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SUMMARY 

Error-free chromosome segregation is crucial for the maintenance of genomic stability and 

prevention of tumorigenesis. The spindle assembly checkpoint (SAC) prevents exit from 

mitosis as long as not all chromosome pairs are properly attached to the mitotic spindle. 

Microtubules attach to chromosomes through binding at the kinetochore, a multi-protein 

structure that is organized over centromeric chromatin. The kinetochore plays an 

important role in the generation of the SAC signal that prevent mitotic exit while at the 

same time it is involved in chromosome movements during congression and segregation. 

The work reported in this thesis aims to further our understanding on how the combination 

of such functions ensures faithful chromosome segregation. The first part focuses on the 

phenotypic analysis of Drosophila melanogaster S2 cells depleted of the SAC protein 

BubR1 and the microtubule motor protein CENP-meta/CENP-E. The results show that 

while BubR1-depleted cells exit mitosis prematurely due to loss of SAC activity, CENP-

meta-depleted cells are delayed in mitosis. Furthermore, a detailed analysis of 

microtubule-kinetochore interactions after depletion of BubR1 or CENP-meta clearly 

shows that without BubR1 cells contain a high frequency of monoriented and fully 

unattached chromosomes while most CENP-meta-depleted cells have chromosomes 

attached to spindle microtubules. Moreover, when both proteins are simultaneously 

depleted absence of CENP-meta is able to partly rescue microtubule-kinetochore 

attachments lost due to BubR1 depletion. The data shows that BubR1 is required to 

promote stable microtubule-kinetochore attachment. However, CENP-E appears to 

promote kinetochore-microtubule instability, suggesting a role of CENP-E in the 

mechanism that corrects inappropriate kinetochore attachment. Accordingly, the second 

part of the thesis concentrates in determining whether CENP-E and Aurora B kinase 

activities cooperate to promote efficient chromosome biorientation. The results, obtained 

in HeLa cells, do not support a regulation of Aurora B kinase activity by CENP-E. 

However, strongly suggest that Aurora B kinase destabilizes spindle pole proximal 

kinetochore-microtubule interactions keeping the SAC active to allow CENP-E-mediated 

congression of monoriented chromosomes. Taken together, the work presented in this 

thesis, through the study of two bona fide kinetochore proteins, provides insight in how 

chromosomes congress and how can they delay mitotic exit when errors occur thus 

avoiding aneuploidy. 
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RESUMO 

A segregação correcta dos cromossomas é crucial para a manutenção da estabilidade 

genética e na prevenção da génese tumoral. O ponto de controlo do fuso mitótico (SAC) 

previne a saída de mitose enquanto todos os pares de cromossomas não tenham 

estabelecido uma ligação correcta com microtúbulos do fuso mitótico. Os microtúbulos 

ligam-se aos cromossomas através dos cinetocóros que são uma estrutura  multi-proteica 

que se organiza na cromatina centromérica. O cinetocóro desempenha um papel muito 

importante na produção do sinal que mantém o SAC activo, prevenindo a saída de 

mitose, enquanto ao mesmo tempo está envolvido nos movimentos dos cromossomas 

durante a congressão para a placa metafásica e posterior segregação para pólos opostos 

da célula em divisão. O trabalho apresentado nesta tese pretende ampliar o 

conhecimento em como a combinação destas funções do cinetocóro assegura uma 

correcta segregação dos cromossomas. A primeira parte da tese descreve a análise 

fenotípica de células de cultura S2, de Drosophila, nas quais se depletou  a proteína do 

ponto de controlo do fuso mitótico BubR1 e a proteína motora dos microtúbulos CENP-

meta/CENP-E. Os resultados mostram que enquanto as células na ausência de BubR1 

saem de mitose prematuramente devido à perda de actividade do SAC, as células 

depletadas de CENP-E permanecem em mitose por longos períodos. Para além disso, 

uma análise detalhada das ligações dos microtúbulos aos cinetocóros, após depleção de 

BubR1 ou CENP-meta, claramente demonstram que na ausência de BubR1 as células 

apresentam uma elevada frequência de cromossomas monorientados e até 

completamente desligados do fuso mitótico, enquanto a maioria das células depletadas 

de CENP-meta apresentam os cromossomas ligados a microtúbulos do fuso. Mais ainda, 

quando ambas as proteínas são simultaneamente depletadas, a ausência de CENP-meta 

resgata parcialmente a perda de ligações cinetocóro-microtúbulo geradas pela ausência 

de BubR1. Estes dados mostram que BubR1 é necessária para promover ligações 

estáveis entre os microtúbulos aos cinetocóros. No entanto, CENP-E parece promover 

instabilidade nesta ligação, sugerindo que esta proteína possa estar envolvida no 

mecanismo que corrige ligações inapropriadas dos microtúbulos aos cinetocóros. 

Consequentemente, a segunda parte da tese concentra-se em determinar se CENP-E e a 

actividade da cinase Aurora B cooperam para promover uma eficiente biorientação dos 

cromossomas. Os resultados, obtidos em células HeLa, não suportam uma regulação da 

actividade da cinase Aurora B por parte de CENP-E. No entanto, sugerem fortemente que 

a cinase Aurora B  destabiliza as interacções cinetocóro-microtúbulo, que se estabelecem 

junto aos pólos da célula em divisão, mantendo a actividade do SAC e permitindo a 

congressão mediada por CENP-E dos cromossomas monorientados. Em suma, o 
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trabalho desenvolvido nesta tese, através do estudo de duas proteínas do cinetocóro, 

expande o conhecimento em como os cromossomas congregam e como conseguem 

atrasar a saída de mitose aquando da existência de erros evitando aneuploidias.  
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RÉSUMÉ 

La ségrégation correcte des chromosomes est cruciale pour la maintenance de la stabilité 

génétique et dans la prévention de la origine de la tumeur.  Le point de contrôle du fuseau 

mitotique (SAC) prévient la sortie de la mitose avant que toutes les paires de 

chromosomes n’aient pas établi une liaison correcte avec les microtubules du fuseau 

mitotique. Les microtubules se lient aux chromosomes à travers des kinétochore qui sont 

une structure multi-protéique  qui s’organise dans la chromatine centromérique. Le 

kinétochore joue un rôle très important dans la production du signal qui maintient le SAC 

actif, en prévenant la sortie de la mitose, tandis qu’au même temps est enveloppé dans 

les mouvements de chromosomes  pendant la congression pour la plaque métaphasique 

et ultérieure ségrégation vers les pôles opposés de la cellule en division. Le travail 

présenté dans cette thèse apport une meilleure compréhension pour le rôle de ces 

fonctions du kinétochore assure une correcte ségrégation (séparation) des chromosomes. 

La première partie de cette thèse décrit l’analyse phénotypique des cellules de culture S2, 

de Drosophila, a l’intérieur desquelles on a fait la déplétion de la protéine du point de  

contrôle du fuseau mitotique BubR1 et la protéine motrice des microtubules CENP-

meta/CENP-E.  Les résultats montrent que pendant que les cellules, dans l’absence de 

BubR1, sortent de la mitose prématurément due à la perte de l’activité du SAC, les 

cellules en déplétion de CENP-E demeurent en mitose par de longs moments. De plus, 

une analyse détaillée des liaisons des microtubules au kinétochore, après déplétion de 

BubR1 ou CENP-meta, démontre nettement qu’en absence de BubR1 les cellules 

présentent une fréquence élevée de chromosomes monorientés et mêmes complètement 

débranchés du fuseau mitotique, pendant que la plupart des cellules en déplétés de 

CENP-meta présentant les chromosomes liés à des microtubules du fuseau. En plus, 

quand les deux protéines sont simultanément déplétés,  l’absence de  CENP-meta délivre 

partiellement la perte de liaisons kinétochore-microtubules engendrées par l’absence  de 

BubR1. Ces données montrent que BubR1 est nécessaire pour promouvoir les liaisons 

stables entre les microtubules et les kinétochores. Cependant, CENP-E semble 

promouvoir l’instabilité dans cette liaison en suggérant que cette protéine peut être 

entourée dans le mécanisme qui corrige des liaisons inappropriées des microtubules aux 

kinétochores. Par conséquent, la deuxième partie de cette thèse se centralise à 

déterminer si CENP-E et l’activité de la kinase Aurora B coopère pour promouvoir une 

efficace biorientation  des chromosomes. Les résultats, obtenus dans les cellules HeLa, 

ne supportent pas un règlement de l’activité de la Kinase Aurora B de la part de CENP-E. 

Cependant, ils suggèrent fortement que la Kinase Aurora B déstabilise les interactions 

kinétochore-microtubule, qui se logent au niveau des pôles de la cellule en division, en 
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maintenance de l’activité du SAC et permettant la congression partagée par CENP-E des 

chromosomes monorientés.  En un mot, le travaille développé dans cette thèse, par 

l’étude des deux protéines du kinétochore, répand la connaissance en expliquant 

comment les chromosomes se congrègue et comment arrivent à retarder la sortie de la 

mitose dès l’existence d’erreurs en évitant l’aneuploïdie. 
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1. THE CELL CYCLE  

 

The invention of the microscope in the seventeenth century opened new doors to 

fascinating discoveries of generations of scientists. Robert Hooke, in 1665, made the first 

systematic account of the microscopic world in his book Micrographia (Hooke, 1665). 

Outstandingly, observing the honeycomb-like structure of cork he coined these structures 

as cells. Almost two centuries after, the cell was proposed to be the basic unit of life and 

that all living organisms are made of cells (Schleiden, 1838; Schwann, 1839). Soon after, 

Rudolf Virchow (1855) realized that every cell is derived from a pre-existing cell (“omnis 

cellula e cellula”). Later in 1880, Walther Flemming made for the first time a detailed 

description of cell division. He suggested that the nucleus of cells found in a resting state, 

can undergo metamorphosis into threads (later called chromosomes) that shorten and 

align in the equatorial plane of the cell, after which split into two halves and move to 

opposite sides of the cell. Then the threads become undistinguishable again and the 

resulting cells look like the resting mother cell. He termed this process of nuclear division 

as mitosis (from the Greek word for thread) (reedited in(Flemming, 1965).  

  

1.1 THE CELL DIVISION CYCLE – A GENERAL DESCRIPTION  

 

The cell cycle is a fundamental area of investigation that can lead to a major 

understanding of the causes of tumorigenesis and eventually contribute to the 

development of treatments for cancer (Holland and Cleveland, 2009; Jackson et al., 

2007). It is a highly ordered and tightly regulated process by which a single cell gives rise 

to two genetically identical daughter cells that can continue proliferating, grow and 

eventually differentiate. Therefore, the cell division cycle is an essential process for the 

development of multicellular organisms that start as a single founder cell and through 

innumerable rounds of divisions become more and more complex. In the adult, cell 

division provides renewal of old or damaged cells. 

The eukaryotic cell cycle can be divided into two fundamental parts: the longest, 

interphase, where cells grow and DNA is replicated (S phase), and mitosis (or M phase) 

where segregation of the replicated genetic material occurs (Fig. 1). Upon nuclear 

division, individualization of the two genetically identical daughter cells takes place after 

division of the cytoplasm, known as cytokinesis. Concomitantly with DNA replication, cells 

also replicate their centrosomes (in animal cells centrosomes are the major microtubule 
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organizing centers – MTOC) but these remain together until the onset of mitosis.  DNA 

replication and mitosis are separated in many cell types by two intervening phases called 

Gap 1, between the end of an M phase and start of the next S phase and Gap 2 between 

the end of S phase and the initiation of the next M phase. During these Gap phases cells 

continue to grow and serve as important regulatory periods known as cell cycle 

transitions.  

 

 

 

 

 

 

Figure 1. The eukaryotic cell cycle. The main events of cell reproduction are chromosome 
duplication, which occurs in the S phase, followed by chromosome segregation and nuclear 
division (mitosis) and cell division (cytokinesis), which are collectively called M phase. Centrosome 
replication also takes place during S phase, but they will not separate until the onset of mitosis. 
Following mitosis (M), cells enter G1 stage of interphase, initiating a new cycle. While in G1, cells 
can exit the cycle and enter a prolonged nondividing state G0 (G zero) and later return to G1. Or, 
continue through G1 and become committed to cell division. During G2 the cell ultimately prepares 
for mitosis. (Adapted from(Morgan, 2007). 
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1.2 MITOSIS 

 

Mitosis is a fascinating process that distributes equally the duplicated genome into 

the two daughter cells. In vertebrate cells, for purposes of description, mitosis is 

traditionally divided into five phases, based in the gross structural changes that take 

place: prophase, prometaphase, metaphase, anaphase and telophase (Fig. 2). 

 

 

Figure 2. Stages of mitosis and cytokinesis in a vertebrate cell. In the very beginning of 
mitosis, each chromosome has a sister chromatid and the centrosome as also been replicated. As 
prophase initiates, the centrosomes begin moving to opposite poles of the cell. The chromatin, 
which is diffuse in interphase, slowly condenses into well-defined chromosomes. Disruption of the 
nuclear envelope sets the beginning of prometaphase. Chromosome condensation is now 
complete and each chromosome is composed of two chromatids held together at their 
centromeres. The spindle microtubules, which have been lying outside the nucleus, can now enter 
the nuclear region and interact with the chromosomes. Specialized protein complexes called 
kinetochores mature on each centromere and attach to some spindle microtubules, then called 
kinetochore microtubules. These interactions promote chromosome congression that ultimately 
leads to alignment at the equatorial plane of the cell. At this stage the cell is said to be in 
metaphase. At anaphase onset, the paired sister chromatids separate (now each called a 
chromosome) and move towards opposite poles of the cell. Mitosis is completed in telophase, 
when the chromosomes decondense and the nuclear envelope re-forms around each group of 
daughter chromosomes. Cytokinesis occurs concomitantly with the later mitotic stages giving rise 
to two genetically identical daughter cells. (Adapted from(Morgan, 2007).   
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During prophase, the duplicated genetic material undergoes dramatic 

morphological changes. The DNA is progressively condensed into compact and flexible 

thread-like structures, known as chromosomes. By late prophase, each chromosome is 

visible as two identical filaments, the chromatids (or sister chromatids), held together at a 

region known as the centromere. Each sister chromatid contains a single kinetochore, a 

specialized protein complex that assembles on each centromere, where the microtubules 

of the spindle can establish stable interactions with the chromosomes. At the same time, 

the centrosomes separate and start migrating towards opposite sides of the cell. 

Concomitantly, extensive microtubule nucleation occurs and a bipolar microtubule array 

starts to form between them. In higher eukaryotes, prophase ends with breakdown of the 

nuclear envelope (NEBD) into membrane vesicles that persist around the spindle during 

mitosis. NEBD allows interaction of the microtubules with the chromosomes for the first 

time defining the beginning of prometaphase. Apart from the multiple roles that 

microtubules have during interphase, during mitosis microtubules play a fundamental role 

ensuring proper chromosome segregation. Microtubules are complex structures made up 

of !/"-tubulin dimers organized in head-to-tail orientation forming long protofilaments. In 

vivo, microtubules have 13 protofilaments that normally grow from centrosomes forming 

an open sheet structure that closes as the microtubule grows and thus contain well-

defined longitudinal discontinuity. Microtubules grow by addition of !/"-tubulin dimers in 

the GTP-bound state at their plus-end away from the centrosome forming what is called a 

GTP-cap at the growing tip while the minus-end is anchored at the centrosome. As the 

microtubule grows and the sheet closes, at the microtubule lattice, GTP-bound to "-tubulin 

is rapidly hydrolyzed to GDP, which causes the protofilament to bend outwards favoring 

microtubule disassembly. Microtubules will tend to grow if the incorporation of GTP-bound 

subunits occurs faster than the hydrolysis of the GTP. If instead GTP is hydrolysed in all 

"-tubulin then the GTP-cap will be lost, the protofilaments will bend outwards and the 

whole sheet will collapse leading to rapid microtubule depolymerization. The balance 

between microtubule polymerization and depolymerization results in a behavior called 

microtubule instability where microtubules are constantly growing or shrinking and 

transitions from the two states are called either catastrophe, leading to microtubule 

depolymerization or rescue, leading to microtubule polymerization. During mitosis 

microtubules can be broadly divided into three classes: (1) kinetochore microtubules, 

those that establish attachment with the kinetochore, (2) polar microtubules, which overlap 

in the midzone of the spindle and are responsible for pushing the poles of the spindle 

apart and (3) astral microtubules, which radiate in all directions from the MTOCs towards 

de cell cortex where they help position the bipolar spindle and later contribute to 

determine the cleavage plane during cytokinesis. Eventually, stable interactions between 
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the spindle microtubules and the kinetochores are formed which will mediate chromosome 

movement. Prometaphase continues until all sister chromatids are attached to the spindle 

and have migrated to the equatorial plane of the cell, a process known as chromosome 

congression. When all chromosomes are aligned in the centre of the spindle, the cell is 

said to be in metaphase and is now ready to segregate the duplicated genome. Anaphase 

begins with disruption of the links that hold sister chromatids together so that they can 

now move to opposite poles of the cell due to shortening of kinetochore microtubules. 

Subsequently, the polar microtubules elongate and the two poles of the spindle move 

farther apart. Mitosis is completed in telophase, when nuclear envelope re-assembles 

around the decondensing chromosomes giving rise to two daughter nuclei. The spindle 

disassembles leaving a single centrosome associated with each nucleus. Cytokinesis or 

division of the cytoplasm, already starts during anaphase and continues in telophase 

through the formation of a contractile ring creating a cleavage furrow that ultimately leads 

to two separate daughter cells.  

 

1.3 THE CELL CYCLE CONTROL SYSTEM 

 

The eukaryotic cell cycle has to be tightly regulated in order to ensure faithful 

segregation of the genetic material. Accordingly, cells have controls that ensure the 

correct sequence of events. These control mechanisms are called checkpoints and certify 

that an event has been properly executed before proceeding to the next event (reviewed 

by(Hartwell and Weinert, 1989). Three checkpoints have been amply documented: the 

DNA damage checkpoint, which arrests cells in G1, S, G2 or even in mitosis in case of 

lesions in the DNA (reviewed by(Niida and Nakanishi, 2006); the DNA replication 

checkpoint, which ensures that mitosis is not initiated until DNA replication is complete 

and that no DNA is replicated twice during an S phase (reviewed by(Takeda and Dutta, 

2005), and the spindle assembly checkpoint (SAC), also called mitotic checkpoint or 

spindle checkpoint. The SAC delays metaphase-anaphase transition until all 

chromosomes are properly attached to the mitotic spindle (reviewed by(Musacchio and 

Salmon, 2007). Failure of these checkpoints result in changes of ploidy and genetic 

damage that are likely to be critical determinants for cancer development and/or 

progression (reviewed by(Kastan and Bartek, 2004).  

The central components of the cell cycle control system are a family of enzymes 

called the cyclin-dependent kinases (Cdks) and their regulators. Oscillations in the activity 

of Cdks lead to changes in the phosphorylation state, and thus the state of activation of 
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proteins that are responsible for changes in the biochemical status of cellular machinery. 

The first steps towards the identification of these key regulators of the cell cycle were 

done with the identification, in Xenopus eggs, of the maturation-promoting factor, also 

called mitosis-promoting factor (MPF) (Masui and Markert, 1971; Smith and Ecker, 1971).  

Later on, activity of this factor that promotes entry of cells into mitosis has been found in 

mitotic cells of all species assayed. Almost two decades were required for the successful 

purification of MPF (Lohka et al., 1988), that turned out to be an heterodimeric complex 

composed of a Cdk (Arion et al., 1988; Dunphy et al., 1988; Gautier et al., 1988; Labbe et 

al., 1988; Simanis and Nurse, 1986) and a cyclin (Labbe et al., 1989). Concentrations of 

Cdk proteins are constant throughout the cell cycle and regulation of their activity depends 

primarily on corresponding oscillations in levels of the regulatory subunits known as 

cyclins, which bind tightly to Cdks and stimulate their catalytic activity. Cyclins were 

originally discovered in biochemical studies with sea urchin eggs and embryos due to their 

cyclical protein level oscillation every cell division (Evans et al., 1983). Different cyclin 

types are produced at different cell cycle stages, resulting in the formation and activation 

of different Cdk/cyclin complexes. There are cyclins associated with G1 (cyclin D), S 

phase (cyclins E and A), and mitosis (cyclins B and A) and each Cdk/cyclin complex 

promotes the activation of the next in the sequence, thus ensuring that the cell cycle 

progresses in an ordered fashion (reviewed by(Murray, 2004). The activity of Cdk/cyclin 

complexes is further modulated by the addition or removal of inhibitory phosphorylation, 

and by changes in the levels of Cdk inhibitor proteins (CKIs) (reviewed in(Pines, 1999).  

Cell cycle progression is also controlled by proteolysis. Addition of ubiquitin-

polymeric chains to specific cell cycle regulators, such as cyclins, is sufficient to target 

them for proteolytic degradation by abundant the 26S proteasome complex. Ubiquitination 

of a substrate requires an ubiquitin-activating enzyme (E1), an ubiquitin-conjugating 

enzyme (E2) and an ubiquitin-ligase enzyme (E3). Recognition of targeting proteins is 

mainly governed by the E3 (reviewed in(King et al., 1996). Two related E3 complexes are 

involved in degradation of cell cycle regulators: the SCF (Skp1/Cullin/F-box protein) and 

the Anaphase-Promoting Complex/Cyclosome (APC/C). The APC/C is mainly active in 

mitosis (upon activation by Cdc20/Fizzy) and in the G1 phase of the cell cycle (upon 

activation by Cdh1/Hct1/Fizzy-related), whose crucial functions are, respectively, initiation 

of sister chromatid separation at the metaphase-anaphase transition and resetting the 

cell-cycle clock by achieving and maintaining a low Cdk activity state. The SCF complexes 

appear to be more versatile, fulfilling a variety of functions at many stages of the cell 

cycle. Originally both complexes were thought to act in non-overlapping phases of the cell 

cycle, however, it is now known that there is a high level of crosstalk between APC/C and 
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different types of SCFs (reviewed by(Vodermaier, 2004). Ubiquitin-mediated proteolysis 

can be additionally controlled by deubiquitinating enzymes (DUBs), that act by removing 

ubiquitin from ubiquitin-conjugated protein substrates (reviewed in(Love et al., 2007).  

Additionally, cell cycle control can be regulated by a balance of nuclear import and 

export of the components of the cell cycle machinery (reviewed by(Pines, 1999), as well 

as by changes in the transcription of regulatory genes (reviewed by(Breeden, 2003).  

During G1 phase, S- and M-Cdks are kept inactive due to (1) suppression of the 

major cyclin genes, (2) to the presence of high concentrations of CKIs and (3) through the 

activation of the APC/C. G1/S cyclins are not targeted by the APC/CCdh1 allowing their 

accumulation during G1, which leads to activation of G1/S-Cdks. This commits the cell to 

a new division cycle at the “restriction point” (“start point” in yeast). G1/S-Cdks primarily 

trigger the destruction of CKIs and inactivate the APC/CCdh1, leading to activation the S-

Cdks. Meanwhile, G1/S-Cdks promote their own inactivation by stimulating destruction of 

G1/S cyclins. S-Cdk complexes initiate DNA replication and ensure that re-assembly of 

new pre-replication complexes is prevented, limiting DNA replication to once per cycle 

(reviewed by(Diffley, 2004). 

Mitotic Cdk complexes are formed during the S phase and G2, but kept inactive by 

phosphorylation until completion of DNA synthesis. These phosphorylations are catalyzed 

by the Myt1 and Wee1 kinases. At the G2/M transition, Myt1 and Wee1 are inactivated 

while the phosphatase Cdc25 is activated. Cdc25 dephosphorylates Cdk1, allowing for 

activation of the Cdk1/Cyclin B complex and entry into mitosis (reviewed by(Perry and 

Kornbluth, 2007). Activated Cdk1/Cyclin B complexes phosphorylate several downstream 

targets inducing chromosome condensation, breakdown of the nuclear envelope, 

assembly of the mitotic spindle apparatus and alignment of condensed chromosomes at 

the metaphase plate (reviewed by(Morgan, 1997). In addition to Cdk1, several other 

mitotic kinases (e.g. Polo, Aurora, BubR1, Mps1) are known to regulate cell division (for 

review see(Nigg, 2001) and many more are still subject of extensive investigation 

(Bettencourt-Dias et al., 2004). As the cell reaches metaphase, M-Cdks activate the 

APC/C by phosphorylating core APC/C subunits, which enhances Cdc20 binding. 

APC/CCdc20 stimulates the destruction of proteins that hold the sister chromatids together 

and M-Cdks, thereby inactivating M-Cdks. The resulting inactivation of M-Cdks leads to 

dephosphorylation of their mitotic substrates, which is required for spindle disassembly 

and the completion of M phase. Furthermore, as the activating binding of Cdc20 to the 

APC/C requires phosphorylation by M-Cdks, M-Cdk inactivation leads to decreased 

phosphorylation of the APC/C, dissociation of Cdc20 and the consequent inactivation of 
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APC/CCdc20. However, APC/C activity is maintained, through binding to Cdh1. Cdh1 is 

prevented from binding to the APC/C from S phase to metaphase due to phosphorylation 

by Cdks, and at the metaphase-anaphase transition, when M-Cdk is inactivated by the 

APC/CCdc20, Cdh1 is dephosphorylated and binds to the APC/C. APC/CCdh1 activity 

remains high throughout G1, ensuring S- and M-Cdk inactivity until G1/S-Cdk activity rises 

again and the cell is committed to another cell cycle (Morgan, 2007).  

 

2. THE KINETOCHORE 

2.1 STRUCTURE 

 

Classical electron microscopy studies revealed the kinetochore as a plate-like 

trilaminar structure (Brinkley and Stubblefield, 1966; Jokelainen, 1967; McEwen et al., 

1993; Rieder, 1982; Roos, 1973) (Fig. 3).  In all eukaryotes, the kinetochore assembles on 

specialized nucleosomes (fundamental chromatin packing units), where histone H3 is 

replaced by the H3 variant CenH3 (also known as Cse4 in budding yeast, CID in 

Drosophila and CENP-A in humans). CENP-A is required for the recruitment of other inner 

kinetochore proteins, such as CENP-C, CENP-H and CENP-I/hMis6, forming the electron-

dense inner-plate (for review see(Chan et al., 2005). Separating the outer plate from the 

inner plate is a light-staining electron-translucent middle plate that is likely to be an artifact 

produced by conventional fixation and/or dehydration procedures (McEwen et al., 1998). 

The outer plate is composed of proteins whose primary function is to link the inner 

kinetochore to the microtubules. In the absence of microtubules, a meshwork of fibers, 

termed fibrous corona, can be seen extended from the surface of the outer plate (Ris and 

Witt, 1981). The fibrous corona and the outer plate contain the majority of the known 

kinetochore proteins that interact with microtubules (e.g. CENP-E, CLIP-170, 

Ndc80/Hec1) as well as spindle assembly checkpoint proteins (e.g. Bub1, Bub3, Mad1, 

Mad2, Mad3/BubR1, Mps1) (reviewed in(Chan et al., 2005; Maiato et al., 2004a). 
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Figure 3. Organization of the vertebrate centromere/kinetochore. Schematic representation of 
the spatial distribution of centromeric and kinetochore proteins. The coil at the centromere depicts 
the proposed helical path organization of the chromatin fiber, where CENP-A-bearing nucleosomes 
are exposed as repeat subunits at the inner plate of the kinetochore. The majority of the 
kinetochore proteins are located at the outer kinetochore/fibrous corona and include microtubule-
binding proteins (depicted in yellow), proteins that bind specifically to the growing ends of the 
microtubules (in green) and spindle assembly checkpoint proteins (adapted from(Chan et al., 
2005).  

 

The size and complexity of kinetochores vary considerably among different 

species. The budding yeast, Saccharomyces cerevisiae, has very small kinetochores, 

which are not visible by standard light or electron microscopy and only bind a single 

microtubule. Nevertheless, despite their small size, these kinetochores are highly complex 

showing a hierarchical set of interdependencies among different kinetochore complexes 

(reviewed in(McAinsh et al., 2003). Drosophila melanogaster S2 cells in culture have 

kinetochores that are similar to vertebrate kinetochores, although S2 mitotic kinetochores 

bind, on average, 11 microtubules compared with 17 microtubules that mitotic 

kinetochores of human cells in culture bind (Maiato et al., 2006; McEwen et al., 2001; 

Wendell et al., 1993). Some plants, Caenorhabditis elegans, and other animals have 

holocentric chromosomes, where the kinetochores cover the whole length of the 

chromosome, therefore the binding of microtubules is along the entire length of the 
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chromosome  (reviewed by(Dernburg, 2001). However, despite of the reported 

differences, many kinetochore proteins are conserved from yeast to humans including 

also species with holocentric chromosomes (Maiato et al., 2006; Oegema et al., 2001; 

Westermann et al., 2003).  

 

2.2 PROTEIN CONSTITUENTS 

 

Early efforts to identify the molecular composition of the kinetochores were 

hampered by the low abundance of constituent proteins and because these proteins are 

required for cell viability. The first steps towards their identification came with the use of 

anticentromere antibodies (ACA) in sera, derived from patients that developed the CREST 

Syndrome (a form of Systemic Sclerosis, showing Calcinosis, Raynaud’s phenomenon, 

Esophageal dysmotility, Sclerodactyly, Telangiectasia). These sera recognized three 

major antigens, CENP-A, CENP-B and CENP-C (Earnshaw and Rothfield, 1985).  

CENP-A is a histone-H3 variant (Palmer et al., 1991; Sullivan et al., 1994) and in 

vivo and in vitro experiments suggest that it is probably a centromeric nucleosome 

component (Vafa and Sullivan, 1997; Warburton et al., 1997). Subsequent studies, done 

in different model organisms, have shown that CENP-A is essential for kinetochore 

formation and function, as well as for centromere identity (Black et al., 2007; Blower and 

Karpen, 2001; Heun et al., 2006; Howman et al., 2000; Sullivan, 2001).  

CENP-B binds to a 17 bp sequence (the CENP-B box) in alphoid DNA, a human 

centromeric satellite DNA, and forms a dimer (Earnshaw et al., 1987; Masumoto et al., 

1989; Muro et al., 1992; Yoda et al., 1992). Studies done in knockout mice for CENP-B 

have revealed that CENP-B is not essential for mitosis or meiosis and no major defects 

were found regarding aspects of centromere assembly and function (Hudson et al., 1998; 

Kapoor et al., 1998; Perez-Castro et al., 1998). Therefore, it has been difficult to attribute 

a kinetochore function for CENP-B. However, studies with mammalian artificial 

chromosomes suggest that the CENP-B/CENP-B box interaction has some crucial roles 

for assembling other essential centromere/kinetochore components on alphoid DNA 

(Ikeno et al., 1998; Masumoto et al., 1998; Ohzeki et al., 2002; Suzuki et al., 2004).  

CENP-C can bind the same alpha-satellite DNA as CENP-B but in distinct non-

overlapping centromere domains (Politi et al., 2002). Antibody-injection experiments, 

analysis of conditional CENP-C knockouts in chicken cells and analysis of CENP-C-
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knockout mice have shown that CENP-C is involved in kinetochore assembly, 

chromosome segregation and mitotic checkpoint function (Fukagawa and Brown, 1997; 

Kalitsis et al., 1998; Kwon et al., 2007; Tomkiel et al., 1994).  

The identification of novel centromere-kinetochore associated proteins involved 

the use of monoclonal antibodies against human mitotic chromosome scaffolds (Compton 

et al., 1991; Earnshaw et al., 1984). One of the proteins identified by this method, was 

CENP-E (Yen et al., 1991; Yen et al., 1992). Immunoelectron microscopy studies 

combined with conventional fluorescence microscopy have revealed that CENP-E 

localizes to the fibrous corona, extending at least 50 nm away from the kinetochore outer 

plate, from prometaphase to anaphase (Cooke et al., 1997; Yao et al., 1997). In later 

stages of mitosis, CENP-E appears associated with the interpolar microtubules, at the 

midzone of the spindle, and finally with the cleavage furrow (Cooke et al., 1997; Yao et al., 

1997; Yen et al., 1991). At the protein level, CENP-E has a cyclin-like accumulation and 

degradation, reaching its peak during G2 and early M phase followed by rapid 

degradation during the completion of mitosis (Brown et al., 1994). It is a kinesin motor 

protein (Yen et al., 1992) initially reported to contain minus end-directed motility (away 

from the kinetochores) (Thrower et al., 1995). However, later it was shown that the 

recombinant motor domain moves towards microtubule plus ends (growing ends of the 

microtubules) in vitro (Wood et al., 1997). Recently, CENP-E directionality was further 

investigated and demonstrated that full-length recombinant CENP-E is a genuine plus 

end-directed motor and that CENP-E tail, through direct interaction with the motor domain, 

is able to completely block CENP-E motility in vitro (Espeut et al., 2008; Kim et al., 2008). 

Furthermore, it was shown that CENP-E autoinhibition can be reversed by Mps1- or Cdk1-

Cyclin B-mediated phosphorylation of the CENP-E tail (Espeut et al., 2008). Disruption of 

CENP-E function, by various methods, partially impairs metaphase chromosome 

alignment in Xenopus egg extracts (Wood et al., 1997), in Drosophila melanogaster 

(Goshima and Vale, 2003; Yucel et al., 2000) as well in vertebrate tissue cultured cells 

(Kapoor et al., 2006; Putkey et al., 2002; Schaar et al., 1997; Tanudji et al., 2004; Yao et 

al., 2000). However, other reports show that cells with reduced levels of CENP-E are able 

to align the chromosomes in a metaphase plate (Johnson et al., 2004; McEwen et al., 

2001; Weaver et al., 2003), suggesting that there are redundant mechanisms for 

chromosome alignment (McEwen et al., 2001).   

The next CENP- protein to be identified was CENP-F (also named Mitosin). It is a 

#400 kDa protein originally recognized by a human autoimmune serum and shown to 

have an expression and localization pattern similar to CENP-E (Liao et al., 1995; Rattner 

et al., 1993). Loss of function studies, by RNA interference, show that CENP-F-depleted 
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cells fail to accomplish metaphase chromosome alignment, anaphase chromosome 

segregation and cytokinesis. Moreover, repression of CENP-F causes a prolonged mitotic 

arrest that culminates in cell death before anaphase initiation through apoptosis (Bomont 

et al., 2005; Holt et al., 2005; Yang et al., 2005).  

More recently, purification of CENP-A nucleosomes from human cells has 

identified a network of proteins that is constitutively present at centromeres and that 

includes CENP-C and 13 interacting proteins (CENP-H, CENP-I, CENP-K-U) (Foltz et al., 

2006; Izuta et al., 2006; Obuse et al., 2004; Okada et al., 2006). This entire group of 

proteins, based on their colocalization and co-purification with CENP-A nucleosomes 

throughout the cell cycle in vertebrates, was proposed to be called the constitutive 

centromere-associated network (CCAN) (Cheeseman and Desai, 2008). Depletion of 

components of the CCAN often leads to cell-cycle arrest, kinetochore-assembly defects, 

severe chromosome missegregation and loss of kinetochore function (reviewed 

by(Cheeseman and Desai, 2008).  

In addition to centromere proteins (CENPs), several other proteins such as 

microtubule-associated proteins (MAPs) and SAC proteins associate with kinetochores 

during mitosis. Cytoplasmic dynein, a microtubule-associated motor protein that has 

microtubule minus end-directed motion (Lye et al., 1987), was also shown to localize to 

kinetochores (Pfarr et al., 1990; Steuer et al., 1990) but exclusively to the fibrous corona 

(Wordeman et al., 1991). Cytoplasmic dynein functions in close cooperation with the 

dynactin complex (dynamitin, Arp1 and p150Glued) that also localizes to kinetochores 

(Faulkner et al., 1998). Another example is CLIP-170, that besides being a MAP is not a 

member of any motor family (Dujardin et al., 1998; Pierre et al., 1992). CLIP-170 has been 

shown to be important for proper chromosome congression (Dujardin et al., 1998; 

Tanenbaum et al., 2006). Likewise, the bona fide SAC proteins Bub1, Bub3, Mad1, Mad2, 

BubR1 and Mps1 localize to kinetochores (Abrieu et al., 2001; Basu et al., 1999; Basu et 

al., 1998; Chan et al., 1999; Chen et al., 1998; Chen et al., 1996; Jablonski et al., 1998; Li 

and Benezra, 1996; Martinez-Exposito et al., 1999; Taylor et al., 1998; Taylor and 

McKeon, 1997). The role of the SAC proteins during mitosis will be addressed later in this 

general introduction. Currently, around 80 kinetochore proteins have been identified in 

humans (for recent review see(Cheeseman and Desai, 2008). 
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3. MICROTUBULE-KINETOCHORE ATTACHMENT 

 

When the nuclear envelope breaks down, cytoplasmic microtubules gain access to 

the condensing chromatin, and although microtubules may eventually interact with the 

whole chromosome, the kinetochore is the major microtubule attachment site. The best 

understood mechanism of chromosome attachment is the one of animal cells, mainly 

dependent on the centrosomes. Centrosomes nucleate microtubules in all directions, 

which grow, elongate and then shrink back suddenly until become stabilized at the 

kinetochores. This process is known as “search-and-capture” and relies on the “dynamic 

instability” property of the microtubules (Heald and Nogales, 2002; Kirschner and 

Mitchison, 1986). However, the search-and-capture mechanism is not efficient enough to 

explain the typical observed duration of prometaphase (Wollman et al., 2005). 

Furthermore, this mechanism is unlikely to be effective in cells lacking centrosomes. A 

RanGTP gradient (Carazo-Salas et al., 2001; Kalab et al., 1999) may introduce a spatial 

bias into microtubule dynamics, thus improving the efficiency of search-and-capture 

(Wollman et al., 2005). More recently it has also been demonstrated that growth of 

microtubules from the kinetochores might play a role during spindle assembly and 

organization (Khodjakov et al., 2003; Maiato et al., 2004b; Tulu et al., 2006). 

 

3.1 MICROTUBULE BINDING TO KINETOCHORES 

 

Extensive work has been done in order to determine which are the components of 

the core kinetochore-microtubule attachment site. However, this as been a difficult task to 

accomplish since interference with most of the known kinetochore components results in 

chromosomes that are not attached to the mitotic spindle; not because these proteins are 

indeed an essential docking site for microtubule binding but as a secondary consequence 

of the Ipl1/Aurora kinase-mediated correction mechanism that destabilizes defective 

microtubule attachments (Cimini et al., 2006; Dewar et al., 2004; Lampson et al., 2004; 

Pinsky et al., 2006). The KNL1/Mis12 complex/Ndc80 complex (KMN) network, previously 

shown to be conserved in multiple organisms and essential for viability and kinetochore-

microtubule interactions (reviewed in(Kline-Smith et al., 2005), was suggested to be the 

core kinetochore-microtubule attachment site (Cheeseman et al., 2006). Two distinct 

microtubule-binding activities within the network were identified – one intrinsic to the 

Ndc80 and Nuf2 subunits of the Ndc80 complex, and a second intrinsic to KNL1 
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(Cheeseman et al., 2006). Furthermore, it was also shown that the N-terminus of 

Hec1/Ndc80 specifically regulates microtubule polymerization and depolymerization of the 

growing end, at kinetochores (DeLuca et al., 2006). Moreover, the crystal structure of the 

most conserved region of Hec1/Ndc80 was recently solved, and it was shown that an 

Ndc80p-Nuf2p heterodimer binds microtubules in vitro; and the less conserved, N-terminal 

segment of Ndc80p contributes to the interaction and may be a crucial regulatory element 

(Wei et al., 2007). These results suggest that Ndc80/Hec1 complex is the core 

kinetochore-microtubule binding site.  

 

3.2 CORRECTION OF DEFECTIVE MICROTUBULE ATTACHMENTS. BIORIENTATION 

 

Chromosomes can establish different types of interactions with spindle 

microtubules but only when sister kinetochores in a pair are attached to opposite spindle 

poles, resulting in biorientation or amphitelic attachment, the success of chromosome 

segregation is achieved. At the beginning of prometaphase, most attachments are 

monotelic, with one kinetochore bound to microtubules from one spindle pole and the 

other kinetochore unbound, these chromosomes are also called monoriented. Ideally, the 

unattached kinetochore then becomes attached to the opposite pole but that is not always 

the case and both sister kinetochores can attach to the same spindle pole, syntelic 

attachment, or one kinetochore can attach to both spindle poles, merotelic attachment. 

Incorrect attachments have then to be corrected but how the kinetochore detects these 

abnormalities is a matter of intense investigation. The generation of tension across sister 

kinetochores seems to play a major role. Tension, or some consequence of tension, 

stabilizes the proper spindle attachment (Nicklas and Ward, 1994) and increases the 

number of kinetochore microtubules, although within certain limits (King and Nicklas, 

2000). Although biorientation results in the generation of tension at kinetochores, 

merotelic attachments are likely to also generate kinetochore tension, resulting in stable 

microtubule attachments, ultimately leading to aneuploidy (Cimini et al., 2001). Several 

lines of evidence suggest that the mitotic protein kinase Aurora B can correct attachments 

that do not generate tension (Hauf et al., 2003; Lampson et al., 2004; Pinsky et al., 2006; 

Tanaka, 2002) and even correct merotelic attachments (Cimini et al., 2006; Knowlton et 

al., 2006). Aurora B, together with its regulatory subunits, is located at the centromeres 

and phosphorylates numerous kinetochore components, including Ndc80/Hec1 complex 

(Cheeseman et al., 2002) leading to active destabilization of kinetochore microtubules 

(reviewed by(Vader and Lens, 2008). In fact, in vitro phosphorylation of Ndc80 subunit of 
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the Ndc80 complex, by Ipl1/Aurora, reduces its microtubule-binding affinity (Cheeseman 

et al., 2006). Moreover, cells expressing a Hec1 N-terminal mutant that prevents Aurora B 

phosphorylation exhibit an increase in the frequency of erroneous microtubule-

kinetochore attachments, inducing centromere hyper-stretch and decreasing the fidelity of 

chromosome segregation (DeLuca et al., 2006).  

 

3.3 CHROMOSOME MOVEMENTS AND CONGRESSION 

 

During mitosis, chromosomes undergo a series of orchestrated movements that 

ultimately lead to their alignment at the centre of the cell (Fig. 4), a process known as 

chromosome congression.  

 

 

 

Figure 4. Chromosome movements during mitosis. (1) An attaching chromosome in which one 
kinetochore is exhibiting rapid poleward movement along the surface of an astral microtubule; (2) a 
monoriented chromosome oscillating between poleward and away from the pole phases of motion; 
(3) a bioriented chromosome, near one pole which is initiating congression; (4) a fully congressed 
metaphase chromosome that is oscillating around the spindle equator; and (5) chromatids in 
anaphase undergoing poleward motion  (adapted from(Rieder and Salmon, 1994).  
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Although, generally assumed that chromosome biorientation is a prerequisite for 

congression, it was recently shown that monoriented chromosomes could glide toward the 

spindle equator alongside kinetochore fibers attached to other already bioriented 

chromosomes (Kapoor et al., 2006), or even along any microtubule bundle without the 

requirement of the trailing kinetochore to be attached (Cai et al., 2009). Upon biorientation 

of all chromosomes sister chromatids move poleward during anaphase (Fig. 4) (Rieder et 

al., 1994).  

Chromosome movements towards or away from the spindle poles are associated 

with depolymerization or polymerization of kinetochore microtubules, respectively. 

Switches between these two states are thought to be responsible for the alignment of the 

chromosomes in the spindle equator during prometaphase and known as kinetochore bi-

stability. The trigger controlling this bi-stable system is thought to be tension at the 

kinetochore: low tension promotes the switch to kinetochore microtubules 

depolymerization and high tension promotes polymerization  (reviewed in(Maiato et al., 

2004a). How these physical forces are translated into signaling at individual centromeres 

was recently addressed and found that centromere tension can be sensed by increased 

spatial separation of Aurora B from kinetochore substrates, which reduces their 

phosphorylation and stabilizes kinetochore microtubules (Liu et al., 2009). 

There are three major forces acting on chromosomes to move them on the mitotic 

spindle: (1) Most of the poleward force is generated by the kinetochore due to microtubule 

depolymerization at the chromosome-bound end (also called “Pac-Man” mechanism) 

(Centonze and Borisy, 1991; McIntosh et al., 2002; Rieder and Salmon, 1998). (2) 

Microtubule flux, which depends on the active translocation of the entire microtubule 

toward the spindle pole coupled to minus end depolymerization and plus end 

polymerization (Cassimeris, 2004; Mitchison, 1989).  (3) And the polar ejection force or 

polar wind. This force opposes the poleward force due to interaction of microtubules 

growing out from the spindle poles with the chromosome arms, pushing them away from 

the poles (Brouhard and Hunt, 2005; Rieder et al., 1986).   
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3.4 COUPLING KINETOCHORE-MICROTUBULE ATTACHMENT TO MICROTUBULE-
POLYMERIZATION DYNAMICS AND CHROMOSOME MOVEMENTS 

 

Kinetochores generate physical interactions with microtubules that have to be 

stable enough to resist the force exerted by the mitotic spindle but must also possess the 

ability to remain attached as the microtubules polymerize and depolymerize. Studies in 

budding yeast have identified a ten subunit microtubule-binding complex, the Dam1 

complex (also called DASH) (Cheeseman et al., 2001; Jones et al., 2001) that 

oligomerizes to form rings that encircle the microtubules (Miranda et al., 2005; Miranda et 

al., 2007; Wang et al., 2007; Westermann et al., 2005). Follow-up studies have shown that 

the Dam1 complex slides along microtubule polymers (Asbury et al., 2006; Westermann 

et al., 2006) and couples movement of cargo to depolymerizing microtubules (Grishchuk 

et al., 2008). These particular characteristics create a dynamic kinetochore-microtubule 

interface that can explain how kinetochores remain attached to growing and shortening 

microtubules due to the existence of sleeves or collars proposed twenty-five years ago 

(Hill, 1985). Despite thorough searches, a Dam1 homologue in higher eukaryotes 

remained to be identified. However, very recently, four different groups identified a novel 

component of the Ska complex, Rama1/Ska3/C13orf3 previously shown to be required for 

the maintenance of the metaphase plate (Hanisch et al., 2006), and demonstrated that 

this complex is required to generate stable kinetochore-microtubule attachments  

(Gaitanos et al., 2009; Raaijmakers et al., 2009; Theis et al., 2009; Welburn et al., 2009). 

More interestingly, it was shown that the full Ska1 complex forms assemblies on 

microtubules that can facilitate the processive movement of microspheres along 

depolymerizing microtubules (Welburn et al., 2009). These characteristics are highly 

similar to the budding yeast Dam1 complex and so the Ska complex may have analogous 

functions in higher eukaryotes (Guimaraes and Deluca, 2009).The kinetochore localization 

of most of the proteins involved in the microtubule-kinetochore interface described so far 

is shown below (Figure 5). 
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Figure 5. Schematic representation of the 
metazoans kinetochore-microtubule 
interface. Adapted from(Santaguida and 
Musacchio, 2009).  

 

 

 

3.5 MOLECULAR MACHINERY INVOLVED IN KINETOCHORE MOTILITY 

 

Several microtubule-associated proteins (MAPs) can associate transiently or 

constitutively with microtubules and are capable of modifying their dynamic properties 

thereby controlling kinetochore microtubule dynamics (reviewed in(Maiato et al., 2004c). 

These include microtubule-depolymerizing proteins such as the kinesin-13 family (e.g. 

Kif2a and MCAK) (Desai et al., 1999; Homma et al., 2003). MCAK is the best-

characterized member of the family. However, perturbation of its function, by several 

means, does not lead to severe defects in chromosome movement (Ganem et al., 2005; 

Kline-Smith et al., 2004; Maney et al., 1998). Instead, leads to increased frequency of 

lagging chromatids in anaphase; suggesting that MCAK utilizes microtubule 

depolymerase activity to perform other functions than chromosome motility, such as error-

correction (Bakhoum et al., 2009; Knowlton et al., 2006; Lan et al., 2004; Wordeman et 

al., 2007). On the other hand, Kif2a (also called Klp10A in Drosophila) depolymerizes 

microtubules at their pole-associated minus ends contributing for poleward microtubule 

flux (Gaetz and Kapoor, 2004; Rogers et al., 2004). Also members of the kinesin-8 family 

can depolymerize microtubules but specifically at the kinetochore-associated plus end, 

contributing to chromosome congression (Gupta et al., 2006; Mayr et al., 2007; Stumpff et 

al., 2008). Conversely, perhaps counteracting the activity of the depolymerases, 

microtubule-plus-end-tracking proteins (+TIPs), such as APC, EB1, CLIP-170 and 

CLASPs, promote polymerization (reviewed by(Schuyler and Pellman, 2001). The 
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adenomatous polyposis coli (APC) protein and its binding partner end-binding protein 1 

(EB1) localize to the kinetochores in a microtubule-dependent manner (Fodde et al., 2001; 

Kaplan et al., 2001; Su et al., 1995; Tirnauer et al., 2002). Binding of EB1 to microtubule 

plus ends at the kinetochore interface is restricted to polymerizing microtubules (Tirnauer 

et al., 2002), promoting the stabilization of the microtubule  lattice (Sandblad et al., 2006) 

and stimulating nucleation, sheet growth and closure (Vitre et al., 2008). CLIP-170 and its 

binding partners the CLASPs (CLIP-associated proteins) (Akhmanova et al., 2001) can 

localize to kinetochores even in the absence of microtubules (Dujardin et al., 1998; Lemos 

et al., 2000). CLIP-170 facilitates the formation of kinetochore-microtubule attachments 

(Tanenbaum et al., 2006) and it was recently found that its plus-end-tracking requires EB1 

(Bieling et al., 2008; Dixit et al., 2009). CLASPs have been shown to promote the growth 

of kinetochore-bound microtubules (Maiato et al., 2003a; Maiato et al., 2005) and the 

available data are fully consistent with a model in which MAST/CLASP1 accumulates at 

the outer kinetochore corona and maintain attachment to the microtubules plus ends, 

while allowing the incorporation of new tubulin subunits (Maiato et al., 2004c).  

 

4. THE KINETOCHORE AND THE SPINDLE ASSEMBLY CHECKPOINT 

 

Evidence that progression through mitosis is carefully monitored was first obtained 

with the use of drugs that depolymerise microtubules and promote a prolonged mitotic 

arrest in vertebrate cells (Brues AM, 1936; Brues AM, 1937; Zieve et al., 1980). 

Afterwards, the existence of a quality-control checkpoint at metaphase was proposed 

(Nicklas and Arana, 1992). While it is now widely accepted that the SAC delays 

metaphase-anaphase transition until all chromosomes are properly bioriented in the 

mitotic spindle, the sensors, the nature of the signals, and the transduction pathways that 

promote the delay are still subject of intense investigation. The first evidence that the SAC 

monitors centromere function was obtained in budding yeast (Spencer and Hieter, 1992). 

It was shown that the presence of an abnormal centromere could induce a mitotic delay. 

Subsequently, live analysis of vertebrate cells and laser microsurgery unequivocally 

demonstrated that kinetochores that fail to form proper microtubule attachment send a 

“wait-anaphase” signal (Rieder et al., 1995; Rieder et al., 1994). 
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4.1 SAC AND ITS MOLECULAR COMPONENTS  

 

 Genetic screens designed to isolate mutations for which the mitotic arrest is 

overridden in the presence of microtubule depolymerising drugs allowed the identification 

of the Mad1, -2 and -3 (mitotic arrest deficient) and Bub1, -2 and -3 (budding uninhibited 

by benomyl) genes in budding yeast (Hoyt et al., 1991; Li and Murray, 1991). The Mad 

and Bub proteins are conserved throughout evolution and are essential to impose a 

mitotic arrest in response to microtubule damage in all organisms and cell lines tested so 

far (Basu et al., 1999; Bernard et al., 1998; Gorbsky et al., 1998; Li and Benezra, 1996; 

Taylor and McKeon, 1997). The only exception was the identification in higher eukaryotes 

of the Bub-Related-1 kinase (BubR1) which displays homology in its N-terminal part with 

the yeast Mad3 protein and in its C-terminal part with the kinase domain of Bub1 (Taylor 

et al., 1998). Immunolocalization studies of the Mad and Bub proteins in several model 

systems have shown that they localize to kinetochores that are unattached or under 

reduced microtubule tension (Chen et al., 1998; Logarinho et al., 2004; Taylor et al., 

1998). The kinetochore localization of these proteins is thought to play a central role in 

broadcasting the “wait-anaphase” signal (Musacchio and Salmon, 2007). Biochemical 

studies have shown that these proteins can be purified from a variety of complexes 

including Mad1-Mad2, Bub1-Bub3, and Bub3-BubR1/Mad3 during mitosis (Basu et al., 

1998; Campbell and Hardwick, 2003; Campbell et al., 2001; Chung and Chen, 2002; 

Hardwick et al., 2000; Roberts et al., 1994; Tang et al., 2001; Taylor et al., 1998). 

Formation of these complexes appears to be essential for their targeting to kinetochores 

during prometaphase and to trigger a SAC response that delays mitotic progression 

(Musacchio and Salmon, 2007). At the molecular level, several studies suggest that 

activation of the SAC involves the formation of inhibitory complexes between Mad2 and/or 

Mad3/BubR1 and Cdc20, preventing Cdc20 from activating the E3 ubiquitin-ligase APC/C 

(Hwang et al., 1998; Kim et al., 1998; Wu et al., 2000). These inhibitory complexes are 

thought to form at unattached kinetochores where Mad2, BubR1 and Cdc20 show a very 

fast turnover (Howell et al., 2004).  

Biochemical experiments at the G2-M transition also identified a multisubunit 

complex, the Mitotic Checkpoint Complex (MCC). This complex contains the BubR1-

Mad2-Bub3-Cdc20 proteins and strongly inhibits APC/C activity causing a delay in mitotic 

exit (Sudakin et al., 2001; Tang et al., 2001). Interestingly, the formation of the MCC does 

not require unattached kinetochores since the complex is present well before NEBD. 

Thus, a “two-step” model for the activation and maintenance of SAC activity has been 



GENERAL INTRODUCTION 

 23 

proposed (Chan et al., 2005). In this model, a first step involves the formation of the MCC 

during cell cycle progression from G2 to M to allow cyclin accumulation and mitotic entry. 

The second step takes place after NEBD when the SAC proteins can bind unattached 

kinetochores, producing additional MCC inhibitory complexes to sustain SAC activity until 

all kinetochore pairs are properly attached and congression is achieved (Figs. 6 and 7). 

Subsequent studies both in yeast (Fraschini et al., 2001) and Drosophila (Lopes et al., 

2005) strongly support this model.  

 

 

 

Figure 6. Diagram showing mitotic progression and the Spindle Assembly Checkpoint. (A) 
Before entering mitosis, the MCC (Mad2-BubR1-Bub3-Cdc20) is already formed. After NEBD, 
checkpoint protein complexes are recruited to unattached kinetochores originating more MCC that 
inhibits the APC/C. This ensures sufficient timing for chromosome congression. When achieved, 
APC/C is no longer inhibited and triggers the ubiquitination of securin and cyclin B targeting them 
for destruction by the 26S proteasome. Separase becomes active and cohesin is cleaved leading 
to anaphase onset. (B) Schematic representation of mitosis highlighting the accumulation and 
degradation of cyclin B, shown in background red. 
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Figure 7. Example of a bona fide SAC protein (BubR1) kinetochore localization, at different 
mitotic stages, in Drosophila S2 cell line. (A) During prophase, since there is no attachment of 
microtubules to the kinetochores, BubR1 strongly localizes to the kinetochores of condensing 
chromosomes. Both kinetochores send a “wait-anaphase signal” inhibiting the APC/C. (B) Then, 
during prometaphase, the localization is diminished at the kinetochores of chromosomes that align 
at the centre of the cell. The lagging chromosomes show robust localization of BubR1 indicating 
that the SAC is giving extra time for chromosome alignment. (C) When all chromosomes align at 
the metaphase plate the signal is reduced. (D) At the metaphase-anaphase transition the inhibitory 
signal in no longer generated and APC/C becomes active ultimately promoting sister chromatid 
separation. (E) When cells are treated with microtubule depolymerising drugs the SAC proteins are 
highly recruited to the unattached kinetochores promoting an extensive mitotic arrest. DNA is in 
blue, !-Tubulin in green and DmBubR1 in red. Bar is 5 !m. 
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Additional molecular components that are required for SAC signaling in metazoans 

were further identified, including Mps1 (Hardwick et al., 1996; Weiss and Winey, 1996), 

the RZZ complex (reviewed in(Lu et al., 2009), the deubiquitinating enzyme USP44 

(Stegmeier et al., 2007), the human pre-messenger RNA processing 4 (PRP4) protein 

kinase (Montembault et al., 2007), the DNA-dependent adenosine triphosphatase 

(ATPase) Plk1-interacting checkpoint helicase (PICH) (Baumann et al., 2007) and the 

microtubule-affinity regulating kinase TAO1 (also known as MARKK) (Draviam et al., 

2007). However, for the latter, PICH and TAO1, it was recently reported that the siRNA-

based implication of these proteins in the SAC reflects an off-target effect on the SAC 

protein Mad2 (Hubner et al., 2009).  

 

4.2 SAC MECHANISM OF ACTION 

 

Studies on the Mad2 checkpoint protein put it as a central regulator of the mitotic 

checkpoint machinery (De Antoni et al., 2005; Luo et al., 2002; Luo et al., 2004; Xia et al., 

2004; Yang et al., 2008). These results lead to the proposal of a molecular model for 

Mad2 activation and binding to Cdc20 thus explaining rapid APC/C inactivation (reviewed 

by(Ciliberto and Shah, 2009). This model relies in the experimental evidence that Mad2 

has two different native conformations, open Mad2 (O-Mad2, also referred to as Mad2N1) 

and closed Mad2 (C-Mad2, also referred to as Mad2N2). Before checkpoint activation, 

freely diffusible monomeric Mad2 is though to exist largely as O-Mad2, its inactive 

conformation. When bound to Mad1, Mad2 adopts the closed conformation (Luo et al., 

2002; Sironi et al., 2002), the active form. Thus Mad2 activation requires a transient 

dimerization (Mapelli et al., 2007; Yang et al., 2008) that occurs at the unattached 

kinetochore. The closed Mad2 form can also induce a second Mad2 molecule, normally in 

the open conformation in the cytoplasm, to acquire the active conformation (De Antoni et 

al., 2005; Yang et al., 2008), thus contributing for the amplification of SAC signaling. 

Active Mad2 binds to Cdc20 resulting in a Mad2:Cdc20 complex that can become a full 

MCC complex either at the kinetochore (Howell et al., 2004; Shah et al., 2004) or in the 

cytoplasm (Essex et al., 2009; Kulukian et al., 2009) by binding the BubR1:Bub3 complex. 

Less well understood are the mechanisms for relieving APC/C inhibition and allowing the 

metaphase to anaphase transition. The current idea is that upon biorientation of the last 

unattached kinetochore the inhibitory signal of the APC/C is no longer generated and cells 

enter anaphase (Musacchio and Salmon, 2007). The RZZ complex (Rod-Zw10-Zwilch) is 

a key candidate to contribute for the silencing of the inhibitory signal generation. This 



GENERAL INTRODUCTION 

  26 

complex is recruited to the kinetochores where establishes a docking site for the 

molecular motor Dynein (Starr et al., 1998). In turn, Dynein, upon microtubule attachment, 

is able to transport Mad2 to the spindle poles (Howell et al., 2001; Sivaram et al., 2009) 

thus contributing to a reduction of Mad2 concentration at the kinetochores. Also, in 

mammalian cells, p31comet (formerly known as Cmt2) forms a transient complex with 

APC/CCdc20-bound Mad2 counteracting Mad2 function and thus contributes to checkpoint 

inactivation (Xia et al., 2004). Ubiquitination of Cdc20 in the context of the MCC:APC/C 

complex is also thought to play a role in this process. It was proposed that APC/C itself in 

complex with its E2 enzyme UbcH10 can ubiquitinate Cdc20 and possibly other 

components of the MCC:APC/C protein complex, leading to the release of Mad2 (Reddy 

et al., 2007). This process can be counteracted by the deubiquitinating enzyme USP44 

that is able to remove ubiquitin from Cdc20 (Stegmeier et al., 2007). Furthermore, in 

yeast, evidence exists that APC/C-mediated proteosomal degradation of SAC 

components occurs leading to irreversible inactivation of the checkpoint in anaphase 

(Palframan et al., 2006).  

 

4.3 THE KINETOCHORE IS A HUB FOR KINASE SIGNALING  

 

Kinetochore localization of checkpoint proteins is hierarchical, meaning that the 

recruitment of some depends on the prior recruitment of others. Although not all studies 

are in full accordance, most probably due to the diversity of systems used in the different 

experiments (Chen, 2002; Johnson et al., 2004; Lampson and Kapoor, 2005; Orr et al., 

2006), it is commonly accepted that Aurora B, Mps1, and Bub1 lie at the top of this 

hierarchy (Boyarchuk et al., 2007; Emanuele et al., 2008; Liu et al., 2006; Vigneron et al., 

2004). These protein kinases and others, apart from constituting a platform over which a 

fully functional kinetochore is built, play critical roles in the spindle checkpoint signaling 

either participating in the generation and/or amplification of this signal. However, the 

mechanism (or mechanisms) by which they inhibit mitotic progression remains a matter of 

intense investigation (reviewed by(Kang and Yu, 2009). The Aurora B kinase plays a 

major role in promoting biorientation, as described previously (section 3.2). However, in 

the process of doing so generates unattached kinetochores, a specific situation that is 

known to promote SAC activity (Pinsky et al., 2006). Furthermore, there are several lines 

of evidence indicating that the generation of unattached kinetochores is not the sole 

manner by which the chromosomal passenger complex (CPC), Aurora B and its 

regulatory subunits (INCENP, Survivin, Borealin), exerts control over the SAC. First, HeLa 
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cells blocked in mitosis by nocodazole (a situation where none of the kinetochores are 

attached and the microtubule destabilizing activity of Aurora B is not relevant) do 

eventually exit mitosis prematurely after chemical Aurora B inhibition (Hauf et al., 2003). 

Second, RNAi mediated-depletion of CPC components influences the robustness of the 

mitotic arrest of nocodazole-treated cells (Ditchfield et al., 2003; Lens et al., 2003; Vader 

et al., 2007). Third, Aurora B becomes critical for a nocodazole-induced mitotic checkpoint 

arrest in the absence of Bub1 (Morrow et al., 2005), suggesting it might collaborate with 

other kinases to enforce the mitotic arrest. Fourth, experiments in Xenopus tissue culture 

cells as well as studies in fission yeast have shown a requirement for Aurora B activity in 

spindle checkpoint function in response to unattached kinetochores (Kallio et al., 2002; 

Petersen and Hagan, 2003). And fifth, when Aurora B is in complex with an INCENP 

molecule that lacks its coiled-coil domain, Aurora B’s microtubule destabilizing function 

and hence its capacity to create unattached kinetochores is still intact, yet is incapable of 

supporting checkpoint function (Vader et al., 2007). Together, these findings provide 

strong evidence that the CPC influences spindle checkpoint function also in a more direct 

function, independent of its well-established destabilizing effect on microtubule-

kinetochore interactions (reviewed in(Vader et al., 2008).  

Mps1 was first described in Saccharomyces cerevisiae as an essential protein 

kinase for spindle pole body (SPB) duplication (Lauze et al., 1995; Winey et al., 1991). 

Subsequently, it was found to have a role in the mitotic checkpoint not only in budding 

yeast (Weiss and Winey, 1996) but also in higher eukaryotes (Abrieu et al., 2001; Liu et 

al., 2003; Stucke et al., 2002). Recently, a role in correction of improper chromosome 

attachments was also attributed. It was reported that Mps1 phosphorylates 

Borealin/DasraB on residues that are crucial for Aurora B activity and chromosome 

alignment (Jelluma et al., 2008). Interestingly, Mps1 is not the only kinase that apart from 

playing a role in the SAC also coordinates attachment error correction. The bona fide SAC 

proteins Bub1 and BubR1 are themselves required for proper kinetochore-microtubule 

interactions (reviewed by(Logarinho and Bousbaa, 2008). Bub1 appears to regulate 

chromosome attachment through an Aurora B independent pathway (Meraldi and Sorger, 

2005) whilst BubR1 seems to act by inhibiting Aurora B kinase (Lampson and Kapoor, 

2005).  

The number of kinases reported to be involved in the SAC machinery keeps 

expanding nowadays: The PRP4 protein kinase associates with kinetochores during 

mitosis and is required for the recruitment or maintenance of the checkpoint proteins 

Mps1, Mad1 and Mad2 at the kinetochores (Montembault et al., 2007).  
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Thus the molecular understanding of the SAC response while still far from clear 

has advanced significantly revealing a highly complex surveillance mechanism that at the 

centre appears to monitor microtubule-kinetochore interactions.  

 

5. A WEAK SPINDLE CHECKPOINT MIGHT FACILITATE TUMORIGENESIS 

 

It was Theodor Boveri who almost 100 years ago first proposed that abnormal 

distribution of chromosomes could be the cause for tumor development (Boveri, 1914; 

Harries, 2008). Indeed subsequent work has indicated that most solid tumors are 

aneuploid and many cell lines derived from cancer cells show chromosomal instability 

(CIN). Since the discovery of the SAC and some of its molecular components, a recurrent 

question has been whether aneuploidy is a cause or a consequence of malignant 

transformation (Holland and Cleveland, 2009).  

Studies using Chinese hamster ovary cell lines exposed to microtubule poisons or 

Topoisomerase II drugs for prolonged periods of time were shown to undergo severe 

genomic instability associated with loss of the SAC response (Andreassen et al., 1996). 

Subsequently, oncogenic proteins such as the SV40 large T antigen (Chang et al., 1997) 

and the papillomavirus oncoproteins E6 and E7 (Thomas and Laimins, 1998) were shown 

to inactivate the SAC and promote aneuploidy. Also, it was shown that Mad1 is the target 

of the T-cell leukaemia virus oncoprotein Tax suggesting that down regulation of the SAC 

could be involved in the development of this tumor (Jin et al., 1998).  In 1998, Cahill and 

colleagues reported mutations in Bub1 or BubR1 in colorectal cancer cell lines examined 

(Cahill et al., 1998). Later, several mutations or deletions were found in Bub1 and BubR1 

genes in samples of leukemia and lymphoma cells (Ohshima et al., 2000; Ru et al., 2002) 

as well as in families with mosaic variegated aneuploidy (MVA) syndrome, in the case of 

the latter (Matsuura et al., 2006). Also, reduced levels of Bub1 were reported in some 

colon carcinoma (Shichiri et al., 2002) and acute myeloid leukaemia (Lin et al., 2002). 

Furthermore, studies have shown that altered Mad2 expression could be detected in 

nasopharyngeal carcinoma (Wang et al., 2000), breast cancer cell lines (Percy et al., 

2000), ovarian cancer (Wang et al., 2002) and gastric cancers (Kim et al., 2005).  

However, there are many studies that failed to detect mutations in any SAC protein 

when a large number of human samples were investigated (reviewed by (Lopes and 

Sunkel, 2003)), thus providing mixed results. In fact, there have been a small number of 

mutations (8/177) found on the Mad1 gene isolated from a panel of tumor derived cell 
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lines of primary cancer samples (Tsukasaki et al., 2001) and one mutation in a lung 

cancer (Nomoto et al., 1999).  

Even though most cancer-derived samples do not contain mutations in SAC 

genes, and cancer cells exist that do have a robust SAC (Tighe et al., 2001), many tumor-

derived cell lines do show partial or complete loss of SAC response for which the 

molecular nature of the defect underlying SAC inefficiency is not known. Why then, were 

mutations in SAC genes not found associated with the vast majority of human tumors? 

Conventional gene knockouts have been constructed for almost all known mitotic 

checkpoint genes, including Mad1, Mad2, Bub1, Bub3, BubR1 (Babu et al., 2003; 

Iwanaga et al., 2007; Kalitsis et al., 2000; Michel et al., 2001; Perera et al., 2007; Wang et 

al., 2004) and complete loss of function of these gene products leads to early embryonic 

lethality whereas heterozygous and hypomorphic mice are viable and fertile. It has been 

shown that deletions of either mad2 (Dobles et al., 2000) or bub3 (Kalitsis et al., 2000) 

cause severe chromosome mis-segregation during early mouse development leading to 

apoptosis and early developmental arrest. Similarly, mutation of either bubR1 or bub3 in 

Drosophila was shown to cause lethality in late stages of development (Basu et al., 1999; 

Lopes et al., 2005). Accordingly, complete inactivation of Mad2 (Michel et al., 2001) or 

BubR1 (Kops et al., 2004) in tumor derived cell lines causes massive chromosome 

missegregation and subsequence cell death within 2-6 divisions, leading to the suggestion 

that this might provide an interesting therapeutic approach (Kops et al., 2005). 

Nevertheless, mad2-null Drosophila is viable and fertile and their cells almost always 

divide correctly despite having no SAC (Buffin et al., 2007).  

All together, these observations suggest that it is unlikely that loss of the SAC 

response could be the primary cause of tumor formation. Instead, the available data is 

much more consistent with the view that a weakened SAC response could facilitate tumor 

development in cells that are undergoing tumorigenesis. Actually, a recent study 

analyzing the consequences of gradual increases in chromosome segregation errors in 

the viability of tumor cells and normal human fibroblasts, found that partial inhibition of the 

human checkpoint proteins BubR1 and Mps1, both involved in checkpoint activation and 

chromosome alignment, sensitizes the tumor cell lines but not untransformed human 

fibroblasts to low doses of taxol due to increased severity of chromosome segregation 

errors (Janssen et al., 2009). Thus, suggesting that a weak spindle checkpoint and an 

increase in chromosome segregation errors might selectively kill tumor cells.  
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6. MITOTIC PROGRESSION AS A DRUG TARGET FOR CANCER THERAPY 

 

Cancer cells have an increased dividing potential therefore significant effort has 

been spent on the discovery of new chemotherapeutic agents that specifically could kill 

cells in mitosis. Several drugs that interfere with microtubules often lead to failure in 

alignment of the daughter chromosomes and their bipolar attachment to the mitotic 

spindle. Targeted cells fail to pass through the checkpoints that ensure equal distribution 

of the genome to the daughter cells leading to mitotic arrest at the metaphase-anaphase 

transition, followed by apoptosis. Antimitotic drugs are a major group of antitumor agents 

that act either preventing microtubule assembly (tubulin polymerization inhibitors), such as 

Vinca alkaloids and Colchicine, or preventing the depolymerization of tubulin (microtubule-

stabilizing agents), such as Taxanes. However, this classification is too simplistic because 

both microtubule-destabilizing and stabilizing agents, at low concentrations, potently 

suppress microtubule dynamics without affecting microtubule polymer mass, but they 

retain their ability to block cells in mitosis and induce apoptosis (Chen et al., 2003; Derry 

et al., 1995; Jordan et al., 1993; Jordan et al., 1996; Yvon et al., 1999). Microtubule 

depolymerising drugs when used at high concentrations inhibit incorporation of new 

tubulin subunits at the microtubule plus end resulting in a decrease in microtubule polymer 

mass. Yet, their anti-mitotic action seems to be more related to the suppression of 

microtubule dynamics than to a decrease in the microtubule polymer mass (Jordan et al., 

1992). This suppression causes a metaphase-anaphase arrest often with chromosomes 

at the spindle poles rather than at the metaphase plate. After a prolonged arrest these 

cells eventually die by apoptosis (Jordan et al., 1996). Microtubule stabilizing agents 

unlike the Vinca alkaloids and Colchicine, promote tubulin polymerization, stabilizing 

microtubules (Schiff et al., 1979) and inducing microtubule assembly by lowering the 

critical concentration of tubulin required for polymerization (Schiff et al., 1979; Schiff and 

Horwitz, 1980). Despite of having a significant impact on the treatment of a wide variety of 

cancers, these agents suffer from significant problems. Since microtubules are crucial for 

a variety of important functions in cells, as axonal transport within neurons, these agents 

often cause severe neuropathies (Markman, 2003). Another concern is the development 

of resistance, including reduced intracellular drug accumulation due to increased drug 

efflux by multi-drug resistant (MDR) protein pumps, such as P-glycoprotein. These drug 

efflux transporters can efficiently pump anticancer agents out of cells lowering intracellular 

drug concentrations (Vinca alkaloids and Taxanes are both substrates for P-glycoprotein) 

(Gottesman, 1993; Greenberger et al., 1988; Liscovitch and Lavie, 2002). Another major 

mechanism underlying resistance is the direct alteration in tubulin, which includes 
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mutations that stabilize tubulin assembly (Hari et al., 2003), mutations in tubulin-binding 

sites (Giannakakou et al., 2000; Giannakakou et al., 1997; Gonzalez-Garay et al., 1999; 

Kavallaris et al., 2001), altered expression of tubulin isotypes (Kavallaris et al., 1997) and 

altered binding of microtubule-associated proteins (Kavallaris et al., 2001; Zhang et al., 

1998). Resistance could thus be overcome with compounds that are not substrates for 

efflux pumps or with drugs that bind to novel sites on tubulin. Nevertheless, its is clear that 

due to the high mutation rate of cancer cells new mutations will arise resulting in synthesis 

of altered tubulins which will display drug resistance. Accordingly, a huge effort has been 

done in order to find target proteins that function exclusively during mitotic division. 

Among these proteins are Aurora kinases, Polo-like kinases and mitotic kinesins. The 

rational for targeting these proteins is that non-dividing differentiated cells should not be 

significantly affected and a therapeutic improvement is expected since cancer cells divide 

more frequently. These studies are at very preliminary stage yet they have revealed that 

targeting kinases that regulate spindle assembly and function or are involved with 

progression through mitosis in various ways could result in a major advance in cancer 

therapy (Gascoigne and Taylor, 2009). It is expected that in the very near future cancer 

chemotherapy will become increasingly more sophisticated and specific allowing a much 

more efficient control and management of tumor development and progression. 

 

7. OBJECTIVES 

 

The work reported in this thesis aims to understand the role of the kinetochore as 

a signal generator for the Spindle Assembly Checkpoint while at the same time functions 

as a vehicle through which the chromosome moves within the mitotic spindle during early 

stages of congression and how the combination of such functions ensures faithful 

chromosome segregation. In Chapter 1, we study the function of the bona fide checkpoint 

protein BubR1 and the kinesin-7 motor protein CENP-E in the SAC and in the stability of 

microtubule-kinetochore attachments. In Chapter 2, we continue addressing the role of 

CENP-E in chromosome congression and segregation. Finally, in Chapter 3, we identify 

an unknown Drosophila kinetochore protein and briefly describe its sub-cellular 

localization. 
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1. INTRODUCTION 

 

Faithful inheritance of a complete genome requires proper chromosome 

segregation at each cell division. This process relies on the correct interaction between 

spindle microtubules and the kinetochore, a specialized structure localized on the surface 

of each sister chromatid (Brinkley and Stubblefield, 1966; Luykx, 1965). The kinetochores 

of each sister chromatid must establish stable functional interactions with microtubules 

from opposite spindle poles in order to allow chromosome congression and correct 

chromatid segregation at anaphase (Maiato and Sunkel, 2004; Rieder and Salmon, 1998). 

Kinetochores that fail to form a proper interaction with microtubules produce a “wait-

anaphase” signal (Rieder et al., 1995) activating the spindle assembly checkpoint (SAC) 

that prevent exit from mitosis.  Ultimately, the SAC is thought to provide time so that all 

chromosomes can attach correctly and congress to the metaphase plate. Several 

molecular mechanisms may contribute to these movements including action of 

kinetochore motors and the intrinsic dynamicity associated with stably-bound kinetochore 

microtubules (Rieder and Salmon, 1994). Unexpectedly, at the time this study was 

initiated, others have shown that SAC proteins also perform specific functions in 

chromosome congression. Human cultured cells depleted for BubR1 often show abnormal 

prometaphases with the chromosomes distributed along the length of the spindle rather 

than at the metaphase plate (Ditchfield et al., 2003; Lampson and Kapoor, 2005). Also, 

Bub1 depletion leads to permanent accumulation of misaligned chromosomes (Meraldi 

and Sorger, 2005; Morrow et al., 2005) in which both sister kinetochores are linked to 

microtubules abnormally (Meraldi and Sorger, 2005). Although these studies provided 

insights on the contribution of checkpoint proteins to chromosome congression, it is well 

known that the kinetochore-associated motor protein CENP-E, is also involved. CENP-E 

was first identified as localizing to the kinetochores of congressing chromosomes (Yen et 

al., 1991; Yen et al., 1992) and is required for the stabilization of kinetochore microtubules 

(Lombillo et al., 1995; Putkey et al., 2002). Disruption of CENP-E function was shown to 

impair metaphase chromosome alignment in Xenopus egg extracts (Wood et al., 1997), 

as well in Drosophila melanogaster (Goshima and Vale, 2003; Yucel et al., 2000) and 

vertebrate tissue cultured cells (Kapoor et al., 2006; Putkey et al., 2002; Schaar et al., 

1997; Tanudji et al., 2004; Yao et al., 2000). Furthermore, early studies on the SAC 

components showed CENP-E to co-immunoprecipitate with BubR1 suggesting that both 

proteins may function as a complex at kinetochores (Chan et al., 1998; Yao et al., 2000). 

Interestingly, CENP-E was also shown to be required for the SAC in Xenopus egg 

extracts (Abrieu et al., 2000; Mao et al., 2003), but this was not the case in human tissue 
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cultured cells (McEwen et al., 2001; Schaar et al., 1997; Tanudji et al., 2004; Yao et al., 

2000). Somewhat conflicting data was also obtained when it was shown that, in human 

cells, metaphase alignment could occur in the absence of CENP-E if cells are arrested in 

mitosis (Johnson et al., 2004; McEwen et al., 2001; Weaver et al., 2003). Together, all 

these results suggest that BubR1 and CENP-E play important roles in microtubule-

kinetochore interaction, chromosome congression and SAC activity but given the diversity 

of systems used in the different studies it is difficult to determine their specific roles in 

these processes. To further study the role of BubR1 and CENP-E in microtubule-

kinetochore attachments, both proteins were individually and simultaneously depleted 

from Drosophila S2 cells and a detailed phenotypic analysis during progression through 

mitosis was carried out. This analysis has revealed that BubR1 and CENP-meta have 

very different roles during mitotic progression with BubR1 acting essentially to promote 

microtubule-kinetochore attachment while CENP-meta appears to be required to 

destabilize microtubule-kinetochore attachments. 
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2. RESULTS  

2.1 DEPLETION OF BUBR1 AND CENP-META FROM DROSOPHILA CULTURED CELLS BY 

DSRNA INTERFERENCE 

 

In order to study the role of BubR1 and CENP-E during chromosome congression 

advantage was taken of the very efficient knockdown of protein levels in Drosophila 

cultured cells using double-stranded RNA interference (dsRNAi) (Clemens et al., 2000). 

Drosophila has two kinetochore CENP-E-like proteins, CENP-meta and CENP-ana (Yucel 

et al., 2000). However, CENP-meta seems to be the primary kinetochore kinesin used for 

congression since mutation of the CENP-ana gene leads to a dramatic increase in 

anaphase figures rather than an increased frequency of prometaphase/metaphase as 

seen in CENP-meta mutants (Yucel et al., 2000). Furthermore, simultaneous depletion of 

CENP-ana and CENP-meta by RNAi yielded an identical phenotype to CENP-meta single 

RNAi (Goshima and Vale, 2003). Therefore, in this study the analysis is concentrated on 

CENP-meta, which according to previous results and those obtained here, suggest that it 

is indeed the closest homologue to CENP-E. The Drosophila BubR1 homologue has been 

identified before (Logarinho et al., 2004). Analysis of BubR1 and CENP-meta protein 

levels after RNAi by western-blot showed that they were severely depleted (>90%) after 

120h of treatment (Fig. 1.1A and 1.1B). Then immunofluorescence was done to confirm 

the level of depletion and to determine whether depletion of one affected the ability of the 

other to localize to kinetochores. To prevent exit from mitosis cells were arrested in a 

checkpoint independent manner by incubation with the proteasome inhibitor MG132 

(Genschik et al., 1998; Oliveira et al., 2005) and microtubules depolymerized prior to 

fixation and immunostaining (Fig. 1.1D). Both BubR1 and CENP-meta fail to be detected 

by immunofluorescence confirming the very high level of depletion. Furthermore, under 

these conditions BubR1 and CENP-meta localized to kinetochores independently of each 

other (Fig. 1.1D). Simultaneous dsRNAi treatment against both proteins showed that 

BubR1 can be depleted to more than 90% while CENP-meta depletion reached 80% after 

96h of treatment (Fig. 1.1C). Nevertheless, neither protein was detected by 

immunofluorescence (Fig. 1.1D). 
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Figure 1.1 Depletion of BubR1 and CENP-meta from Drosophila S2 cells by dsRNA 
interference. Total protein extracts from 106 cells were separated by SDS-PAGE and the protein 
levels of (A) BubR1 and (B) CENP-meta or (C) both proteins was monitored by Western blot. !-
tubulin was used as loading control and quantifications were performed using Image J software. 
(D) Cells depleted for either 120h (single RNAis) or 96h (double RNAi) were incubated in MG132 
for 2h and then in colchicine for 3h to depolymerize microtubules prior to fixation and 
immunofluorescence. Depletion of BubR1 and CENP-meta was confirmed by immunofluorescence. 
Note that kinetochore localization of CENP-meta and BubR1 occurs independently of each other. 
Scale bar is 5 mm.  
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2.2 ANALYSIS OF MITOTIC PROGRESSION AFTER DEPLETION OF BUBR1 OR CENP-
META 

 

As observed for other cell types (Ditchfield et al., 2003; Lampson and Kapoor, 

2005) depletion of BubR1 in Drosophila S2 cells causes abnormal chromosome 

congression. In vivo time-lapse microscopy in S2 cells stably expressing GFP-H2B 

showed that control cells align all the chromosomes in a metaphase plate before starting 

anaphase whilst BubR1-depleted cells undergo anaphase onset shortly after NEBD 

without aligning the chromosomes (Fig. 1.2 and Movies 1.1 and 1.2).  

 

 

Figure 1.2 In vivo analysis of mitotic progression after depletion of BubR1. Selected images 
from time-lapse movies of control (upper panel) and BubR1-depleted cells (lower panel). Anaphase 
onset was set as time zero. Time mm:ss.  

 

Given that BubR1 is required for the SAC, it is possible that in the absence of 

BubR1 cells progress and exit mitosis too rapidly to reach congression. Indeed, BubR1-

depleted cells spend less time in prometaphase due to premature degradation of Cyclin B 

(Fig. 1.3A and 1.3B), sister chromatids separate prematurely (Fig. 1.3C) and exit mitosis 

faster than control cells (Fig. 1.3D-E and Movies 1.3 and 1.4). Therefore, in the absence 

of BubR1 cells might fail to reach metaphase just because there is not enough time to 

allow congression to take place. 
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Fig. 1.3 Mitotic progression after depletion of BubR1. (A) Quantification of cyclin B levels 
during G2 and mitotic progression in control and BubR1-depleted cells. (n.d., not determined 
because there are no cells in metaphase after depletion of BubR1). Error bars represent the SEM. 
(B) Prometaphase cells showing the levels of cyclin B in control and BubR1-depleted cells. Cells 
were stained for DNA (red) and immunostained to reveal tubulin (green) and cyclin B (right panel). 
Scale bar is 5 µm. (C) Percentage of prometaphases showing PSCS in control and RNAi-treated 
cells. (D) Quantification of the time either control or BubR1-depleted cells (120h), stably expressing 
GFP-tubulin, spent in prometaphase from nuclear NEBD to anaphase onset. (E) Control and 
dsRNA-treated cells were placed in an appropriate chamber and images taken every 90 sec using 
wide-field time-lapse microscopy. This figure shows selected images from movies of either control 
(see Movie 1.3) or BubR1 RNAi-treated cells (see Movie 1.4). The sequences of images have been 
aligned setting NEBD as time 0. In control cells, anaphase onset occurred 24 minutes after NEBD 
while in BubR1 RNAi-treated cells, anaphase started 16,5 minutes after NEBD, showing a 
significant decrease of the time spent in prometaphase. Time mm:ss. Quantification (D) shows that 
control cells (n=14) started anaphase 32±10 min after NEBD whereas BubR1-depleted cells (n=19) 
entered anaphase approximately 17±3 min after NEBD. 
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Indeed, previous results have suggested that if BubR1-depleted cells are arrested 

or delayed in mitosis then chromosome congression can be partially achieved (Ditchfield 

et al., 2003; Johnson et al., 2004). Thus, control or BubR1-depleted cells were incubated 

with the proteasome inhibitor MG132 in order to arrest the cells in a checkpoint-

independent manner. As a control of the experiment simultaneous quantification was 

done without the use of the inhibitor. The results show that, unlike control cultures which 

contain about 40% cells in prometaphase and 12% cells in metaphase, after depletion of 

BubR1 the frequency of prometaphases is highly reduced (25%) and there were no cells 

in metaphase (Fig. 1.4A).  After incubation with MG132, control cultures showed 55% of 

cells reaching the metaphase state (Fig. 1.4A-B) and only 23% remained in 

prometaphase, within the incubation period. On the other hand, only 10% of BubR1-

depleted cells were able to reach the metaphase plate (Fig. 1.4A-B) and 45% remained in 

a prometaphase state (Fig. 1.4A). 

These results clearly indicate that preventing BubR1-depleted cells from exiting 

mitosis prematurely only marginally restores the ability of chromosomes to congress. 

Given that in control cultures most cells reach metaphase, BubR1 is likely to have an 

essential role in chromosome congression. 

In contrast, loss of CENP-meta appears to have very different consequences 

(Putkey et al., 2002; Schaar et al., 1997; Tanudji et al., 2004; Wood et al., 1997; Yao et 

al., 2000; Yucel et al., 2000). Depletion of CENP-meta delayed progression through 

prometaphase (60%) and only reduced by half (6%) the frequency of metaphases (Fig. 

1.4A). Therefore, in the absence of CENP-meta chromosomes can congress, although at 

a reduced frequency. Furthermore, the fact that cells accumulate in prometaphase 

indicates that CENP-meta is not required for the SAC response. Finally, incubation of 

CENP-meta-depleted cells in MG132 caused a response in all respects similar to control 

cells with approximately 25% of prometaphases and almost 60% of cells in metaphase 

(Fig. 1.4A-B). Taken together, these observations strongly suggest that BubR1 and 

CENP-meta have very different roles in chromosome congression. 
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Figure 1.4 Mitotic progression after depletion of BubR1 or CENP-meta. (A) Quantification of 
the number of prometaphases and metaphases in control, BubR1 dsRNAi-treated cells and CENP-
meta dsRNAi-treated cells incubated in the absence (-) or presence (+) of MG132 for 2h. The 
percentage of prometaphases and metaphases was calculated over the total number of mitotic 
cells. At least 300 mitotic cells were used from two independent experiments. Error bars represent 
the SEM. (B) Immunofluorescence images showing metaphase alignment observed in control, 
BubR1- or CENP-meta-dsRNAi-treated cells when mitotic exit is prevented by the use of the 
proteasome inhibitor. The images show DNA (blue), tubulin (green) and the centromeric marker 
CID (red). Scale bar is 5 mm.  
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2.3 ANALYSIS OF PROMETAPHASE PHENOTYPES AFTER DEPLETION OF BUBR1 OR 

CENP-META 

 

During the analysis of mitotic progression after depletion of BubR1 or CENP-meta 

two very different types of prometaphase were observed. In control cells most (80%) 

prometaphases appeared with a “regular” organization in which the majority of the 

chromosomes were well aligned or localized within a clearly define rectangle at the cell 

equator (Fig. 1.5). However, a proportion (20%) of prometaphases in which the 

chromosomes were “scattered” along the length of the spindle and most of them did not 

fall within the clearly defined rectangle, was also found (Fig. 1.5). Interestingly, after 

depletion of either BubR1 or CENP-meta the frequency with which these two types of 

prometaphases are found is severely altered (Fig. 1.5B). The results show that after 

depletion of either BubR1 or CENP-meta the frequency of regular prometaphases is 

somewhat reduced (50-60%) while that of scattered prometaphases is significantly 

increased (40-50%) suggesting that they might affect chromosome congression through a 

common mechanism. In order to address this further, determination whether the 

frequency of the two types of prometaphases changes after a mitotic arrest caused by 

incubation in MG132, was carried out. Under these conditions, loss of BubR1 or CENP-

meta causes very different effects. In control cultures incubation with the proteasome 

inhibitor leads to a small decrease in the frequency of regular prometaphases and a 

corresponding increase in the frequency of scattered prometaphases (Fig. 1.5B). After 

depletion of BubR1, similar behaviour with a small reduction in regular prometaphases 

and a small increase in scattered prometaphases is observed, although the absolute 

frequencies still remain very different from controls (Fig. 1.5B). However, depletion of 

CENP-meta causes an effect that is almost the opposite with an increase in regular 

prometaphases and a corresponding decrease in scattered prometaphases (Fig. 1.5B). 

These results suggest that arresting cells in mitosis with the proteasome inhibitor does 

have a minor effect upon prometaphase organization causing a small increase in the 

scattered conformation both in control and BubR1-depleted cells. However, given that 

depletion of CENP-meta causes the opposite effect allowing the formation of a more 

regular prometaphase conformation in which most chromosomes congress strongly 

suggests that loss of CENP-meta appears to be promoting the stability of microtubule-

kinetochore interaction. 
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Figure 1.5 Prometaphase phenotypes after depletion of BubR1 or CENP-meta. (A) 
Immunofluorescence images showing prometaphase distribution of chromosomes after BubR1 or 
CENP-meta RNAi. The images show DNA (blue), tubulin (green) and the centromeric marker CID 
(red). Below, the images show only the corresponding DNA stain (white). In order to evaluate 
chromosome congression a rectangular box comprising most (85%) of aligned kinetochores in 
control metaphase cells was defined. The same box was placed perpendicularly to the spindle axis 
from BubR1 or CENP-meta-depleted prometaphases. Prometaphases showing chromosomes 
localized near the spindle poles were also considered as scattered prometaphases. Scale bar is 5 
mm. (B) Quantification of prometaphase phenotypes in control, BubR1- and CENP-meta-depleted 
cells, before (-) or after (+) incubation in MG132 for 2 h. The percentage of each phenotype was 
calculated over the total number of prometaphases. At least 300 mitotic cells were quantified from 
two independent experiments. Error bars represent the SEM. 
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2.4 CHROMOSOME CONGRESSION AFTER SIMULTANEOUS DEPLETION OF BUBR1 AND 

CENP-META 

 

So far, the results have shown that regarding mitotic progression and chromosome 

behavior, depletion of BubR1 has very different consequences when compared to 

depletion of CENP-meta. However, to determine if there is any specific epistatic 

relationship between the two proteins one must perform analysis of progression through 

mitosis in cells that were simultaneously depleted for both proteins. Significant level of 

depletion of both proteins was reached after 96 h of incubation with dsRNAs and neither 

protein was detected by immunofluorescence after MG132 incubation and microtubule 

depolymerization (Fig. 1.1C-D). Analysis of cells progressing through early stages of 

mitosis in the presence of MG132 showed that, unlike control cells, which accumulate in 

metaphase (45%), double-depleted cells accumulate in prometaphase (60%) and only 

very few (9%) reach metaphase (Fig. 1.6A-B). Analysis of prometaphase organization in 

the absence of both proteins showed a reduction in the regular prometaphase 

organization and a corresponding increase in the scattered phenotype (Fig. 1.6A and C). 

These observations indicate that with respect to both chromosome congression and 

prometaphase organization, cells lacking both BubR1 and CENP-meta behave much like 

cells lacking BubR1 alone. 
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Figure 1.6 Chromosome congression after simultaneous depletion of BubR1 and CENP-
meta. (A) Immunofluorescence images showing the distribution of chromosomes after depletion of 
BubR1 and CENP-meta. Cells were prevented from exiting mitosis by incubation in MG132 for 2h. 
Chromosome congression was evaluated as described before (see Fig. 1.5). The images show 
DNA (blue), tubulin (green) and CID (red). Scale bar is 5 !m. (B) Quantification of prometaphases 
and metaphases. (C) Quantification of prometaphase phenotypes. Error bars represent the SEM. 
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2.5 MICROTUBULE-KINETOCHORE INTERACTION AFTER DEPLETION OF BUBR1 OR/AND 

CENP-META 

 

The analysis of double depletion suggested that BubR1 is epistatic over CENP-

meta which is mostly consistent with the extensive publish data indicating that BubR1 and 

CENP-E interact and that CENP-E plays an important role in chromosome congression 

(Chan et al., 1998; Kapoor et al., 2006; Mao et al., 2003; Mao et al., 2005; Putkey et al., 

2002; Schaar et al., 1997; Tanudji et al., 2004; Weaver et al., 2003; Wood et al., 1997; 

Yao et al., 2000; Yucel et al., 2000). However, the results presented in the previous 

sections on the analysis of individual depletions showed that the impaired chromosome 

alignment observed in the absence of BubR1 could not be explained simply by the loss of 

CENP-meta making any epistatic relationship unlikely. Therefore, in order to understand 

the basis of these contradictory results a characterization and quantification of the type of 

microtubule-kinetochore interaction in cells depleted for BubR1, CENP-meta or both was 

performed. Chromosomes can establish different types of interactions with spindle 

microtubules, including amphitelic (each sister kinetochore captured by microtubules 

emanating from opposite poles), syntelic (both kinetochores on sister chromatid pairs 

attached to kinetochore microtubule bundles from the same pole) or monotelic attachment 

(with only one kinetochore attached to microtubules and the other unattached). However, 

the complex nature of the prometaphase organization either in control or RNAi-depleted 

cells prevents from obtaining accurate quantification. Therefore, an assay that could 

discriminate with high accuracy at least some of the microtubule-kinetochore interactions, 

namely whether both kinetochores of a chromosome were attached (without 

discriminating syntelic from amphitelic attachment), monotelic or completely unattached 

was devised. Briefly, the assay consists in incubating cells with MG132 to prevent mitotic 

exit followed by treatment with taxol to promote the collapse of the mitotic spindle into a 

monopolar structure (see materials and methods). This treatment allows an easy read-out 

of the microtubule-kinetochore attachment orientation at the moment of spindle collapse 

by localizing all chromosomes at the periphery of the monoaster (Fig. 1.7A). Furthermore, 

it allows evaluating if the microtubule-kinetochore interaction is stable since a weak 

interaction would not resist the forces exerted by the collapse of the spindle into a 

monopolar structure resulting in an unattached kinetochore. Drosophila cells are an 

excellent tool to perform this kind of analysis due to the reduced number of chromosomes 

(11±3 kinetochore pairs per cell) allowing to determine the state of nearly all kinetochores 

present in the cell (Table 1.1). The results show that the majority of control cells (>95%) 

have either all chromosomes attached to the spindle or 1-2 monoriented chromosomes. 
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There were no cells found containing a fully unattached chromosome indicating that 

incubation with MG132 or with taxol is not able to destroy a stable microtubule-

kinetochore attachment (Fig. 1.7A-B). However, BubR1-depleted cells show very different 

results in which only 50% of the cells contain either all chromosomes attached or 1-2 

monoriented chromosomes. Nearly 40% of the cells contain 3-4 monoriented 

chromosomes and most of them (40%) also contain chromosomes that are completely 

unattached, a phenotype that had not been described before which suggest that 

microtubule-kinetochore interaction is very unstable (Fig. 1.7A-B). In order to discriminate 

if the unattached kinetochores were never attached to spindle microtubules or were in fact 

attached but more prone to destabilization, cells were treated with calcium before fixation. 

This procedure destabilizes less stable microtubules leaving mainly kinetochore-

microtubules (Kapoor et al., 2000; Mitchison et al., 1986) (Fig. 1.8A). The data clearly 

shows that BubR1-depleted cells have microtubule fibers attached to the kinetochores 

(Fig. 1.8B). Importantly, in CENP-meta-depleted cells no unattached chromosomes were 

observed which is consistent with the ability of CENP-meta-depleted cells to organize 

normal metaphase plates if prevented from exiting mitosis. Moreover, most (75%) of the 

cells showed all chromosomes attached to the spindle and only some (25%) contained 1-

2 monoriented chromosomes (Fig. 1.7A-B). These results clearly indicate that while loss 

of BubR1 leads to severe instability of microtubule-kinetochore interaction absence of 

CENP-meta causes a slight increase in the stability of microtubule attachment. 

Subsequently, cells depleted for both BubR1 and CENP-meta using the same assay were 

analyzed. Surprisingly, when cells are simultaneously depleted for BubR1 and CENP-

meta the result obtained is not equal to BubR1, as would be expected given the proposed 

epistatic relationship between the two proteins, but it is an intermediate phenotype (Fig. 

1.7A-B). More than 40% of double-depleted cells show all chromosomes attached, similar 

frequencies of 1-2 monoriented chromosomes and only 15% of cells with fully unattached 

chromosomes.  
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Figure 1.7 Analysis of microtubule-kinetochore interaction after depletion of BubR1 and/or 
CENP-meta. (A) Immunofluorescence images showing DNA (blue), tubulin (green) and CID (red) 
of either control or RNAi-treated cells after subjected to the MG132-Taxol assay. Note that the 
mitotic spindle collapses forming a large monopolar structure with all the chromosomes located on 
the outside allowing an unambiguous classification of their mode of interaction with spindle 
microtubules. Insets in the control figure show chromosomes with both kinetochores clearly 
attached. After depletion of BubR1 and double RNAi, insets show, from top to bottom, an 
unattached chromosome, a monoriented chromosome and a chromosome showing full attachment. 
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In CENP-meta-depleted cells, all insets show chromosomes completely attached. In all inserts 
yellow dots represent the limits of the chromosomes. Scale bar is 5 µm. (B) Quantification of 
microtubule-kinetochore attachment in control (n= 59), BubR1-depleted (n=21), CENP-meta RNAi-
treated (n=32) and double RNAi-depleted cells (n=32) from two independent RNAi experiments. 
The graph shows the percentage of cells that present fully attached kinetochore pairs or with 1-2, 
3-4 or more than 4 monoriented kinetochore pairs and the percentage of cells that show at least 
one unattached chromosome under the different experimental conditions.  

 

 

Figure 1.8 Analysis of microtubule-kinetochore interactions after depletion of BubR1 and 
calcium treatment. Immunofluorescence images showing DNA (blue), tubulin (green) and CID 
(red). (A) Control cell. Insets from top to bottom show amphitelic attachments. (B) BubR1-depleted 
cell. Insets show, from top to bottom, an amphitelic attachment, a synthelic attachment and a 
monoriented attachment. Scale bar is 5 mm.  

 

 

Similar results were obtained if the quantitative analysis is done in terms of 

number of kinetochore pairs that are attached per cell (Table 1.1). BubR1-depleted cells 

have a significant (P<0.01) increase in the number of monoriented and unattached 

chromosomes whilst CENP-meta-depleted cells show no significant differences in 

microtubule-kinetochore attachment in relation to control cells. However, cells depleted for 

both proteins show a significant (P<0.05) increase in the number of fully attached 

chromosomes and a concomitant significant (P<0.05) decrease in the number of 

unattached chromosomes when compared to BubR1-depleted cells. These results 

strongly suggest that CENP-meta can partially rescue the unstable microtubule-

kinetochore interaction phenotype observed when BubR1 is knocked down and therefore 

the two proteins are not under a simple epistatic interaction. 
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Table 1.1 Quantification of microtubule kinetochore attachment using the MG132-Taxol 

assay in control and RNAi-treated cells. 

 

 

Kinetochore pairs 
 

 

Analysed per 
cell 

 

Fully attached 

(%) 

 

Monoriented 

(%) 

 

Unattached 

(%) 

 

Control 

(n=59) 

 

12,0±2,8 

 

94,0±10,1 

 

6,0±10,1 

 

0 

BubR1  

RNAi 

(n=21) 

 

9,8±3,4 

 

75,1±20,4 *** 

 

16,9±13,6 ** 

 

8,0±11,9 ** 

CENP-meta  

RNAi 

(n=32) 

 

9,1±2,2 

 

96,4±6,8 

 

3,6±6,8 

 

0 

Double 

RNAi 

(n=32) 

 

12,9±2,8 

 

88,4±15,6 *,
• 

 

10,2±14,9 

 

1,4±3,7 *,
•
  

 

*** P<0,001; ** P<0,01; * P<0,05. Significance relative to control (*) or to BubR1 (•) RNAi. 
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2.6 DETAILED ANALYSIS OF MICROTUBULE-KINETOCHORE INTERACTION AFTER 

DEPLETION OF CENP-META 

 

Previous results from studies in vertebrate cells have suggested that CENP-E is 

required to promote stable microtubule-kinetochore attachment since in its absence 

congression is severely affected (Goshima and Vale, 2003; Kapoor et al., 2006; Schaar et 

al., 1997; Wood et al., 1997; Yao et al., 2000; Yucel et al., 2000) and the number of 

microtubules per kinetochore reduced (McEwen et al., 2001; Page and Hawley, 2004; 

Putkey et al., 2002). Surprisingly, using the MG132-Taxol assay the opposite effect was 

found, since in the absence of CENP-meta microtubule-kinetochore attachment appears 

to be stabilized. In order to determine whether depletion of CENP-meta does lead to a 

more stable microtubule-kinetochore attachment this was further analyzed. It has been 

shown, in a variety of organisms that the SAC protein Mad2 accumulates strongly at 

kinetochores in the absence of microtubules (Chen et al., 1999; Chen et al., 1998; 

Logarinho et al., 2004) although a low level continues to enter the kinetochore and is 

removed mostly along spindle microtubules in a poleward direction (Buffin et al., 2005; 

Howell et al., 2004). Accordingly, control and CENP-meta-depleted cells were 

immunostained using anti-Mad2 antibodies (Fig. 1.9A-B). Consistent with the previous 

data, a significantly higher (19%) frequency of cells that show no Mad2 positive 

kinetochore labelling in CENP-meta-depleted cells were observed when compared to 

control cells, indicative of a more stable microtubule-kinetochore interaction. Then an 

accurate discrimination of the type of interaction that chromosomes depleted of CENP-

meta establish with microtubules was done. For this, cells subjected to the MG132-Taxol 

assay were analyzed but instead of looking at cells in which the spindle had already 

collapsed completely the analyses was performed in cells just before the collapse of the 

spindle as the two asters are moving closer. In these cells, amphitelic chromosomes 

should localize in between the two asters and syntelic chromosomes should localize in the 

periphery of either aster together with monoriented chromosomes (Fig. 1.9C). 

Interestingly, this analysis allowed the observation that both in control and RNAi-treated 

cells some kinetochores are attached to a short microtubule bundle that is here called 

stub (Fig. 1.9C-D). Quantification of chromosome distribution in the collapsing spindle 

shows that CENP-meta RNAi-treated cells have significantly (P<0.05) more chromosomes 

located in the asters than control cells (Fig. 1.9E). This suggests in the absence of CENP-

meta attachment is being established but then chromosomes fail to move to the centre of 

the spindle. Then quantification of the type of microtubule attachment was done and 

verified that CENP-meta-depleted kinetochores establish significantly (P<0.05) less 
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amphitelic interactions than control ones (Fig. 1.9F). Moreover, a significant (P<0.05) 

increase in the number of kinetochores that show a stub is observed (Fig. 1.9F). 

Interestingly, CENP-meta-depleted cells show a much higher frequency of chromosomes 

containing microtubule stubs compared to control cells (Fig. 1.9G). Finally, CENP-meta-

depleted cells show less monoriented chromosomes when compared to control cells (Fig. 

1.9H). Taken together these results suggest that rather promoting stable microtubule-

kinetochore attachment directly, kinetochores of cells depleted of CENP-meta establish 

microtubule-kinetochore interactions that are less prone to be destabilized during 

progression through mitosis.  

 



CHAPTER 1 - RESULTS 
 

  56 

 

Figure 1.9 Detailed analysis of microtubule-kinetochore interaction after depletion of CENP-
meta. (A) Immunofluorescence images showing DNA (blue), CID (red) and Mad2 (green) of either 
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control or CENP-meta-depleted cells. Insets show a higher magnification of a kinetochore pair. (B) 
Quantification of Mad2 in control (n=30) and CENP-meta-depleted cells (n=32). The graph shows 
the percentage of cells with no kinetochore staining of the Mad2 demonstrating that in the absence 
of CENP-meta more kinetochores appear bound to microtubules. (C) Immunofluorescence images 
showing DNA (blue), tubulin (green) and CID (red) of either control or CENP-meta-depleted cells 
subjected to the MG132-Taxol assay and analyzed just before the full collapse of the spindle as 
shown by the presence of the two asters. Insets show, from top to bottom, an amphitelic 
attachment, a syntelic attachment, a monoriented chromosome and a chromosome showing a 
microtubule stub at one kinetochore. In all inserts yellow outline represents the limits of the 
chromosomes. Scale bar is 5 µm. (D) Higher magnification of a chromosome showing a 
microtubule stub attached at one of the kinetochores. (E-H) Quantification of microtubule-
kinetochore attachment in control (n=40) and CENP-meta-depleted cells (n=45) from three 
independent RNAi experiments. Error bars represent the SD. * P<0.05. (E) Quantification of 
chromosome distribution in the mitotic apparatus for control or CENP-meta-depleted cells. 
Chromosomes are considered to be in the central spindle if they lay between the two asters or in 
the asters if they appear attached on the periphery of the asters. (F) Quantification of kinetochore 
pairs orientation in control and after dsRNAi treatment for CENP-meta. Note that only less than 6% 
of the kinetochore pairs were impossible to determine the orientation. (G) Quantification of control 
and CENP-meta-depleted cells that show one, two, three or more than three microtubule stubs 
attached at one of the kinetochores. (H) Quantification of the number of cells that show 
monoriented chromosomes (Total) and cells that present one, two or three monoriented 
chromosomes in control and CENP-meta-depleted cells. 

 

3. DISCUSSION 

 

The present study provides evidence on the role of BubR1 and CENP-meta, the 

Drosophila homologue of CENP-E, on the process of attachment of chromosomes to the 

mitotic spindle. Individual or combined RNAi was performed in order to deplete the 

proteins allowing us to measure mitotic progression and to directly quantify the state and 

stability of microtubule-kinetochore attachment using a newly devised MG132-Taxol 

assay. The results show that while BubR1 appears to be essential for the stability of 

microtubule-kinetochore attachment, CENP-meta appears to be required to promote 

destabilization of microtubule-kinetochore attachments. Taken together the results 

obtained suggest that the stability of the microtubule-kinetochore interaction results, at 

least in part, from the balance of activities of BubR1 and CENP-E. 

 Previous studies have suggested that BubR1 and CENP-E interact physically 

(Chan et al., 1999; Chan et al., 1998; Mao et al., 2003; Mao et al., 2005; Yao et al., 2000). 

These reports lead to the suggestion that CENP-E was also involved in the SAC. Indeed, 

in Xenopus egg extracts CENP-E was shown to be essential to maintain SAC activity 

(Abrieu et al., 2000; Mao et al., 2003). However, MEFs-depleted of CENP-E are able to 

sustain a mitotic arrest although less robustly than wild-type cells (Putkey et al., 2002; 

Weaver et al., 2003). Moreover, depletion of CENP-E in human tissue cultured cells does 

not lead to inactivation of SAC activity (McEwen et al., 2001; Schaar et al., 1997; Tanudji 
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et al., 2004; Yao et al., 2000). Consistently with these latter results, here is reported that 

cells in which CENP-meta was depleted display an efficient SAC response and show no 

evidence of premature sister chromatid separation. Given the previously observed 

interaction between the two proteins, several studies have also attempted to determine 

whether there is any interdependency for their kinetochore localization (Johnson et al., 

2004; Lampson and Kapoor, 2005; Weaver et al., 2003). (Weaver et al., 2003)have 

shown that deletion of CENP-E reduces the amount of BubR1 at the kinetochores 

while(Johnson et al., 2004)have shown that repression of CENP-E does not affect BubR1 

but that BubR1 is required for kinetochore localization of CENP-E. More recently, data 

suggesting that the kinetochore localization of CENP-E is mostly independent from BubR1 

has also been obtained (Lampson and Kapoor, 2005). However, given that depletion of 

BubR1 affects SAC activity and causes premature exit from mitosis most likely affects the 

results. Accordingly, all immunolocalization studies done here were with the cells arrested 

in a checkpoint-independent manner, through the use of the proteasome inhibitor MG132, 

followed by microtubule depolymerization to prevent microtubule attachment so that any 

interdependency could be unequivocally ascertained. The results clearly show that, in 

Drosophila S2 cells, the binding of BubR1 and CENP-meta to kinetochores is completely 

independent.  

 Analysis of chromosome congression in cells lacking BubR1 or CENP-meta 

indicate that these proteins play important roles during prometaphase. Previous data in 

human tissue cultured cells where BubR1 was depleted (Ditchfield et al., 2003; Johnson 

et al., 2004) showed that in its absence, most cells contained chromosomes that 

appeared scattered along the length of the spindle, few cells were found with a more 

regular prometaphase configuration and almost no cells were found in metaphase. 

Furthermore, analysis in Xenopus extracts, Drosophila, mouse fibroblasts and human 

cultured cells where CENP-E was knocked down or mutated (Goshima and Vale, 2003; 

Johnson et al., 2004; McEwen et al., 2001; Putkey et al., 2002; Schaar et al., 1997; 

Tanudji et al., 2004; Wood et al., 1997; Yucel et al., 2000) also showed an increase in the 

frequency of cells with scattered prometaphase chromosomes. To determine whether 

failure of congression in BubR1-depleted cells could be due to premature exit from 

mitosis, cells were treated with a proteasome inhibitor to block the metaphase-anaphase 

transition. Unlike control cells that accumulate to high frequency in metaphase, most 

BubR1-depleted cells were unable to fully align chromosomes, in accordance with 

previous studies in human cultured cells (Ditchfield et al., 2003; Johnson et al., 2004). 

Therefore, BubR1 appears to have a specific role in chromosome congression besides its 

function in the SAC response unlike CENP-meta which does not appear to affect 
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chromosome congression if blocked in M-phase as previously observed in human tissue 

cultured cells (Johnson et al., 2004). These observations fully support the view that 

metaphase alignment can occur via a CENP-E independent mechanism (McEwen et al., 

2001; Weaver et al., 2003). However, while CENP-E is not essential for full chromosome 

alignment, the CENP-E independent mechanism is clearly not very efficient and requires 

an extended time in prometaphase for congression to occur.  

Analysis of individual depletion of BubR1 or CENP-meta, clearly show different 

effects upon mitotic progression and chromosome congression suggesting that CENP-E 

does not contribute to the phenotype caused by depletion of BubR1. To determine if there 

is a possible functional interaction between the two proteins, BubR1 and CENP-meta 

were simultaneously depleted and mitotic progression and chromosome congression 

analyzed. Interestingly, the results show a congression phenotype that in all respects 

resembles the single BubR1 RNAi phenotype and again the microtubule-kinetochore 

interaction appeared abnormal suggesting that BubR1 might indeed act epistatically over 

CENP-meta. Nevertheless, without a more detailed analysis of the origin of the 

congression defect observed in cells depleted for BubR1 or CENP-meta it would be 

difficult to draw sound conclusions. Therefore, an assay based on the use of taxol in 

MG132-arrested cells, the MG132-Taxol assay, was devised which allowed carrying out a 

clear read-out of microtubule-kinetochore interaction in these cells. This assay allowed 

unveiling, for the first time, that cells lacking BubR1 apart from showing an increased 

number of monoriented chromosomes also have a high frequency of completely 

unattached chromosomes. There are two possible interpretations of these results, either 

the unattached kinetochores were never attached to spindle microtubules or were 

attached but are more prone to destabilization. We favour the second hypothesis, since 

calcium treatment, used to destabilize non-kinetochore microtubules, show that, in the 

absence of BubR1, kinetochore bundles do form and are relatively stable. Furthermore, it 

was recently suggested that human cultured cells depleted for BubR1 have an increased 

activity of the Aurora B kinase, which in turns, would promote destabilization of the 

microtubule-kinetochore interaction (Lampson and Kapoor, 2005). However, when cells 

depleted for CENP-meta were subjected to the MG132-Taxol assay, a very different 

response was observed: no cells were found containing completely unattached 

chromosomes and a very high frequency of cells in which all chromosomes are fully 

attached. These results differ from those previously described for murine fibroblasts 

lacking CENP-E, where completely unattached chromosomes were observed near the 

spindle poles despite the abundance of microtubules found in their vicinity (Putkey et al., 

2002). We interpret this difference to be due to the nature of our assay in which cells are 
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subjected to an extended M-phase during which CENP-E-depleted kinetochores of both 

congressed and uncongressed chromosomes might slowly acquire kinetochore 

microtubules (McEwen et al., 2001). Thus, our results confirm that in the absence of 

CENP-E, an extended prometaphase is capable of revert the impaired chromosome 

congression phenotype observed and suggests that microtubule-kinetochore attachments 

are indeed more stable. These results were further confirmed by the analysis of cells 

depleted for both BubR1 and CENP-meta using the MG132-Taxol assay where was 

observed a significant increased stability of microtubule-kinetochore interaction with a 

significant reduction in the frequency of cells with completely unattached chromosomes.  

But how is the absence of CENP-meta able to increase the stability of microtubule-

kinetochore interaction? To address this question control and CENP-meta-depleted cells 

were immunostained with an anti-Mad2 antibody as a molecular marker for kinetochore 

attachment. Consistent with all the obtained data it was found that on average control 

cells contain almost 20 percent more Mad2-positive kinetochores than CENP-meta-

depleted cells. Subsequently, it was applied the MG132-Taxol assay but analysing the 

cells just before the collapse of the spindle allowing to explore in detail the type of 

kinetochore attachment in control or CENP-meta-depleted cells. This showed that cells 

depleted of CENP-meta have an increased attachment rate fully consistent with the 

previous results. Interestingly, it was found a significant number of kinetochores showing a 

short microtubule bundle not bound to any spindle pole. Previous studies have indicated 

that vertebrate (Khodjakov et al., 2003; Tulu et al., 2006) and Drosophila S2 cells (Maiato 

et al., 2004b) can organize functional microtubule bundles from the kinetochore as an 

alternative pathway during the organization of the mitotic spindle. Therefore, in the 

absence of CENP-meta either the growth of microtubules from the kinetochore is favoured 

or alternatively the kind of interaction that is established with these kinetochores is so 

stable that during the collapse of the spindle the taxol-stabilized microtubules break giving 

rise to this stub. Whatever the nature of these short kinetochore bundles, they are 

consistent with more stable microtubule-kinetochore interaction in the absence of CENP-

meta. Taken together this study does not support a simple model in which BubR1 is 

epistatic over CENP-E and support a different model where efficient chromosome 

congression may result from the concerted action of the opposing activities of BubR1 and 

CENP-E. On the one hand BubR1 appears to play an essential role in promoting 

stabilization of microtubule-kinetochore attachment possibly through inhibition of Aurora B 

(Lampson and Kapoor, 2005) and on the other CENP-E, independently of BubR1, 

appears to promote the destabilization of microtubule-kinetochore interactions. The 

mechanism by which CENP-E induces destabilization of kinetochore attachment is still 
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unknown, however, previous reports (Mao et al., 2003; Mao et al., 2005) have shown that 

unattached kinetochores stimulate association of BubR1 with CENP-E and that this 

association engages BubR1 kinase activity leading to autophosphorylation, to 

phosphorylation of CENP-E and maybe other yet unknown substrates. However, it is also 

possible that the increased kinetochore attachment we observe in the absence of CENP-

meta is an indirect result from the inability to fully activate correction mechanisms. It is 

now clear that inappropriately attached kinetochores need to be released through the 

activity of Aurora B before the attachment can be corrected (Cahill et al., 1998; Cimini et 

al., 2006; Lampson et al., 2004; Pinsky et al., 2006). This is indeed fully consistent with 

the observation that in the absence of CENP-meta there are less amphitelic, more syntelic 

and less monoriented chromosomes than in control cells. Thus, CENP-E could have an 

important role in promoting the activation of the mechanisms that correct inappropriate 

kinetochore attachment.  

 

4. MATERIALS AND METHODS 

 

4.1 DOUBLE-STRANDED RNA INTERFERENCE IN DROSOPHILA S2 CELLS 

In order to deplete BubR1 from Drosophila S2 tissue cultured cells, a fragment 

spanning the 5’UTR and including the ATG initiation codon of BubR1 cDNA (CG7838) 

was cloned into pSPT18 and pSPT19 expression vectors (Roche). RNA synthesis and 

RNAi experiments were performed as previously described by adding 15 !g of dsRNA to 

106 cells (Coelho et al., 2003). To deplete CENP-meta, S2 cells were incubated with 15 

!g of dsRNA, in the single RNAi experiment, and 20 g in the double RNAi experiment, 

corresponding to a fragment of CENP-meta (CG6392) defined by the primers (Forward) 

TGTTCCCGTCTTTCAACTGG and (Reverse) TCGCCTCTTTAGAGCCAACC. The PCR 

primers were kindly provided by Helder Maiato. RNA synthesis was performed as 

previously described (Maiato et al., 2003b). At 24 h intervals, cells were collected and 

processed for both immunofluorescence and immunoblotting. For immunoblotting, 106 

cells were collected by centrifugation, resuspended in SDS-sample buffer and loaded on a 

7.5% (for BubR1 RNAi) or 6.5% (for CENP-meta and double RNAi) SDS-PAGE. 

Treatment with drugs was performed as follows: 20 µM MG132 (Calbiochem) for 1-2 h; 30 

µM colchicine (Sigma-Aldrich) for 2 hours and 100nM taxol (Sigma-Aldrich) for 3 h, before 

cells were collected for immunofluorescence analysis.  
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4.2 IMMUNOFLUORESCENCE IN S2 CELLS 

For immunofluorescence, 2x105 cells were centrifuged onto slides, fixed in 3.7% 

formaldehyde (Sigma-Aldrich), 0.5% Triton X-100 and 1 x PBS for 10 minutes followed by 

3 washes in PBS-T (1x PBS, 0.05% Tween 20) for 5 minutes. Primary antibody incubation 

was performed in PBS-TF (1x PBS, 0.05% Tween 20, 10% FBS) for 1 hour at room 

temperature followed by 3 washes in PBS-T. Fluorescent-labeled secondary antibodies 

were used according to manufacturer instructions and then cells were washed 3 times 

with PBS-T for 5 minutes and mounted in Vectashield with 1 !g/ml of DAPI (Vector, UK). 

Images were collected in the Zeiss Axiovert 200M microscope (Carl Zeiss, Germany) 

using an Axiocam (Carl Zeiss, Germany). Data stacks were deconvolved, using the 

Huygens Essential version 3.0.2p1 (Scientific Volume Imaging B.V., The Netherlands) and 

projected using ImageJ 1.3v software (http://rsb.info.nih.gov/ij/).  

 

4.3 ANTIBODIES 

The primary antibodies used were anti-"-tubulin mouse B512 (Sigma-Aldrich) 

used at 1:4000 for immunofluorescence (IF), anti-"-tubulin mouse DM1A (Sigma-Aldrich) 

used at 1:8000 for immunoblotting (IB), anti-phosphorylated-Histone H3 rabbit (Upstate 

Biotechnology) used at 1:1000 (IF), anti-POLO mouse MA294 (Llamazares et al., 1991)  

used at 1:30 (IF), anti-BubR1 rabbit Rb666 (Logarinho et al., 2004) used at 1:3000 (IF) 

and 1:4000 (IB), anti-BubR1 rat used at 1:500 (IF), anti-Mad2 Rb1223 (Logarinho et al., 

2004) rabbit used at 1:20 (IF), anti-CID chicken polyclonal (Blower and Karpen, 2001) 

used at 1:100 (IF), anti-CID rabbit (Henikoff et al., 2000) used at 1:1500 (IF), anti-Cyclin B 

rabbit (Jacobs et al., 1998) and anti-CENP-meta (a gift from Byron Williams and Michael 

Goldberg) used at 1:1000 (IF) and 1:2000 (IB). The secondary antibodies were from 

Molecular Probes and Jackson Immunoresearch and used accordingly to manufacturer 

instructions. For the generation of the rat anti-BubR1 antibody, a fragment encoding the 

aminoacids 103 to 697, from BubR1, was cloned in frame in the pQE30 expression vector. 

The recombinant protein was purified using the Ni-NTA Purification System (Qiagen), and 

used for immunisation in rats. This fragment of BubR1 is the same previously used for 

immunisation in rabbits (Logarinho et al., 2004). Both antibodies behave similarly in 

immunofluorescence and western blot.  
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4.4 KINETOCHORE-MICROTUBULE INTERACTION (MG132-TAXOL) ASSAY 

Cells were incubated with 20 M of MG132 (Calbiochem) during 1 h and then with 

100 nM of taxol (Sigma-Aldrich) for 3 h, which induces the collapse of the mitotic spindle 

into a monopolar structure with all the chromosomes localized around the aster. This 

organization allows an easy read-out of the microtubule-kinetochore attachments. Note 

that in this assay we cannot differentiate between amphitelic and syntelic attachment 

while monoriented and unattached chromosomes are easily scored. However, analysis of 

these cells just before the collapse of the spindle as the two asters are moving closer, 

allows determining whether the association with chromosomes is amphitelic, syntelic or 

monotelic, in between or in the periphery of the asters. Statistical independent two-sample 

(two-tailed) t test analysis of interaction with the spindle with each kinetochore pair was 

performed using the software SPSS v.14.0.  

 

 

4.5 TIME-LAPSE FLUORESCENCE IMAGING 

Time-lapse live imaging of mitosis was performed on S2 cells stably expressing 

GFP-"-Tubulin. Control or BubR1 RNAi-treated cells were grown for 72-120 hours and 

plated on glass coverslips previously coated with 100 !g/ml concanavalin A (Sigma-

Aldrich). Time-lapse images were collected at 2 min intervals, starting immediately before 

NEBD using a Cell Observer System (Carl Zeiss, Germany). Image processing and movie 

assembly was processed using AxioVision 4.3 software (Carl Zeiss, Germany). 
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1. INTRODUCTION 

 

During mitosis, chromosomes need to biorient on the mitotic spindle to allow equal 

segregation of the genetic material. While attaching to the mitotic spindle, chromosomes 

make a series of orchestrated movements that ultimately result in alignment at the 

metaphase plate. Several molecular mechanisms contribute to these movements 

including the action of kinetochore- and microtubule-associated motor proteins, and the 

balance between microtubule polymerizing and depolymerizing factors (McIntosh et al., 

2002). The plus-end-directed kinesin-7 motor protein CENP-E has a unique role in this 

process as it mediates the sliding of mono-oriented sister-chromatids along the 

kinetochore fibers of already bioriented sister-chromatid pairs (Kapoor et al., 2006) or 

even along any microtubule bundle without the requirement of the trailing kinetochore to 

be attached (Cai et al., 2009).  

CENP-E associates with kinetochores in (pro)metaphase (Yen et al., 1992) and is 

involved in the capture and stability of kinetochore-microtubule (KT-MT) interactions (Maia 

et al., 2007; McEwen et al., 2001; Putkey et al., 2002). Disruption of CENP-E impairs 

metaphase chromosome alignment in Xenopus egg extracts (Wood et al., 1997), in 

Drosophila melanogaster (Goshima and Vale, 2003; Yucel et al., 2000) and in vertebrate 

tissue culture cells (McEwen et al., 2001; Putkey et al., 2002; Schaar et al., 1997; Tanudji 

et al., 2004; Weaver et al., 2003; Yao et al., 2000), resulting in a mitotic delay with a few 

unaligned chromosomes positioned very close to the spindle poles.  

While CENP-E facilitates chromosome congression by mediating the lateral sliding 

of sister-chromatids along existing K-fibers, the mitotic kinase Aurora B promotes 

chromosome biorientation by correcting chromosome attachment errors. Through 

phosphorylation of several kinetochore substrates Aurora B selectively disassembles 

kinetochore-microtubule fibers that are not bioriented, allowing new microtubules to bind 

the kinetochores (Lampson et al., 2004; Tanaka et al., 2002). It is not known if CENP-E 

and Aurora B cooperate to promote efficient chromosome biorientation and timely 

anaphase onset and this works was set out to study this. The fate of the chromosomes 

that fail to align in the absence of CENP-E was explored by time-lapse and high-resolution 

fluorescence microscopy and found Aurora B to be highly active on these chromosomes. 

Aurora B kinase activity was required to destabilize pole-proximal KT-MT attachments and 

to delay mitotic progression. As such Aurora B allowed chromosome alignment by CENP-

E independent pathways and it implies that by destabilizing pole-proximal syntelic
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attachments Aurora B cooperates with CENP-E to mediate congression of mono-oriented 

polar chromosomes.  

 

2. RESULTS  

2.1 CENP-E-DEPLETED CELLS DISPLAY TWO DISTINCT MITOTIC PHENOTYPES 

 

To time mitotic progression in cells depleted of CENP-E, HeLa cells stably 

expressing YFP-H2B were transfected with siRNA oligos to CENP-E and to Luciferase as 

a control. Knockdown of CENP-E was examined at the protein level in mitotic cells by 

western blotting and by immunofluorescence (IF) analysis. No CENP-E was detected in 

50 µg of lysates of CENP-E siRNA-transfected cells (Fig. 2.1A) and in >90% of the cells 

CENP-E was undetectable by IF (Fig. 2.1B). 

 

Figure 2.1 Depletion of CENP-E from HeLa cells by siRNA. (A):  (A) Western blot for CENP-E. 
Different amounts of total protein was loaded of mock transfected cells to determine the detection 
limit of the CENP-E Ab. CENP-E siRNA transfected cells have at least 5 times less CENP-E 
protein than control cells. !-tubulin was used as loading control. (B) Quantification of the number of 
CENP-E-positive cells observed by IF in control (siLuciferase) and CENP-E-depleted cells. Error 
bars represent standard deviation (s.d.). 

 

Time-lapse microscopy was used to measure the time cells spent in mitosis (TIM) 

(Fig. 2.2A), defined as the interval between nuclear envelope breakdown and anaphase 

onset/exit. To exclude any interference on the TIM by the siRNA oligo transfection, the 

TIM and mitotic progression profiles of non-transfected HeLa YFP-H2B cells were 

compared to those of cells treated with control siRNA (Fig. 2.2B and 2.5 and table 2.1). 
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No difference was found and all the subsequent studies were done either in cells treated 

with control siRNA or CENP-E siRNA. 

 

Figure 2.2 Mitotic progression comparisons between non-transfected and transfected HeLa 

YFP-H2B cells with control siRNA. (A) Experimental setup used to analyze mitotic progression 

by time-lapse microscopy in HeLa cells stably expressing YFP-H2B. Cells were continuously filmed 

7h after the release of a thymidine block. Where indicated DMSO was added to account for the 

solvent of compounds that were used. (B) Time spent in different mitotic phases in 20 randomly 

selected HeLa YFP-H2B cells. Bars denote time in prometaphase (blue), time in metaphase (red) 

and time of anaphase onset (yellow).  

 

Control transfected cells rapidly aligned all chromosomes in the metaphase plate 

(19.9±8.3 min, n=156) (Fig. 2.3 and Movies 2.1 and 2.2). However, in CENP-E-depleted 

cells two main phenotypes were consistently observed, referred to as phenotype a and b 

(Fig. 2.3).  
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Figure 2.3 Images from live-cell movies of YFP-H2B cells either treated with control or 
CENP-E siRNA. Cells were transfected with Luciferase siRNA or CENP-E siRNA. Time from 
NEBD to chromosome alignment and anaphase onset/mitotic exit was measured. CENP-E-
depleted cells show an extensive mitotic delay with a few chromosomes residing near the spindle 
poles (arrowheads). Eventually all chromosomes align in the metaphase plate and cells enter 
anaphase (phenotype a), or cells exit mitosis with uncongressed chromosomes (phenotype b). 
Upper panels, overlay of DIC (grey) and DNA (YFP-H2B, green). Lower panels, YPF-H2B. Time 
hr:min. 

 

Chromosomes that persisted close to the spindle poles  (polar chromosomes) 

were seen in all cells, but in 54% of the analyzed cells (n=182) these chromosomes 

eventually aligned into the metaphase plate after an extensive delay (Fig. 2.4-2.5, 

phenotype a: average TIM 238 ± 123 vs 50 ± 18 min for control cells, Table 2.1), and 

anaphase onset started after the last chromosome congressed into the plate (Fig. 2.3, 

phenotype a, Movies 2.3 and 2.4). In 37% of the cells mitosis was also significantly 

delayed (Fig. 2.4-2.5, phenotype b: average TIM 306 ± 121 min, Table 2.1), but anaphase 

onset started while a few chromosomes still resided near the spindle poles (Fig. 2.3, 

Movies 2.5 and 2.6). The remaining 9% of the cells were delayed in mitosis for more than 

480 min of continuous filming and were therefore denominated as “stop” (Fig. 2.4).  
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Figure 2.4 Mitotic phenotypes quantification in control and CENP-E-depleted cells. All control 
cells did anaphase with no alignment defects. CENP-E-depleted cells show mainly two distinct 
phenotypes (a and b). “stop” corresponds to cells that were still in mitosis after 8h of continuous 
recording. 

 

 

 

Figure 2.5 Box-and-Whisker plots quantifying time spent in mitosis (TIM) in the different 
experimental conditions. TIM is defined as the interval between NEBD and anaphase 
onset/mitotic exit, for HeLa YFP-H2B cells treated with DMSO (no siRNA), Luciferase siRNA and 
CENP-E siRNA. The TIM for CENP-E-depleted cells is sub-divided for the different phenotypes 
observed after CENP-E depletion: phenotype a and b. Median, interquartile range and full range 
are represented in the plot.  
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Thus, upon CENP-E knockdown, cells delay in mitosis for ± 4 hrs during which 

they manage to align the polar chromosomes, or they arrest for # 5 hrs and then exit 

mitosis in the presence of misaligned chromosomes.   

 

2.2 AURORA B KINASE IS HIGHLY ACTIVE ON POLAR CHROMOSOMES 

 

The fact that for all CENP-E-depleted cells mitosis was severely delayed 

suggested that these cells have a functional mitotic checkpoint (Musacchio and Salmon, 

2007). Indeed, earlier studies demonstrated that CENP-E-depleted cells arrest in mitosis 

when treated with the spindle poisons nocodazole, colcemid and taxol (Tanudji et al., 

2004; Weaver et al., 2003). Immunofluorescence (IF) of the SAC protein Mad1 (Chen et 

al., 1998) and of CLIP-170, a microtubule “plus-end-tracking” protein that leaves the 

kinetochores upon microtubule attachment (Dujardin et al., 1998), confirmed that the polar 

chromosomes were unattached or poorly attached (Fig. 2.6A-B), and explains why mitotic 

progression is delayed in CENP-E-knockdown cells.  

 

Figure 2.6 Immunolocalization of molecular markers that label unattached kinetochores in 
cells depleted of CENP-E. (A-B) Immunofluorescence images showing clear kinetochore 
localization of Mad1 (A) and CLIP-170 (B) in the unaligned chromosomes (inset, higher 
magnification) with almost complete absence on the aligned chromosomes.  
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It was then asked why kinetochores of the polar chromosomes remained 

unattached or poorly attached for such a long time. Polar chromosomes are located very 

close to the main microtubule organizing centers of the cell, the centrosomes, and 

therefore numerous KT-MT interactions are expected to occur. Indeed, the chromosomes 

that reside close to the spindle poles in CENP-E-knockdown cells are not static and 

movements can be observed suggesting that microtubules are able to interact with the 

chromosomes but these attachments are not properly stabilized (Movies 2.4 and 2.6). 

Aurora B prevents stabilization of KT-MT attachments that are not bioriented through 

phosphorylation of kinetochore substrates, such Hec1/Ndc80 and MCAK (Andrews et al., 

2004; Cheeseman et al., 2006; DeLuca et al., 2006; Tanaka et al., 2002). To test if the 

failure to stabilize pole-proximal KT-MT attachments was due to local Aurora B activity, 

auto-phosphorylation of the kinase was monitored using phospho-specific antibodies for 

T232 (Yasui et al., 2004). Strikingly, the levels of T232 phosphorylation were significantly 

increased on the polar chromosomes of CENP-E-knockdown cells as compared to the 

aligned chromosomes, suggesting high levels of active Aurora B kinase at the polar 

chromosomes (Fig. 2.7A-B). This is most probably due to the increased protein levels of 

Aurora B (Fig. 2.8). The specificity of the phosphorylation signal was confirmed by 

inhibition of Aurora B kinase activity with the small-molecule inhibitor ZM447439 

(Ditchfield et al., 2003) (Fig. 2.7A-B). 

 

Figure 2.7 Aurora B kinase activity in CENP-E-depleted cells. (A) IF images for T232 auto-
phosphorylation of Aurora B after CENP-E depletion (-ZM447439). Specificity of the 
phosphorylation signal is shown by decrease in the IF signal of pT232 upon inhibition of Aurora B 
kinase activity (+ZM447439). White circles indicate representative kinetochore pairs used for the 
quantification of the pT232 fluorescent signal (B). Average of three independent experiments is 
shown. 

 



CHAPTER 2 - RESULTS 
 

  74 

 

Figure 2.8 Aurora B kinase protein levels and activity in CENP-E-depleted cells.  
Quantification of pT232 and total Aurora B intensity levels in the aligned and unaligned 
chromosomes of CENP-E-depleted cells. See materials and methods for further details on the 
quantification. Error bars represent standard deviation.  

 

To corroborate that the polar chromosomes in CENP-E-depleted cells fail to 

acquire stable attachments due to high local activity of Aurora B kinase, Aurora B was 

then inhibited with ZM447439 and the attachment status of the kinetochores was indirectly 

monitored by IF of Mad1 (Fig 2.9 A-B). In the majority of the polar chromosomes, 

kinetochores were either unattached (both kinetochores positive for Mad1) or mono-

attached (one kinetochore positive for Mad1). Yet, after inhibition of Aurora B nearly all the 

polar chromosomes failed to accumulate Mad1 at their kinetochores, indicating that these 

kinetochores had acquired stable microtubule attachments (Fig. 2.9A-B).  
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Figure 2.9 Microtubule-kinetochore attachments in cells depleted of CENP-E. (A) IF of Mad1 
as an indirect marker for the attachment status of the kinetochore. Insets show higher 
magnifications of a single optical Z-stack of an unaligned chromosome with attached kinetochores 
(no Mad1, inset 1), with unattached kinetochores (Mad1 labels both kinetochores, inset 2) or with 
mono-attached kinetochores (Mad1 labels one kinetochore, inset 3). In cells treated with 
ZM447439 Mad1 is absent from all the unaligned chromosomes (inset shows higher magnification 
of a representative chromosome). (B) Quantification of the number of unaligned chromosomes in 
CENP-E-depleted cells with or without ZM447439 (left two bars). From these the number of 
chromosomes with unattached, mono-attached or attached kinetochores were scored. Average (± 
s.d.) of three independent experiments (n=27, DMSO; n=22, ZM447439). 

 

Importantly, in the used experimental setup Mad1 levels were not reduced upon 

inhibition of Aurora B kinase by 35 minutes treatment with ZM447439 when microtubules 

were depolymerized by nocodazole (Fig. 2.10A-B). These results therefore demonstrate 

that Aurora B kinase activity destabilizes microtubule attachments of the kinetochores of 

polar chromosomes in CENP-E-depleted cells. 
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Figure 2.10 Mad1 localization before and after Aurora B kinase inhibition. (A) 
Immunofluorescence images of control siRNA-treated cells showing Mad1 localization (green) with 
or without 35 min. treatment with ZM447439. Cells were also treated with the microtubule 
depolymerizing drug nocodazole. DNA is shown in blue and CREST in red. (B) Bar graph plotting 
the fluorescence ratio of Mad1 to CREST signal under control (DMSO) or ZM447439 treatment. 
Error bars represent s.d.   

 

2.3 AURORA B DELAYS MITOTIC PROGRESSION UPON CENP-E DEPLETION 

 

Since the polar chromosomes in CENP-E-depleted cells remain unattached in an 

Aurora B dependent fashion it was hypothesized that Aurora B kinase activity was the 

molecular signal responsible for the mitotic delay. To accurately time mitotic exit after 

inhibition of Aurora B kinase activity CENP-E knockdown cells were first allowed to 

accumulate in mitosis with polar chromosomes and then ZM447439 was added (Fig. 

2.11A). It was found that all the CENP-E-depleted cells entered anaphase with unaligned 

chromosomes 39.8±14.9 min. after addition of ZM447439 (Fig. 2.11B-C, Movies 2.7 and 

2.8, Table 2.2). Furthermore, the TIM before addition of ZM447439 was also determined 

and this revealed that the duration of mitosis before Aurora B kinase inhibition did not 

influence the timing of anaphase onset after kinase inhibition (Fig. 2.11D). Interestingly, 

when CENP-E-depleted cells were treated with the microtubule depolymerizing drug 

nocodazole followed by addition of ZM447439 the SAC was not compromised and these 

cells remained arrested in mitosis (Fig. 2.11E). 
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Figure 2.11 Aurora B kinase activity and CENP-E mitotic progression. (A) Experimental setup 
to determine the TIM of CENP-E-depleted cells after inhibition of Aurora B. Cells were released 
from a thymidine block and treated with DMSO/ZM447439 after they acquired a prometaphase 
configuration with polar chromosomes. (B) Live-cell video microscopy stills of HeLa YFP-H2B cells 
transfected with CENP-E siRNA “Before ZM447439” and “After ZM447439” addition. Arrowheads 
indicate the polar chromosomes. NEBD 00:00. Time hr:min. (C) Box-and-Whisker plots (median, 
interquartile range and full range) showing the TIM, here defined as the interval between addition 
of DMSO or ZM447439 and anaphase onset/mitotic exit. (D) TIM before and after addition of 
ZM447439 in CENP-E-knockdown cells. Yellow labels indicate cells undergoing anaphase and 
green labels indicate cells that decondensed the DNA and re-flattened. Graph shows 20 randomly 
chosen cells. (E) Quantification of the mitotic index of nocodazole-treated CENP-E-knockdown 
cells (± ZM447439). Error bars represent s.d.  
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Although, Aurora B can also influence the SAC in a more direct fashion (Vader et 

al., 2008) these data clearly show that in CENP-E-defective cells the SAC is active 

because high Aurora B kinase activity detaches microtubules from polar chromosomes.   

 

2.4 CENP-E-DEPLETED CELLS DO NOT SLIP OUT OF MITOSIS BUT SATISFY THE SAC 

 

Still, as shown in Fig. 2.4, after an approximately five-hour delay 37% of the cells 

undergo anaphase onset with a few misaligned chromosomes. This indicates that in the 

absence of CENP-E, the polar chromosomes can only prolong mitosis for some time. 

There are two possible ways by which cells exit mitosis after a long mitotic delay. Cells 

either exit because the SAC is silenced (Musacchio and Salmon, 2007) or the SAC is 

bypassed, a situation known as mitotic slippage (Andreassen and Margolis, 1994). In 

contrast to cells that silence the checkpoint, cells that bypass the SAC retain the 

checkpoint proteins Mad1, Mad2 and BubR1 at kinetochores in telophase and do not 

degrade the APC/C substrate Tpx2 (Brito and Rieder, 2006). To test if CENP-E-depleted 

cells silence or bypass the SAC cells were allowed to accumulate in mitosis for 

approximately 6 hours and then fixed and prepared for IF analysis. While Mad1 was 

localized on kinetochores of the polar chromosomes in mitosis (Fig. 2.12, inset 1; Fig. 

2.6A), no kinetochore-associated signal was detected in the micronuclei that were formed 

by these misaligned chromosomes in telophase (Fig. 2.12, inset 2-3). Furthermore, high 

Tpx2 staining was found in mitotic cells but not in the micronuclei of cells that had 

undergone anaphase onset with unaligned chromosomes (Fig. 2.12C). The absence of 

both Mad1 and Tpx2 in the (micro)nuclei of CENP-E-depleted cells indicated that exit from 

mitosis was associated with SAC silencing and not due to mitotic slippage.  
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Figure 2.12 CENP-E-depleted cells silence the SAC. IF images for the SAC protein Mad1 (A-B) 
and the APC/C substrate Tpx2 (C). Note the presence of Mad1 on the kinetochores of the polar 
chromosomes (inset 1) and absence of Mad1 in telophase (inset 2-3). (C) Tpx2 localization in a 
CENP-E-depleted mitotic cell and absence of Tpx2 in micronuclei (arrowheads).  

 

3. DISCUSSION 

 

The data show that CENP-E facilitates efficient and timely chromosome 

congression but is not absolutely essential for full chromosome alignment. In the absence 

of CENP-E a few chromosomes experience congression difficulties and stay close to the 

spindle poles. Although, kinetochores of these polar chromosomes can interact with 

microtubules (a few polar chromosomes negative for Mad1 are always found, Fig. 2.9 A-
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B), these microtubule attachments are not stabilized because of high local Aurora B 

kinase activity. Instead, these pole-proximal syntelic KT-MT attachments are destabilized, 

resulting in a SAC-dependent mitotic delay. In the majority of the CENP-E-knockdown 

cells this allows extra time and opportunity for chromosome congression by CENP-E 

independent mechanisms (McEwen et al., 2001), or by the remaining low levels of CENP-

E, thus reducing chromosome segregation errors. Yet, in a subset of CENP-E-depleted 

cells the SAC was eventually silenced, and the question remains why.  

Studies in Xenopus extracts showed a direct link between CENP-E and the mitotic 

checkpoint protein BubR1 suggesting that depletion of CENP-E could directly weaken the 

checkpoint (Mao et al., 2003; Yao et al., 2000). However, in human cells CENP-E-

knockdown does not shorten the mitotic delay induced by the microtubule poisons taxol 

and nocodazole (Tanudji et al., 2004); Fig. 2.11 E), indicating that CENP-E is not required 

for a robust SAC response in these cells. In addition, it was found that inhibition of Aurora 

B only silenced the SAC in CENP-E-depleted cells when microtubules were present. In 

the presence of the microtubule depolymerizing drug nocodazole, co-inhibition of Aurora B 

and CENP-E did not further compromise the mitotic checkpoint. This indicates that in the 

CENP-E-depleted cells the mitotic delay is due to the microtubule destabilizing activity of 

Aurora B (Pinsky et al., 2006) and silencing of the SAC in a subset of the cells is most 

likely due to acquisition of microtubule attachments. So, why do the kinetochores of these 

polar chromosomes eventually become attached? 

Since polar chromosomes still show high levels of active Aurora B kinase after a 

prolonged time in mitosis (data not shown), it is unlikely that these chromosomes acquired 

stable microtubule attachments because Aurora B kinase activity ceased over time. In 

light of recent data supporting a role for CENP-E in microtubule destabilization (Maffini et 

al., 2009; Maia et al., 2007), here it is favored the idea that because microtubules are 

more stable in the absence of CENP-E, the microtubule destabilization rate on the polar 

chromosomes will be slower increasing the likelihood that the final 1-2 polar 

chromosomes eventually become attached even when Aurora B kinase activity is high. 

This idea is supported by (Yang et al., 2009) suggesting that error correction can be 

attenuated over time while Aurora B is active if microtubules are stabilized by high taxol 

concentrations. 

Finally, although a cooperative function for Aurora B in CENP-E dependent 

congression has been implied earlier (Kapoor et al., 2006), this work now in fact shows 

that high local Aurora B kinase activity liberates polar kinetochores from end-on 

attachments by destabilizing pole-proximal syntelic attachments. As such, Aurora B could 
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permit lateral attachment and CENP-E dependent sliding along microtubule bundles to 

promote efficient chromosome congression and timely anaphase onset. 

 

 

Table 2.1 Quantification of time spent in mitosis (TIM) in the different experimental 
conditions. TIM is shown in minutes (min).  

 

 

 

 

Table 2.2 Quantification of time spent in mitosis (TIM) in control and CENP-E-

depleted cells after inhibition of Aurora B kinase activity. TIM is shown in minutes 

(min).  

 

 

 

1 standard deviation 
2 standard error of the mean 
3 range after exclusion of the top and bottom 3% values 
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4. MATERIALS AND METHODS 

 

 4.1 CELL CULTURE AND SIRNA 

HeLa cells were cultured in DMEM with 6% FCS and antibiotics, at 37ºC in a 

humidified atmosphere with 5% CO2. For cell synchronization at the G1/S transition, cells 

were incubated with 2.5 mM thymidine for 24 hours. siRNA transfection was done with 

HiPerFect (Qiagen) according to the manufacturer’s protocol. The CENP-E siRNA duplex 

(GAACUAAGAAGAAGCGUAU) and the Luciferase siRNA duplex 

(CGUACGCGGAAUACUUCGA) were from Dharmacon®. Drugs were used at the 

following concentrations: nocodazole, 0.25 µg/mL; MG132, 5 µM; ZM447439 (Tocris 

Bioscience, Bristol, UK), 2 µM. Incubation with ZM447439 was done for 35 minutes unless 

stated otherwise. To determine the mitotic index, RNAi-treated cells were released from a 

thymidine block to DMSO or nocodazole for 16 hours. Before fixation incubation with 

DMSO/ZM447439 was performed for 1 hour.  Cells were fixed for 5 minutes in 8% 

formaldehyde, washed once with PBS, followed by 5 minutes incubation in ice-cold 

methanol. After washes with PBS, cells were counterstained with DAPI. Determination of 

the mitotic index was done in a Thermo Scientific Cellomics® ArrayScan® VTI, software 

version x.5. >104 cells were counted per condition. 

 

4.2 ANTIBODIES AND REAGENTS 

The following antibodies were used: Aurora B mAb (Transduction Laboratories, 

Lexington, KY), pT232-Aurora B pAb (Rockland, Philadelphia, PA), human CREST 

antiserum (Cortex Biochem, San Leandro, CA), Mad1 mAb (gift of A. Musacchio, 

European Institute of Oncology, Italy), Tpx2 mAb (BioLegend, San Diego, CA), CLIP-170 

pAb (gift of N. Galjart, Erasmus Medical Center, The Netherlands), CENP-E (gift of 

D.Cleveland, Ludwig Institute for Cancer Research, CA), !-Tubulin (Sigma, St. Louis, 

MO). Secondary antibodies for immunofluorescence (Alexa-488, -568 and -647) were for 

Molecular Probes (Eugene, OR). Reagents were from Sigma unless stated otherwise.  
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4.3 IMMUNOBLOTTING AND IMMUNOFLUORESCENCE  

Immunoblotting was performed as described (Smits et al., 2000). Prior to IF 

coverslips were washed with PEM buffer (100 mM Pipes, 10 mM EGTA, 1 mM MgCl2), 

fixed for 10 minutes in 4% paraformaldehyde/0.2% sucrose, then washed once with PEM 

and permeabilized with 0.5% Triton X-100/PEM for 15 minutes. For IF, cells were washed 

with DPBS and incubated with the appropriate primary/secondary antibody combinations 

diluted in DPBS/3% BSA. Cells were counterstained with DAPI to visualize the DNA. 

Images were acquired using a Zeiss Axio Imager microscope (Carl Zeiss, Germany) using 

an Axiocam (Carl Zeiss, Germany). Data stacks were deconvolved using the Huygens 

Professional software (Scientific Volume Imaging BV, The Netherlands). 

 

4.4 TIME-LAPSE MICROSCOPY 

Cells were followed by time-lapse microscopy starting at 7 hours after release from 

the thymidine block. Lab-Tek TM II Chamber SlideTM System (NuncTM) was used to 

grow and film the cells on a Zeiss Axiovert 200M microcope (F-Fluar 40x/1.3 Oil) 

equipped with a motorized heated stage (37ºC), halogen lamp, Lambda DG-4 Ultra High 

Speed Wavelenght Switcher (Sutter Instruments) and CO2 controller. Phase contrast and 

fluorescent images were captured every 3 minutes using a Photometrics Coolsnap HQ 

camera (Scientific, Tucson, AZ). Images were processed using Metamorph software 

(Universal Imaging, Downington, PA).   

 

4.5 QUANTIFICATION OF ACTIVE AURORA B 

For quantification of Aurora B centromere activity, cells were stained with pT232-

Aurora B and CREST antibodies.  Images with multiple z-planes were captured and the 

integrated density of the T232 signal was quantified in individualized kinetochore pairs 

with ImageJ software (NIH) after deconvolution of the data stacks. Normalization for the 

background signal was performed. The average integrated density for pT232 was set in 

relation to average integrated density of the CREST signal. Five randomly chosen 

individual kinetochore pairs were analyzed per cell in five different cells, in 3 independent 

experiments. 
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1. INTRODUCTION 

 

Accurate chromosome segregation requires organization and proper function of 

the mitotic apparatus including correct attachment of sister chromatids to spindle 

microtubules. Microtubule-kinetochore interaction is highly complex and involves many 

factors. It is now clear that kinetochores are highly conserved and contain a large number 

of proteins including internal structural components that ensure DNA binding, external 

components for microtubule binding and proteins involved in signalling processes like 

those required for the activation of the Spindle Assembly Checkpoint (SAC) (Musacchio 

and Salmon, 2007). Previously, it was suggested that in yeast and human cultured cells 

assembly or at least proper localization of some kinetochore components requires the 

activity of the Hsp90 cochaperone Sgt1 (Kitagawa et al., 1999; Steensgaard et al., 2004). 

Sgt1 was initially identified in a screen aimed to isolate suppressors of a temperature 

sensitive allele of skp1 and characterized as a subunit of both the core kinetochore and 

SCF (Skp1-Cul1-F-Box) ubiquitin ligase complexes (Kitagawa et al., 1999). Sgt1 contains 

protein interaction motifs like the tetracopeptide repeat domain (TPR Domain) and p23-

like CHORD domain (also called CS domain), both found in proteins that interact with 

chaperones, as well as a Sgt1-specific domain (SGS Domain) required for its interaction 

with adenyl cyclase. As expected, Human Sgt1 was shown to bind chaperone Hsp90 by 

its CHORD domain that is very similar to the well-known Hsp90 co-chaperone p23 (Lee et 

al., 2004). The interaction between Sgt1 and Hsp90 was also described both in genetic 

and biochemical studies in yeast, where the complex was described as being important 

for assembly and turnover of the essential centromere binding factor 3 (CBF3) (Bansal et 

al., 2004; Catlett and Kaplan, 2006; Lingelbach and Kaplan, 2004; Rodrigo-Brenni et al., 

2004). 

In Human cells, a severe reduction of Sgt1 levels was shown to compromise 

kinetochore assembly and specifically localization of a number of SAC proteins including 

Mad1, Mad2 and BubR1 (Steensgaard et al., 2004). This resulted in a weaker SAC 

response when cells were challenged with spindle poisons that depolymerise 

microtubules. However, not only SAC proteins failed to accumulate but also other 

constituents of the human kinetochore, including Hec1, CENP-E, CENP-F and CENP-I 

were absent after depletion of Sgt1 (Steensgaard et al., 2004). Interestingly, studies in 

Human cells with an inhibitor of Hsp90 (17-AAG) suggested that this chaperone is 

important for kinetochore assembly since it causes delocalization of various centromeric 

proteins, mitotic arrest, failure of chromosome congression and aneuploidy (Niikura et al., 

2006).   
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To address the role of Sgt1 further, first the Sgt1 homologue was identified and its 

sub-cellular localization during mitosis described. Surprisingly and opposite to what is 

reported for the human homologue Drosophila Sgt1 does have specific subcellular 

localizations at different stages of mitosis.  

 

2. Results 

2.1 Identification and sub-cellular localization of the Drosophila homologue 
of Sgt1 

 

The Drosophila orthologue of Sgt1 was identified through blast searches using the 

human Sgt1 protein sequence. A single highly conserved putative protein encoded by the 

gene CG9617 was identified with 41% amino acid identity (Fig. 3.1A). Sequence analysis 

revealed that most members of the Sgt1 family are characterized by having three distinct 

domains: a TPR motif, a p23-like CHORD Domain (also called CS Domain) and the Sgt1 

specific domain (SGS). While the Drosophila orthologue lacks the TPR domain, the 

function of Sgt1 as a co-chaperone (Bansal et al., 2004) is unlikely to be affected since 

the TPR and CS domain are both chaperone-interacting domains that may be redundant. 

Sgt1 has been reported in human cells to be a soluble protein without any particular 

localization during mitosis (Steensgaard et al., 2004). To determine if Drosophila Sgt1 

localized in a similar manner, the coding sequence was tagged with EGFP, transfected 

into S2 Drosophila cells and expressed under the control of an inducible promoter (Fig. 

3.1B-D). In asynchronous cultures, no specific accumulation of EGFP-Sgt1 was observed 

besides a clear localization at the mid body during very late mitosis (Fig. 3.1B). However, 

if cells were arrested in mitosis with the microtubule depolymerizing drug colchicine, 

EGFP-Sgt1 showed diffuse cytoplasmic staining but also strong accumulation at 

centrosomes and kinetochores (Fig. 3.1C and 3.1D). Expression of EGFP-Sgt1 in 

interphase or of EGFP alone in either interphase or mitosis gave no specific localization. 

These results indicate that unlike yeast and human cells, Sgt1 in Drosophila shows a 

specific subcellular localization at different stages of mitosis remarkably when spindle 

microtubules are depolymerised. 
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Figure 3.1 Identification of Sgt1 in Drosophila and cellular localization in S2 cells. (A) 
Sequence homology between Sgt1 proteins from different species. The conserved domains are 
indicated in boxes: Tetracopeptide domain (TPR Domain), p23-like CHORD Domain and Sgt1-
specific domain (SGS Domain). (B-D) Localization of EGFP-Sgt1 in S2 cells. (B) In asynchronous 
cells EGFP-Sgt1 (green) can only be detected at the cleavage furrow during late mitosis as shown 
by the co-staining with "-tubulin (red). When cells are treated with colchicine, (C) accumulation of 
EGFP-Sgt1 (green) can be observe at the centrosomes identified by $-tubulin (red) and (D) at the 
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outer region of the kinetochores as shown by co-staining with the centromeric marker CID (red). 
For all immunolocalizations DNA was stained with DAPI (blue). Bar is 5 µm. 

 

3. DISCUSSION 

 

The Drosophila melanogaster homologue of the human Sgt1 protein was identified 

and is encoded by the gene CG9617. This protein is partially conserved from yeast to 

human suggesting that it might play key roles in cellular processes. Members of the Sgt1 

protein family contain three highly conserved domains in many species: TPR, p23-like 

CHORD and SGS domains. The TPR and p23-like CHORD domains are characteristic of 

proteins that interact with chaperones directing them to a specific group of proteins, 

named “client proteins”. Therefore, Sgt1 was classified as a co-chaperone since it 

interacts with the chaperone HSP90 through the p23-like domain. Moreover, Sgt1 is 

thought to form a complex that through the TPR domain activates Skp1, a protein involved 

in kinetochore assembly (Bansal et al., 2004; Kitagawa et al., 1999; Rodrigo-Brenni et al., 

2004; Steensgaard et al., 2004).  Although, Drosophila Sgt1 lacks the TPR domain, it is 

unlikely that its co-chaperone function is affected as in human cells the interaction with 

HSP90 is made through the p23-like CHORD domain (Lee et al., 2004), that is also 

conserved in the Drosophila protein. However, in Drosophila, Sgt1 protein is unlikely to 

interact with Skp1 and therefore might not be required for kinetochore assembly (Bansal 

et al., 2004; Rodrigo-Brenni et al., 2004).  

Immunofluorescence studies done here show that Sgt1 localizes to the midbody in 

late mitosis and in the absence of microtubules to the outer kinetochore domain and also 

at centrosomes. This localization pattern suggests that Sgt1 might play a role in 

microtubule-kinetochore interaction and in centrosome function. While these results 

suggest that Sgt1 is required for somatic cell proliferation, meiosis might also require Sgt1 

since ovaries and testis are highly abundant in Sgt1 mRNA (Chintapalli et al., 2007).  

Although very preliminary, these results were a launching pad for a new project to 

be developed in Prof. Claudio Sunkel lab concerning the roles of Sgt1 during mitotic 

divisions in Drosophila melanogaster. At the moment of the writing of this thesis a paper 

with the follow-up studies, that were taken over by another PhD student in the lab, was 

published (Martins et al., 2009). Briefly, it was shown that mutations in sgt1 do not affect 

overall kinetochore assembly or the spindle assembly checkpoint. sgt1 mutant cells enter 

less frequently into mitosis and arrest in a prometaphase-like state. Mutations in sgt1 

severely compromise the organization and function of the mitotic apparatus. In these cells, 
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centrioles replicate but centrosomes fail to mature and pericentriolar material components 

do not localize normally resulting in highly abnormal spindles. Interestingly, a similar 

phenotype was previously described in Hsp90 mutant cells and correlated with a decrease 

in Polo protein levels. In sgt1 mutant neuroblasts it was observed a decrease in overall 

levels of Polo. Overexpression of Polo resulted in a substantial rescue of the centrosome 

defects; most cells formed normal bipolar spindles and progressed through mitosis 

normally. Taken together, these findings suggest that Sgt1 is involved in stabilization of 

Polo allowing normal centrosome maturation, entry and progression through mitosis. 
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4. MATERIALS AND METHODS 

 

4.1 TRANSFECTION OF S2 CELLS  

Drosophila S2 cells were grown to a yield of 3x106 cells in 3 mL of Schneider 

medium (Sigma) with 10% fetal bovine serum (FBS) at 25ºC and then transfected with 

pMT-EGFP-Sgt1 using calcium phosphate. Expression of the EGFP-Sgt1 construct was 

induced with CuSO4 (1mM), and cells were collected after 16h for immunofluorescence 

analysis. Where indicated, cells were treated with 10 µM of colchicine for the desired 

period. The pMT-EGFP-Sgt1 vector was generated by cloning Sgt1 full-length cDNA into 

the HincII/SacI sites of the MCS of pMT-EGFP-C1 plasmid.  

 

4.2 IMMUNOSTAINING IN S2 CELLS AND ANTIBODIES  

Immunostaining was performed as previously described in the chapter 1 (section 

4.2). The primary antibodies used were anti-!-tubulin mouse B512 (Sigma) used at 

1:1000; anti-$-tubulin mouse GTU88 (Sigma) used at 1:250; and anti-CID rat polyclonal 

(CE Sunkel, unpublished data) used at 1:1500. The secondary antibodies were obtained 

from Molecular Probes and Jackson Immunoresearch and used according manufacturer’s 

instructions.   
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Cell division cycle is vital for the development and function of all living organisms: 

from a simpler single-celled organism, where it grants the generation of an entire new 

organism, to a highly complex multicellular organism, where it provides the formation and 

subsequent maintenance of all sorts of specialized cells, tissues and organs.  

One of the most visual phases of the cell cycle is the distribution of the 

chromosomes into two daughter cells. And although what can be observed, with state of 

the art technology and molecular biology techniques, is a gracious movement of all 

chromosomes to the equatorial plane of the cell and subsequent equal segregation 

generating two newly formed cells, this process is not error-free and therefore has to be 

highly regulated. Errors during cell division often lead to unequal segregation of the 

chromosomes (aneuploidy), known to be a major cause for the origin of birth defects 

(Ambartsumyan and Clark, 2008), and it has been argued that could underlay tumour 

development (Holland and Cleveland, 2009).  

Appropriately, cells have evolved a mechanism, the Spindle Assembly Checkpoint, 

that significantly reduces chromosomal missegregation and thus contributes to the 

maintenance of genomic stability (Kops et al., 2005). The SAC is capable of delaying exit 

from mitosis until all kinetochores have acquired proper microtubule attachments. This 

requires that each sister kinetochore of a chromosome is attached to microtubules from 

opposite spindle poles, called biorientation or more specifically amphytelic attachment. 

Only when each sister chromatid from each chromosome is properly attached segregation 

of the genome will be correct.  

However, as nuclear envelope breakdown takes place and microtubules emanated 

from centrosomes grow in all directions, they are able to bind indiscriminately to 

kinetochores and not always the chromosomes achieve biorientation during the first 

attachment attempt. Therefore, chromosomes can acquire abnormal attachments that 

need to be corrected. In order to correct defective kinetochore-microtubule interactions 

cells must be able to destabilize these erroneous attachments. Aurora B/Ilp1 is the mitotic 

protein kinase thought to be intimately involved in this correction mechanism. It has been 

shown that ultimately, this kinase leads to the destabilization of kinetochore microtubules 

thus creating unattached kinetochores that then trigger again the SAC (Pinsky et al., 

2006) giving extra time and new opportunity for a new round towards biorientation.  

After microtubules attach and chromosomes become bioriented they need to move 

towards the centre of the cell, a process known as congression. Chromosome 

congression is mostly understood in terms of polymerization and depolymerization of 

kinetochore microtubules. However, if a chromosome initially becomes monoriented with 



GENERAL DISCUSSION 
 

  96 

only one sister kinetochore stably bound to one spindle pole, causing the chromosome to 

rapidly move towards that pole, how will it then become bioriented? Interestingly, 

chromosomes can also congress to the metaphase plate even if they are not bioriented, 

suggesting that other mechanisms are involved. It is known that the motor protein CENP-

E plays a central role in this process as it mediates the gliding of mono-oriented 

kinetochores alongside adjacent k-fibers (Kapoor et al., 2006) or even alongside any 

microtubule bundle (Cai et al., 2009).  

The work presented in this thesis aims to expand our knowledge on the molecular 

mechanisms that involve the kinetochore as a signal generator for the SAC while at the 

same time works as a vehicle through which the chromosome move within the mitotic 

spindle during early stages of congression. Also, we would like understanding how the 

combination of such functions ensures faithful chromosome segregation. More 

specifically, it focused on the study of the bona fide SAC protein BubR1 and the kinesin-7 

motor protein CENP-E.  

A part from being a core component of the mitotic checkpoint complex (Sudakin et 

al., 2001), BubR1 has also been implicated in chromosome congression independently of 

its function in the SAC (Ditchfield et al., 2003). Interestingly, BubR1 interacts with the 

microtubule motor CENP-E (Chan et al., 1998; Yao et al., 2000) suggesting that together 

they may play important roles at the kinetochore, namely in SAC activity and chromosome 

congression. In the first chapter of this thesis, a detailed comparative study of the 

knockdown of BubR1 and CENP-meta/CENP-E was carried out in Drosophila S2 cells. 

The results clearly show that the phenotypes after CENP-meta and BubR1 RNAi 

treatment differ. While depletion of BubR1 impaired the SAC, CENP-meta depletion had 

no effect in this mechanism.  Moreover, the spindle defects observed after knockdown of 

each of these proteins was also very different. BubR1 was found to be involved in 

promoting the stability of the kinetochore-microtubule interactions, as previously observed 

in human cell lines (Ditchfield et al., 2003; Lampson and Kapoor, 2005), whilst 

unexpectedly CENP-meta/CENP-E promotes the destabilization of kinetochore 

attachment. Previously, CENP-E has been suggested to contribute for the stability of 

kinetochore microtubules (Putkey et al., 2002), therefore it was surprising that in the 

Drosophila S2 tissue culture system CENP-meta/CENP-E was somehow involved in 

creating a microtubule destabilizing environment at the kinetochore. However, correlative 

light electron microscopy studies have clearly shown that HeLa cells microinjected with 

anti-CENP-E antibodies, despite showing less microtubules bound to the kinetochores 

when the major peak of mitotic cells occurs, in cells that undergo a prolonged mitotic 

arrest a full complement of spindle microtubules were observed (McEwen et al., 2001). 
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These data suggests that in the absence of CENP-E, over time, kinetochore-microtubule 

attachment becomes more stable. Furthermore, it was recently determined, by measuring 

fluorescence loss after photoactivation of GFP-!-tubulin, that the calculated half-time 

turnover for kinetochore microtubules is significantly higher in cells depleted of CENP-E 

comparing with control RNAi cells (Maffini et al., 2009). This data, obtained in mammalian 

cells, nicely corroborates our results and suggest that CENP-meta/CENP-E normally 

contributes towards a partial instability of microtubule-kinetochore attachments. 

Neverheless, how CENP-E promotes destabilization of microtubule-kinetochore (MT-KT) 

attachments remains to be determined.  

Our results show that depletion of BubR1, in Drosophila S2 cells, leads to 

destabilization of connections between chromosomes and spindle microtubules and that if 

BubR1 knockdown is combined with depletion of CENP-meta/CENP-E an increased 

stability of these connections is observed. These data together with the suggestion that 

BubR1 can inhibit Aurora B kinase activity (Lampson and Kapoor, 2005), allows several 

models for CENP-E function in the regulation of chromosome-spindle attachments: 

One possibility is that CENP-E, directly or indirectly, could inhibit BubR1 thus 

leading to a situation where Aurora B kinase activity would be higher therefore decreased 

stability of the MT-KT interactions is observed. In fact, in Xenopus egg extracts a direct 

interaction between CENP-E and BubR1 was observed (Mao et al., 2003) and in HeLa 

cells CENP-E was shown to form a complex with BubR1 (Yao et al., 2000). However, the 

functional consequence of the association between these two proteins in human cells 

remains to be elucidated.  

Another attractive hypothesis is that CENP-E might be involved in the correction of 

defective microtubule attachments through a direct or indirect regulation of Aurora B 

kinase. Since depletion of CENP-E leads to increased stability of kinetochore 

microtubules, this hypothesis predicts that Aurora B kinase should be diminished in the 

absence of CENP-E. However, the results obtained in chapter two of our study do not 

support this prediction. We have shown that in chromosomes that fail to reach the centre 

of the cell and become localized to the spindle poles, the polar chromosomes 

characteristic of CENP-E depletion, Aurora B kinase is highly active and as a 

consequence kinetochore attachment in these chromosomes is continuously being 

destabilized.  

Finally, an alternative possibility might be that CENP-E itself or by recruiting and/or 

interacting with other key microtubule regulators at the kinetochores, could promote a 

microtubule-destabilizing environment. In fact, CENP-E is known to be required for the 
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recruitment of CLASP1 and CLASP2 (Maffini et al., 2009), two microtubule-associated 

proteins previously implicated in the regulation of kinetochore microtubule dynamics 

(Maiato et al., 2003a; Maiato et al., 2005; Pereira et al., 2006). 

In chapter two of this thesis we continued to address the function of CENP-E at the 

kinetochore and we found that CENP-E and Aurora B cooperate closely. Our results 

allowed us to propose that Aurora B might assist CENP-E in its function of promoting the 

sliding of the kinetochores along microtubule bundles during chromosome congression 

(Cai et al., 2009; Kapoor et al., 2006). We have shown that Aurora B kinase activity 

destabilizes the attachments of polar chromosomes present in CENP-E-depleted cells, 

strongly suggesting that this destabilization, apart from triggering the SAC and promoting 

a mitotic delay, also frees the kinetochores from a synthelic attachment so they can slide 

towards the metaphase plate where they have an increased chance of becoming 

bioriented. 

However, an intriguing question remains from all these studies (our 

results;(Johnson et al., 2004; McEwen et al., 2001).  How is that in approximately half of 

the cells depleted of CENP-E, after a long mitotic delay, all the chromosomes do move 

towards the metaphase plate, congress and exit mitosis? These results indicate very 

clearly that there are CENP-E independent mechanisms for chromosome congression, 

though these are surely much slower that when CENP-E is present. However, some of the 

studies that support this interpretation, including the one presented in this thesis, are 

based either on antibody injections or RNA mediated interference, where residual levels of 

the protein could still account for the observed chromosome congression. Nevertheless, 

genetic studies in Drosophila (Yucel et al., 2000) and in primary mouse fibroblasts 

obtained from a conditional CENP-E knockout (Putkey et al., 2002), showed different 

degrees of normal chromosome congression providing strong support for the existence of 

redundant mechanisms for such an important cellular function that is essential for the 

success of mitosis.  

 In conclusion, our studies have provided new insight on how chromosomes, 

through their kinetochores, make their way towards the metaphase plate and how can 

kinetochores delay mitotic exit when errors occur thus avoiding aneuploidy. Furthermore, 

as mitosis is an attractive target for anti-cancer strategies and Aurora B kinase and 

CENP-E inhibitors are currently under clinical development/trials, the functional data 

obtained here might help designing better anti-cancer therapies.  
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+TIPs: Microtubule Plus-end Tracking Proteins 

Ab: Antibody 

ACA: Anticentromere Antibodies 

APC: Adenomatous Polyposis Coli 

APC/C: Anaphase-Promoting Complex/Cyclosome  

bp: base pairs 

BSA: Bovine Serum Albumin 

Bub: budding uninhibited by benzimidazole 

C. elegans: Caenorhabditis elegans 

CBF3: Centromere Binding Factor 3 

CCAN: Constitutive Centromere-Associated Network 

cdc: cell division cycle  

Cdks: Cyclin-dependent kinases 

cDNA: complementary DNA 

CENP: Centromere-associated Protein 

CID: Centromere identifier 

CIN: Chromosomal Instability 

CKIs: Cyclin-dependent kinase inhibitor proteins 

CLASP: CLIP-Associated Proteins 

CLIP: Cytoplasmic Linker Protein 

CPC: Chromosomal Passenger Complex 

CREST: sera from a form of Systemic Sclerosis, showing Calcinosis, Raynaud’s 

phenomenon, Esophageal dysmotility, Sclerodactyly, Telangiectasia. Recognizes CENP-

A, CENP-B and CENP-C. 

DAPI: 4’,6’-diamino-2-phenylindole 
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DIC: Differential Interference Contrast microscopy 

DMEM: Dulbecco's Modified Eagle Medium 

DMSO: Dimethyl sulfoxide 

DNA: deoxyribonucleic acid  

DPBS: Dulbecco's Phosphate Buffered Saline 

dsRNA: double stranded RNA 

DTT: dithiothreitol 

DUBs: Deubiquitinating enzymes 

e.g.: exempli gratia 

EB1: End Binding protein 1 

ECL: Enhanced ChemiLuminescence 

EGFP: Enhanced Green Fluorescent Protein 

EM: Electron Microscopy 

Exp: Experiment(s) 

FBS: Fetal Bovine Serum 

FCS: Fetal Calf Serum 

Fig.: Figure 

g: gram 

G1: Gap phase 1 

G2: Gap phase 2 

GFP: Green Fluorescent Protein 

h(r): hour 

HeLa: Human immortal cell line 

Hsp: Heat-shock protein 
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IB: Immunoblotting 

IF: Immunofluorescence 

K-fiber: kinetochore fiber 

kDa: kiloDalton(s) 

Klp: Kinesin-like protein 

KMN: KNL1/Mis12 complex/Ndc80 complex 

KT: Kinetochore 

L: Liter 

LB: Luria-Bertani culture medium 

M phase: Mitosis 

M: Molar 

Mad: Mitotic-arrest deficient 

MAPs: Microtubule-Associated Proteins 

MCAK: Mitotic Centromere Associated Kinesin 

MCC: Mitotic Checkpoint Complex 

MCS: Multiple Cloning Site 

MDR: Multi-Drug Resistant  

MEF: Mouse Embryonic Fibroblast 

min: minutes 

ml: milliliter 

mM: miliMolar 

mm: millimeter 

mm:ss: minutes:seconds 

MPF: Maturation/Mitosis-Promoting Factor 
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mRNA: messenger RNA 

MT(s): Microtubule(s) 

MTOC: Microtubule Organizing Center 

MVA: Mosaic Variegated Aneuploidy 

n: number of samples in the study 

n.d.: not determined 

NEBD: Nuclear Envelope Breakdown 

NIH: National Institutes of Health 

nm: nanometer 

nM: nanoMolar 

ORF: Open Reading Frame 

p(T232): antibody against phosphorylation in Threonine 232 on Aurora B 

PBS: Phosphate-Buffered Saline 

PCR: Polimerase Chain Reaction 

PEM: PIPES-EGTA-Magnesium Chloride buffer 

PSCS: Premature Sister Chromatid Separation 

RNA: ribonucleic acid 

RNAi: RNA interference 

RT: Room Temperature 

RZZ: Rod-ZW10-Zwilch 

S phase: DNA synthesis phase 

S. cerevisiae: Saccharomyces cerevisiae 

S. pombe: Schizosaccharomyces pombe 

s.d.: standard deviation 
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S2: Drosophila Schneider 2 cell line 

SAC: Spindle Assembly Checkpoint 

SCF: Skp1/Cullin/F-box ubiquitin-protein ligase 

SDS-PAGE: Sodium Dodecyl Sulfate-Polyacrilamide Gel Electrophoresis 

SDS: Sodium Dodecyl Sulphate 

SEM: Standard Error of the Mean 

siRNA: small interference RNA 

SPB: Spindle Pole Body 

STD: Standard Deviation 

t-test: Student’s t test 

TIM: Time In Mitosis 

TPR: Tetracopeptide domain 

Tris: Tris(hidroximethyl)aminomethane 

UTR: Untranslated Region 

UV: ultraviolet 

X. laevis: Xenopus laevis 

YFP: Yellow Fluorescent Protein 

ZM447439: Aurora B kinase small-molecule inhibitor 

µg: microgram 

µ l: microliter 

µm: micrometer 

µM: microMolar 
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LB Medium: 

1% Tryptone 
0.5% Yeast extract 
1% NaCl 

 

LB Agar: 

1.5% (w/v) Agar in LB medium 

 

Ampicillin plates: 

Autoclaved LB Agar was melted and ampicillin added to a final concentration of 50 µg/ml 

 

Tetracycline plates: 

Autoclaved LB Agar was melted and tetracycline added to a final concentration of 12.5 

µg/ml 

 

PBS (Phosphate-Buffered Saline) pH 7.4: 

137 mM NaCl 
2.7 mM KCl 
10 mM Na2HPO4 
1.8 mM KH2PO4 

 

PEM: 

100 mM Pipes 
10 mM EGTA 
1 mM MgCl2 

 

2x SDS-PAGE sample buffer: 

100 mM Tris-HCl pH 6.8 
4% (w/v) SDS 
0.2% (w/v) Bromophenol blue 
20% (v/v) Glycerol 
200 mM DTT (dithiothreitol) 

 

Protein Electrophoresis: 

Stacking gel: 4% acrilamide; 125 mM Tris-HCl, pH 6.8; 0.1% SDS; 
Separating gel: 7.5% acrilamide; 375 mM Tris-HCl, pH 8.8; 0.1% SDS; 
Running buffer: 25 mM Tris, pH 8.3; 250 mM Glycine; 0.1% SDS 
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Ponceau S: 

0.1% Ponceau 
5% acetic acid 

 

TBST: 

50 mM Tris-HCl, pH7.5 
150 mM NaCl 
0.05% Tween 20 

 

Transfer Buffer: 

25 mM Glycine 
192 mM Tris pH 8.3 

 

Enhanced Chemiluminescent (ECL): 

Solution A: 10 ml Tris 100 mM pH 8.5, 44 µl Cumaric acid (Sigma) 90 mM and 100 µl 
Luminol (FLUKA) 250 mM; 
Solution B: 10 ml Tris 100 mM pH 8.5 and 6 µl H2O2 30% (Merck) 
Solution A and B are mixed and incubated with the membrane at the time of ECL 
detection. 
 

Schneider’s Insect Medium: 

Schneider’s Insect Medium, with L-glutamine and sodium bicarbonate, (Invitrogen) was 
supplemented with 10% (v/v) FBS (Invitrogen) 
 

Calcium-Treatment Buffer: 

100 mM PIPES, pH 6.8 
1 mM MgCl2 
0.1 mM CaCl2 
0.1% Triton X-100 
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pMT-EGFP-Sgt1 

 

 

 

pMT-EGFP-Sgt1 was generated by 

cloning Sgt1 full-length cDNA into the 

HincII/SacI sites of the MCS of pMT-

EGFP-C1 plasmid.  
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Movie 1.1 Mitotic division of a control S2 cell stably expressing GFP-H2B recorded by 

time-lapse fluorescence microscopy. Times are relative to anaphase onset. 

Movie 1.2 Mitotic division of a BubR1 depleted S2 cell stably expressing GFP-H2B 

recorded by time-lapse fluorescence microscopy. Times are relative to anaphase onset. 

Note that this cell undergoes anaphase onset without aligning the chromosomes in the 

metaphase plate.  

Movie 1.3 Mitotic division of a control S2 cell stably expressing GFP-tubulin recorded by 

time-lapse fluorescence microscopy. Images were taken every 90 seconds. Times are 

relative to nuclear envelope breakdown. 

Movie 1.4 Mitotic division of a BubR1 depleted S2 cell stably expressing GFP-tubulin 

recorded by time-lapse fluorescence microscopy. Images were taken every 90 seconds. 

Times are relative to nuclear envelope breakdown. 

Movie 2.1 and Movie 2.2 Animated time-lapse images of a control (siLuciferase) HeLa 

cell stably expressing YFP-H2B. Images were taken every 3 minutes. Times are relative 

to nuclear envelope breakdown. Overlay of DIC Image (grey) and YFP-H2B (green), 

movie 2.1. YFP-H2B (grey), movie 2.2.  

Movie 2.3 and Movie 2.4 Animated time-lapse images of a CENP-E-depleted HeLa cell 

stably expressing YFP-H2B. Phenotype a. Note that the cell only goes into anaphase after 

the last unaligned chromosome reaches the metaphase plate. Images were taken every 3 

minutes. Times are relative to nuclear envelope breakdown. Overlay of DIC Image (grey) 

and YFP-H2B (green), movie 2.3. YFP-H2B (grey), movie 2.4. 

Movie 2.5 and Movie 2.6 Animated time-lapse images of a CENP-E-depleted HeLa cell 

stably expressing YFP-H2B. Phenotype b. Note that the cell goes into anaphase with an 

unaligned chromosome. Images were taken every 3 minutes. Times are relative to nuclear 

envelope breakdown. Overlay of DIC Image (grey) and YFP-H2B (green), movie 2.5. 

YFP-H2B (grey), movie 2.6. 
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Movie 2.7 and Movie 2.8 Animated time-lapse images of a CENP-E-depleted HeLa cell 

stably expressing YFP-H2B. A black frame indicates that ZM447439 was added to the 

medium. Note that anaphase starts with several unaligned chromosomes. Images were 

taken every 3 minutes. Times are relative to nuclear envelope breakdown. Overlay of DIC 

Image (grey) and YFP-H2B (green), movie 2.7. YFP-H2B (grey), movie 2.8. 

 

 

 

 


