Carmena et al., 

2009) but it is still not clear whether its kinase activity plays any role 

in the maintenance of the metaphase spindle. Therefore, we carried 

out inhibition experiments to study the importance of AurA activity in 

metaphase spindle maintenance. We performed a live cell imaging 

experimental approach where we synchronized cells in metaphase, 

and while blocked in metaphase, we incubated cells with MLN in 

order to inhibit AurA activity after bipolar spindle establishment. The 

still frames of a representative movie indicate that inhibiting AurA 

eventually leads to the collapse of an already established 

metaphase spindle (Figure 16). Suggesting, that AurA activity is not 

only important for bipolar spindle assembly but also necessary for 

the maintenance of already established bipolar mitotic spindles. 
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Figure 16. Aurora A activity is necessary for metaphase spindle stability. 

Constitutively expressing GFP-H2B and RFP-+Tubulin HeLa cells were 

synchronized to metaphase with MG132 for 30 minutes. Fresh medium with either 

MG132+DMSO or MG132+MLN 250nM was added to the cells on the microscope 

stage at time 0 minutes. Spindles of cells incubated with MLN gradually collapsed. 

Scale bars, 5 *m. 

 

4.2. Aurora A activity is required for its own localization 

in anaphase 

Our results on metaphase inhibition of AurA indicate that AurA 

activity is necessary for bipolar spindle maintenance. In order to 

determine whether AurA activity has any function in anaphase it was 

therefore essential to let cells assemble a bipolar spindle and only 

incubate cells with the inhibitor at the onset of anaphase.  

We developed a protocol to synchronize cells first in prometaphase 

and then release them to proceed to metaphase and anaphase. 

When cells entered anaphase we incubated them with MLN. To 

determine the inhibition efficiency in anaphase we used the anti 
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pT288 AurA antibody and as a control for specific inhibition the anti 

pT232 AurB antibody for immunofluorescence studies. On one hand, 

we found that pT288 AurA signal was absent from the spindle poles, 

when incubating the cells with 250nM of MLN. On the other hand, 

pT232 AurB signal was not altered under the same conditions 

(Figure 17). These data indicate efficient inhibition of AurA kinase in 

anaphase thus proving that MLN is an efficient AurA inhibitor of 

anaphase HeLa cells.  

 

Figure 17. pT288 Aurora A and pT232 Aurora B staining for cells incubated 

with MLN. pT288 Aurora A signal is absent for anaphase cells incubated with MLN 

250nM while pT232 Aurora B signal remains unaffected. Top left: Cells were fixed 

with ice-cold methanol and processed for immunofluorescence with anti-+Tubulin, 

anti-pT288 Aurora A and Hoechst to stain the DNA. Top right: Total pT288 Aurora A 

fluorescent signal normalized for the background signal. Bottom left: Cells were 

fixed with ice-cold methanol and processed for immunofluorescence with anti-

+Tubulin, anti-pT232 Aurora B and Hoechst to stain the DNA. Bottom right: Total 
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pT232 Aurora B fluorescence signal normalized for the background signal. Scale 

bar, 5 *m. 

 

We then looked at the localization of AurA protein. AurA localizes to 

the anaphase spindle poles as well as to the central spindle MTs. 

AurA localized less to the central spindle microtubules in cell treated 

with MLN (Figure 18). These data indicate that AurA localization or 

its turnover in anaphase requires its own kinase activity.  

 

Figure 18. Confocal images of Aurora A localization for anaphase cells. HeLa 

cells in anaphase were fixed with ice-cold methanol and subjected to 

immunofluorescence staining with anti-Aurora A, anti-+-ubulin and Hoechst to 

visualize DNA. Anti-Aurora A staining of anaphase cells mainly stains the spinde 

poles and the central spindle MTs of control cells whereas for MLN 250nM 

incubated cells Aurora A signal accumulates to the anaphase poles and is reduced 

on central spindle MTs. Scale bar, 5*m. 

 

4.3. AurA inhibition after metaphase slows down late 

mitotic phases and promotes chromosome 

segregation defects 

We looked for further insights into how AurA inhibition affects 

anaphase of HeLa cells. After releasing cells from metaphase arrest 
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with MG132 we started time-lapse videos as cells were progressing 

to telophase. On the microscope stage when cells were entering 

anaphase, and while acquiring images, we exchanged the medium 

with fresh medium containing the inhibitor. Images were recorder at 

1-minute intervals to obtain time-lapse movies to follow cells 

undergoing anaphase (Figure 19A).  

We first observed that AurA inhibition did not prevent anaphase and 

chromosome segregation. We quantified the time each cell spent 

from the initiation of chromosome segregation to the complete 

contraction of the furrow (Figure 19B). Anaphase and telophase 

lasted 13,5 (±0,3) minutes for control cells whereas they lasted 16,7 

(±0,5) minutes for AurA inhibited cells. AurA inhibited cells therefore 

spent on average 3,2 minutes more in the late mitotic phases than 

control cells. These results show that AurA activity is necessary for 

proper timing of the late mitotic phases. 

A closer analysis of the time lapse recordings showed that 88% of 

the cells incubated with MLN presented defects of chromosome 

segregation, mainly chromatin bridges (Figure 19C). Similar defects 

were also observed in only 33% of the control cells. These 

chromosome segregation defects suggest that AurA kinase activity 

is necessary for correct chromosome segregation in anaphase.  

Altogether, our results indicate that AurA kinase activity is necessary 

for correct timing of the late mitotic phases as well as correct 

chromatin segregation to the forthcoming daughter cells.  
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Figure 19. Late mitotic phases for HeLa cells incubated with MLN. A) 
Constitutively expressing GFP-H2B and RFP-+Tubulin HeLa cells were filmed as 

they were progressing to anaphase and telophase. Fresh medium with either 

DMSO (CTRL) or MLN 250nM (MLN) was added to the cells on the microscope 

stage at time ~0 minutes. B) Late mitotic phases were delayed for cells incubated 

with MLN. C) Chromosome segregation defects increased for cells incubated with 

MLN. Scale bar, 5 *m. 

 

4.4. AurA kinase activity is required for correct 

anaphase spindle size and dynamics 

During anaphase the K-fibers are the MT bundles that pull each 

sister chromatid to the opposite poles. Thus, we reasoned that K-

fibers might be affected when AurA is inhibited since chromosome 

segregation defects were observed for cells incubated with MLN. As 

an indication of K-fiber stability we measured the distance between 

each spindle pole to the nearest chromatin mass and obtained the 

average of the two measurements for each spindle and at several 

time points. The average K-fiber sizes during anaphase of the K-

fibers was reduced by ~1 µm in cells incubated with the AurA 
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inhibitor (Figure 20B). This indicates that AurA kinase activity is 

necessary for K-fiber length during chromosome segregation in 

anaphase.  

We then looked at the other anaphase spindle MTs to determine 

whether AurA activity could be a more general regulator of MT 

dynamics during anaphase. We first measured the anaphase 

spindles size and observed a reduced size when AurA was inhibited 

(Figure 20A). This observation suggests that AurA activity is 

necessary for the correct elongation of the anaphase spindle.  

The central spindle is reported to contribute to the correct anaphase 

spindle elongation (Douglas and Mishima, 2010). Thus, we looked 

whether the central spindle was forming correctly in cells incubated 

with the AurA inhibitor during anaphase. We measured the central 

spindle size in the time-lapse movies of controls and MLN treated 

cells and found that the central spindle was ~2*m shorter when 

AurA was inhibited (Figure 20C).  

We conclude that AurA activity has an important function for K-fiber 

dynamics, central spindle assembly/elongation and anaphase 

spindle elongation.  
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Figure 20. Anaphase spindle dynamics. Constitutively expressing GFP-H2B and 

RFP-+Tubulin HeLa cells were filmed as they progressed to anaphase and 

telophase. Fresh medium with either DMSO (CTRL) or MLN 250nM (MLN) was 

added to the cells on the microscope stage at time 0 minutes. A) Pole to pole 

distance of MLN incubated cells is shorter than control cells. B) The average 

distance between the spindle poles to their nearest chromatin is shorter when 

Aurora A is inhibited during anaphase. C) Central spindle of anaphase cells are 

shorter when Aurora A is inhibited during anaphase. Top right: Cartoon indicating 

the different aspects of the anaphase spindle we measured. 

 

4.5. Aurora A activity is required for central spindle 

assembly 

We first assessed MT assembly properties in control and MLN 

treated cells using cold MT depolymerisation/regrowth assay in 

HeLa cells released to anaphase (Figure 21). Initially, we quantified 

the total MT intensity of the anaphase spindles and summed it up to 

a line profile for control and MLN treated cells. Incubation of cells for 

10 minutes with AurA inhibitor resulted in a reduction of the MT 

B C

A
!"#$
%$&

BC

A

' ( ) * + ,' ,(
'

(

)

*

-.
/0
12
345
67
/8
3.
43.
/9
0:
4;<
=
>

07=.4;=7/>

' ( ) * + ,' ,(
)

*

+

,'

,(

07=.4;=7/?0.5>

6@
3.
40@
46
@3
.4
87
50
2/
-.
4;
=
>

' ( ) * + ,' ,(
'A'

'AB

,A'

,AB

(A'

(AB

CA'

DE
.1
29
.4
FG
H7I
.1
43.
/9
0:
4;
=
>

07=.4;=7/>



Results 

 49 

intensity (Figure 21A). When MT depolymerisation was induced by 

cold treatment for 15 minutes, we observed that MTs were less 

stable when AurA was inhibited. This was particularly visible 5 

minutes after cold treatment (Figure 21C). Cells where then 

incubated at 37 degrees and MT regrowth was allowed during 15 

minutes. The total MT intensity of anaphase spindle was observed to 

be lower for cells incubated with MLN compared to control cells 

(Figure 21B). Altogether, these results indicate that AurA activity is 

required for MT stability and de novo MT assembly of the anaphase 

spindle.  

 

Figure 21. MT depolymerisation and regrowth assay of HeLa cells in anaphase. 

A) HeLa cells were fixed with ice-old methanol at 10 minutes after incubated with 

DMSO (CTRL) or MLN 250nM (MLN), at 15minutes after incubation on ice (MT 
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depolymerization) and at 15 minutes after incubation at 37oC (MT regrowth). B) 

Total +Tubulin intensity quantification of anaphase cells after 10 minutes incubation 

with the inhibitor and 15 minutes after incubation at 37oC (MT regrowth). C) HeLa 

cells were incubated on ice for 5 minutes and then fixed and immunostained for 

+-ubulin. Scale bar, 5 *m. 

4.6. AurA activity is required for the organization and 

dynamics of the central spindle 

To visualize better the central spindle MTs we produced high-

resolution confocal images and observed that the central spindle 

MTs were not correctly organized in cells incubated with the AurA 

inhibitor (Figure 22). The typical interdigitating organization of 

antiparallel anaphase MTs, was disturbed for 74% of the AurA 

inhibited cells whereas only 8% of the control cells showed defects 

(Figure 22).  

 

To examine whether microtubule dynamics were affected by AurA 

inhibition we performed time-lapse analysis of the anaphase 

spindles of constitutively expressing GFP-EB3 HeLa cell. High time 

resolution, 1 frame every 0,6 seconds, time-lapse movies allowed us 

to quantitatively calculate the EB3 comets that are markers for the 

dynamics of MT plus ends. A maximum intensity projection image of 

12 seconds results in lines representing growing MT plus ends. We 

quantified the total GFP-EB3 intensity of control and MLN incubated 

cells and found reduced GFP-EB3 signal for cells incubated with 

MLN compared to control cells (Figure 23).   

We then performed an automated tracking of EB3 decorated MT 

growing plus tips using the plusTipTracker software (Applegate and 

Danuser, 2011). The output of the automated tracking resulted in 

reduced MT nucleation density for cells incubated with the AurA 

inhibitor (Figure 23). The reduced number of growing MT plus tips 
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indicates that AurA activity is necessary for correct MT dynamics of 

anaphase cells.  

 

Figure 22. Organization of the central spindle MTs of anaphase HeLa cells. 

HeLa cells in anaphase were fixed with ice-cold methanol after 15 minutes 

incubation with DMSO (CTRL) or MLN 250nM (MLN) and subjected to 

immunofluorescence staining with anti-+Tubulin. The representative images of 

anaphase cells show that Aurora A inhibition results in the increase of anaphase 

cells with unorganized central spindles. Scale bar, 5 *m.  

 

Figure 23. MT dynamics of anaphase HeLa cells. Time-lapse movies of 

anaphase HeLa cells constitutively expressing GFP-EB3 were done right after 

DMSO (CTRL) or MLN 250nM (MLN) incubation. Left: Maximum projection of 12 

seconds of GFP-EB3 cells. Red lines indicate the automated tracking of GFP-EB3 

comments by plusTipTracker. Middle: MT Nucleation density was calculated to be 

reduced for anaphase cells incubated with MLN by the plusTipTracker software. 

Right: Total GFP-EB3 fluorescence intensity was also reduced for anaphase cells 

incubated with MLN. Scale bar, 5 *m. 
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4.7. Localization of different anaphase related factors 

To get a better insight into the reasons of the defects of central 

spindle assembly and the mechanism by which AurA activity 

participates in its assembly and organization we looked at the 

localization of different factors that are known to have a function in 

anaphase, telophase and/or cytokinesis. From all the factors we 

studied their localization we have detected a change in localization 

for AurB, AurA, TACC3, TPX2, MKLP1, Eg5, Plk1, KIF4A and PRC1 

of anaphase cells incubated with MLN (Figure 24). On one hand, we 

observed an accumulation at the anaphase spindle poles of: Eg5, 

AurA, TACC3 and TPX2. On the other hand, we observed a more 

diffuse localization of proteins that specifically localize to the centre 

of the central spindle when AurA was inhibited: AurB, Kif4A, MKLP1, 

Plk1 and PRC1. All the aforementioned components have very 

distinct functions inside the cell and a closer look could reveal a new 

function of these proteins related to AurA. By contrast, the 

localization of MKLP2, PP2A, Fam29a, CENPE and MCAK was not 

altered when cells were incubated with the AurA inhibitor (Figure 24). 

Mislocalization of components to the anaphase spindle might be a 

consequence of defective MT assembly and/or organization when 

cells are incubated with MLN. The fact that some components 

maintained their localization both in control and MLN treated cells 

might mean that AurA either does not regulate their function or that 

their localization does not depend on central spindle MTs. 
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Figure 24. Localization of different proteins of anaphase HeLa cells. Anaphase 

HeLa cells stained for +Tubulin (red), DNA (blue) and the corresponding central 

spindle component (green). Scale bar, 5 *m. 
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4.8. Identifying AurA substrates involved in the 

regulation of anaphase spindle microtubule dynamics. 

4.8.1. Distinct functions of AurA and the Augmin complex 

during Anaphase 

To obtain a better understanding on the mechanism by which AurA 

regulates anaphase spindle MT dynamics and organization we 

looked for known AurA substrates that have a role in MT assembly. 

Uehara and Goshima (2010) have shown that the Augmin complex 

plays a crucial role in the de novo nucleation of anaphase 

microtubules. The protein that docks the Augmin complex to pre-

existing microtubules, HICE1, has recently been reported to be 

regulated by AurA (Tsai et. al, 2011). We therefore examined 

anaphase in cells silenced for Dgt6. Our results indicate that 

depletion of the Dgt6 (resulting to a dysfunctional Augmin complex) 

causes defects to anaphase cells different than AurA inhibition 

(Figure 25). As previously reported Dgt6 generates 

interchromosomal MTs and subsequently contributes to the 

formation of the central spindle (Uehara and Goshima, 2010). Earlier 

reports shows that the number of bi-nucleated cells increases and 

the contractile furrow regresses when Dgt6 is depleted (Uehara et. 

al, 2009). In accordance to their observations we observed an 

increased number of cells with regressed furrows (bi-nucleated cells). 

But also cells with defective central spindles although less than 

when we incubate cells with MLN. The fact that bi-nucleated cells 

were not observed when cells were treated with MLN suggests that 

AurA and the Augmin complex might have different functions in 

anaphase. 
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Figure 25. Anaphase defects for Dgt6 silenced HeLa cells. HeLa cells were 

silenced for Dgt6 for 70 hours. Left: Quantification of the different types of anaphase 

cells indicates that when silenced for Dgt6 HeLa cells underwent contractile furrow 

regression. Representative images of the different phenotypes are shown below the 

graph. Right: Chromatin segregation defects were quantified for control and Dtg6 

silenced cells. Scale bars, 5 *m. 

 

4.8.2. AurA and TACC3 together coordinate central 

spindle 

TACC3 is a known AurA substrate in metaphase involved in MT 

assembly and stabilization. TACC3 is phosphorylated by AurA on 

Serine 558 (pTACC3) during mitosis. We used an antibody that 

specifically recognizes the phosphorylated form of Xenopus TACC3 

on S626 and also cross-reacts with the phosphorylated form of the 

human TACC3 (Pascreau et al., 2005; Lin et al., 2010). In Figure 26 

we show that pTACC3 is present at the spindle poles and MTs of 

prometaphase cells and stays at the poles until anaphase. pTACC3 

signal was not detected in telophase cells. We asked whether the 

Inhibition of AurA affected TACC3 function. pTACC3 signal was 

reduced for anaphase cells incubated with MLN as well as for cells 
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silenced for TACC3 (Figure 27). Jointly, these results suggest that 

AurA is phosphorylating TACC3 in anaphase and this 

phosphorylation could be involved in the regulation of anaphase 

spindle microtubule dynamics.  

 

Figure 26. Localization of pTACC3 in HeLa cells during mitosis. Cells were 

fixed with glutaraldehyde and processed for immunofluorescence with anti-+Tubulin, 

anti-pMaskin and Hoechst to visualize DNA. pTACC3 localizes to the prophase 

poles and MTs, the signal increases during metaphase and a decrease is observed 

during anaphase. Late in telophase pTACC3 signal is reduced and is absent during 

cytokinesis. Scale bar, 5 *m. 
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Figure 27. Localization of pTACC3 of MLN incubated and TACC3 silenced 
cells. pTACC3 localization of HeLa cells incubated with MLN is not detectable at 

the anaphase spindle poles. pTACC3 staining is greatly reduced from the anaphase 

spindle poles of cell silenced for TACC3. Scale bar, 5 *m. 

 

We silenced HeLa cells for TACC3, released them from 

prometaphase block to progress to anaphase and incubated them 

with DMSO or with the AurA inhibitor (Figure 28A). We quantified the 

number of cells with missegregated chromosomes and found that 

the control cells had 11% of the anaphases with missegregated 

chromosomes, mostly chromatin bridges (Figure 28B). When control 

siRNA cells were incubated with MLN we observed an increase to 

38% of cells with chromosome segregation defects. To our surprise, 

we observed misaligned chromosomes for ~35% of siTACC3 treated 

cells in all conditions. Silencing TACC3 results in an increased 

number of cells with missegregated chromosomes similar to the 

increase observed when cells were incubated with the AurA inhibitor.  

We then quantified how many of the anaphase cells silenced for 

TACC3 had a central spindle. (Figure 28C) Confirming our previous 

analysis AurA inhibition resulted in a significant increase of cells 
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without central spindle (24% versus 8% in control cells). TACC3 

silenced cells also lacked a central spindle in 18% of the cases both 

for control and MLN treated cells. Thus, we propose that both AurA 

activity and TACC3 are similarly involved in chromosome 

segregation as well as central spindle assembly since no 

accumulative effects were observed for TACC3 silenced cells 

incubated with MLN. 

The phenotypes observed in TACC3 silenced cells could be due to 

altered anaphase spindle MT dynamics like those observed upon 

AurA inhibition. Indeed, we stained for tubulin and observed a clear 

reduction of MTs fluorescence intensity in TACC3 silenced cells 

(Figure 28A) indicating that AurA activity and TACC3 are necessary 

for anaphase spindle MT assembly. 

We found that central spindle formation is affected for cells silenced 

for TACC3. We wanted to further investigate the dynamics of 

anaphase MTs of TACC3 silenced cells. We silenced TACC3 for 

constitutively expressing GFP-EB3 HeLa cells and filmed single cells 

during anaphase like we did for MLN incubated cells. Quantification 

of the total GFP-EB3 fluorescence intensity for different conditions 

show reduced GFP-EB3 signal for TACC3 silenced cells compared 

to control cells (Figure 28C).   

Automated tracking of EB3 decorated microtubule growing plus tip 

using the plusTipTracker software quantified a reduced MT 

nucleation density for TACC3 silenced cells (Figure 28C) indicating 

that TACC3 is necessary for correct MT dynamics of anaphase cells.  

Jointly our results show that both AurA activity and TACC3 are 

necessary for correct chromosome segregation and central spindle 

MT assembly and dynamics. We should consider though that when 

AurA is inhibited and/or when TACC3 is silenced anaphase still 
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takes place suggesting that other pathways might also be involved 

to ascertain that anaphase occurs. 

 

Figure 28. Central spindle and chromosome segregation defects for TACC3 
silenced HeLa cells. HeLa cells were silenced for TACC3 for 70 hours. A) Central 

spindle formation was defective when cells were incubated with MLN as well as 

when we silenced for TACC3. B) Chromatin misalignment is equally increased for 

cells incubated with MLN and for cells silenced for TACC3. C) Time-lapse movies of 

unsynchronized HeLa cells constitutively expressing GFP-EB3 were done after 70 

hours of TACC3 silencing. Maximum projection of 12 seconds of GFP-EB3 cells. 

Red lines indicate the automated tracking of GFP-EB3 comments by plusTipTracker. 

Scale bars, 5 *m. 

 

5. Aurora B inhibition during anaphase 

AurA and AurB, members of the same Aurora kinase family, have 

distinct subcellular localization and functions as previously described. 

AurB has been mainly attributed functions for the spindle checkpoint, 

chromatin decondensation and cytokinesis. We wanted to study 

whether AurA and AurB kinase activities have distinct functions 
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during anaphase. We incubated cells with AZD1152 (AZD) a small 

molecule to specifically inhibit AurB (Wilkinson et al., 2007; Walsby 

et al., 2008) and performed the same set of experiments as with 

MLN.  

We evaluate the inhibition efficiency of AZD in anaphase by specific 

immunostaining of pT232 AurB (active AurB) and as a control of 

specific inhibition we also used the anti pT288 antibody to stain for 

active AurA. On one hand, we found that incubating the cells with 

100nM of AZD reduced the pT232 AurB signal from anaphase 

spindle midzone. On the other hand, pT288 AurA signal was not 

altered when we treated cells with AZD (Figure 29). These data 

indicate that AZD is an efficient inhibitor for AurB and specifically 

inhibits its kinase activity anaphase without interfering with AurA 

activity.  

 

Figure 29. pT288 Aurora A and pT232 Aurora B staining for cells incubated 

with AZD. Cells were then fixed with ice-cold methanol and processed for 

immunofluorescence with anti-+Tubulin, anti-pT288 Aurora A and Hoechst to stain 

the DNA. pT232 Aurora B signal is absent for anaphase cells incubated with AZD 

100nM while pT288 Aurora A signal remains unaffected. Scale bar, 5 *m. 

 

We then performed time-lapse recording experiments and while 

imaging, we exchanged the medium with fresh medium containing 
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AZD. We observed that anaphase took place for cells incubated in 

AZD and measured the time cells spent in late mitotic events (Figure 

30). We found that it took 13,8 (±0,3) minutes for control cells 

whereas 16,3 (±0,8) minutes for cell incubated with AurB inhibitor. 

AurB inhibited cells spent on average 2,5 minutes more to complete 

anaphase and telophase compared to control cells (Figure 30). 

Indicating that AurB activity is important for the proper timing of the 

last mitotic phases. 

 

Figure 30. Late mitotic phases for HeLa cells incubated in AZD . Top: 
Constitutively expressing GFP-H2B and RFP-+Tubulin HeLa cells were filmed as 

they were progressing to anaphase and telophase. Fresh medium with either 

DMSO (CTRL) or AZD 100nM (AZD) was added to the cells on the microscope 

stage at time ~0 minutes. Bottom: Late mitotic phases were delayed for cells 

incubated with AZD. Scale bars, 5 *m. 

 

We measured different aspects of the anaphase spindle as we did 

with AurA inhibited cells. The pole to pole distance of the elongating 

anaphase spindle was not different for control and AZD treated cells. 

We also measured the length of the forming central spindle and the 

distance between each pole to its closest chromatin as a K-fiber 
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length indication. Neither central spindle size nor K-fiber length was 

significantly different between control and AZD incubated cells. 

Altogether our results show that although anaphase happens slower 

the anaphase spindle size and elongation are not affected when 

AurB is inhibited specifically during anaphase. 

 

Figure 31. Anaphase spindle dynamics are unaltered when HeLa cells are 
incubated with AZD. Constitutively expressing GFP-H2B and RFP-+Tubulin HeLa 

cells were filmed as they were progressing to anaphase. Fresh medium with either 

DMSO (CTRL) or AZD 100nM (AZD) was added to the cells on the microscope 

stage at time 0 minutes. Pole to pole distance of AZD incubated cells (Left), the 

average spindle pole to the nearest chromatin distance (Middle) and central spindle 

length are not altered when HeLa cells are incubated with AZD during anaphase. 

 

We considered that the slower progression of anaphase and 

telophase might be an indication that inhibition of AurB might affect 

anaphase spindle MT organization. Thus, we quantified cells that 

had a properly organized central spindle and those that did not. We 

found that 53% of the cells did not manage to properly organize their 

central spindle when AurB was inhibited, compared to 8% for the 

control cells (Figure 32). We questioned whether these unorganized 

central spindles were a result of MT dynamics/assembly defects. We 

performed a MT regrowth assay incubating cells with AurB inhibitor. 

Our quantifications of tubulin fluorescence intensity did not show any 

significant difference between AurB inhibited cells and control cells 

(Figure 32).  
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We proceeded in a more detailed tracking of individual growth 

events as a more accurate manner to detect altered MT dynamics. 

Stably expressing GFP-EB3 cells were used to detect single growth 

events at a time resolution of a frame every 0,6 seconds. The 

quantification of GFP-EB3 total intensity of the maximum projection 

of 12 seconds revealed a reduced average intensity of GFP-EB3 

compared to control cells. Our second approach was to 

automatically track GFP-EB3 growing plus tips with the 

plusTipTracker software. We found that nucleation density of the 

EB3 comets was slightly reduced in anaphase cells incubated with 

the AurB inhibitor compared to control cells (Figure 32). Indicating a 

reduced number of MT growth events when AurB was inhibited 

during anaphase. In summary, we found that when cells were 

incubated with the AurB inhibitor chromatin segregation defects 

increased and late mitotic events were delayed by 2,5 minutes. We 

also observed reduced MT growth events for cells incubated in AZD 

compared to control cells. Altogether, these results suggest that 

AurB activity is also important for MT dynamics and organization 

during anaphase suggesting that AurB and AurA might have 

overlapping or complementing functions during anaphase. Overall, 

inhibition of AurB resulted to weaker anaphase spindle defects 

compared to AurA inhibition. 
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Figure 32. Anaphase central spindle and chromosome segregation defects for 

AZD incubated HeLa cells. Top left: Central spindle organization was defective 

when cells were incubated with AZD. Top right: HeLa cells were fixed with ice-old 

methanol at 10 minutes after incubated with DMSO (CTRL) or AZD 100nM (AZD), 

at 15minutes after incubation on ice (MT depolymerization) and at 15 minutes after 

incubation at 37oC (MT regrowth). Total +Tubulin intensity quantification of 

anaphase cells after 10 minutes incubation with the inhibitor and 15 minutes after 

incubation at 37oC (MT regrowth). Time-lapse movies of constitutively expressing 

GFP-EB3 HeLa cells were done right after AZD incubation. For the maximum 

projections of 12 seconds of GFP-EB3 cells red lines indicate the automated 

tracking of GFP-EB3 comments by plusTipTracker. Scale bar, 5 *m. 
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mitosis without anaphase, forming polyploid daughter cells with a 

single nucleus. Moreover, the same authors report a failure of 

spindle MT depolymerisation after Cdk1 inactivation under the same 

conditions (Hégarat et al,. 2011). We performed live cell imaging of 

anaphase HeLa cells incubated in both AurA and AurB inhibitors. 

We observed that AurA and AurB inhibition was detrimental for 

anaphase to occur. Incubation of cells with both MLN and AZD 

strongly interfered chromatin segregation (Figure 33). Moreover, the 

central spindle did not form probably due to affected MT dynamics. 

We conclude that both AurA and AurB kinase activities are 

necessary for a successful completion of mitosis. 

 

Figure 33. Late mitotic phases for HeLa cells incubated with MLN and AZD. 

Constitutively expressing GFP-H2B and RFP-+Tubulin HeLa cells were filmed as 

they were progressing to anaphase and telophase. Fresh medium with either 

DMSO (CTRL) or AZD 100nM (AZD) was added to the cells on the microscope 

stage at time ~0 minutes. Scale bars, 5 *m. 
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IV. Discussion 

1. Crosstalk between Aurora A and the cell cycle 

AurA is a cell cycle regulated kinase both at the level of protein 

concentration and kinase activity. During Interphase AurA levels and 

activity are low, both peak during mitosis. This pattern might be 

compatible with a role of Aurora A kinase activity in cell cycle 

regulation. 

Indeed some data suggested that AurA is required for mitotic entry. 

In Xenopus egg extract, AurA was found to play a role in the 

activation of Cdk1 and entry into mitosis (Liu and Ruderman, 2006). 

In synchronized HeLa cells AurA silencing was shown to prevent 

Cdk1 activation and entry into mitosis. The authors proposed that 

AurA has a function upstream of Cdk1 and is required for mitotic 

commitment and initial activation of Cdk1 during G2/M transition in 

human cells (Hirota et al., 2003). However, in other studies silencing 

AurA an asynchronous population of HeLa cells did not result in a 

G2 arrest, but instead the cells were arrested in prometaphase 

unable to form bipolar spindles (Kufer et al., 2002; Du and Hannon, 

2004; Yang et al., 2005). Using specific inhibitors, another study 

reported that the three mitotic kinases: Cdk1, Aurora A, and Plk1, 

participate in a feedback activation loop and that activation of Cdk1 

initiates the feedback loop, leading to rapid and timely entry into 

mitosis in human cells (Van Horn et al., 2010). Moreover, in this 

study the authors report that upon inactivation of both AurA and 

AurB kinases the nuclear cycle of cells becomes uncoupled from 

cytokinesis and oscillates in a Cdk1-dependent manner in the 

absence of cytokinesis, resulting in multinucleated, polyploid cells 

(Van Horn et al., 2010). Here we found that in Xenopus egg extracts, 

maintaining AurA active during anaphase did not influence the 
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pattern of Cdk1 inactivation suggesting that it did not prevent the 

normal progression of the cell cycle. Moreover, we found that the 

inactivation of AurA in HeLa cells entering anaphase does not 

prevent them from returning into interphase.  

Altogether our results support the idea that AurA activity does not 

play a major role in cell cycle progression. 

 

2. Regulation of Aurora A during mitosis: role of 

TPX2 

The kinase activity of AurA is regulated during the cell cycle in 

various ways: through protein synthesis and degradation, by its 

interacting partners, and by its localization. All these different 

processes certainly crosstalk with each other and the functional 

implications of the interaction between AurA and TPX2 is a good 

example of this.  

TPX2, a RanGTP regulated factor essential for spindle assembly 

(Carazo-Salas et al., 1999; Kalab et al., 1999), is indeed one 

important regulator of AurA. AurA kinase activity is stimulated by 

binding to TPX2 in a RanGTP dependent manner (Kufer et al., 2002; 

Tsai et al., 2003; Eyer et al., 2003). TPX2 in turn is required for the 

targeting of the kinase to the spindle microtubules (Tsai et al., 2003; 

Ozlu et al., 2005; Kufer et al, 2002; Eyers et al., 2003; Bayliss et al., 

2003) and previous reports in Xenopus egg extracts showed that 

AurA needs its own activity to localize to the spindle poles (Sardon 

et al., 2008). Our results in prometaphase HeLa cells confirmed that 

TPX2 is necessary for AurA localization to the center of the 

monopolar aster formed in STLC treated cells. Moreover both TPX2 

silencing and the inhibition of AurA activity resulted in the loss of 

AurA localization. This confirms that both TPX2 and AurA kinase 
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activity (which are intricately related) are required for AurA 

localization. This is also supported by our results from experiments 

with metaphase HeLa cells. 

Additionally, the interaction between AurA and TPX2 protects AurA 

from degradation (Sardon et al., 2008; Giubettini et al., 2010). 

APC/Ccdh1 degrades the ubiquitinated kinase at the end of mitosis 

(Littlepage and Ruderman, 2002; Engelbert et al., 2008). Our results 

from the ubiquitination assays performed in egg extract showed that 

monoubiquitination of AurA does not occur in Xenopus egg extracts 

containing N39 or RanGTP, therefore when AurA binds to TPX2. 

This suggests that AurA does not undergo a specific type of 

ubiquitination when it is bound to TPX2. The mechanism by which 

AurA-TPX2 interaction influences AurA ubiquitination and protects it 

from degradation still needs to be elucidated. 

The fact that AurA is not only activated by TPX2 but also by Bora, 

Ajuba, PAK1, Arpc1b, CEP192, Hef1 and Nucleophosmin/B23 (Tsia 

et al., 2003; Molli et al., 2010; Ozly et al, 2005; Kufer et al., 2002; 

Pugacheva et al., 2005; Eyers et al., 2003; Bayliss et al., 2003; Zhao 

et al., 2005; Hutterer et al., 2006; Joukov et al., 2010; Reboutier et 

al., 2012) indicates how complex its regulation is likely to be. This 

also suggests that AurA regulation is very important for a successful 

cell division. Further investigation is necessary to understand how 

AurA activation is regulated to get an integrated picture of AurA 

function and regulation. 

3. The role of Aurora A in metaphase spindle 

maintenance 

The metaphase spindle is an apparently stable structure, but it is in 

fact very dynamic. Its stability involves different opposing forces 

exerted from various motor proteins as well as the fine regulation of 
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MT dynamics by stabilizing and destabilizing SAFs (Sharp et al., 

1999; Mountain et al., 1999; Mitchison et al., 2005; Tanenbaum et 

al., 2008). It was already shown that AurA activity is essential for the 

formation of the bipolar spindle. Here we found that inhibition of 

AurA in metaphase results in the collapse of the spindle, suggesting 

that its role is also essential for the maintenance of the metaphase 

spindle. Since several proteins with important roles in spindle 

assembly are substrates of AurA, it is possible that the inhibition of 

the kinase in metaphase unbalances some of these activities and as 

a consequence the spindle looses its steady state and collapses.  

The best characterized function of AurA is the recruitment and 

regulation of the MT assembly promoting complex TACC3 and ch-

TOG/XMAP215 to the centrosome during spindle assembly (Giet et 

al., 2002; Bellanger and Gonczy, 2003; Gergely et al., 2003; 

Kinoshita et al., 2005; Barr and Gergely, 2007). This regulation may 

also be important for metaphase spindle maintenance. 

AurA also phosphorylates kinesin 5 (Eg5) (Giet et al., 1999), a motor 

protein involved in the separation of the spindle poles and the 

establishment of a bipolar spindle (Kapitein et al., 2005). Eg5 is 

essential for the establishment of spindle bipolarity by crosslinking 

and sliding apart antiparallel microtubules (Kapitein et al., 2005; 

Vanneste et al., 2009). Another potential AurA substrate, the kinesin 

Hklp2, also participates in the assembly and stabilization of the 

bipolar spindle. However there is still very little if any information, 

about the functional consequences of phosphorylation of these two 

motors during spindle assembly and maintenance.  

Moreover, Aurora kinases are reported to inhibit the MT 

destabilization activity of Kinesin-13 and MT depolymerases such as 

Kif2A, Kif2B, and MCAK (Lan et al., 2004; Zhang et al., 2008; Jang 

et al., 2009; Knowlton et al., 2009; Tanenbaum et al., 2011). Another 
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potential group of AurA targets in this pathway are MT-severing 

enzymes of the class II AAA ATPase family, such as Katanin, 

Spastin, and Fidgetin (Roll-Mecak and McNally, 2010). These 

proteins localize to centrosomes and kinetochores and are 

implicated in K-fiber dynamics (Zhang et al., 2007). 

Interfering with AurA activity is therefore likely to change the function 

of many SAFs and as a result disrupt the steady state organization 

of the metaphase spindle. It will therefore be challenging to 

determine the precise mechanism responsible for the spindle 

collapse. 

4. Function of Aurora kinases during anaphase 

The function of Aurora kinases during anaphase was mainly 

unknown at the start of this project. However, a role for AurB in 

chromatin decondensation (Hsu et al., 2000; Meyer et al., 2010) and 

cytokinesis had been described (Terada et al., 1998; Kaitna et al., 

2000; Severson et al., 2000; Adams et al., 2001; Giet and Glover, 

2001; Carvalho et al., 2003; Lens et al., 2003). It was also known 

that both the AurA and AurB kinases are degraded late in mitosis by 

the APC/Ccdh1. More recently it was shown that Cdh1 silencing, 

which results in the specific stabilization of the Aurora kinases, 

promotes defects in central spindle assembly with altered timings of 

spindle elongation and cytokinesis (Floyd et al., 2008). It was also 

shown that the inhibition of AurB in cells lacking AurA results in 

defects in chromosome segregation and spindle dissassemby 

(Hégarat et al., 2011).  

Since both kinases have important functions early in mitosis, the use 

of specific inhibitors appears as the only way to address the function 

of AurA and AurB kinase activities after metaphase. We found here 

that inhibition of both AurA and AurB at anaphase onset prevented 
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cells from finishing mitosis successfully, suggesting that these 

kinases are essential after metaphase for the successful completion 

of mitosis. We thus used this approach to get a better understanding 

of the individual function of the AurA kinase during anaphase.  

The specific inhibition of AurA or AurB showed that late mitotic 

events happened at a slower pace than control cells and resulted in 

a series of defects that we have tried to characterize. 

4.1. Chromosome segregation and decondensation 

During anaphase, the chromosomes are actively pulled by K-fibers 

towards the two poles and segregated to the two daughter cells. We 

found that neither AurA nor AurB inhibition prevented cells from 

segregating their chromosomes, although we observed several 

defects. K-fiber dynamics are regulated by MCAK, a MT destabilizer, 

which is a substrate of both AurA and AurB. More recent work has 

shown that a protein complex that consists of clathrin, TACC3 and 

chTOG participates in the characteristic bundling of the K-fiber MTs 

(Booth et al., 2011). Cells incubated in AurA inhibitor have a higher 

percentage of missegregating chromosomes than those incubated 

with the AurB inhibitor. The observed chromatin segregation defects 

may be a result of misregulation of MT stabilizing and destabilazing 

factors during chromosome segregation.  

However, it is possible that they play a more direct role at the level 

of the chromatin. Interestingly, we found that by maintaining AurA 

active during anaphase in Xenopus egg extracts, chromatin 

morphology and decondensation were abnormal. Moreover, nuclei 

had an aberrant morphology. Cdk1 is reported to govern chromatin 

condensation during mitotic entry and early mitosis (McHugh and 

Heck 2003; Swedlow and Hirano 2003; Belmont 2006; Georgatos et 

al. 2009). Previous work showed that during anaphase, when Cdk1 
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activity is down-regulated, AurB regulates chromatin condensation 

(Meyer et al., 2010) by phosphorylation of Histone H3 tail on Serine 

10 in prophase (Hsu et al. 2000). However, a direct function for AurA 

in chromatin condensation has not been described. Since the 

phosphorylation sites of AurA and AurB substrates are very similar, 

it is possible that in our experimental setup, maintaining AurA locked 

in an active conformation during anaphase drives the spurious 

phosphorylation of AurB substrates, in particular Histone H3, thereby 

interfering with chromatin decondensation. 

4.2. Anaphase spindle dynamics 

The major effects we observed for AurA inhibition during anaphase 

was at the level of the anaphase spindle dynamics. We found that 

the anaphase spindle is shorter for cells incubated in MLN. A 

previous study preventing AurA degradation by silencing Cdh1 also 

reported that defects in anaphase spindle dynamics (Floyd et al., 

2008). Altogether, this indicates that AurA plays a regulatory role in 

anaphase spindle elongation. Interestingly, the inhibition of AurB did 

not prevent spindle elongation suggesting that the two kinases have 

distinct roles on anaphase spindle elongation.  

Elongation of the anaphase spindle happens during late anaphase. 

Speckle microscopy experiments indicate that MT sliding facilitates 

anaphase spindle elongation (Brust-Mascher and Scholey, 2002). 

Recently a spindle midzone was reconstructed in vitro by only two 

proteins: PRC1 and Kif4a. Kif4a is recruited by PRC1 to the 

overlapping zone of MTs and controls the overlap size of MTs by MT 

growth inhibition (Bieling et al., 2010). In our study of different 

central spindle component localization we found that PRC1 

localization was more diffuse at the central spindle. KIF4A 

localization was observed to be less prominent on the overlapping 
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MTs of the central spindle possibly because of mislocalized PRC1 

upon AurA inhibition. AurA inhibition during anaphase might alter the 

dynamics of this complex and thus affect MT sliding resulting in 

spindle elongation defects. Another possible explanation could be 

that the number of MTs at the central spindle is not sufficient for 

sliding forces to be exerted during anaphase for AurA inhibited cells. 

4.3. Central spindle assembly and organization 

We observed that the majority of the central spindles were 

unorganized in cells where AurA was inhibited and ~50% of the 

central spindles were unorganized when AurB was inhibited. The 

motor protein HSET is reported to be involved in the organization of 

the central spindle MT minus ends nucleated at the central spindle 

(Cai et al., 2010). It is not known whether AurA or AurB regulate 

HSET activity on central spindle organization. 

AurA inhibition, but not AurB inhibition, resulted in the reduction of 

central spindle MT density. Moreover we observed that de novo 

central spindle MT nucleation was perturbed when AurA was 

inhibited. These results indicate that AurA activity is necessary for 

central spindle MT stability and de novo nucleation. Amplification of 

central spindle microtubules has been reported to be dependent on 

the Augmin complex (Uehara and Goshima, 2010). AurA inhibition 

during anaphase could lead to the misregulation of the MT 

nucleation activity of the Augmin complex. 

MT dynamics are very important for the establishment of the central 

spindle. Various MAPs that regulate MT dynamics are shown to be 

substrates of the Aurora kinases. AurA and AurB are reported to 

regulate the plus tip localizing EB3 and EB1 proteins (Ban et al., 

2009; Zimniak et al., 2009). Suggesting that MT dynamics may be 

altered by AurA or AurB substrate misregulation during anaphase.  
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The equilibrium between the stabilizing and the destabilizing 

activities is expected to be crucial for central spindle formation. We 

found that MT growth events are reduced when we either inhibit 

AurA or AurB. Substrates of the Aurora kinases involved in MT 

destabilization like Kif2A, Kif2B, and MCAK (Lan et al., 2004; Zhang 

et al., 2008; Jang et al., 2009; Knowlton et al., 2009; Tanenbaum et 

al., 2011) or MT-severing enzymes like Katanin, Spastin, and 

Fidgetin (Roll-Mecak and McNally, 2010) might undergo activity 

changes when either AurA or AurB is inhibited. This activity change 

of MT destabilizing/severing proteins could result to a reduced 

number of MT growth events during central spindle formation. 

To reach a better understanding of how AurA and AurB regulate 

central spindle formation it will be necessary to assess the function 

of each factor separately. 

4.4. Two potential targets of Aurora A involved in 

central spindle formation: the Augmin complex and 

TACC3 

Previous reports show that the Augmin complex dependent MT 

nucleation is important for the formation of a functional central 

spindle (Uehara and Goshima, 2010). Thus, the Augmin complex is 

an obvious candidate to be regulated by AurA kinase during 

anaphase. The interaction of Hice1, an Augmin complex component, 

with MTs is regulated by AurA phosphorylation (Tsai et al., 2011). 

We disrupted the Augmin complex by silencing Dgt6 for HeLa cells 

and found that the cytokinesis furrow regressed, as previously 

reported (Uehara et al. 2009). In agreement with previous reports we 

found that central spindle formation was defective for Dgt6 silenced 

cells (Uehara et al. 2009; Uehara and Goshima, 2010). However, 

Dgt6 silencing resulted in different phenotypes compared to AurA 
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inhibition. This suggests that at least some of the AurA functions are 

independent from Augmin regulation during anaphase. 

In contrast to Dgt6, silencing of TACC3 resulted in similar central 

spindle formation defects as AurA inhibition. First, silencing TACC3 

resulted in chromatin segregation defects similar to AurA inhibitor 

incubation. Second, the same percentage of cells was quantified 

with central spindle formation defects. Third, TACC3 silencing 

reduced the number of MT growth events during anaphase, similar 

to AurA inhibition. Treating the TACC3 silenced cells with MLN did 

not augment the number of affected cells suggesting that AurA and 

TACC3 may indeed act in the same pathway for central spindle 

assembly. Moreover the reduction of phosphorylated TACC3 in MLN 

treated cells indicates a possible direct regulatory mechanism. 

However, more work is necessary to clearly elucidate the 

mechanism behind TACC3 regulation by AurA during anaphase. 

The next challenge will be to identify potential AurA substrates and 

interacting proteins to get a better understanding on the mechanism 

underlying its function during anaphase. 
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V. Conclusions 

 

• The Aurora kinases A and B have essential functions after 

metaphase for the successful completion of mitosis. 

• Aurora A activity is necessary for central spindle assembly and 

organization and therefore for anaphase spindle elongation. 

• Fine regulation of Aurora A activity is necessary for correct 

chromosome segregation during anaphase. 

• The Aurora A substrate TACC3 is necessary for central spindle 

assembly and chromosome segregation, suggesting that it could 

be an important target of the kinase during anaphase. 

• Aurora B inhibition during anaphase generates milder defects on 

central spindle organization and chromosome segregation than 

Aurora A inhibition. 
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VI. Open questions 

• Temporal and spatial regulation of AurA kinase 
activation by TPX2 

TPX2 is the best characterized activator of AurA. Studies on their 

degradation profile late in mitosis show that TPX2 is degraded first 

and subsequently AurA is degraded (Giubettini et al., 2010). 

However, the timing of these events is yet unclear at the subcellular 

level. Very little is known about the precise temporal and spatial 

AurA-TPX2 complex disruption. FRET and super-resolution 

microscopy may provide precise information helpful to determine the 

spatiotemporal AurA-TPX2 interaction at the subcellular level.  

 

• Mechanism underlying AurA function in central 
spindle assembly 

We performed a screen on the localization of different factors to the 

anaphase spindle with a known or putative function in MT dynamics 

and organization during anaphase. We observed that AurA inhibition 

perturbed the localization of AurB, AurA, TACC3, TPX2, MKLP1, 

Eg5, Plk1, KIF4A and PRC1. Inhibition of AurA during anaphase 

might lead to the misregulation of known substrates such as TACC3 

(Peset et al. 2005, Kinoshita et al. 2005), TPX2 and Eg5, or 

unknown substrates such as KIF4A, PRC1, MKLP1 and AurB. Our 

screen shows mislocalization of the aforementioned components but 

we do not know whether their mislocalization is a direct effect of 

AurA inhibition or an indirect effect due to defective central spindle 

assembly. The components that did not change their localization 

were MKLP2, PP2A, Fam29a, CENPE and MCAK either because 

their localization does not depend on the presence of a central 
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spindle (Verbrugghe and White 2004; Neef et al., 2007; Floyd et al., 

2008) or because AurA does not regulate their localization and 

function. Mislocalization could indicate misregulation of some 

components but a more in depth study is necessary to understand 

whether AurA regulates their function during anaphase. 

 

• What is the mechanism behind TACC3 regulation by 
AurA in anaphase? 

A better understanding on how AurA regulates TACC3 during 

anaphase is a challenging question to address because TACC3 has 

an important function earlier in mitosis. An evident answer would be 

that TACC3 phosphorylation by AurA is still necessary for a 

successful completion of mitosis. A more complex answer would 

include the possibility that AurA and TACC3 change interacting 

partners as the cell progresses to anaphase, something that has 

already been reported for AurB (Özlü et al., 2010). 
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VII. Materials and methods 

1. Site directed mutagenesis 

We amplified by PCR the template vectors (Table 2) with primers 

containing the desired mutations (Table 3). After PCR amplification 

the QuickChange Site-Directed Mutagenesis kit (Stratagene) was 

used following the instructions of the manufacturer. 

  

Protein Vector Insert 

xAurA pHAT2 EGFP xAurA 

hAurA pEGFP C3 hAurA 

Table 2. Vector used for site directed mutagenesis of the cDNA sequence of AurA. 

 

Primer  Primer sequence 5’ – 3’ 

xAurA S53A F aggatattgggtcccgctaatgtgccgcagc 

xAurA S53A R gctgcggcacattagcgggacccaatatcct 

xAurA S53D F agaggatattgggtcccgataatgtgccgcagcgag 

xAurA S53D R ctcgctgcggcacattatcgggacccaatatcctct 

hAurA S51A F gcgggtcttgtgtcctgcaaattcttcccagcg 

hAurA S51A R cgctgggaagaatttgcaggacacaagacccgc 

hAurA S51E F  gcgggtcttgtgtcctgaaaattcttcccagcgc 

hAurA S51E R  gcgctgggaagaattttcaggacacaagacccgc 

hAurA S155R F agagaaaagcaaaggaagtttattctggc 
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hAurA S155R R gccagaataaacttcctttgcttttctct 

xAurA S162R F cgcgagcgggagaggaaattcatcctggc 

xAurA S162R R gccaggatgaatttcctctcccgctcgcg 

Table 3. Primers used for site directed mutagenesis. 

 

2. Constructs 

Protein  Vector Insert Reference 

N39 (GST-NT) pGEX-4T-1 N-terminal 

39aa of TPX2 

Bayliss et al., 

2003 

HA-Ubiquitin pET23 Ubiquitin WT Ramadan et 

al., 2007 

eGFP-sumo pET28 Sumo  

eGFP-IBB-

sumo 

pET28 Sumo fused 

Importin , 

binding domain 

 

xAurA S53A pHAT2-EGFP Mutagenesis  

xAurA S53D pHAT2-EGFP Mutagenesis  

hAurA S51A pEGFP C3 Mutagenesis Kitajima et al., 

2007 

hAurA S51E pEGFP C3 Mutagenesis Kitajima et al., 

2007 
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hAurA S155R pEGFP C3 Mutagenesis Bibby et al., 

2009 

xAurA S162R pHAT2-EGFP Mutagenesis  

Table 4. Constructs that were used and/or produced in this study.  

 

The constructs produced are useful tools for future studies related to 

the degradation of AurA (S51 and S53 mutants) as well as the 

interaction between AurA and TPX2 (S155R and S162R mutanst). 

3. Protein expression and purification 

3.1. HA-Ubiquitin WT 

HA tagged WT ubiquitin was expressed in the bacteria strain Bl21 

(DE3). An over night inoculation of a single colony in LB was diluted 

1:100 in LB with ampicillin and incubated at 37°C until the optical 

density (OD) of the culture reached 0,4-0,6. Protein expression was 

then induced with 0.2 mM of IPTG at 37°C for 4 hours. Cells were 

then centrifuged at 4000 rpm (JA.8.1000) for 25 minutes at 4oC and 

resuspended in milliQ water and lysed by sonication. A second 

centrifugation followed at 17500 RPM with a SS-34 rotor at 4°C for 

30 minutes. In the supernatant 3,5% of perchloric acid was added 

for an acid precipitation of bacterial proteins followed by a third 

centrifugation at 17500 RPM with a SS-34 rotor. Dialysis of the 

supernatant was performed overnight at 4oC in 25mM ammonium 

acetate. HA tagged Ubiquitin were purified with a cation exchanger 

HiTrap SP (1ml). HPLC was used to make a gradient of 10 column 

volumes from 25 mM ammonium acetate pH: 4.5 to 250 mM 

ammonium acetate pH: 7.6 at a flow rate of 0.5 ml/min and the 

buffer was exchanged using the salt exchange columns PD-10, 
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following the manufacturers ! instructions. The concentration of the 

purified protein was estimated by Coomasie blue staining (Laemmli, 

1970), using BSA as a standard. Protein aliquots were then stored at 

-80oC. 

 

3.2. GST and N39 

Xenopus GST fused TPX2 amino-terminal fragment (N39) was 

expressed in BL21(DE3) E. coli. N39 was purified using glutathione 

sepharose (Pharmacia) as previously described (Bayliss, 2003).  

 

3.3. GFP-sumo and GFP-sumo-IBB 

GFP-sumo and GFP-sumo-IBB proteins were expressed in the 

bacteria strain Bl21 (DE3). A single colony was grown in LB with 

ampicillin at 37°C until OD reached between 0,4-0,6. Then culture 

was then diluted 1:100 in 1L of LB medium and protein expression 

was induced with 0.4 mM of IPTG at 37°C for 4 hours. Cell were 

then centrifuged at 4000 rpm (JA.8.1000) for 25 minutes at 4oC and 

resuspended in lysis buffer. Cells were lysed by French Press and 

the lysate was Centrifuged at 18.500 g for 30 min at 4°C. The 

supernatant was incubated with equilibrated Talon beads resin for 2 

hour, on a rotating wheel at 4°C.The beads were washed with cold 

his-wash buffer and then the protein was eluted with His-elution 

buffer. We exchanged the buffer using the salt exchange columns 

PD-10, following the manufacturers ! instructions. The concentration 

of the purified protein was analysed by SDS-PAGE stained with 

Coomassie Brilliant blue (R-250) (Laemmli, 1970), using BSA as a 

standard. The protein aliquots were then stored at -80oC. 
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4. Antibodies 

We summarized the antibodies used in this study in the following 

table. 

Name Origin Recognition IF WB Reference 

!Tubulin Mouse Xenopus 

Human 

1:1000 1:3000 DM1A 

(Sigma) 

"Tubulin Mouse Human 1:1000   

hAurA Rabbit Human 1:5000 1:5000 Homemade 

(Bayliss et al, 

2003) 

pT288 

AurA 

Rabbit Human 

Xenopus 

1:200 1:200  

pT232 
AurB 

Rabbit Human 1:500   

hTPX2 Rabbit Human 1:1000  Homemade 

(Gruss et al., 2002) 

TACC3 Rabbit Human 1:250  Santa Cruz 

pS626 

Maskin 

Rabbit Xenopus 

Human 

1:200  Pascreau et al., 

2005; Lin et al., 

2010 

Eg5 Rabbit Human 1:1000  BD Biosciences 

MKLP1 Rabbit Human 1:1000  Abcam 

Kif4 Rabbit Human 1:500  Castoldi 2006 

MKLP2 Rabbit Human 1:500   
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MCAK Rabbit Human 1:400   

CENPE Mouse Human 1:1000  Abcam 

Plk1 Rabbit Human 1:500  Abcam 

Fam29a 

(Dgt6) 

Rabbit Human 1:500  Jens Luders 

PP2A Rabbit Human 1:500  Santa cruz 

PRC1 Rabbit Human 1:200  Santa cruz 

HA Mouse Generic  1:500 HA.11 (Covance) 

Table 5. Antibodies summary. The different columns of the table show the name 

of the protein recognized by the antibody (Name), the organism in which the 

antibody was generated (Origin), the protein sequence recognized by the antibody 

(Recognition) and the working dilution used in the different techniques where the 

antibody was tested. Immnuflouresence (IF), and Western Blot (WB). 

5. Cell Culture 

HeLa cells and constitutively expressing EGFP-H2B and RED-

Tubulin (McAinsh 2006) or GFP-EB3 Hela cells (Komarova et al., 

2005) were cultured in DMEM (Cambrex) supplemented with 10% 

fetal bovine serum (Invitrogen) and 2 mM L-glutamine (Invitrogen). 

Cells were incubated at 37° C in a humid atmosphere with 5% CO2. 

 

6. Transfection 

siRNAs for TPX2 (sequence from Gruss 2002), Dgt6 (sequence 

from Uehara et al., 2010) and TACC3 (sequence from Gergely et al, 

2003; Lin et al 2010) or luciferase (sequence from Kinoshita et al., 

2005) as control were obtained from Dharmacon. Transfections 

were performed with 440 pmol of siRNAs per 10cm plate with 
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Lipofectamine 2000 (Invitrogen) according to the manufacturer’s 

protocol. After siRNA transfection cells were synchronized as 

indicated in the following schemes. 

 

Scheme 1. Summary of the experimental procedure for cells transfected with anti-

TPX2 siRNA, blocked in prometaphase.  

 

Scheme 2. Summary of the experimental procedure for anaphase cells transfected 

with anti-TACC3 and anti-Dgt6 siRNA. 

7. Drug treatments 

Prometaphase HeLa cells were incubated in medium containing 15 

µM STLC (Sigma) for 16 hours and fixed in ice-cold methanol. 

Metaphase HeLa cells were incubated for 2 hours in medium with 

MG125 (Sigma) 15*M and then the medium was replaced with fresh 

medium containing MG132 and MLN or AZD for 30 minutes before 

fixation. Anaphase cells were incubated with 5*M MG132 and then 

released from the metaphase block with 3 PBS an 3 medium 

washes. Cells were then mounted to the microscope stage and the 

medium was replaced with fresh medium containing 250nM MLN 

during image acquisition, as indicated in the scheme below. 
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Scheme 3. Summary of the experimental steps for constitutively expressing GFP-

H2B and RFP-+Tubulin cells. 

 

To increase the number of anaphase HeLa cells were first 

synchronized with Thymidine for 24 hours then released after three 

washes with PBS in fresh medium for 10 hours followed by a 16 

hours incubation with 5*M STLC. Cells were then released with 

three PBS and two medium washes and reached anaphase within 

90 minutes after release. When in anaphase, cells were incubated 

for 15 minutes with either 250nM MLN or 100nM AZD (Scheme 4). 

  

Scheme 4. Summary of the experimental steps followed for inhibition of AurA 

and/or AurB kinases during anaphase. 

 

8. Microtubule depolymerisation and regrowth 

assay 

Cells were released to anaphase as shown in scheme 4 with the 

following variations. The first fixation was performed after incubating 

MG132
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cells for 10 minutes with inhibitor containing medium. The second 

cell fixation was performed after incubating cells on ice with L15 

medium supplemented with 100nM Hepes and the corresponding 

inhibitor (MT depolymerization). The third fixation was performed 

after incubating cells with pre-warmed DMEM medium at 37oC for 15 

minutes (MT regrowth). Confocal images of Anaphase cells were 

acquired with a 0.8 µm distance between stacks using a 63x oil-

immersion 1.4 numerical aperture objective lens on a Leica TCS 

SP5 confocal microscope. Images acquisition and maximum 

intensity projections were done with the Leica Application Suite 

software. Equal square regions of interest were used to create the 

line profile of the fluorescence intensity of the whole cell with ImageJ. 

Plots of the mean +Tubulin fluorescence intensity were done with 

Prism5. Error bars represent the Standard Error of the Mean. 

9. Immunofluorescence 

Cells grown on coverslips were fixed for 10 minutes in -20oC 

methanol. Blocking and incubation with the antibodies were done in 

PBS; 2% BSA (Sigma); 0.1% Triton (Sigma) for 20 minutes at room 

temperature. The coverslips were mounted on Mowiol (0.1 M Tris-

HCl (Sigma) pH 8.2; 25% Glycerol (Merck); 10% Mowiol 4-88 

(Calbiochem). 

For pTACC3 immunofluorescence, cells were fixed first with 3% 

formaldehyde in BRB80 for a few seconds then further incibated with 

-20°C methanol for 10 minutes. To quench auto-fluorescence and 

enhance antigenicity, coverslips were next incubated with 1mg/mL 

sodium borohydride in PBS. 
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10. Fluorescence microscopy and live cell imaging 

Fixed cells were observed using an inverted widefield fluorescent 

microscope from Leica (model DMI-6000) with 63. or 40. objective. 

For high-resolution images, TCS SPE confocal microscopy (Leica) 

was used with 63. objectives. Pictures were acquired with the Leica 

Application Suite software. For confocal microscopy, three-

dimensional optical section images were taken at 0.55 µm intervals 

and projected to single planes. For live cell observations, samples 

were maintained in standard culture condition in an incubation 

chamber built on Olympus Andor Revolution XD spinning-disc 

confocal microscope. Four optical sections (0,8 *m interval z-stack) 

were acquired every minute for a total duration of approximately 2h 

using a .63 oil immersion objective with a 1.42 NA. Images were 

processed using Andor IQ software and all measurements were 

done with ImageJ. GFP-EB3 stably expressing HeLa cells were not 

synchronized before imaging. They were grown on LabTek 

glassbottom dishes and imaged with a 100x objective on a Leica 

SP5 STED microscope. We acquired a single optical section of 1 

airy disc every 0,6 seconds. The images were acquired with the 

Leica acquisition software and were processed with ImageJ. The 

tracking of the commets was performed with the PlusTipTracker 

software using Matlab2011a. We used the suggested settings 

described in Applegate and Danuser, 2011. 

11. Xenopus laevis egg extracts 

CSF-arrested Xenopus egg extracts were prepared according to 

Murray (Murray, 1991). Unfertilized eggs were obtained from 

Xenopus laevis female frogs. Ovulation was induced with a first 

injection of 100 units of pregnant mare serum gonadotropin (PMSG, 

Calbiochem), followed by another injection with 500-1000 units of 
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human chorionic gonadotropin hormone (HCG, Sigma Chemical 

Co.) three to fifteen days later. Injected frogs were kept overnight in 

MMR at 18°C to lay eggs. The next morning, eggs were collected 

and rinsed a few times in MMR to remove skin and other detritus. 

The jelly coating of the eggs was removed with dejellying solution for 

5-10 minutes until the eggs were tightly packed together. Eggs were 

then washed twice with XB buffer and twice with CSF-XB buffer and 

finally with CSF-XB buffer supplemented with protease inhibitors. 

Eggs were then transferred to Beckman SW50 centrifuge tubes 

containing 0.5 ml CSF-XB with 1:1000 of protease inhibitors and 

1:500 of cytochalasin D (from 10 mg/ml stock). Eggs were then 

packed by centrifugation at 800 rpm (200 g) for 1 minute, followed 

by 1600 rpm (400 g) for 30 seconds at 16°C with a Table Top 

Beckman centrifuge. The packed eggs were crushed by 

centrifugation at 16°C in a HB-6 (Sorval) or a JS 13.1 (Beckman) 

rotor at 10500 rpm (about 18000 rcf) for 18 minutes. The 

cytoplasmic layer was collected by piercing the tube wall with an 18-

gauge needle and a syringe from the side of the tube. The extract 

was then transferred into a test tube, and 1:1000 of protease 

inhibitors solution and 1:500 of cytochalasin D (10 mg/ml in DMSO) 

was added. The CSF-extracts were then stored on ice until further 

use. 

To cycle the extracts we followed the method described by Sawin 

and Mitchison, 1991. To visualize MTs and follow the spindle 

formation, tetramethylrhodamine (rhodamine) labeled bovine brain 

tubulin was added to the CSF-arrested egg extract at 0.2 mg/ml. The 

extract was then divided into two aliquots, one of which remained on 

ice, while the other was supplemented by demembranated sperm 

nuclei (500 nuclei/µl of final extract reaction volume). Then the 

extract was released from the CSF-arrested by addition of 0.4 mM 



Materials and Methods 

 90 

(final concentration) of calcium and then was incubated for 90 

minutes at 19oC. During the cycling to interphase the extract protein 

synthesis and DNA/centrosome replication takes place. 

Consequently, interphase extracts contain round shaped nuclei with 

de-condensed DNA and relatively stable long MT. To drive the 

extract to mitosis the second aliquot of CSF-arrested extract was 

then added to restore the MPF activity. The reaction was further 

incubated at 19oC, and samples were taken at different time points 

to assess the stage of spindle formation (45-60 minutes). Further 

cycing back to interphase was induced with the addition of 0.4mM 

calcium and incubation of the extract at 19oC for another 90 minutes. 

During the incubation time, flat bottom tubes (Greiner Bio-one 

Company) were prepared with a glass coverslip (12 mm in diameter) 

and 4 ml of spindle cushion to spin down the mitotic structures for 

further visualization. The reaction was diluted in 1 ml of Spindle 

fixation buffer and the mitotic structures were fixed. The samples 

were carefully loaded on the cushion with a cutt of Pasteur pipette 

and centrifuged at 4760 g for 20 minutes at 20oC. The cushion was 

then removed by absorption, the coverslips were fixed 5-10 minutes 

in cold methanol (-20°C) and then transferred into PBS. 

Consecutively, the samples were treated with 0,1% NaBH4 in PBS 

twice for 7 minutes to quench the autofluorescence of the samples. 

Then they were either directly analyzed or proceeded for 

immumofluoresecence. Alternatively, aliquots of the cycling extract 

can be squashed between a microscope slide and a coverslip with 

fixation buffer. The squashes can be analyzed under the microscope 

immediately or sealed and analyzed within maximum 3 to 5 days. 

11.1. Ubiquitination assay 

15*l of Xenopus egg cytosol was supplemented with 2*l 10x ATP 

Regeneration system. We added 90 *M of HA-tagged Ubiquitin and 
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egg lysis buffer to 20*l final reaction volume. The reaction was then 

incubated at 19°C for 30 minutes and after the reactions were 

denatured with 1% SDS final concentration. The reactions were 

diluted 10 fold with cold 1x PBS containing 1% Trition-X-100 and 1% 

BSA with anti-HA coated beads was performed in diluted reaction for 

2 hours at 4oC (SDS final concentration 0.1%). The beads were 

washed 2 times with CSFXB and 2 times with PBS. Finally, SDS 

sample buffer was added to the washed beads and the precipitates 

were analyzed by SDS-PAGE running gradient gels from 8-12%. 

Then we performed wet blotting on a nitro cellulose membrane at 

300mA for 1h in 20% Methanol in 1x SDS-Running buffer. The HA-

signal was detected with the HA11 antibody from Covance. 

 

12. List of solution 

Solution Components 

ATP mix 0.15 mM ATP, 30 mM MgCl2 

BRB80 80 mM Pipes pH 6.8 

Coomassie solution Coomassie Brillant Blue R250, 50 % Methanol, 10 % 

acetic acid 

10X Calcium 1 mM MgCl2, 4 mM CaCl2 

CSF-XB XB containing of 2 mM MgCl2 and 5 mM EGTA, pH to 

7.7 with KOH 

Distained 10 % methanol, 10 % acetic acid 

Dejellying solution 2 % Cysteine in water pH 7.8 with NaOH 

Egg lysis buffer 2.5mM MgCl2, 50mM KCl, 10mM Hepes (pH 7.7), 1mM 
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DTT, 250mM sucrose, final pH 7.7 

Fixation buffer 3,3% formaldehyde, 87% glycerol and Hoechst 10*g/*L 

in CSFXB 

GST-lysis buffer PBS, 0,5 % Triton X-100, 200 Mm KCl and protease 

inhibitor 

GST-wash buffer PBS, 0,5 % Triton X-100, 200 Mm KCl,1 mM DTT, and 

protease inhibitor 

GST-elution buffer 50 mM Tris pH 8.1, 200 mM KCl, 1 mM DTT, 10 mM 

reduced Glutathion (Sigma) 

GST-dyalisis buffer CSF-XB 

His-lysis buffer 1x Purication buffer, 0.1 %Triton X-100, 5 mM Beta- 

mercaptoethanol and protease inhibitors 

His-wash buffer 1x Purification buffer, 10 % Glycerol, 5 mM Imidazole, 5 

mM Beta- mercaptoethanol and protease inhibitor 

His-elution buffer 1x Purification buffer, 10 % Glycerol, 300 mM 

Imidazole, 5 mM Beta-mercaptoethanol and protease 

inhibitor 

His-dyalisis buffer 1x talon-buffer pH 7.5, 10 % Glicerol, 1 mM DTT and 

protease inhibitors 

IF buffer PBS, 0.1 % Triton X-100, 2 % BSA, 0.02 % sodium 

azide 

Mowiol 0.1 M Tris pH 8.5, 10 % Mowiol 4-88 (Hoechst), 25 % 

Glycerol 

MMR 5 mM Hepes, 100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 2 

mM CaCl2 and 0.1 mM EDTA, pH to 7.8 with NaOH 

80.6 mM sodium phosphate, 19.4 mM potassium 

phosphate, 27 mM KCl and 1.37 M NaCl in high purity 
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dH2O, pH 7.4 

PBS 10X PBS, 0.1 % Tween-20 

PBS-Tween PBS, 0.1% Triton X-100 

PBS-T 50 mM K-Hepes pH 7, 660 mM KCl, 10 mM MgCl2 

Purification buffer 2X one tablet of complete EDTA free (Roche) in 0.5 ml of 

water 

Protease inhibitors 

solution 

25 mM Tris base, 200 mM glycine, 0.1% SDS 

Running buffer 10 % glycerol, 3 % SDS, 10 mM Tris-HCl pH 6.8, 5 mM 

DTT 0.2 % Bromophenolblue 

SDS Sample buffer 4 % acrylamide (30% acrylamide BioRad), 125 mM 

Tris-HCl pH 6.8, 0.1 % SDS and 0.07% ammoniun 

persulfate 

Spindle fixation solution 40 % glycerol in BRB80 

Spindle cushion 50 mM Hepes, pH 7,5, 500 mM KCl, 4 mM MgCl2 

Semi-dry transfer buffer 300 g Tris-Base and 1440 g Glycine for 10L 10X stock 

Wet Transfer buffer 10 mM Hepes, 100 mM KCl, 0.1 mM CaCl2, 1 mM 

MgCl2, 50 mM Sucrose, pH to 7.7 with KOH 

XB buffer 1x Purification buffer, 10 % Glycerol, 300 mM 

Imidazole, 5 mM Beta-mercaptoethanol and protease 

inhibitor 
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VIII. Appendix 

1. A possible mechanism of Aurora A regulation: 

ubiquitination 

Reversible post-translational modifications occur on numerous 

mitotic proteins during the cell cycle. Ubiquitination is a post 

translation modification that in most cases results in the degradation 

of the protein that carries the ubiquitin chains. But there are different 

types of ubiquitin chains or mono-ubiquitination that a protein can 

undergo as a signalling post-translational modification. Various 

reports have shown that AurA is a protein that undergoes 

ubiquitination. We asked whether ubiquitination has any role in the 

regulation of AurA. Our results show that when AurA is maintained 

active after the addition of N39 to the Xenopus egg extract it looses 

its mono-ubiquitination band (Figure A1). The same was observed 

when RanGTP was added to the extract. We know that the 

interaction between TPX2 and AurA is regulated by the RanGTP 

gradient thus we propose that the interaction between AurA and 

TPX2 leads to the loss of AurA mono-ubiquitination but not its poly-

ubiquitination. TPX2 could possibly regulate the mono-ubiquitination 

levels of AurA directly or it could indirectly affect its kinase activity 

thus its mono-ubiquitination state. 
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Figure A1. Ubiquitination as a possible Aurora A regulation mechanism. 

Ubiquitination assays were performed in egg extracts containing N39 (activated 

AurA) as well as RanGTP containing extracts. Western blot analysis show that 

mono-ubiquitination signal was not detectable in both cases. 
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