U. PORTO

INSTITUTO DE CIENCIAS BIOMEDICAS ABEL SALAZAR
UNIVERSIDADE DO PORTO

The role of Mad2 and BubR1 in the spindle assembly
g checkpoint and mitotic progression

' .

sBernard Nunes de Almeida Orr
r 0 e

.-

Dissertacdo de doutoramento em Ciéncias Biomédicas

cwe s
v - a

2010









Bernard Nunes de Almeida Orr

The role of Mad2 and BubR1 in the spindle assembly checkpoint

and mitotic progression

Dissertagdo de Candidatura ao grau de
Doutor em Ciéncias Biomédicas submetida ao
Instituto de Ciéncias Biomédicas Abel Salazar

da Universidade do Porto

Orientador — Doutor Claudio E. Sunkel
Categoria — Professor Catedratico
Afiliagao — Instituto de Ciéncias Biomédicas

Abel Salazar da Universidade do Porto






Este trabalho foi financiado

pela Fundagéo para a Ciéncia
e Tecnologia

Fundagio para a Ciéncia e a Tecnologia
MINISTERIO DA CIENCIA, TECNOLOGIA E ENSINO SUPERIOR (SFRH/BD/30808/2006)







De acordo com o disposto no ponto n° 2 do Art° 8° do Decreto-Lei n° 388/70,
nesta dissertagao foram utilizados resultados das publicagbes abaixo indicadas. No
cumprimento do disposto no referido Decreto-Lei, o autor desta dissertacdo declara
que interveio na concepgdo e na execugao do trabalho experimental, na
interpretacdo dos resultados e na redac¢cdo dos manuscritos publicados, sob o

nome de Orr, B.

2007 Mad2-independent spindle assembly checkpoint activation and
controlled metaphase-anaphase transition in Drosophila S2 cells
Orr B, Bousbaa H, Sunkel CE.

Mol Biol Cell. 2007 Mar;18(3):850-63. Epub 2006 Dec 20.

2009 Spatiotemporal control of mitosis by the conserved spindle matrix
protein Megator
Lince-Faria M, Maffini S, Orr B, Ding Y, Florindo C, Sunkel CE,

Tavares A, Johansen J, Johansen KM, Maiato H.

J Cell Biol. 2009 Mar 9;184(5):647-57.

2010 Drosophila CENP-C is essential for centromere identity
Orr B, Sunkel CE.
Chromosoma: in press (Epub ahead of print)
(PMID: 20862486)

2010 Driving chromosome segregation: lessons from the Human and
Drosophila centromere-kinetochore machinery
Orr B, Afonso O, Feijao T, Sunkel CE.

Biochemical Society Transactions: in press






Aknowledgements / Agradecimentos

Gostaria de fazer aqui o agradecimento a todas as pessoas que de uma forma ou
de outra me transmitiram toda a forga, empenho, motivacdo e alegria necessarias
para conseguir atingir este objectivo a que me tinha proposto. Sem querer deixar
ninguém de fora, quero reconhecer aqui todos os que se cruzaram comigo e que se
tornaram uma parte activa da minha vida. Em particular, quero agradecer:

Ao Claudio Sunkel, por teres sempre a porta aberta, e por me teres aberto os
olhos para uma area da biologia que hoje me motiva diariamente para saber e
questionar mais. Também te quero agradecer pela disponibilidade total para discutir
comigo exaustivamente todos os resultados e conclusdes e pelo incansavel esfor¢o
de me motivar todos os dias durante os ultimos 7 anos. Um sincero obrigado.

Ao Hélder Maiato, por me ensinar a ver a ciéncia de um modo objectivo e por me
ajudar a perceber que a ambi¢cdo na ciéncia ndo tem limites. Estou eternamente
agradecido por toda a ajuda que me deste ao longo destes anos, dentro e fora do
campo...

A Tatiana Moutinho, n&o sé por seres um membro insubstituivel do meu grupo de
trabalho ao longo destes anos, mas por me teres ‘acolhido’ no laboratério numa
altura em que ainda carregavas a pequena Carolina na barriga! Obrigado por me
teres mostrado a minha primeira célula com tanta compreenséao e paciéncia, sem ti
teria sido impossivel chegar aqui.

A Carla Lopes, Paula Coelho, Paula Sampaio e Nicolas Malmanche pelo espirito
critico e por toda a ajuda disponibilizada ao longo destes anos.

Ao André Maia, Raquel Oliveira, Susana Gouveia, Rita Reis e ao Luis Valente
pela excelente companhia, amizade e boa disposi¢do... sempre!

A todos os elementos actuais do laboratério, em particular & espinha dorsal da
equipa: ao Torcato Martins, Jodo Barbosa e Carlos Conde, por inumeras
discussdes de futebol e gargalhadas constantes. A Olga Afonso, Talia Feijao,
Filipa Sousa, Sofia Guimaraes e Diana Pinheiro por criarem um ambiente de
amizade e entreajuda fantastico no laboratério e por serem as melhores colegas de
trabalho do mundo!

Um especial obrigado também para a D. Adelaide, M?® Joao Falcdao, Augusta
Monteiro, Sofia Pinho e Sr. Carlos pela ajuda verdadeiramente essencial. Sem
vocés isto ndo teria sido possivel, obrigado a todos.

A todos os membros do CID lab, particularmente a Sara Pereira, Ana Rita Maia,
Irina Matos, Ana Pereira e Elsa Logarinho por serem as melhores vizinhas de
laboratério que alguém poderia desejar. Um grande obrigado também a Joana
Marinho e ao Stefano Maffini por toda a ajuda e boa disposi¢cao constante ao
longo dos anos.

A Olga Amaral por me teres aceite como estagiario numa altura em que ja néo
pensavas orientar mais estagiarios. Obrigado n&o sé pelo forte apoio, mas por me
incutir maior ambigdo na minha abordagem cientifica. A Ana Marcéo, pela ajuda
incansavel quando dava os meus primeiros passos no laboratério e por me abrir as
portas ao futebol amador onde fiz muitos bons amigos. Obrigado.



Aos meus pais, David e Isabel por serem os melhores pais do mundo e por sempre
me apoiarem durante todo este percurso, especialmente nas alturas em que eu
préoprio duvidava do caminho escolhido. Obrigado por me ensinarem que a maior
riqueza é a educacdo. A Nones, por seres uma irma que esteve sempre presente e
pela alegria contagiante ao longos destes anos. Guardo-vos sempre no coragao.

Aos meus avos Horacio e Beatriz, obrigado por me transmitirem todos os valores
que ndo se véem, mas que sdo imprescindiveis para uma vida de sucesso. E com
enorme desgosto que n&o posso entregar a minha tese ao meu avd Horacio, mas
deixo aqui o reconhecimento ao homem que mais me ensinou até hoje. Quero
também agradecer & minha Tia Zé, és uma das pessoas mais especiais da minha
vida.

Ao meu tio Manel, por me mostrares que a perspectiva € uma arma que nao tem
limites e @ minha tia Mizzi, pelo importante apoio sempre dado ao longo destes
anos.

Aos meus tios Pedro e Paulo e as suas respectivas familias, pelo espirito familiar
desenvolvido ao longo dos anos e pela incansavel motivagdo, mesmo ndo sabendo
exactamente o que andava a fazer. Muito obrigado a todos!

A dois grandes amigos, Brite e Trapa: um grande ‘thank you’ por todos os
momentos incriveis que passamos ao longo destes anos e pelas fortes energias
positivas que cada um transmitiu @ sua maneira.

A Carolina, por ser a melhor companheira que qualquer um poderia desejar e por
me ajudar a colocar certas questdes em perspectiva nas alturas em que a vida nao
nos sorri. Tens sido a minha fonte de energia e motivacdo ao longo dos ultimos 5
anos e sem ti, nada disto teria sido possivel. Thanks.



CONTENTS

Summary

Resumo

Part | - GENERAL INTRODUCTION

1.

Cell Biology: a historical perspective.....................cooiiiiiiiiiiiin, 2
1.1 The Cell TREOIY. .. .o 2
The Cell Division Cycle....... ... 5
2.1 INterphase. .. ..o 6
22 MOSIS . . . e 7
2.3 The Mitotic Spindle. ... 9
24 Kinetochore-Microtubule attachment........................ 10
2.5 Chromosome bi-orientation and congression....................c.o.oo.l. 11
Cellcycle control.............coooiiii i, 12
3.1 Cyclin-Dependent Kinases (CAKS)........ccvviiiiiiiiiiiiii e, 12
3.2 Cdk regulation: the role of Cyclins...........ccooiiiiiiiii, 13
3.3 Anaphase onset requires APC/C activation by Cdc20 binding........ 15
3.4 Cohesins: holding sister chromatids together.............................. 16
Checkpoints. ... ... 18
4.1 DNA damage and DNA replication Checkpoints.......................... 18
4.2 The Spindle Assembly Checkpoint (SAC)........cccoiiiiiiiiiiiinnn. 19
4.3 Molecular players involved in SAC maintenance......................... 20
4.4 The Mitotic Checkpoint Complex (MCC)

and the “two-step” model...........ooii 21
4.5 Mad2-dependent mechanisms of SAC maintenance.................... 22
4.6 Satisfying the SAC: Microtubule attachment or tension?.................. 24
4.7 The Spindle MatriX.........coooiiiii e 25
Centromeres and kinetochores........................i 26
51 Centromere-kinetochore interface.................ccocoiiiiii 26
5.2 Kinetochore structure......... ... 27
5.3 The Constitutive Centromere-Associated Network (CCAN)............ 29



54 Kinetochore protein composition..............ccooiiiiiiiiiiciicic s 30
5.5 Kinetochore-regulated microtubule binding........................o 33
5.6 Forces involved in generating chromosome motion..................... 35
5.7 Kinetochores and the SAC...........cooii i, 35
5.8 Human and Drosophila centromere-kinetochore organization........ 38
6. Targeting mitosis as an anti-cancer strategy...........................ocis 42
6.1 Chromosomal Instability (CIN) and Aneuploidy.........................e. 44
7. ObjJECHIVES. ... o 45

Part Il - EXPERIMENTAL WORK

Chapter 1 — Mad2-independent Spindle Assembly Checkpoint Activation and

Controlled Metaphase-Anaphase Transition in Drosophila S2 cells

1. Introduction... ... ... 50
2. ReSUIS. ..o 53
2.1 Depletion of Mad2 by RNAi in S2 Drosophila cells....................... 53
2.2 Mitotic progression after depletion of Mad2.............................. 57
2.3 Chromosome congression in Mad2-depleted cells prevented from
eXiting MItOSIS. ... 61
24 Analysis of chromosome condensation in Mad2-depleted cells.......63
2.5 Analysis of the SAC in cells depleted of Mad2 or BubR1 after a
transient mitotic arrest...............o 66
2.6 Sister chromatid cohesion after a transient mitotic arrest
in the absence of Mad2 or BubR1............. 69
2.7 Analysis of BubR1 kinetochore accumulation in Mad2-depleted
cells after a transient mitotic arrest..................o 72
3. DiSCUSSION. ... 74
3.1 Mad2 has a conserved role in Drosophila.................................. 74
3.2 Mad2-depleted cells show abnormal progression through
mitosis and aneuploidy........c.ooviiiii 75
3.3 Mad2 role in timing of prometaphase is

essential for SAC activation...........ooo oo, 76



Chapter 2 — Mad2 kinetochore (in)dependent mechanisms of Spindle

Assembly Checkpoint activation

1. Introduction.... ... ...
2. ReSUIS.. ..o
2.1 Zw10 depletion in Drosophila S2 cells..............ccoiiiiiiiiiiiit,

2.2 Zw10 is required for Mad2 accumulation at kinetochores............

23 Cytoplasmic Mad2 is essential for regulating

mitotic timing and SAC activation................cocoiiiiiin,

24 Cytoplasmic Mad2 is not sufficient for SAC maintenance in the

absence of BUDRT ... .o
25 Cytoplasmic Mad2 acts together with BubR1 to time mitosis......
3. DISCUSSION. ...

3.1 Zw10 is required for Mad2 recruitment to unattached

KINETOCNOreS. .. ..o
3.2 Cytoplasmic Madz2 is essential for timing mitosis.........................
3.3 Cytoplasmic Mad2 acts together with BubR1 to time mitosis.......
3.4 “Two-step” SAC maintenance model................ccccceeeei,

Chapter 3 — Drosophila CENP-C is essential for centromere identity

1. Introduction.... ... ...,
2. ReSUIS.. ..o
2.1 CENP-C is required for CID localization......................coooeeae.

2.2 CENP-C depletion causes a kinetochore-null phenotype...........

2.3 Kinetochore-null chromosomes fail to

interact with microtubules...... ...

2.4 CENP-C is required for SAC maintenance

and regulation of spindle length.....................o

2.5 CENP-C is required for the centromere localization

of MEI-S332 and CPC components............ccooveiiiiiiiiiiie s,

3. DiSCUSSION......o
3.1 CENP-C depletion causes a kinetochore-null phenotype...........
3.2 Mitotic timing and SAC activation in kinetochore-null cells.........

3.3 Drosophila CENP-C is required for centromere identity.............



Chapter 4 — Spatio-temporal control of mitosis by the conserved spindle

matrix protein Megator

Introduction. ... ... ... 124
ReSUIS. ... 126
2.1 Megator is required for proper mitotic timing

ANA SAC MBS PONSE. ...t 126

2.2 Megator is required for allowing the time required
for proper spindle maturation.................oo 127
DiSCUSSION. ... 130

Part lll - GENERAL DISCUSSION

1.

General DiSCUSSION............oiiiii i 134
1.1 WOrK ODJECHIVES. ..o 135
1.2 Mad2-independent SAC activation..................coooiiiiinne. 135
1.3 Mad2 acts as a mitotic timer.................o 136
14 The ‘two-step’ model of SAC activation.....................cooeeiinnin. 136
1.5 RZZ-dependent SAC activation................cooiiiici 137
1.6 Kinetochore-bound Mad2 is dispensable for SAC maintenance....137
1.7 Cytoplasmic Mad2 and the ‘two-step’ model............................. 138
1.8 Kinetochore-dependent SAC maintenance.....................c.ceeviei. 139
1.9 Defining centromere identity in Drosophila.......................c........ 140
1.10 Drosophila centromere-kinetochore interface............................ 140
1.11  SAC regulation by the spindle matrix...............c.oooiiiiiiinn. 141
1.12 The spindle matrix and the ‘two-step’ model.............................. 142
1.13  Final comments. ... 143

Part IV - MATERIALS AND METHODS

1.

Materials and Methods................... s 146
1.1 Double-stranded RNA interference in Drosophila S2 cells............. 146
1.2 Cell cultures and drug-induced treatments............................... 146

1.3

Immunofluorescence iN S2 CelIS.......ooueeeeeeeeeeee e 147



1.4 Primary Antibodies..........uoiiiiiiiiiecc e 147

1.5 Secondary Antibodies. ..o 148
1.6 Image Processing and quantifications...............ccoooeiiiiiiiiiiciiiiccnnne, 148
1.7 In vivo time-lapse fluorescence imaging...........ceevevveevveeiieeeeeeeeeeneee. 149
1.8 FACS @NalySiS....cuuuiiiiiiiiiiiiiiiieiieiieeeeeee ettt e e e e e e e e e e aaa e 149
1.9 Transient mitotic arrest with MG132..........ccooiiiiiiii 149
1.10 Kinetochore-Microtubule interaction (MG132-Taxol) assay............ 150
1.11  Western Blot @nalysSis........ccoooiiiiiiiiiiiiiiieeeieeeee e 150
L 7 o = T3 o1 o 3PP 151
Part V- REFERENCES
REfErENCES . ... 154
Part VI - APPENDIXES
Apendix 1 Abbreviations. ... 176
Apendix 2 RECIPES. . 182

Apendix 3 Supplementary Movie legends..............ccoooiiiiiiiiin, 186






Summary

Faithful chromosome segregation is essential for the maintenance of genomic
stability during cell division. To ensure proper chromosome segregation, cells
possess a surveillance mechanism that monitors the binding of chromosomes to the
mitotic spindle. The Spindle Assembly Checkpoint (SAC) acts in mitosis to delay
mitotic exit in the presence of chromosomes that either fail to attach or attach
incorrectly to the spindle microtubules. The kinetochore, located at the centromere,
is the chromosomal structure directly involved in the microtubule capture and is also
required for generating the signals responsible for restraining anaphase onset.
These signals are thought to involve several highly conserved proteins such as the
Mad and Bub proteins that localize transiently to unattached kinetochores and
promote the formation of inhibitory complexes that prevent the activation of the
Anaphase Promoting Complex/Cyclosome (APC/C). The work presented in this
thesis provides further understanding on the function of the SAC proteins suggesting
that they participate in both kinetochore-dependent and -independent signalling. We
show that loss of Mad2 causes an accelerated mitotic schedule accompanied by
chromatin bridges during anaphase that result from premature chromosome
decondensation. However, if provided with time, all Mad2-specific phenotypes are
reverted and cells are now able to transit normally through mitosis and respond
partially to microtubule poisons in a BubR1-dependent manner. We also show that
Mad2 localization at kinetochores is dispensable for initial stages of SAC activity but
is required for sustained SAC maintenance. These results indicate that SAC
proteins appear to work in two separate stages of the SAC. First, during a
kinetochore independent stage in which Mad2 is able to allow proper timing of
prophase and early prometaphase by inhibiting the APC/C so that in a second,
kinetochore-dependent phase, the inhibitory signals produced may directly block the
APC/C. In the second part of the thesis we have analysed the role of the
kinetochore protein CENP-C in the organization and function of kinetochores. Our
results indicate that CENP-C plays a major role in Drosophila kinetochore assembly
in a manner similar to CCAN proteins in higher eukaryotes. Furthermore, we show

that CENP-C plays an important role in the stabilization of centromere determinants.






Resumo

A correcta segregacédo dos cromossomas € essencial para manter a estabilidade
genética durante a divisdo celular. Para assegurar a correcta segregagao dos
cromossomas, as células possuem um mecanismo de vigilancia que monitoriza a
ligacao dos cromossomas aos microtubulos do fuso mitético. O ponto de controlo
do fuso mitético (SAC) actua na mitose de modo a atrasar a saida de mitose na
presenca de cromossomas que ndo estio ligados ou estdo ligados de um modo
incorrecto aos microtubulos do fuso. O cinetocéro, que se encontra localizado no
centromero, € a estrutura do cromossoma que esta directamente envolvida em
capturar os microtubulos, assim como em gerar sinais responsaveis por impedir o
inicio da anafase. Pensa-se que esta sinalizagdo envolve varias proteinas
altamente conservadas, como as proteinas Mad e Bub, que se localizam
temporariamente nos cinetocoros que estdo livres e promovem a formacao de
complexos inibitérios que impedem a activagdo do complexo de promocédo da
anafase (APC/C). O ftrabalho apresentado nesta tese clarifica a fungdo das
proteinas do SAC, sugerindo que participam na sinalizagdo dependente e
independente do cinetocoro. N6s demonstramos que a perda da proteina Mad2
provoca uma aceleragéo na mitose acompanhada por pontes de cromatina durante
a anafase, que resulta na descondensacgao precoce dos cromossomas. No entanto
se, se der tempo, todos os fendtipos especificos de Mad2 sao revertidos e as
células podem deste modo, agora avancar normalmente na mitose e responder,
parcialmente, a drogas de microtubulos de uma forma dependente de BubR1.
Também demonstramos que, a localizagdo de Mad2 nos cinetocoros é dispensavel
nas fases iniciais da actividade do SAC, mas é necessaria para o manter. Estes
resultados demonstram que as proteinas do SAC aparentam funcionar em duas
fases separadas do SAC. Numa primeira fase, independente do cinetocoro, em que
a Mad2 é capaz de permitir a correcta cronometragem da profase e da precoce
prometafase, através da inibicdo do APC/C de modo a que numa segunda fase,
dependente do cinetocoro, os sinais inibitérios produzidos possam directamente
bloquear o APC/C. Na segunda parte da tese, analisamos a fungdo da proteina
presente nos cinetocoros, CENP-C, na organizacédo e fungdo destes. Os nossos
resultados demonstram que a CENP-C desempenha uma fungdo mais importante
de montagem dos cinetocoros de Drosophila, de uma maneira semelhante as
proteinas do CCAN nos eucariotas mais elevados. Além disso, demonstramos que
a CENP-C desempenha uma fungdo importante na estabilizagdo de factores

necessarios para determinacédo do centrémero.
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General Introduction

1. Cell Biology: a historical perspective

Biology is the study of the living world, and the concept of biology as an
independent branch of scientific research arose in the 19" century. Since then,
numerous important findings have marvelled the minds of world scientists. In the 17"
century, Robert Hooke, one of the pioneers of the field of cell biology, first reported the
discovery of cells and described them as small box-like structures (Hooke 1665), yet he
was not able to grasp their biological significance. Ten years later, Anton van
Leeuwenhoek was the first to observe a living cell and his work helped pave the way for
cell biologists who first began to accept cells as the individual units of a larger organism.
This statement was heavily influenced by work of Treviranus and Moldenhawer in plant
cells (Treviranus 1811; Moldenhawer 1812), and a few years later, basing their
observations on the previous reports, Schleiden and Schwann proposed that cells are
the quantum minimum of life, thus classifying cells as individuals within a society
(Schleiden 1839; Schwann 1839; Schwann and Schleiden 1847). Rudolph Virchow, a
keen supporter of this hypothesis, corrected some of the fundamental flaws proposed
by Schleiden and Schwann, and in 1858 formulated the hypothesis that all cells are
derived from pre-existing cells, Omins cellula a cellula (Virchow 1858). Taken together,
this work later served as a foundation for Henri Dutrochet’s formulation of one of the
most important theories of modern cell biology, “the cell is the fundamental element of

organization” (Dutrochet 1824; reviewed in Tavassoli 1980).

1.1 The Cell Theory

The observations of Hooke, Leeuwenhoek, Schleiden, Schwann, Virchow and
others, helped to develop the ‘cell theory’, which addresses the relationship between
cells and living organisms and states that (a) cells are the building block of life, (b) all
organisms are made of cells and (c) new cells are the product of the division of older
cells. With the exception of viruses and mitochondria, the cell theory currently still holds
true for all living organisms.

Around 40 years after the cell theory was proposed, Walther Flemming was the
first to describe the stages of a process we currently know as the cell division cycle
(Flemming 1879; Flemming 1965). Using newly synthesized aniline dyes, he discovered
stainable, thread-like bodies in the cell nucleus, which Heinrich Waldeyer later named

‘Chromosomes’ (Figure 1). Flemming described the process of the separation of the
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threads along their lengths into two identical halves and named this process of the cell
division cycle as mitosis (from the Greek word for ‘separation of threads’) and, inspired
by Rudoph Virchow, coined the aphorism omnis nucleus e nucleo (Flemming 1879;
Lukacs 1981; Paweletz 2001). However, Walther Flemming was unaware of the work
on heredity developed by the geneticist Gregor Mendel, and it took almost 20 years for
scientists to make the bridge between the nature of heritable traits and chromosomes.
To this date, the field of cell biology has been extensively explored in several systems,
and currently, the study of the several stages of the cell cycle is fascinating scientists

every day.



General Introduction

Goz.v Wiieruning
L kgt < EATmie Lopnny.

Figure 1 — Description of Mitosis by Walther Flemming. Using innovative
microscopy techniques, German anatomist Walther Flemming discovered and explored
the fibrous network within the nucleus, which he termed chromatin (stainable material).
Flemming noted that during cell division, chromatin was organized into thread-like
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bodies, and based on many observations of cells in various stages of division he
correctly deduced the sequence of chromosome movements during mitosis. These
movements were associated to different stages of mitosis and were confirmed decades
later by microscopy of live cells. With high attention to detail, Flemming also noted that
chromosomes split along their length during mitosis and correctly hypothesized that the
split chromosomes were partitioned into different daughter cells at the end of mitosis
(Adapted from Flemming 1879; Paweletz 2001).

2. The Cell Division Cycle

It was only in the 1950s that, based on the fundamental laws of the cell theory,
the concept of a regulated ‘Cell Cycle’ gained strength amongst the scientific
community. The cell cycle was proposed to be the process by which two identical
daughter cells can be generated from a progenitor cell, thus enabling the faithful
segregation of genetic material, one of the basic mechanisms by which multi-cellular
organisms grow and survive.

The cell cycle is a highly regulated process that causes a non-reversible change
in cell state and it can be sub-divided into several spatial and temporal events. The
transitions between cell phases may be controlled by extra- or intra-cellular factors, and
are essential for controlling the rates of cell proliferation and differentiation (reviewed in
Morgan 2007). The cell cycle is composed of two phases, a short period known as M-
phase that is responsible for ensuring the correct segregation of the genetic material
and cytoplasm, and a longer period known as interphase that comprises all stages of
cell division apart from M-phase (Figure 2). Interphase is composed of three stages, an
initial gap phase (G1), a DNA synthesis phase (S-phase) and a second gap phase
following DNA replication (G2). During M-phase, two sequential events that correspond
to: a) division of the nucleus (Mitosis) and b) division of the cytoplasm (Cytokinesis)

take place, a process which results in the generation of two identical daughter cells.
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Metaphase-
G2-M anaphase
Mitosis
G2 phase_ -zl Cytokinesis

Interphase

S phase Gl phase

G1-S

Figure 2 — The Cell Cycle. Cycling cells undergo three major transitions during their
cell cycle: the switch of G1 to S-phase, G2 to M-phase and the metaphase-anaphase
transition. The beginning of S-phase is marked by the onset of DNA replication. Upon
the completion of G2, the start of M- phase is accompanied by nuclear envelope
breakdown (NEBD) and chromosome condensation. The third transition involves the
segregation of sister chromatids and marks the metaphase-to-anaphase transition.
(Adapted from Hochegger et al. 2008).

21 Interphase

G1, known as gap or growth stage, is the first step of interphase and is essential
for determination of cell fate. During G1, cells can choose to enter GO (a reversible,
quiescent state), become senescent (permanently excluded from the cell cycle; non-
proliferative state), induce programmed cell death via apoptotic pathways or continue to
progress into S-phase allowing the cell to enter the next round of the cell division cycle.
For cells that are committed to proliferation, the late G1 events are responsible for
preparing the cell for DNA replication (S-phase) and often include cell growth. If any
DNA lesions are detected during G1, it is possible for cells to block DNA replication, or if
DNA damage is detected during S-Phase, DNA replication can be halted via an
essential mechanism termed the ‘DNA Damage Checkpoint’. G1 is followed by S-
phase, in which cells faithfully duplicate their DNA to generate chromosomes composed
of two identical sister chromatids. The second gap phase (G2) takes place after S-
phase and precedes M-phase. Similarly to the G1 or S-phase, if DNA lesions are

detected during G2, the DNA damage checkpoint is activated causing a cell cycle block
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that prevents mitotic entry. During G2, cells continue to grow and protein synthesis

rates increase, thus preparing cells for entry into M-phase (reviewed in Morgan 2007).

2.2 Mitosis

Mitosis is the first step of M-phase and during this period, cells undergo highly
regulated and dramatic changes to ensure that chromosome segregation is achieved
with high fidelity. The goal of mitosis is to faithfully partition the nucleus so that during
cytokinesis, proper cytoplasmic division can then take place, giving rise to two identical
daughter cells (Figure 3). Mitosis is normally divided into five stages, Prophase,
Prometaphase, Metaphase, Anaphase and Telophase, which occur sequentially in this
order (reviewed in Morgan 2007).

Prophase (from the Greek word for ‘phase before’) is the first step of M-phase
and is characterized by the initiation of chromatin compaction into structures that will
eventually become the mitotic chromosome. Apart from DNA condensation, during
prophase, centrosomes (sites for microtubule nucleation) become mature are
separated to opposite sides of the intact nuclear envelope to direct spindle orientation
at the following stage of mitosis.

Prometaphase is marked by nuclear envelope breakdown (NEBD) at the same
time that full compaction of the chromatin is achieved resulting in the formation of the
mitotic chromosomes. Mitotic chromosomes are composed of two identical sister
chromatids (duplicated during the previous S-phase) which are held together by the
‘Centromere’, a DNA element that marks the primary constriction of mitotic
chromosomes and is in many cases the binding site for specific proteins involved in
kinetochore assembly. The ‘Kinetochore’ is a complex proteinaceous structure that
provides the active interface required for binding microtubules that emanate from the
mitotic spindle. NEBD exposes chromosomes and in particular kinetochores to
growing microtubules and as microtubule nucleation takes place, the mitotic spindle
(composed of highly dynamic microtubules) organizes around the condensed DNA.
Chromosomes can then be captured by dynamic microtubules that bind kinetochores
and when sister kinetochores are stably attached to microtubules anchored at opposite
poles, chromosomes are eventually guided to the spindle equator by a microtubule-
driven process.

The successful binding of kinetochores to microtubules nucleated from
opposite poles, together with the contribution of microtubule-associated motors, is
responsible for powering chromosome motion to the cell equator. Cells are at

Metaphase when all chromosomes are stably attached to microtubules and positioned
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at the equatorial region of the mitotic spindle. During prometaphase and metaphase,
an essential quality control mechanism known as the Spindle Assembly Checkpoint
(SAC), is responsible for delaying Anaphase onset until all chromosomes are stably
attached to microtubules and located at the spindle equator. This checkpoint is active
during mitosis and its silencing is essential for cells to undergo anaphase onset and
exit mitosis. Thus, the SAC is a quality control mechanism required to prevent
chromosome missegregation during mitosis.

Anaphase can be divided into two successive stages, A and B. Anaphase A is
triggered by loss of cohesion between sister chromatids and is accompanied by
microtubule shortening thus forcing sister chromatids to segregate to opposite spindle
poles. The following step, Anaphase B, is characterized by the movement of
centrosomes towards the cell cortex causing the entire spindle to elongate and thus
contributing to further separation of the sets of sister chromatids.

The last stage of mitosis is known as Telophase and begins with DNA
decondensation, followed by nuclear envelope re-assembly around daughter nuclei.
The newly formed nuclear envelopes result from fusion of the remaining fragments of
the mother cell nuclear envelope that was disassembled during prophase, and this
step completes the process of nuclear division. Cytokinesis completes the final stages
of cell division where a contractile actomyosin ring forms at the mid-spindle region
between the newly segregated nuclei, and contracts until the cytoplasm is divided into
two halves, eventually resulting in the process of abscission that separates the newly
formed daughter cells. This step completes M-phase and the daughter cells are now

ready to enter G1 for the following round of the cell cycle.

PROPHASE PROMETAPHASE / ANAPHASE TELOPHASE CYTOKINESIS

METAPHASE
_— >
M-phase

Figure 3 — Representation of M-phase. Drosophila S2 cells were fixed and stained to
reveal DNA (blue), phospho-histone H3 (green) and mitotic spindle constituent o-
tubulin (red). (A) Prophase is characterized by centrosome maturation, migration to
opposite sides of the nuclear envelope and chromatin condensation. (B)
Prometaphase begins with the disassembly of the nuclear envelope and the invasion
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of dynamic microtubules into the nuclear compartment. At this stage chromosome
condensation is completed and spindle microtubules can now interact with
chromosomes by binding kinetochores. The interaction between kinetochores and
microtubules is essential for inducing chromosome motion and promoting chromosome
alignment at the equatorial plane of the cell. When all chromosomes are bi-oriented
and aligned at the spindle equator, the cell is said to be in metaphase. (C) Anaphase
onset is triggered by the removal of cohesion between paired chromatids and
movement of sister chromatids to opposite sides of the cell. (D) During telophase,
chromosomes decondense and the nuclear envelope forms around daughter nuclei.
(E) Cytokinesis occurs concomitantly with the later mitotic stages and is characterized
by the formation of an actomyosin ring that contracts to sever the cytoplasm and
complete the process of cell division. The process by which cells achieve the division
of both the nuclear material (mitosis) and the cytoplasm (cytokinesis) is generally
referred to as M-phase.

2.3 The Mitotic Spindle

The observations documented by Flemming and others suggested that during
anaphase, successful chromosome segregation was achieved with the aid of a
transient fibrillar structure that begins to assemble around the DNA during
prometaphase (Flemming 1965). This fibrous apparatus was shown to be highly
dynamic and composed of continuous fibres that are either associated with
chromosomes or form astral arrays (Inoue 1953; Inoue 1981). These fibres were later
termed Microtubules and they are currently considered the basic constituents of the
mitotic spindle.

The microtubule network is one of the structural components of the cell
cytoskeleton, and plays important roles in several cell cycle processes that take place
during M-phase and interphase. Microtubules are composed of a- and B-tubulin
dimers, organized into imperfect helices that polymerize end-to-end to generate
protofilaments. Protofilaments maintain a polar orientation since one end has the a-
tubulin exposed (minus-end), whilst the other end exposes the p-tubulin subunit (plus-
end). This o/p-tubulin arrangement ensures microtubule polarity which is an essential
characteristic of dynamic microtubules. Since the microtubule minus-ends are
anchored at centrosomes, microtubule growth takes place through the addition of a/p-
tubulin dimers at microtubule plus-ends. Nevertheless, what determines whether
microtubules grow or shrink is the rate-limiting reaction involving GTP hydrolysis into
GDP which is required for the addition of a/p-tubulin dimers. This reaction takes place
very fast, and microtubules will typically grow if the incorporation of the GTP-bound
subunits occurs faster than GTP hydrolysis. The balance between microtubule

polymerization and depolymerization rates causes high microtubule dynamicity, an
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essential microtubule property required for several mitotic functions such as
microtubule binding to chromosomes.

Microtubules can be classified into three functional groups: a) astral
microtubules, b) interpolar microtubules or c) kinetochore-fibres (k-fibres). Astral
microtubules are nucleated by centrosomes during early stages of mitosis (at NEBD)
and contact the cell cortex to ensure the bipolar spindle is correctly anchored to the
cell, thus reducing the probabilities of errors during cytokinesis. Interpolar microtubules
extend from the spindle poles to the spindle mid-zone where they form a complex
microtubule system that marks the connection between both spindle poles. These
microtubules use anti-parallel sliding to maintain bipolar spindle morphology during
mitosis. Kinetochore-fibres (k-fibres) are the third class of microtubules and these
microtubules grow from kinetochores to make the connection between spindle poles
and chromosomes. These microtubules interact with chromosomes at kinetochores,
and form distinct microtubule bundles that are required for inducing chromosome
motion during mitosis. Together, these three types of microtubules are the main
constituents of the mitotic spindle. Although these classes of microtubule are stable, all
microtubule types continuously undergo the addition of subunits at the plus end and
loss at the minus end, a process that is essential for maintaining microtubule

dynamicity.

24 Kinetochore-Microtubule attachment

One of the essential tasks performed before mitotic entry, is the disassembly of
the interphase microtubule network and the consequent organization of microtubules
into a dynamic mitotic spindle capable of powering chromosome movement during
mitosis. At early stages of mitosis, microtubule turnover increases substantially and they
become highly dynamic so that individual microtubules are constantly either growing or
shrinking. This property is essential for spindle microtubules to bind chromosomes
mainly through a mechanism known as ‘Search-and-Capture’ (Kirschner and Mitchison
1986) (Figure 4). This mechanism takes into account the dynamic behaviour of
microtubules and proposes that microtubules continuously grow and shrink until
successful kinetochore binding is achieved. However, in systems lacking centrosomes,
other mechanisms that promote microtubule-kinetochore interaction and spindle
assembly are thought to play a major role. The model of ‘Spinde Self Organization’ was
proposed to involve random microtubule nucleation near chromatin, that together with

the activity of microtubule motor proteins, are then sorted into bipolar arrays focused at
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spindle poles (Walczak et al. 1998). More recently, Maiato and co-workers re-assessed
previous data indicating the existence of a chromosome-driven K-fibre assembly
pathway that acts independently of centrosomes (Maiato et al. 2004b). In this
“Combined” system, k-fibres nucleated from chromosomes interact with astral
microtubules, resulting in the stabilization of the connection between chromosomes and
spindle poles. A fourth pathway of spindle assembly has also been proposed. The
‘Search-and-Transport’ model, predicts that peripheral microtubules are transported to
spindle poles via astral microtubules and are then incorporated into the mitotic spindle
structure (Tulu et al. 2003). Despite numerous attempts to unravel the specific
mechanisms by which cells achieve stable bi-polar attachment, it is most likely that cells
are equipped with several redundant mechanisms of spindle assembly. Currently, it is
thought that all these different mechanisms act in concert in most cell types to promote

successful microtubule-kinetochore interaction and full spindle assembly.

Kinetochore
-
(y
Sz
/
\ Centrosome \ \
at spindle pole \

Figure 4 — Kinetochore capture of microtubules nucleated by centrosomes. When
NEBD takes place, microtubules nucleated from centrosomes randomly probe the
surrounding nuclear space until they interact with kinetochores. Initial capture appears
to be by side interaction between kinetochores and microtubules allowing the
chromosome to bind and then slide rapidly along it toward the spindle pole. The initial
side-on interactions between kinetochores and microtubules are converted into end-on
interactions when the chromosome reaches the centrosomes, a region where there is a
high density of microtubules plus ends. (Adapted from Rieder and Alexander 1990).

25 Chromosome bi-orientation and congression

The interaction between chromosomes and microtubules is essential for
positioning chromosomes at the spindle equator, a process commonly referred to as
chromosome congression. When the spindle begins to assemble after NEBD, dynamic

microtubules eventually bind to unattached kinetochores providing a connection that is
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vital for ensuring chromosome congression to the spindle mid-region. However, the
detailed mechanisms by which kinetochores and microtubules generate chromosome
motion are not yet fully understood.

It is generally assumed that achieving bipolar attachment is a pre-requisite for
allowing chromosome congression. However, this is a matter of much debate since
chromosomes have also been reported to glide towards the spindle equator alongside
kinetochore-fibres that are already attached to other bi-oriented chromosomes (Kapoor
et al. 2006). This suggests that bi-orientation of a determined chromosome, may be
required for generating the forces responsible for powering the movement of

surrounding chromosomes.

3. Cell Cycle control

The duplication and division of cellular structures must be tightly controlled to
ensure faithful cell division over numerous generations. The fidelity of cell reproduction
is dependent on several mechanisms that ensure the accurate and timely transitions
from one cell state to another. The cell cycle control system acts as a robust
biochemical engine that is programmed to trigger specific cell cycle events in the correct

order (reviewed in Murray 1993).

3.1 Cyclin-Dependent Kinases (Cdks)

The Cell Cycle is tightly regulated to certify that all processes are correctly
completed before advancing to the following stages of cell cycle, an essential
characteristic that ensures a unidirectional path of cell cycle progression. Current
models propose that the cell cycle is mainly regulated by the activity of a family of
enzymes named Cyclin-Dependent Kinases (Cdks). The role of Cdks in cell cycle
control, is to activate/inactivate substrate proteins by catalyzing the attachment of
phosphate groups to these proteins, thus causing changes in their enzymatic activities
or affecting their interactions with other proteins. The catalytic properties of Cdks are
essential for the regulation of cell cycle progression and these properties are governed
by the binding of specific Cdk regulatory subunits. These subunits are known as
‘Cyclins’ and directly bind Cdks in order to stimulate their catalytic activity (Evans et al.

1983). The identification of these key regulatory units was initially obtained through the
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discovery of the Maturation-Promoting Factor (MPF) (Masui and Markert 1971; Smith
and Ecker 1971), a complex later described as a heterodimer composed of Cdk1 and
Cyclin B (Labbe et al. 1988; Labbe et al. 1989). Since then, different types of cyclins
have been identified and ascribed to different stages of the cell cycle (Figure 5). For
example, Cyclin A and B are essential for mitosis whilst Cyclin E and D are mostly
required during interphase (reviewed in Murray 2004). The specific expression or
activation of these proteins causes a biochemical switch that allows the cell machinery
to correctly time cell-cycle processes, thus allowing cells to successfully progress to the

following stage of the cell cycle.

CDK1/CDK2

| | | |
Gl phase S phase G2 phase M phase

Figure 5 — Cell Cycle regulation by Cdk-Cyclin complexes. According to classical
models of cell-cycle control, D-type cyclins and Cdk4 or Cdk6 regulate events in early G1-
phase (not shown), Cyclin E-Cdk2 degradation triggers S-phase, Cyclin A—-Cdk1/Cdk2
regulate the completion of S-phase, and the levels of Cdk1-Cyclin B are responsible for
controlling mitotic exit (Adapted from Hochegger et al. 2008).

3.2 Cdk regulation: the role of Cyclins

Progression through G1 already requires activation of specific G1/S-Cdks and
only then can the cell progress to reach the ‘restriction point’ that commits the cell to a
new division cycle. Once the cell has progressed through the restriction point the cell is
said to be committed to another complete round of proliferation since at this point it will
only be able to block the cell cycle after completing mitosis and re-entering G1. From

this stage onwards, S-Cdk complexes are activated thus triggering the initiation of DNA
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replication. Interestingly, the initiation of this process also triggers S-Cdk inactivation, a
mechanism that is required to guarantee that DNA replication is limited to once per cell
cycle (reviewed by Diffley 2004).

Once S-phase is completed, mitotic cyclins are expressed to drive cells into
mitosis. Mitotic entry is mostly governed by Cdk1, whose activation is dependent on
binding to Cyclins A or B, and on the removal of two inhibitory phosphates at the Cdk1
ATP binding site (reviewed in Stark and Taylor 2006). When cells progress from G2 into
mitosis, proteins responsible for inactivating M-Cdks are down-regulated, whilst the
activity of other specific proteins is increased. One of the proteins up-regulated during
mitotic entry is the Cdc25 phosphatase, whose activation causes Cdk1
dephosphorylation at specific inhibitory sites, considered to be an essential step in
Cdk1/Cyclin B activation. The activation of the Cdk1/Cyclin B complex is responsible for
triggering critical mitotic processes including chromosome condensation, NEBD, spindle
assembly and chromosome alignment (reviewed by Morgan 1997). Although cell cycle
control is mainly controlled by Cdk1 activity, other mitotic kinases such as Polo kinase,
Aurora B, BubR1 and Mps1 are thought to play essential roles in the spatial-temporal
order of cell cycle events (reviewed in Nigg 2001). These kinases act at later stages of
nuclear division and are involved in the pathways responsible for triggering sister
chromatid separation during metaphase. Once all chromosomes form stable, bi-polar
attachments and are correctly positioned at the centre of the spindle equator, M-Cdks
sensitize the Anaphase Promoting Complex/Cyclosome (APC/C) by phosphorylating

core subunits that catalyze the formation of APC/C®%%°

complexes containing Cdc20, a
potent APC/C activator. The formation of APC/C®™*? complexes stimulates the
destruction of specific proteins that ensure sister chromatid cohesion and inactivate M-
Cdks, thus causing overall spindle disassembly and mitotic exit (Figure 6). However,
the formation of APC/C“®“® complexes has been shown to require APC/C
phosphorylation through M-Cdks and therefore M-Cdk inactivation causes disassembly
of APC/C®*?° complexes. Cdc20 dissociation is essential for the completion of M-phase
and although APC/C activity is maintained high through Cdh1 binding, the cell is now
allowed to progress to the following step of the cell cycle. APC/C™ activity remains
high throughout G1 until the cell reaches S-phase, thus committing the cell to another

round of division (reviewed in Irniger 2002; Morgan 2007).
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Figure 6 — Inhibition of mitotic exit through formation of APC/C®*® complexes.

During prometaphase, proteins involved in the spindle assembly checkpoint (such as
Mad2 and BubR1) are recruited to kinetochores that are improperly attached to
microtubules. Activated Mad2 and BubR1 can block mitotic exit by preventing the APC/C
from targeting its substrates (Securin and Cyclin B) for destruction through two
independent pathways. In metaphase, when all kinetochores are stably attached to
microtubules, APC/C®®*?° ubiquitylates Securin and Cyclin B thereby activating Separase
and inactivating the Cyclin-dependent kinase 1 (Cdk1). Free Separase then cleaves
cohesin complexes (shown as red circles) that are holding sister chromatids together thus
triggering sister-chromatid separation. The second pathway involves the inactivation Cdk1
which leads to the dephosphorylation of Cdk1 substrates by protein phosphatases
resulting in mitotic exit. Although these are two independent pathways of mitotic exit, in
vertebrates, Cdk1 inactivation also contributes to the activation of Separase (Adapted
from Peters 2008).

3.3 Anaphase onset requires APC/C activation through Cdc20 binding

Although cyclins are essential for conducting a timely cell cycle, proteolysis and
transcription are two other important regulatory mechanisms that act in parallel with
cyclins to control cell cycle progression. Proteolysis is essential for triggering specific,
non-reversible events by targeting specific substrates for degradation by the 26S
proteasome complex (reviewed in King et al. 1996). The proteolytic targeting of specific
proteins is performed by ubiquitination, which requires an ubiquitin-activating enzyme

(E1), an ubiquitin conjugating enzyme (E2) and an ubiquitin ligase enzyme (E3). This
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mechanism relies mainly on the specificity of the E3 ubiquitin ligase enzymes that are
directly involved in the destruction of essential cell cycle regulators (such as Securin
and Cyclin B). Two essential E3 ubiquitin ligase complexes have been reported to
perform essential functions in cell cycle progression: the SCF (Skp1/Cullin/F-box
protein) complex and the Anaphase Promoting Complex/Cyclosome (APC/C). APC/C
activation requires the binding of specific activator proteins, Cdc20/Fizzy in mitosis or
Cdh1/Hct1/Fizzy-related in the G1 phase of the cell cycle, which are both required for
correct substrate recognition. In mitosis, Cdc20-dependent APC/C activation is crucial
for triggering sister chromatid separation at the metaphase-anaphase transition, while
Cdh1/Hct1/Fizzy-related is responsible for maintaining low Cdk activity during G1.
Although APC/C activity is essential for certain stages of cell cycle progression, the
contribution of the SCF family of proteins appears to be more flexible since different
SCF groups fulfill a number of functions at different stages of the cell cycle and
inclusively, some groups may also act directly on APC/C (reviewed by Vodermaier
2004).

3.4 Cohesins: holding sister chromatids together

Chromosomes are composed of two identical sister chromatids which are the
result of DNA replication. In order to guarantee the correct segregation of the two
copies of the genome during cell division, these two identical sister chromatids must be
tightly connected so that during mitosis, sister kinetochores are able to bind
microtubules from opposite spindle poles. The cohesion between sister chromatids
during metaphase is also essential to allow the pulling forces exerted by microtubules to
generate tension between sister kinetochores. Only when tension is exerted can the
system recognize proper bipolar attachment and allow the cell to exit mitosis. Cohesion
is established during DNA replication through deposition of a multi-subunit protein
complex that appears to encircle sister chromatids and acts as a molecular glue. This
essential complex is termed the Cohesin complex and its localization between sister
chromatids is essential for fidelity of chromosome segregation.

The identification of specific cohesin subunits was obtained through two
independent screens in S.cerevisiae, and although their biological significance was not
fully understood at the time, these studies suggested that cohesins play essential roles
in proper chromosome segregation (Guacci et al. 1997; Michaelis et al. 1997). In
mitosis, two Structural Maintenance of Chromosomes (SMC) proteins, SMC1 and

SMC3 associate with two components of the cohesin complex, Scc1/Rad21 and
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Scc3/SA at mitotic centromeres to provide cohesion between sister chromatids
(reviewed in Nasmyth and Haering 2005). The timely removal of cohesins from
centromeres at the metaphase-anaphase transition was later shown to be dependent
on APC/C activity (Ciosk et al. 1998) and essential for anaphase onset. Subsequent
studies demonstrated that cleavage of the Scc1/Rad21 cohesin subunit is a key event
in sister chromatid separation, which is essential for triggering successful anaphase
onset (Uhlmann et al. 1999; Uhlmann et al. 2000). Homologues for budding yeast
cohesin subunits have been identified in all eukaryotes studied so far and most reports
conclude that disruption of the cohesin complex results in precocious sister chromatid
separation (PSCS), suggesting a highly conserved role for cohesins (Losada et al.
1998; Bhatt et al. 1999; Losada et al. 2000; Sumara et al. 2000; Sonoda et al. 2001;
Mito et al. 2003; Vass et al. 2003). Consistently, the expression of non-cleavable forms
of Scc1/Rad21 was shown to prevent or delay sister chromatid separation in different
systems, even under active APC/C conditions (Uhimann et al. 1999; Tomonaga et al.
2000; McGuinness et al. 2005).

The cohesin complex has been proposed to form a ring-like structure that
entraps DNA within its coiled-coil arms, thus maintaining sister chromatids together
during most periods of the cell cycle (Haering et al. 2002; Gruber et al. 2003). More
recently, a study proposed a two-ring handcuff model for cohesin organization in which
ring complexes are paired sideways in a manner analogous to handcuffs (Figure 7),
thus providing centromeres with the required flexibility for a controlled metaphase-
anaphase ftransition (Zhang et al. 2008). Whether cohesin complex adopts single or
double ring structures is still a controversial issue. Importantly, the proteolytic cleavage
of Scc1/Rad21 at the metaphase-anaphase transition is a highly regulated APC/C-
dependent process that induces the disassembly of the cohesin ring-like structure(s),
ultimately resulting in sister chromatid separation. Once the SAC is satisfied in mitosis,
the APC/C targets one of its substrates (Securin, the separase inhibitor) for
proteasome-mediated destruction thus allowing activated separase to cleave
Scc1/Rad21 thereby inducing sister chromatid separation at the metaphase-anaphase

transition.
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A SMC1 SMC3

Rad21

SMC3 SMC1

Figure 7 — Handcuff model of cohesin complex. (A) Handcuff model consists of two
cohesin complex rings. (B) Establishment of sister chromatid cohesion: single-ring
cohesin ring complexes are loaded onto the chromosomes at any stage of the cell cycle.
During S phase, as the DNA is being replicated, each of the rings entraps one chromatid.
Cohesion between sister chromatids is only established when the two Rad21 molecules
are paired and tethered by SA1 or SA2, presenting a tight handcuff configuration capable
of withstanding strong pulling forces (Adapted from Zhang et al. 2008).

4. Cell Cycle Checkpoints

The faithful segregation of genetic material is an essential step for successful
cell division and therefore, cell cycle progression must be tightly regulated. To ensure
the fidelity of all cell cycle processes, cells are equipped with quality control
mechanisms, which prevent progression into subsequent stages of the cell cycle if the
previous stage was not successfully completed. These mechanisms are referred to as
‘checkpoints’ and are essential for maintaining genomic stability (reviewed in Hartwell
and Weinert 1989).

4.1 DNA damage and DNA replication Checkpoints

At different stages of the cell cycle, cells can prevent or delay entry into
subsequent phases using molecular signal transduction pathways that are commonly
referred to as checkpoints (reviewed in Hartwell and Weinert 1989). Three checkpoints
have been thoroughly documented: a) the DNA damage checkpoint which delays cell

cycle progression at G1, S or G2 if DNA lesions are detected (Nakanishi et al. 2006;
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Niida and Nakanishi 2006), b) the DNA replication checkpoint which ensures that M-
phase is not initiated before DNA replication is complete (reviewed in Takeda and Dutta
2005) and c) the Spindle Assembly Checkpoint, or SAC, which acts in mitosis to delay
anaphase onset if chromosomes are not correctly attached to the mitotic spindle
(reviewed in Musacchio and Salmon 2007).

The DNA damage checkpoint detects DNA lesions (single-strand DNA or
double-strand breaks) and arrests cell cycle progression until the DNA is repaired.
Double-strand breaks (DSBs) activate a checkpoint pathway mediated by the ATM
kinase whereas single-stranded DNA (ssDNA) activates an ATR kinase-dependent
checkpoint response. Activation of ATM or ATR may take place at several stages of the
cell cycle. For example, if ATM/ATR pathways are activated in G1, the DNA damage
checkpoint delays cell cycle progression by blocking Cdk2/Cyclin E which is required for
entry into S-phase. If the DNA lesions are detected during G2, Cdk1/Cyclin B is
inactivated and mitotic entry is inhibited until DNA repair takes place, thus ensuring that
the previous step is completed before the following step begins.

The replication checkpoint is critical for ensuring the fidelity of DNA duplication
and acts during S-phase to inhibit cell cycle progression. It is triggered by the
malformation of the replication machinery or impaired progression of the replication
forks (reviewed in Nyberg et al. 2002; Branzei and Foiani 2005). This checkpoint is also
mediated by the ATR kinase that is actively recruited to sites where a DNA replication
block has occurred and if DNA damage is detected, the ATR kinase may also activate
the DNA damage checkpoint. When the formation of replication forks is halted, the DNA
damage checkpoint is activated through the exposure of ssDNA. The crosstalk between
the replication checkpoint and the DNA damage checkpoint makes it difficult to
dissociate between the molecular players involved in both checkpoints and therefore
these two signals may be integrated into a single converging pathway termed the S-

phase checkpoint.

4.2 The Spindle Assembly Checkpoint (SAC)

The spindle assembly checkpoint, or SAC, is activated upon mitotic entry and is
essential for triggering anaphase onset only when all chromosomes are stably attached
to microtubules and correctly positioned at the spindle equator. This checkpoint has
been amply documented in several systems, and is a pre-requisite for the faithful
segregation of the genome (reviewed in Gorbsky 2001; Hoyt 2001; Musacchio and
Hardwick 2002; Cleveland et al. 2003; Kops et al. 2005b; Musacchio and Salmon
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2007). The SAC monitors the status of kinetochore-microtubule attachment, so that in
the presence of unattached or improperly attached chromosomes, it is responsible for
catalyzing the production of a ‘wait-anaphase’ signal capable of delaying mitotic exit.
Since the trigger for anaphase onset is directly dependent on the formation of
APC/C®*? complexes, it is thought that the SAC operates by promoting the
sequestration of the APC/C activator Cdc20, which in turn prevents APC/C activation.
The first evidence that supports the existence of a surveillance mechanism that
acts to inhibit anaphase onset was obtained from early experiments with the use of
microtubule deploymerizing agents, that causes vertebrate cells to arrest in mitosis for
prolonged periods (Brues and Cohen 1936; Brues and Marble 1937). Several years
later, the observed mitotic block caused by improperly attached chromosomes was
proposed to be SAC-dependent (Nicklas and Arana 1992; Rieder et al. 1994; Rieder et
al. 1995). Although it is now clear that the SAC delays anaphase onset until all
chromosomes are properly bi-oriented and under tension, the identification and
functional analyses of molecular players that regulate this activity is still under intense

investigation.

4.3 Molecular players involved in SAC maintenance

The initial steps towards the identification of key regulators of the SAC were
performed using genetic screens in budding yeast aimed at identifying mutations that
cause cells to exit mitosis in the presence of spindle damage. Two groups of proteins
were identified in these screens and were termed: a) ‘mitotic-arrest deficient’ (Mad)
which include the proteins Mad1, Mad2 and Mad3 (BubR1 homologue in yeast) or b)
‘budding uninhibited by benzimidazole’ (Bub) which include the proteins Bub1, Bub2
and Bub3 (Hoyt et al. 1991; Li and Murray 1991). In a subsequent study, Mps1
(monopolar spindle) was also identified and classified as an active component of the
checkpoint pathway (Weiss and Winey 1996). Accordingly, Mad and Bub proteins are
highly conserved in both sequence and function, amongst several eukaryotic cell
lineages (Li and Benezra 1996; Taylor and McKeon 1997; Bernard et al. 1998; Gorbsky
et al. 1998; Basu et al. 1999). The only exception so far, is the identification of Bub-
Related-1 kinase, also known as BubR1 in higher eukaryotes, whose N-terminal region
displays significant homology with the yeast Mad3 protein and its C-terminus is very
similar to the Bub1 kinase domain (Taylor et al. 1998). All SAC proteins identified so far
have been shown to localize at the outer region of kinetochores that are improperly

attached to microtubules (reviewed in Musacchio and Hardwick 2002). The kinetochore
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localization of these proteins is thought to be essential for the generation of a diffusible,
‘wait-anaphase’ signal that is capable of inhibiting mitotic exit (reviewed in Musacchio
and Salmon 2007) and accordingly, a number of studies have identified biochemical
sub-complexes of SAC proteins that are important for APC/C inhibition during mitosis
(Roberts et al. 1994; Basu et al. 1998; Taylor et al. 1998; Hardwick et al. 2000; Chung
and Chen 2002; Campbell and Hardwick 2003). All identified SAC proteins have been
shown to promote APC/C inhibition by preventing Cdc20 binding, however, at the
molecular level several studies have suggested that this control is maintained by the
fast turnover of Mad2 and/or Mad3/BubR1 at unattached kinetochores (Hwang et al.
1998; Kim et al. 1998; Wu et al. 2000; Howell et al. 2004; Shah et al. 2004).
Nevertheless, it is widely accepted that the SAC promotes APC/C inhibition by
regulating the ability of Cdc20 to bind and activate the APC/C, thus controlling the
APC/C-mediated poly-ubiquitination and consequent destruction of substrates required

for blocking cells in mitosis (reviewed in Musacchio and Salmon 2007).

4.4 The Mitotic Checkpoint Complex (MCC) and the “two-step” model

An elegant study by Rieder and colleagues using Ptk1 cells demonstrated that
molecules that localized at or around kinetochores, were responsible for inhibiting
mitotic exit in the presence of unattached kinetochores, thus providing evidence to
suggest that the SAC signal is kinetochore-dependent during later stages of
prometaphase (Rieder et al. 1995). However, biochemical studies also identified the
Mitotic Checkpoint Complex (MCC), a protein complex composed of Mad2-BubR1-
Bub3-Cdc20 and whose formation does not require unattached kinetochores since it is
also present in interphase cells (Sudakin et al. 2001; Tang et al. 2001). The MCC was
shown to be a highly potent APC/C inhibitor that acts at early stages of mitosis, before
mitotic kinetochores assemble, and taken together with other reports, a “two-step”
model of SAC activation and maintenance was proposed (Chan et al. 2005; Orr et al.
2007). This model proposes that in a first step, SAC maintenance is regulated by the
MCC (kinetochore-independent step) so that in a second step, when cells undergo
NEBD, the accumulation of SAC proteins at improperly attached kinetochores is
sufficient to sustain SAC activity and prolong the mitotic arrest. Reports in yeast and
Drosophila strongly support the “two-step” model, which takes into account the
significance of kinetochores in SAC maintenance, yet argues in favor of an initial
kinetochore-independent stage that provides APC/C inhibition when kinetochore

assembily is taking place (Fraschini et al. 2001; Lopes et al. 2005; Orr et al. 2007).
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Efficient APC/C regulation is achieved through a complex network of pathways,
involving positive and negative control through the phosphorylation and binding of
specific activator proteins, such as Cdc20 and Cdh1 (reviewed by Peters 2002). In
support of the “two-step” model of SAC maintenance, two temporally distinct pathways
have been demonstrated to control APC/C activity upon entry into M-phase: a) the
binding of Emi1 to Cdc20 during prophase is proposed to be involved in the regulation
of mitotic timing (after prophase it is degraded by SCF-mediated proteolysis) and b) the
SAC which is responsible for delaying anaphase onset in the absence of stable bi-polar
attachment, and is dependent on the binding of Mad and Bub proteins to Cdc20

(reviewed in Sczaniecka and Hardwick 2008).

4.5 Mad2-dependent mechanisms of SAC maintenance

The SAC is required to delay anaphase onset in the presence of improperly
attached kinetochores and Mad2 is an essential component of this pathway that plays
an active role in blocking mitotic exit (reviewed in Musacchio and Salmon 2007). The
SAC is thought to regulate APC/C activity through Mad2- and BubR1-dependent Cdc20
sequestration (Figure 8) and although both proteins bind Cdc20 individually, Mad2 and
BubR1 have also been shown to act synergistically to promote efficient APC/C inhibition
(Fang 2002). Mad? is recruited to unattached kinetochores during prometaphase and is
shed from kinetochores upon microtubule attachment (Waters et al. 1998; Logarinho et
al. 2004). Mad2 recruitment to unattached kinetochores is thought to be Mad1-
dependent, and requires the formation of Mad1-Mad2 complex (Chen et al. 1998;
Chung and Chen 2002). The Mad1-Mad2 complex is assembled in a tetrameric 2:2
configuration, and the formation of this complex has been shown to induce a
conformational change in Mad2 that results in an increased affinity for Mad1 and Cdc20
(Sironi et al. 2001; Luo et al. 2002; Sironi et al. 2002; DeAntoni et al. 2005). Mad2
adopts the ‘Closed’ conformation (C-Mad2 or N2-Mad2) when bound to Mad1 or Cdc20,
or the ‘Open’ conformation (O-Mad2 or N1-Mad2) when unbound to these ligands
(Sironi et al. 2002; Luo et al. 2004; DeAntoni et al. 2005). Since Mad1 and Mad2 are
respectively stable and cycle at unattached kinetochores (Howell et al. 2000; Howell et
al. 2004; Shah et al. 2004), it is thought that the interaction between Mad1 and Mad2 is
required for the formation of Mad2-Cdc20 complexes (Kallio et al. 2002).

Two models were proposed for the formation of Mad2-Cd20 complexes: a) the
‘exchange’ model, which states that Mad1 is required to chaperone Mad2 to unattached

kinetochores, where both Mad2 molecules are released to bind Cdc20 (lbrahim et al.
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2008) and b) the ‘template’ model, which proposes that the Mad1-Mad2 tetrameric
complex acts as a template for the formation of single Mad2-Cdc20 complexes.
Although the exchange model provides an interesting mechanism for the rapid
formation of Mad2-Cdc20 complexes, the ‘template’ model appears to be more
consistent with the current data. In strong support of the ‘template’ model, an elegant
studies using HelLa cells demonstrated that Mad1 bound to C-Mad2 acts as a receptor
for O-Mad2, which after being recruited is converted into a C-Mad2-Cdc20 (De Antoni et
al. 2005; DeAntoni et al. 2005). The interaction between Mad1-C-Mad2 and O-Mad2
appears to be essential for catalyzing the production of C-Mad2-Cdc20, and this
molecular pathway offers a simple explanation as to how Mad2-dependent SAC

signaling may be achieved away from kinetochores.
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Figure 8 — Models illustrating the role of SAC proteins Mad2 and BubR1 at
kinetochores. (A) The mitotic checkpoint complex (MCC) is composed of Mad2,
BubR1-Bub3 sub-complexes and Cdc20. When bound to CDC20, Mad2 adopts a C-
Mad2 (closed Mad2) conformation. Exactly how C-Mad2-Cdc20 and BubR1-Bub3
create the MCC is currently unclear, however it is thought that a KEN-box motif in
BubR1 might regulate MCC binding to the APC/C. (B) The Mad2-template model
proposes a mechanism for creating C-Mad2-Cdc20 complexes. Unattached
kinetochores recruit C-Mad2-Mad1-p31%°™!, and the consequent release of p31%°™!
allows the Mad1-C-Mad2 (template) to recruit O-Mad2 (open Mad2). O-Mad2 then
binds Cdc20 and turns into C-Mad2, creating a structural copy of C-Mad2—-Mad1. This
model is highly consistent with the results obtained from fluorescence recovery after
photobleaching (FRAP) of Mad2 at kinetochores. (C) C-Mad2-Cdc20 might be involved
in a cytosolic auto-amplification reaction based on the same interaction which could
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explain how a single unattached kinetochore is able to halt cell cycle progression. (D) At
least three regulatory aspects might favor C-Mad2-Cdc20 dissociation along
microtubules upon successful attachment. First, absence of unattached kinetochores
might result in reactivation of the capacity of p31®°™ to inhibit the C-Mad2—-0O-Mad2
interaction thereby inhibiting the catalytic amplification of the SAC signal predicted by
the template model. Second, non-degradative ubiquitylation of Cdc20 in a reaction that
involves the E2 enzyme UbcH10 and the de-ubiquitylating protein (DUB) might
accelerate the dissociation of C-Mad2-Cdc20. Third, the dynein—dynactin complex is
responsible for powering the 'stripping' of C-Mad2-Mad1 complex and other proteins
from kinetochores upon formation of kinetochore microtubules, thus inhibiting the
formation of new C-Mad2-Cdc20 complexes. (E) During prometaphase, motor protein
CENP-E is responsible for activating BubR1 kinase activity at unattached kinetochores.
Although BubR1 substrates are currently unknown, candidate substrates are thought to
be proteins involved in the regulation of kinetochore-microtubule attachment. (F) Upon
stable, bi-polar attachment of microtubules to kinetochores, the kinase activity of BubR1
is switched off (Adapted from Musacchio and Salmon 2007).

4.6 Satisfying the SAC: Microtubule attachment or tension?

Although it is cleat that kinetochores play a pivotal role in SAC maintenance,
whether the SAC senses microtubule occupancy or tension across sister kinetochores
is still a matter of much debate (reviewed in Pinsky and Biggins 2005; Maresca and
Salmon 2010). However, the observed variability between the dynamic localizations of
different SAC proteins at kinetochores may provide clues for the understanding of this
controversial issue. An elegant study in Drosophila cells demonstrated that Mad2 and
Bub1 leave the kinetochore once microtubule attachment is achieved whilst Bub3 and
BubR1 remain at attached kinetochores until sister kinetochores are under tension
(Logarinho et al. 2004). However, since Mad1 and Mad2 have been shown to be
required for SAC activation in response to lack of microtubule attachment (Shannon et
al. 2002), the results suggest that the two sensing pathways may ultimately converge
into a single mechanism. However, the importance of microtubule tension and
attachment is confounded by the fact that they are interdependent. Although the precise
kinetochore defects sensed by the SAC remain unclear, the emerging data suggest that
several converging pathways are required for cells to exhibit a fully integrated SAC
response.

Exactly how cells balance the rates of microtubule polymerization and
depolymerization at kinetochores so that proper tension is exerted across sister
chromatids is still under debate. However, it is known that low tension induces
microtubule polymerization while high tension promotes microtubule polymerization

(reviewed in Maiato et al. 2004c; Maiato and Sunkel 2004). One of the molecular

24



General Introduction

players involved in the regulation of this mechanism is Aurora B, a protein kinase that
localizes between sister kinetochores during prometaphase (Adams et al. 2001). Upon
chromosome bi-orientation, sister kinetochores move apart as a result of the high
tension generated, thus causing Aurora B to be spatially separated from its kinetochore
substrates which are important for stabilizing microtubule attachment (Liu et al. 2009;
van der Waal and Lens 2010). Furthermore, it was recently proposed that Aurora B
specifically phosphorylates distinct targets to differentially regulate kinetochore-
microtubule interactions in a tension-dependent manner (Welburn et al. 2010).
Importantly, the quality of the interaction between kinetochores and microtubules is

essential for ensuring the faithful segregation of genetic material.

4.7 The Spindle Matrix

Due to several incompletely understood properties of microtubule dynamics, it
has long been proposed that mitotic cells may require an additional structure forming a
matrix that would be responsible for ensuring that microtubule associated proteins
required for driving chromosome motion, are properly localized in the vicinity of the
mitotic spindle (Pickett-Heaps et al. 1984). Although matrix-like structures have often
been observed in fixed cell samples, there is no direct evidence supporting whether it
plays a role in mitosis or even whether such a structure exists in living cells.
Nevertheless if present in cells, a spindle matrix would be expected to (a) form a
fusiform structure that coalesces with spindle microtubules, (b) persist even in the
absence of microtubules, (c) be resilient in response to changes in spindle shape and/or
length, and (d) affect spindle assembly and/or function if one or more of its components
are perturbed.

In Drosophila melanogaster, a complex of at least four nuclear proteins, Skeletor,
Megator (Mtor), Chromator, and EAST (Enhanced Adult Sensory Threshold), have been
shown to form a putative spindle matrix that persists in the absence of microtubules in
fixed preparations (Johansen and Johansen 2007). The interaction between these
proteins is essential for the formation of a nuclear endoskeleton and importantly, these
proteins are thought to be essential components of a putative spindle matrix during
mitosis (Qi et al. 2005). However, the biological relevance of such structure has been
questioned since is has never been observed in living cells suggesting that the
observed matrix-like structure was the product of a fixation artifact.

From the identified four-protein complex, Mtor is the only protein that shows clear

sequence conservation in other organisms, ranging from mammals to plants. Identified
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Mtor homologues include the nuclear pore complex (NPC) protein translocated
promoter region (Tpr) in mammals (Cordes et al. 1997; Zimowska et al. 1997), its
respective counterparts Mip1 and Mip2 in yeast (Strambio-de-Castillia et al. 1999), and
nuclear pore anchor in plants (Xu et al. 2007a). NPC proteins, including Mtor/Tpr
orthologues in yeast, were shown to functionally interact with SAC components (louk et
al. 2002; Scott et al. 2005). This functional interaction between Mtor/Tpr orthologues
and SAC proteins suggests that the spindle matrix could provide an essential medium
involved in the direct targeting of SAC proteins as well as microtubule-associated
proteins during mitosis. However, the concept of a spindle matrix as a spatial
determinant of key mitotic regulators that play essential roles in chromosome motion

and SAC maintenance is not yet fully accepted amongst cell biologists.

5. Centromeres and Kinetochores

The centromere, initially described as the region on chromosomes where the
primary constriction forms, is the site where kinetochore assembly takes place during
early stages of mitosis. Apart from harbouring a large number of proteins essential for
numerous mitotic tasks, the centromere also ensures sister chromatid cohesion until
cells reach the metaphase-anaphase transition. Interestingly, while centromeric DNA is
extremely diverse between species and to some extent even between chromosomes of

the same species, kinetochore organization is mostly conserved amongst species.

5.1 Centromere-kinetochore interface

Eukaryotic centromeres are highly variable in size and sequence and
centromeric DNA does not appear to be conserved either between different species or
even between different chromosomes of the same species. Human and Drosophila
chromosomes contain large regional centromeres as opposed to the point centromeres
identified in budding yeast. The identification of the first centromere components came
with the use of anti-centromere antibodies (ACA) in sera, which were derived from
patients who developed CREST Syndrome (a type of Systematic Sclerosis, displaying
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).
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All centromeres studied so far are characterized by the unique presence of
CENP-A, a histone H3-variant that binds selectively to centromeric chromatin through
a conserved CENP-A targeting domain (CATD) thought to serve as an epigenetic mark
involved in the specification and maintenance of centromere identity. In all reported
species, CENP-A (CID in Drosophila) has been shown to be essential for the
recruitment of all other proteins required for kinetochore structure and function and
currently, CENP-A is the only conserved centromere-specific protein identified in both
Drosophila and humans (reviewed in Przewloka and Glover 2009). Above the
centromere, at what has been described as the inner kinetochore, Drosophila and
humans also share CENP-C (Earnshaw and Rothfield 1985; Saitoh et al. 1992), a
large protein that in humans binds alpha-satellite DNA (Yang et al. 1996) by directly
interacting with the non-conserved CENP-B protein (Suzuki et al. 2004). Both in
Drosophila and humans, CENP-C has been proposed to play an essential role in
kinetochore assembly (Liu et al. 2006; Przewloka et al. 2007; Erhardt et al. 2008)

suggesting a conserved role between species.

5.2 Kinetochore structure

The main function of centromeres is to create an interface with centromeric
chromatin and to provide a foundation layer for the assembly of mitotic kinetochores.
Early studies using the electron microscope revealed the kinetochore as a multilayered
structure composed of plate-like sections (Brinkley and Stubblefield 1966; Jokelainen
1967; Rieder 1982). The electron-dense inner plate is approximately 20-40 nm wide
and is located on the surface of centromeric heterochromatin directly on CENP-A-
bearing nucleosomes, which bind the inner kinetochore constitutively throughout the
cell cycle (Figure 9). The outer plate is approximately 35-40 nm and is separated from
the inner plate by an electron-translucent middle zone. Most proteins involved in
microtubule binding are thought to occupy this region of kinetochores. In the case of
unattached kinetochores, the third layer, which is the most distal from centromeres, is
composed of mesh of fibres that extend outwards from the surface of the outer
kinetochore plate. This layer is termed the fibrous corona and most of the proteins
involved in SAC signalling are located in this region (reviewed in Musacchio and
Hardwick 2002; Chan et al. 2005; Musacchio and Salmon 2007). This mature tri-
laminar structure is only acquired after NEBD when kinetochores become fully
assembled, providing kinetochores with a conformational change that promotes the

rapid monitoring of kinetochore-microtubule attachment and chromosome segregation.
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Importantly, upon successful microtubule attachment, many proteins that reside at the
fibrous corona dissociate from kinetochores (Maiato et al. 2004a) and this fibrous

structure is no longer detectable by electron microscopy.

Kinetochore

Anaphase chromatid

Microtubules
M | bound to
kinetochores

Figure 9 — Kinetochore ultra-structure. (A) A metaphase chromosome stained with
a DNA-binding fluorescent dye. (B) A metaphase chromosome stained with human
auto-antibodies that react with specific kinetochore proteins, displaying two
kinetochores, each one associated with one chromatid. (C) Electron micrograph of an
anaphase chromatid with microtubules attached to its kinetochore. While most
kinetochores have been typically described as a trilaminar structure, the kinetochore
depicted here (from a green alga) has an unusually complex structure with additional
layers (Adapted from Brinkley and Stubblefield 1966; Alberts et al. 1994).

Although kinetochores share essential architectural characteristics and
organization amongst species, the existence of a physical trilaminar structure is highly
controversial. Since different fixation protocols yield variable results, the observation of
a plate-like structure at mitotic chromosomes is thought to be an artefact caused by
fixation and/or dehydration procedures (McEwen et al. 1998). Despite this, recent
experiments have mapped the relative positions of proteins along the inter-kinetochore
axis of S.cerevisiae, Drosophila and human kinetochores with nanometer accuracy
(Schittenhelm et al. 2007; Joglekar et al. 2009; Schittenhelm et al. 2009; Wan et al.
2009; Ribeiro et al. 2010). Although the existence of physical kinetochore layers is
arguable, these reports provide data arguing in favour of a shared eukaryotic
kinetochore design, in which kinetochore organization is mainly governed by

hierarchical rules.
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5.3 The Constitutive Centromere-Associated Network (CCAN)

Recent molecular studies have identified a number of proteins that
constitutively associate with the centromere-kinetochore interface and that are
conserved in vertebrates but have not been identified in Drosophila (Chan et al. 2005;
Foltz et al. 2006; Izuta et al. 2006; Okada et al. 2006) or C.elegans (Oegema et al.
2001; Cheeseman et al. 2004). Interestingly, in humans, while most of the constituents
exhibit a temporal order of assembly at kinetochores, the emerging data on the
Constitutive Centromere-Associated Network (CCAN), does not support a single linear
assembly pathway. The multi-protein CCAN complex localizes at the inner kinetochore
and is thought to perform essential functions in establishing centromeric organization
and ensuring full kinetochore assembly (Hori et al. 2008).

CCAN constituents may be sub-divided into different sub-complexes based on
their inactivation phenotypes and specific protein-protein interactions. CENP-N has
been recently described as the first protein to selectively bind CENP-A nucleosomes
through the CENP-A CATD domain (Carroll et al. 2009). CENP-N is implicated in the
centromere assembly pathway of CENP-A and shown to direct the localization of the
CENP-H complex via a direct interaction with CENP-L (Carroll et al. 2009).
Furthermore, in HelLa cells CENP-N localization at centromeres is interdependent with
CENP-T, a component of the CENP-T/W complex (Foltz et al. 2006) suggesting that
CENP-N plays a central role in the early stages of centromere assembly. Accordingly,
human CENP-T has also been shown to interact directly with CENP-A and CENP-B
(Orthaus et al. 2008) and in chicken DT40 cells, disruption of the CENP-T/W complex
causes chromosome missegregation and loss of kinetochore assembly (Hori et al.
2008) suggesting that the CENP-T/W complex acts as a platform connecting
centromere specification to CCAN assembly. A recent study has identified two novel
CCAN proteins that are present in human and DT40 cells, CENP-S and CENP-X
(CENP-S complex) that are dependent on the CENP-T/W complex for localization to
centromeres and whose depletions lead to several mitotic errors (Amano et al. 2009).
One other CCAN sub-complex that also localizes to the centromere downstream of the
CENP-T/W complex is the CENP-H complex, composed of CENP-H, -l and -K
proteins. The centromere localization of the CENP-H complex has been shown to be
dependent on CENP-A and CENP-N in HelLa cells (Carroll et al. 2009) and dependent
on CENP-C and the CENP-T/W complex in DT40 cells (Okada et al. 2006).

Furthermore, CENP-l inactivation in HelLa cells causes mislocalization of outer
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kinetochore components Mad1, Mad2 and CENP-F and cells exhibit transient cell
cycle delays in G2 and mitosis (Liu et al. 2003). The CENP-O complex is composed of
CENP-0O, -P, -Q, -R and —-U (-50) and in human cells, CENP-O depletion has been
shown to cause defects in spindle assembly and mitotic progression (Toso et al.
2009). Moreover, CENP-O has been proposed to play a role in generating correct
microtubule attachment (McAinsh et al. 2006) although a recent study suggests a
more direct role in microtubule interaction by demonstrating that CENP-Q, a member
of the CENP-O complex, is able to bind microtubules in vitro (Amaro et al. 2010).
Currently, none of the human CCAN constituents have yet been identified in
Drosophila (Przewloka and Glover 2009) or C.elegans (Oegema et al. 2001;
Cheeseman et al. 2004). Instead, a Drosophila genome-wide screen has identified the
proteins Call and CENP-C as essential factors for assembly of CID-containing
nucleosomes (Erhardt et al. 2008). CID, Cal1, and CENP-C co-immunoprecipitate and
are mutually dependent for centromere localization and function arguing in favour of a
much simpler centromere-kinetochore interface specific to Drosophila chromosomes.
Since no Cal1 homologues have been identified in human cells, these results suggest
that in Drosophila, CENP-C, CID and Cal1 may fulfil all essential CCAN functions.
Alternatively, Drosophila kinetochores might posses other highly divergent proteins
that may substitute for CCAN proteins. However, the interdependence between CENP-
C and CID for their localization appears to be a feature exclusive to Drosophila

chromosomes.

54 Kinetochore protein composition

Apart from the numerous CENP-proteins (including CCAN) identified in several
species, many other proteins involved in microtubule attachment and SAC have been
shown to localize to kinetochores of different species during specific stages of mitosis.
It is known that the human kinetochore contains more than eighty different proteins
that are hierarchically organized into functional classes suggesting that overall
kinetochore organization is highly conserved amongst species (Musacchio and
Salmon 2007; Cheeseman and Desai 2008; Welburn and Cheeseman 2008;
Gascoigne and Cheeseman 2010). Importantly, the kinetochore is a highly complex
structure and proteins involved in numerous mitotic tasks, transiently localize at mitotic
kinetochores at specific stages of mitotic progression (Figure 10). Current models
propose that all proteins that localize to kinetochores can be divided into four

functional classes. These proteins can be either involved in a) binding centromeric
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chromatin, b) generating kinetochore-microtubule attachment, ¢) SAC control and
maintenance, or d) correcting kinetochore-microtubule attachment (reviewed in
Santaguida and Musacchio 2009).

Proteins such as CENP-A and a few CCAN components are responsible for
binding centromeric DNA and providing a platform for kinetochore assembly where
other proteins involved in several other mitotic tasks may bind. One set of proteins that
is directly involved in generating a kinetochore-microtubule interface, is the KNL-
1/Mis12/Ndc80 (KMN) network that localizes at the outer kinetochore region during
mitosis (Cheeseman et al. 2004; Cheeseman et al. 2006). Besides directly binding
microtubules, the KMN network is thought to form the basis for the loading of a number
of other proteins that transiently localize at the fibrous corona during prometaphase
and are involved in several other mitotic pathways (Przewloka et al. 2007;
Schittenhelm et al. 2007).

Despite localizing at the fibrous corona, the plus-end directed kinesin-7 motor
protein CENP-E is also involved in generating efficient kinetochore-microtubule
attachment by ensuring the transport of a mono-oriented chromosome along the
spindle fibres (reviewed in Mao et al. 2010). Similarly, CENP-F also localizes at the
fibrous corona and was shown to interact directly with CENP-E (Chan et al. 1998) to
promote its recruitment to kinetochores (Yang et al. 2005). Another set of proteins that
associate with outer kinetochore regions during prometaphase, is a group of
Microtubule-Associated Proteins, also known as MAPs. Dynein and CLIP-170 are two
types of MAPs that localize at the fibrous corona and have been proposed to play
essential roles in chromosome congression (Pfarr et al. 1990; Steuer et al. 1990;
Wordeman et al. 1991; Pierre et al. 1992; Dujardin et al. 1998).

Moreover, the Rod-Zw10-Zwilch (RZZ) complex has also been demonstrated to
localize at kinetochores only in the absence of microtubule attachment (Williams et al.
1992; Williams and Goldberg 1994) and has been implicated in SAC control,
presumably by promoting Mad2 accumulation at unattached kinetochores (Basto et al.
2000; Buffin et al. 2005). Similarly, the bona fide SAC proteins Mad1, Mad2, Bub1,
Bub3, BubR1 and Mps1 have all been shown to localize to the fibrous corona or outer
kinetochore layers depending on the status of microtubule attachment (Basu et al.
1998; Chen et al. 1998; Jablonski et al. 1998; Taylor et al. 1998; Basu et al. 1999;
Chan et al. 1999; Taylor et al. 2001; Logarinho et al. 2004). Nevertheless, despite a
few minor organism-specific differences, kinetochore composition and organization
appears to be highly conserved amongst several species (reviewed in Musacchio and

Salmon 2007; Gascoigne and Cheeseman 2010).
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Figure 10 — Conserved centromere-kinetochore organization. Model depicting the
organization of proteins recruited to kinetochores during mitosis. At the heart of the
kinetochore is a specialized nucleosome that contains centromere protein CENP-A, a
histone H3 homologue. Several inner-kinetochore components (cyan and purple ovals)
associate with kinetochores constitutively throughout the cell cycle, whilst other
proteins, including the Ndc80/Hec1, Mtw1/MIS12, minichromosome maintenance
protein-21 (Mcm21) and spindle pole component Spc105/KNL1 proteins, are recruited
to the outer kinetochore specifically in mitosis. These proteins not only provide a
platform for the recruitment of SAC proteins but also seem to be directly involved in
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microtubule binding. Moreover, other proteins such as Borealin, Survivin, Aurora B,
inner centromere protein (INCENP) and mitotic centromere-associated kinesin (MCAK)
preferentially populate the centromere region and are essential for regulating the
stability of microtubule—kinetochore interactions through the correction of microtubule
attachment errors. The APC/C is also recruited to mitotic kinetochores in a SAC-
dependent manner and the Rod-Zw10-Zwilch (RZZ) complex is required for the
kinetochore recruitment of Mad1-Mad2 complexes. However, large cytosolic pools of
Mad2 and Cdc20 exist besides the populations that are recruited to the kinetochore
and this may also be true for other SAC proteins such as BubR1 and Bub3, and for the
APC/C itself. Most proteins represented in this figure are present at kinetochores in all
metazoans: CLASP (CLIP-associating protein-1), CLIP170 (cytoplasmic linker protein-
170) EB1 (end-binding protein-1), LIS1 (lissencephaly-1); Mps1 (multipolar spindle-1),
PLK1 (polo-like kinase-1), RanBP2 (Ran-binding protein-2), RanGAP (Ran-GTPase-
activating protein) and Zwint (Zw10 interactor) (Adapted from Musacchio and Salmon
2007).

5.5 Kinetochore-regulated microtubule binding

The interface responsible for the interaction between microtubules and
chromosomes involves a conserved super-complex of proteins that localize at
kinetochores, known as the KNL1/Mis12/Ndc80 (KMN) network, which is composed of
the KNL1 protein (also named Spc105, Spc105R or Blinkin) and the Mis12 and Ndc80
sub-complexes.

Biochemical studies performed in human cells identified two distinct
microtubule-binding activities within the KMN network: the first was shown to be
associated with the Ndc80/Nuf2 subunits of the Ndc80 complex, and the second with
KNL1 (Desai et al. 2003; Cheeseman et al. 2006). No co-sedimentation with
microtubules was detected for the Mis12 complex alone, however, when in complex
with KNL1, enhanced microtubule-binding activity was observed. The same behaviour
was observed in the absence of the two other subunits of Ndc80 complex, Spc24 and
Spc25 (Cheeseman et al. 2006). In support of this model, recent studies demonstrated
that Aurora B kinase phosphorylates three spatially distinct targets within the KMN
network, which are essential for generating different levels of microtubule-binding
activity resulting in a tightly regulated mechanism (Welburn et al. 2010). Within the
KMN network, the Ndc80 complex provides a direct interaction with microtubules
(DelLuca et al. 2002). In HeLa cells Nuf2 and Ndc80 were shown to be necessary to
form stable kinetochore-microtubule attachments (DelLuca et al. 2005). Moreover, the
N-terminal regions of both proteins contain Calponin-homology (CH) domains that
interact with microtubules (Cheeseman et al. 2006; Wei et al. 2007; Ciferri et al. 2008),

and this specific microtubule binding appears to involve electrostatic interactions
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mediated by the disordered N-terminal tail of Ndc80 (Guimaraes et al. 2008; Miller et
al. 2008).

The Ndc80 complex in Drosophila is highly divergent in sequence when
compared to other species. Despite this, loss of any Ndc80 constituent in Drosophila
leads to the formation of elongated mitotic spindles with a scattered distribution of
chromosomes and extensive missegregation (Przewloka et al. 2007). Due to the
similar phenotypes observed after Ndc80 complex depletion in Drosophila and
humans, it has been proposed that this complex plays a conserved role in kinetochore-
microtubule binding in both species.

KNL1 also displays microtubule-binding ability. Interestingly, KNL1 depletion in
human cells does not cause phenotypes as severe as those observed in C.elegans or
Drosophila (Cheeseman et al. 2004; Przewloka et al. 2007), nevertheless, the stability
of kinetochore-microtubule binding in KNL1 depleted cells was shown to be affected,
as k-fibres in these cells were shown to be sensitive to low temperatures (Kiyomitsu et
al. 2007). In Drosophila, depletion of Spc105R (the KNL1 homologue), causes a
kinetochore-null phenotype with chromosomes scattered along the spindle, displaying
impaired chromosome congression, alignment and segregation phenotypes
(Przewloka et al. 2007) which altogether suggests that kinetochore-microtubule
interactions are severely affected. One study performed in Drosophila embryos
hypothesized that the repetitive middle region of Spc105R could contribute to
regulated electrostatic interactions with spindle microtubules, similar to the N-terminal
tails of Ndc80 (Schittenhelm et al. 2009). Although the human Mis12 complex
(composed of Dsn1, Nnf1, Nsl1, and Mis12) does not interact with microtubules
directly, it acts as a scaffold that bridges the interaction between the Ndc80 and KNL1
sub-complexes that have both been shown to have microtubule-binding ability
(Cheeseman et al. 2006). In agreement, an elegant study in human cells has identified
Nsl1 as a scaffold supporting interactions of the Mis12 complex with Ndc80 and KNL1
complexes (Petrovic et al. 2010). Although the Mis12 complex is not fully conserved
between Drosophila and vertebrates (the former does not appear to contain the Dsn1
subunit), it has been shown that the depletion of different subunits leads to similar
phenotypes including defects in chromosome alignment, orientation, and segregation
(Goshima et al. 2003; Obuse et al. 2004; Kline et al. 2006). Moreover, human Nnf1
was found to be dispensable for chromosome attachment per se, but required for the
metaphase alignment of chromosomes and for the correct generation of inter-
kinetochore forces (McAinsh et al. 2006). Although the KMN network plays a
fundamental role in kinetochore-microtubule binding, it is clear that the structure of this

network is not fully conserved between humans and Drosophila. It is of crucial
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importance to study the function of each individual component of KMN in Drosophila in
order to understand the evolutionary adaptations that may have occurred in the KMN

structure.

5.6 Forces involved in generating chromosome motion

Apart from the role of KMN in microtubule binding, there are other mechanisms
capable of producing the forces that are necessary for chromosome motion upon
microtubule attachment. Poleward force can be generated by microtubule
depolymerisation at the chromosome-bound end, a phenomenon termed the ‘Pac-
Man’ mechanism since kinetochores appear to ‘chew up’ kinetochore-microtubules
(Centonze and Borisy 1991; Rieder and Salmon 1998; Mcintosh et al. 2002). The
movement of chromosomes towards the poles also appears to involve ‘Microtubule
Flux’ which consists in a concerted flow of tubulin subunits from the spindle equator to
the spindle poles caused by microtubule minus-end depolymerisation and plus-end
polymerization while the chromosomes remain attached (Mitchison 1989; Cassimeris
2004; Matos et al. 2009). Kinetochore-bound molecular motors also appear to
contribute to poleward chromosome motion. However, chromosomes not only move
towards the spindle poles, they also congress at the spindle equator. However, polar
ejection forces, which are generated by growing polar microtubules that push
chromosomes away from spindle poles, have also been proposed to play a role in

chromosome movement (Rieder et al. 1986; Brouhard and Hunt 2005).

5.7 Kinetochores and the SAC

Apart from regulating microtubule binding and chromosome motion, the
kinetochore is also essential for maintaining SAC activity during prometaphase (Rieder
et al. 1995). The composition of the kinetochore is dynamically regulated during the
cell cycle and kinetochore are often considered to be a hub for the accumulation of a
number of proteins involved in several cell cycle pathways. The transient localization of
specific proteins during different stages of mitosis is thought to be essential for the
regulation of mitotic progression (Figure 11). Mad1, Mad2, BubR1, Bub1, Bub3 and
Mps1 are the major SAC components involved in the assembly of inhibitory complexes
at kinetochores that are not attached or under tension (reviewed in Musacchio and
Hardwick 2002; Kops et al. 2005b; Musacchio and Salmon 2007; Santaguida and
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Musacchio 2009). These inhibitory complexes prevent APC/C activation and block

mitotic exit in the presence of unattached or improperly attached kinetochores.

Mad1, Mad2, RZZ,
dynein/dynactin and
Ndc80 complex, CENP-E

CPC proteins, Polo R
kinase, Bub1,
_—>

BubR1, Bub3 and

Prophase Prometaphase
CENP-F g
Mis12 compl\e/
and KNL1 Mad1, Mad2,
BubR1,
Ty Metae il dynein/dynactin
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CENP-B,
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Figure 11 - Kinetochore composition is dynamically regulated during the cell
cycle. Immunofluorescence images showing DNA (blue), microtubules (green) and
kinetochores (red) throughout the cell cycle in human cells. Arrows on the periphery of
the circle indicate at which cell cycle stage the indicated protein(s) are recruited or
shed from the kinetochores. Arrows representing delocalization indicate the initial
reduction of protein levels, but not necessarily the absolute loss of the components
listed. The major themes in kinetochore localization that are highlighted in this figure
are: constitutive localization (observed for CENP-A and CCAN); late interphase
localization (Mis12 complex and KNL1); prophase accumulation (observed for a
number of proteins, including the microtubule-binding Ndc80 complex); localization
after nuclear envelope breakdown (observed for a number of proteins, including SAC
proteins Mad1 and Mad2 and the motors dynein and CENP-E); delocalization following
microtubule attachment (mostly checkpoint pathway components and motor
complexes); delocalization at the metaphase—anaphase transition (observed for a
number of proteins, including the chromosomal passenger complex (CPC) proteins);
delocalization during late anaphase—telophase (observed for the stably bound Ndc80
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complex, KNL1 and the Mis12 complex); and localization during late telophase—early
G1 (observed for the CENP-A- loading factors Mis18 and KNL2 (also known as
M18BP1)(Adapted from Cheeseman and Desai 2008).

Recent data has suggested an emerging role for the human KMN network in
SAC signalling. Initial reports demonstrated that depletion of the Ndc80 complex
causes mis-localization of Mad1, Mad2 and Mps1 at kinetochores (Martin-Lluesma et
al. 2002; Stucke et al. 2004). However, recent studies have proposed that the
mislocalization of Mad1 and Mad2 is a consequence of a mis-regulated accumulation
at kinetochores rather than loss of the Mad1 and Mad2 kinetochore-docking site
(DelLuca et al. 2003). Interestingly, although in both studies Mad1 and Mad2 cannot be
detected, cells still appear to arrest in mitosis in a prometaphase-like state,
demonstrating that the SAC can still be activated under these conditions. Partial
depletion of Hec1 of Nuf2 in HeLa cells may lead to a mitotic arrest while complete
depletion appears to abolish SAC activity allowing cells to progress through mitosis
with erroneous microtubule-kinetochore attachments (Meraldi et al. 2004). Accordingly,
Drosophila Mitch (Spc25) mutant neuroblasts display a microtubule-dependent SAC
response since they exit mitosis when incubated with colchicine, but delay in mitosis in
asynchronous cell division (Williams et al. 2007). Moreover, in human cells Mps1 was
shown to be required for Mad1 and Mad2 localization at kinetochores (Tighe et al.
2008) and also found to be required for SAC activity (Stucke et al. 2002). Although
catalytically inactive Mps1 can restore kinetochore localization of Mad1, only the active
kinase restores Mad2 localization suggesting that Mps1 kinase activity may regulate a
transient Mad2 kinetochore localization. Thus, in human cells, Mps1 catalytic activity is
required for the recruitment of Mad2 to kinetochores and consequent SAC function
(Tighe et al. 2008). Nevertheless, the requirement of the Ndc80 complex for the
kinetochore localization of Mad1, Mad2 and Mps1 in Drosophila still remains to be
explored, despite current models proposing that the Mad1/Mad2 complex requires the
RZZ complex to localize at kinetochores (Buffin et al. 2005).

The role of the Mis12 complex in SAC signalling has not yet been clearly
addressed. Studies in human cells show that depletion of the four subunits of the
Mis12 complex separately arrest cells in mitosis for long periods of time (Kline et al.
2006) although, this delay occurs despite a significant reduction in BubR1 levels at
kinetochores, suggesting that the SAC may be partly compromised. However, no
functional studies involving SAC behaviour and mitotic progression have thus far been

reported for Drosophila Mis12 complex components.
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The human KNL1 has been shown to contribute to the SAC through the
interaction with the TPR motifs of Bub1 and BubR1. Bub1 requires both the amino and
middle domains of KNL1 to be targeted to kinetochores while BubR1 binds mainly to
the amino domain, which suggests that Bub1 may be the first to bind KNL1 and in a
subsequent step BubR1 is recruited. The same study also showed that Zwint-1, a
member of the RZZ complex (Wang et al. 2004a), requires the C-terminal domain of
KNL1 to localize to kinetochores (Kiyomitsu et al. 2007). Accordingly, KNL1 depletion
causes an accelerated mitosis with severe chromosome missegregation and
micronuclei formation. The Drosophila homologue of KNL1, Spc105R, has been
shown to interact with Bub1 in a yeast two-hybrid assay, however the interaction with
BubR1 has not been confirmed (Schittenhelm et al. 2009). Considering that the
Drosophila C-terminus of Spc105R interacts with Mis12 complex components and that
Bub1 interacts with Nsl1 (a key component of the Mis12 complex) it is possible that the
anchoring of BubR1 to the kinetochore may be dependent on the Mis12 complex
(Schittenhelm et al. 2007; Schittenhelm et al. 2009). Taking the current data together,
it is clear that the KMN network forms the base for the localization of SAC components
and two distinct pathways involved in SAC signalling can be envisioned: one tension-
sensitive pathway dependent on KNL1/Spc105R and possibly Mis12, and a second
pathway involved in monitoring microtubule occupancy, presumably directed by the

Ndc80 complex.

5.8 Human and Drosophila kinetochore organization

A comparison of the protein-protein interactions, dependencies (Table 1) and
phenotypes resulting from the depletions of the human and Drosophila centromere-
kinetochore interface proteins (Table 2), reveals a number of subtle, yet important
differences that support a model in which Drosophila chromosomes satisfy a minimal
centromere-kinetochore interface. However, essential regulation of microtubule binding
and SAC functions are equally conserved despite significant divergence between
proteins (Figure 12). Surprisingly, Drosophila centromeres do not appear to include
the extensive CCAN protein complexes found in vertebrates, rather relaying on the
structural role of CENP-C for stabilizing CID, the Drosophila CENP-A homologue
proposed to serve as a foundation for kinetochore assembly. Although KMN function
is conserved from humans to Drosophila, at least one subunit of each of the Mis12 and
the Ndc80 complexes have not been found in flies whilst the Drosophila Spc105R has

diverged significantly in comparison with its human counter part. As far as the human
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kinetochore is concerned, two signalling pathways are clearly defined: one involving
Bub1 and BubR1 through a direct interaction with KNL1 (and possibly Mis12) and a
second involving Mad1, Mad2 and Mps1 through an Ndc80-dependent pathway, which
together, are responsible for generating the kinetochore-based SAC signal. Due to the
scarce data on the specific phenotypes resulting from depletion of individual
Drosophila KMN components, it is unclear at this point whether the Drosophila KMN
network shares significant homology with the human KMN, specifically in terms of
function and outer kinetochore organization. Accordingly, the cumulative data argue
that Drosophila chromosomes favour a simpler centromere-kinetochore interface that

helps to identify a minimal chromosome segregation machine.
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Protein Name

Dependencies / Interactions

Human Drosophila Human Drosophila
Associated with CENP-T (Orthaus ef al. 2008), CENP-Band  ho00en" on CENP-C and Cal (Erart ef
g CEP €l (cég;‘rzh'\‘egfrgggg; el Z01). Ppamelai e CIENFY Independent of all outer KT proteins tested
w . : (Przewloka et al. 2007).
= Interacts with CENP-C (Suzuki et al. 2004). Independent of
)] CENP B nd CENP-A (Carroll ef al. 2009) and CENP-1 (Liu ef al. 2008). ™%
o Dependent on CENP-A (Ando et al. 2002) and partially
'E CENP -C CENP-C dependent on CENP-N (Carroll et al. 2009) and CENP-K Dependent on CID and Cal1 (Erhardt et al.
w (Ando et al. 2002). Interacts with CENP-B (Suzuki et al. 2008).
O 2004).
il cal1 a8 aDJegggg?nt on CID and CENP-C (Erhardt et
Dependent on CENP-A (Liu et al. 2006) and CENP-N
CENP-H (Carroll et al. 2009). Complex components are
Complex nd. interdependent (Liu et al. 2006). Required for the n.a.
(H/I/K) localization of CENP-F, Mad1 and Mad2 to KTs (Liu et al.
2003),
CENP-L 2dl Interacts with the C-terminus of CENP-N (Carroll et al. RaL
2009).
Required for the localization of CENP-A and required for
CENP-N n.d. CENP-H complex localization through CENP-L (Carroll etal.  n.a.
2009). Interdependent with CENP-T (Foltz et al. 2006).
gsnhqlplg( Binds MTs in vitro (Amaro et al. 2010). Localization of all
(O/P, /%)/R n.d. CENP-O complex proteins is interdependent* (with the n.a.
and U(50)) exception of CENP-R) (Hori et al. 2008).
gfn'ﬁg nd CENP-S Complex not required for the localization of any a8
(SI;)() - other CCAN proteins (Amano et al. 2009). o
CENP-T/W Dependent on CENP-A and interdependent with CENP-N
S n.d. (Carroll et al. 2009). CENP-T interacts with CENP-A and n.a.
P CENP-B (Orthaus et al. 2008).
Spc105/ Required for the localization of Bub1, BubR1 and Zwint at
B’I)inkin/ Spc105R KTs (Kiyomitsu et al. 2007). Associates to and targets PP1 Dependent on CID and CENP-C (Przewloka
KNL-1 P to KTs (Liu et al. 2010). Required for CENP-F, Zwint and et al. 2007). Interacts with Nsl1 and Bub1
hDsn1 localization (Cheeseman and Desai, 2008)
M| Nnf1 (N’\:‘m{\_’“ Dependent on the other subunits of the Mis12 complex Dependent on Spc105R (Przewloka et al.
- (Kline et al. 2006). 2007).
i Nnf1R-2)
s Dependent on Spc105R and Mis12
1 Nsl1/ Causes mislocalization of hSgo1 and AuroraB and interacts subunits; independent of the Ndc80
2 Mis14 Nsl1R with hDsn1, Ndc80 and Blinkin (Liu et al. 2010; Petrovic et complex; required for Nnf1R-1 localization
al. 2010). but not Mis12 (Przewloka et al. 2007;
C Schittenhelm et al. 2007)
v I Dependent on CID, CENP-C, Spc105R and
14 0y Mis12 Mis12 Dependent on CENP-A and CENP-C (Liu et al. 20086). Nnf1R paralogues; independent of Nsl1R
@) ‘I’ Interacts with Zwint-1 and HP1 (Kiyomitsu et al. 2010). and the Ndc80 complex (Przewloka et al.
; a 2007; Schittenhelm et al. 2007).
E X Dsn1/ Required for BubR1 and CENP-E localization; Dsn1
4 Mis13 n.d. depletion affects levels of CENP-A and CENP-H; dependent  n.a.
Z on other subunits of the Mis12 subunits (Kline et al. 2006).
E N | Spc24 n.d. Dependent on all Mis12 subunits (Kline et al. 2006). na.
d
c Dependent on the Mis12 complex and
8 . » . Spc105R, but localizes independently of
H Spc25 Spc25 Dependent on all Mis12 subunits (Kline et al. 2006). Nuf2 or Ndc80 (Przewloka et al. 2007:
Schittenhelm et al. 2007).
C
. Dependent on the Mis12 complex, Spc24,
o Dependent on CENP-I and Hec1 (Liu et al. 2010).
Nuf2 Nuf2 " ; " Spc25 and Spc105R (Przewloka et al. 2007;
m
o Dependent on all Mis12 subunits (Kline et al. 2006). Schittenhelm et al. 2007)
|
e Hec1 localization dependent on KNL-1 and CENP-K Dependent on the Mis12 complex, Spc24,
X Hec1 Ndc80 coordinately (Liu et al. 2010). Dependent on CENP-C, Spc25 and Spc105R (Przewloka et al. 2007;
CENP-I (Liu et al. 2006) and Mis12 (Kline et al. 2006). Schittenhelm et al. 2007).

Table 1 — Dependencies/ Interactions. Comparative analysis of protein-protein

interactions and

localization dependancies between centromere-kinetochore

proteins in humans and flies. Asterisks represent data obtained in chicken DT40
cells; n.d. — not determined; n.a. — not applicable; KT — kinetochore; MT —

microtubule.
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Protein Name

Phenotypes

Human Drosophila Human Drosophila
Effects on KT assembly and chromosome
Effects on KT assembly and chromosome congression/ segregation; SAC-dependent
w CENP -A CID congression/ segregation. Overexpression is not mitotic delay; No effect on cell ploidy (Erhardt et
14 sufficient for KT assembly (Van Hooser et al. 2001). al. 2008). Overexpression is sufficient for full KT
lél assembly (Heun et al. 20086).
(o) Binds to a CENP-B box. Not required for KT
@ CENP -B nd. assembly as it is absent from functional na.
= __neocentromeres.
E Effects on KT assembly and chromosome Effects on KT assembly and chromosome
o CENP -C CENP-C congression/ segregation; Strong mitotic delay (Yang  congression/ segregation; Strong mitotic delay
et al. 1996; Tomkiel et al. 2004). and aneuploidy (Erhardt et al. 2008)
Strong mitotic delay; no effect on cell ploidy
Wt el ics (Erhardt ef al. 2008)
gf::;:( 0d Delay in G2; Transient cytoplasmic Mad2-dependent .
(HIK) mitotic delay (Liu et al. 2003).
CENP-L n.d. n.a. n.a.
Loss of KT assembly and chromosome congression
(Gl nel (Carroll et al. 2009). me.
852;;?( Defects in spindle assembly and mitotic progression
n.d. (Carroll et al. 2009). Required for recovery from n.a.
(O/P/Q/R and : . .
spindle damage* (Hori et al. 2008).
U(50))
CENP-S 76l Effects on KT assembly and chromosome ne
Complex (S/X) o congression/ segregation (Amano et al. 2009). o
CENP-T/W nd Effects on KT assembly and chromosome .
Complex o segregation; Strong mitotic delay* (Hori et al. 2008). h
Effects on KT-MT attaphrpent and chromosome Effects on outer KT assembly, KT-MT
Spc105/ Spc105R Zggglr:;st:; ﬁig;ig::;: ?K:ozrsnﬁfss 2?;"2‘1007) MT- attachment and chromosome congression/
Blinkin/ KNL-1 P S o M X i segregation; Complete block in cell proliferation
binding ability enhanced by the presence of the other (Przewloka et al. 2007)
KMN constituents (Cheeseman et al. 2006). i i
Nnf1R Double depletions affect chromosome
M Nnf1 (Nnf1R-1/ congression/ segregation and spindle length
Is Nnf1R-2) regulation (Przewloka et al. 2007).
1
2 Nsi1/ Effects on K;I'-MT attaphm(g\t ar?d chr;)rr}o;gg? Effects on KT-MT attachment, chromosome
c Mist4 Nsl1R congression/ segregation (Goshima et al. : congression/ segregation and spindle length
o Obuse et al. 2004). o ) regulation (Przewloka et al. 2007).
m Strong SAC-dependent mitotic delay (Kline et al.
é pl 2006). Effects on KT-MT attachment, chromosome
e Mis12 Mis12 congression/ segregation and spindle length
(@) )
E X regulation (Przewloka et al. 2007).
Dsn1/
% Mis13 n.d. n.a.
> Spc24 n.d. nd. n.a.
Effects on KT-MT attachment and chromosome
=l N
X I Spc25 Spc25 n.d. segregation (Przewloka et al. 2007); SAC-
c dependent mitotic delay (Tighe et al. 2008)
8 Mad2-dependent mitotic arrest and cell death
0 (DeLuca et al. 2003). Loss of KT-MT attachments
C Nuf2 Nuf2 and outer KT plate (Deluca et al. 2005). Contains a  Effects on KT-MT attachment and chromosome
o CH domain required for MT-binding (Cheeseman et segregation (Przewloka et al. 2007).
m al. 2006; Wei et al. 2007; Miller et al. 2008).
pl
e Mad2-dependent mitotic arrest and cell death
X (DeLuca et al. 2003). N-terminal CH domain required
Hec1 Ndc80 for SAC function and MT-binding (Cheeseman et al. Egefetsac;ilrlﬂgfzz:’&i;hgz;t Zagg_,c)hromosome
2006; Wei et al. 2007; Ciferri et al. 2008). Complete greg : :
depletion causes loss of SAC (Meraldi et al. 2004).

Table 2 — Phenotypes. Comparative analysis of phenotypes resulting from the
specific disruptions of the centromere-kinetochore interface in humans and flies.
Asterisks represent data obtained in chicken DT40 cells; n.d. — not determined; n.a. —
not applicable; KT — kinetochore; MT — microtubule.
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Human Drosophila
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Figure 12 - Schematic model of the Centromere—Kinetochore interface in Human
and Drosophila chromosomes. Essential regulation of microtubule binding and SAC
functions are equally conserved between species, although the centromere—
kinetochore structure appears distinct. The major differences are highlighted by the
CCAN super-complex which has not yet been identified in Drosophila, raising the point
as to whether there are other players between centromere proteins (CID, CENP-C and
Cal1) and the KMN network or if these components are sufficient to fulfil the role of
human CCAN. In both species the KMN network seems to act as a foundation for
microtubule binding although in Drosophila, SAC functions have not yet been fully
explored. While in human cells Mps1 is clearly dependent on Ndc80 for its kinetochore
localization, this association has not been confirmed in Drosophila.

6. Targeting mitosis as an anti-cancer strategy

The observations of Theodor Boveri in the early 20™ century, led to the
proposal that chromosome missegregation could underlie the cause for tumour
development (Boveri 1914). Since then, the fast-expanding field of cell biology has
been largely devoted to the study of the relationship between Chromosomal Instability
(CIN) and tumourigenesis. Although intimately related, whether aneuploidy is the
cause or consequence of abnormal chromosome segregation is still a matter of

intense investigation (reviewed in Holland and Cleveland 2009).
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The relationship between the SAC and tumourigenesis has been amply studied
in several systems. For example, the analysis of Chinese hamster ovary cell lines
exposed to microtubule poisons or Topoisomerase Il (Topo Il) inhibitors was shown to
cause genomic instability due to loss of SAC function (Andreassen et al. 1996).
Furthermore, the study of oncogenic proteins such as the SV40 large T antigen and
the papillomavirus oncoproteins E6 and E7, were shown to promote aneuploidy
through SAC inactivation (Chang et al. 1997; Thomas and Laimins 1998).
Unexpectedly, the bona fide SAC components reported so far have been shown to be
either up- or down-regulated randomly in several tumour cell lines. Mad1 has been
implicated in tumour progression, since it was shown to be a target of the T-cell
leukaemia virus oncoprotein Tax suggesting that SAC down-regulation could be
important for tumourigenesis (Jin et al. 1998). Interestingly, a few mutations have also
been detected on the Mad1 gene in tumour-derived cell lines (Nomoto et al. 1999;
Tsukasaki et al. 2001). Moreover, mutations in Bub1 or BubR1 have been reported in
several colorectal cancer cell lines (Cahill et al. 1998) and also in samples of
leukaemia and lymphoma cells (Oshima et al. 2000; Ru et al. 2002). Reduced levels of
Bub1 have also been associated with colon carcinomas and acute myeloid leukaemia
(Lin et al. 2002; Shichiri et al. 2002). Finally, Mad2 has also been associated with a
variety of cancers, since altered Mad2 expression levels have been detected in breast
cancer cell lines (Percy et al. 2000), nasopharyngeal carcinoma (Wang et al. 2000),
ovarian cancer (Wang et al. 2002) and gastric cancers (Kim et al. 2005). Although
there is a clear association between aneuploidy and the SAC, the analysis of large
cancer populations does not allow for a direct correlation between these two events.
Reports of cancer-derived cell lines have shown that most cell samples do not contain
mutations in SAC proteins and surprisingly most cancer cells have a robust SAC
(Tighe et al. 2001). This is an apparently contradictory result since we would expect
that most tumours would be commonly characterized by specific mutations in SAC
genes (Cahill et al. 1998).

Further studies have been focused on the analysis of several model organisms
with conditional knockouts of essential SAC proteins. Specifically, Mad1, Mad2, Bub1,
Bub3 and BubR1 were all shown to cause early embryonic lethality if complete loss of
function was induced, but in the case of heterozygous mutations most species were
found to be viable and fertile (Michel et al. 2001; Babu et al. 2003; Wang et al. 2004b;
Iwanaga et al. 2007; Perera et al. 2007). In the case of mutations of Mad2 (Dobles et
al. 2000) or Bub3 (Kalitsis et al. 2000) in mice, severe missegregation accompanied by
apoptosis and early developmental arrest. Similarly, Drosophila mutations for BubR1

or Bub3 were demonstrated to cause lethality at late stages of larval development
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(Basu et al. 1999; Lopes et al. 2005). In accordance, complete inactivation of BubR1
or Mad2 in tumour cell lines was shown to cause chromosome missegregation and
consequently induce apoptosis within the following cell divisions (Michel et al. 2001;
Kops et al. 2004; Michel et al. 2004). However, detailed analysis of Mad2-null
Drosophila mutants suggests that Mad2 is not an essential gene since mutant flies are
viable and fertile and cells present no apparent segregation defects (Buffin et al.
2007). Importantly, these studies propose that the correct targeting of genes involved
in SAC maintenance could be exploited as a potential therapeutic approach designed
at specifically killing cancer cells.

However, the cumulative data suggest that it is unlikely that loss of SAC
function is the primary cause underlying the mechanisms involved in malignant
transformation. Instead, it is more probable that tumourigenesis could be triggered by
a weak checkpoint response, rather than by a complete inactivation of the SAC.
Accordingly, an elegant study using human tumour cell lines demonstrated that
merotelic kinetochore-microtubule attachment (one kinetochore is attached to
microtubules from both spindle poles) causes chromosome missegregation in unstable
cells, and that increasing merotely levels during successive cell cycles is responsible
for generating CIN even in stable cells (Thompson and Compton 2008). Collectively,
the cumulative data supports the hypothesis that a weak checkpoint that is unable to
sense merotely is responsible for driving cells into aneuploidy and tumour

development.

6.1 Chromosomal Instability (CIN) and Aneuploidy

Solid tumours generally exhibit large karyotypes, but how these cells acquire
extra chromosomes and faithfully segregate them during several cell divisions is
currently unknown. While some tumour cells stably maintain a high chromosome
number, other tumour cells display frequent events of loss or gain of whole
chromosomes, a process known as CIN (Lengauer et al. 1997b; Lengauer et al.
1997a; Storchova and Pellman 2004). It is thought that elevated CIN rates are
responsible for allowing tumour cells to acquire the characteristics required for
proliferation and metastasis (Kuukasjarvi et al. 1997). In accordance, it has always
been assumed that persistent chromosome missegregation is the major cause of
aneuploidy with CIN in tumour cells (Lengauer et al. 1998). Despite being closely
related, the differences between CIN and aneuploidy become apparent when studying

Down’s Syndrome (trisomy of chromosome 21), since it is a condition in which there is
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widespread aneuploidy but no CIN. Importantly, it is thought that a combination of
errors in centromere cohesion, SAC function, dynamics of kinetochore-microtubule
attachment and cell cycle regulation are required for promoting CIN in otherwise
normal cells (Thompson et al. 2010). Accordingly, a recent study demonstrated that
chromosome missegregation in stable cells causes a p53-dependent cell cycle delay
that prevents CIN. However, deletion of the p53 gene allows these cells to combine
CIN with aneuploidy, features resembling those of human tumour cells (Thompson and
Compton 2010). Since the direct link between CIN and aneuploidy can only be directly
established in a small population of tumour cells, the alternative paths leading to
aneuploidy still remain unclear and therefore the study of specific mitotic pathways that
promote CIN, is thought to provide essential information that may improve cancer

therapy in the future.

7. Objectives

The work presented in this thesis aims to provide further understanding on the
mechanisms of SAC maintenance and kinetochore assembly in Drosophila. In the first
chapter of thesis we address the roles of Mad2 in mitotic progression and provide a
functional characterization of Mad2 depletion in Drosophila cells. In the second
chapter, we dissect the kinetochore-dependent and -independent roles of Mad2 in
SAC activation. In Chapter 3, we characterize mitosis in kinetochore-null cells and
provide data to support an unsuspected role for CENP-C in determining centromere
identity. In the final chapter we address the roles of the spindle matrix in SAC

maintenance.
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1. Introduction

The spindle assembly checkpoint, or SAC, is a carefully orchestrated quality
control mechanism required to ensure accurate chromosome segregation during cell
division. The SAC is responsible for preventing anaphase onset in cells whose
chromosomes have not yet reached a stable bipolar attachment. SAC
activation/maintenance is thought to be mediated by a signal continuously generated at
unattached or improperly attached kinetochores during prometaphase (Rieder et al.
1995). Studies in primary spermatocytes demonstrated that not only microtubule
occupancy but also tension across kinetochore pairs is required in order to satisfy the
SAC (Nicklas et al. 1995; Nicklas et al. 1998; Pinsky and Biggins 2005). The delayed
metaphase-anaphase transition imposed by the SAC is ultimately controlled by the
anaphase promoting complex/cyclosome (APC/C), a multi-subunit E3 ubiquitin ligase
that targets several mitotic substrates (including mitotic cyclins and securin) for
destruction by the 26S proteasome to allow sister chromatid separation and mitotic exit
(reviewed by Peters 2002).

Genetic screens in budding yeast originally identified the main components of
the SAC molecular machinery. These included, MAD1-3 (Li and Murray 1991) and
BUB1-3 (Hoyt et al. 1991) and were shown to be required for a mitotic arrest in the
presence of spindle damage. These genes have been found to be conserved from
yeast to man with the exception of Mad3, which in higher eukaryotes is called Bub1-
related kinase (BubR1) since it is highly similar to Bub1 but unlike Mad3 contains a
protein kinase domain within the C-terminal half (Jablonski et al. 1998; Taylor et al.
1998).

Significant progress has been made in unraveling the molecular mechanism by
which SAC proteins like Mad2 impose the mitotic arrest in response to inappropriately
attached kinetochores. Mad2 was shown to be required for the establishment of a
checkpoint-mediated arrest in response to spindle damage in Xenopus egg extracts
(Chen et al. 1996) and in mammalian cells in culture (Gorbsky et al. 1998). Studies in
Xenopus and human cells have also shown that Mad2 blocks mitotic exit by
sequestering Cdc20, an APC/C activator (reviewed in Musacchio and Hardwick 2002;
Bharadwaj and Yu 2004). Mad2 localizes to kinetochores early in mitosis after binding
Mad1 (Chung and Chen 2003) where it undergoes rapid turnover (Howell et al. 2000;
Howell et al. 2004; Shah et al. 2004). This rapid turn over at kinetochores is thought to
underlay the formation of Mad2-Cdc20 inhibitory complexes, which signal abnormal

microtubule-kinetochore attachment (Sironi et al. 2001; Sironi et al. 2002). Extensive
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data obtained from fixed preparations in a variety of organisms has supported this
model by showing that Mad2 accumulates strongly at kinetochores in the absence of
microtubules (Chen et al. 1998; Chen et al. 1999). However, recent studies in
Drosophila using a GFP-Mad2 transgene and time-lapse microscopy have suggested
an alternative view. The data indicates that even after microtubule kinetochore
attachment takes place, a low level of Mad2 continues to enter the kinetochore and is
removed mostly along spindle microtubules in a poleward direction (Howell et al. 2001;
Howell et al. 2004; Buffin et al. 2005). These results suggest that perhaps the inhibitory
signal provided by unattached kinetochores results not from the absence of kinetochore
microtubule attachment per se but from the inability of Mad2 (and maybe other
checkpoint proteins) to exit the kinetochore through microtubules, causing the
accumulation of Mad2 at the kinetochore and the consequent formation of complexes
that can now freely diffuse throughout the cytoplasm and inhibit the APC/C (see also
Buffin et al. 2005).

Although the role of kinetochores in the generation of a soluble inhibitory signal
that delays metaphase-anaphase transition is consistent with most published data,
recent experiments have suggested that cytoplasmic Mad2 is also required for the
proper timing of early prometaphase independently of kinetochores (Meraldi et al.
2004). Studies in human tissue culture cells show that when Mad2 is depleted in cells
with disrupted kinetochores, sister chromatid separation follows very shortly after
NEBD. However, if kinetochore-deficient cells now contain cytosolic Mad2,
prometaphase is extended significantly, even though these cells still show a defective
SAC response (Meraldi et al. 2004). These results suggest that Mad2 has a
kinetochore-associated function in maintaining SAC activity and a kinetochore-
independent function in timing mitotic progression (for discussion see Kops et al.
2005b). Mad2 might therefore perform additional, SAC unrelated functions during
progression through mitosis. Interestingly, recent studies have also shown that besides
their role in maintaining SAC activity, other checkpoint proteins perform additional roles
during mitosis progression. Bub3 has been shown to be required for the accumulation
of cyclins during G2 and early mitosis (Lopes et al. 2005), whilst BubR1 (Lampson and
Kapoor 2005) and Bub1 (Meraldi and Sorger 2005) were shown to be required for
maintaining proper microtubule-kinetochore interactions and chromosome congression.

Therefore, to gain insight into the primary role of Mad2 during mitosis,
Drosophila S2 tissue culture cells were treated with double-stranded RNA against Mad2
and mitotic progression analyzed in detail. Consistent with previous studies in other
organisms, we find that depletion of Mad2 causes loss of the SAC response in

Drosophila S2 cells. Moreover, Mad2-depleted cells fail to reach metaphase, exit
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mitosis very soon after NEBD and show highly abnormal chromosome segregation that
is characterized by the formation of extensive chromatin bridges and severe aneuploidy.
However, our results indicate that Mad2 is unlikely to have any specific role in either
chromosome condensation or in establishing kinetochore-microtubule interactions since
a checkpoint-independent arrest in mitosis allows normal chromosome condensation
and congression. Also, release from the mitotic arrest allows cells to exit mitosis without
chromatin bridges and with chromatid segregation profiles that are indistinguishable
from controls. More significantly, if Mad2-depleted cells are released from the mitotic
arrest into media containing the microtubule deploymerizing agent colchicine, cells
arrest in mitosis with intact sister chromatid cohesion and strong kinetochore
accumulation of other SAC proteins suggesting an active SAC response. Taken
together our results suggest that Mad2 is a mitotic timer that delays mitotic progression
during early stages of prometaphase so that the SAC can be maintained and

chromosome segregation can be properly conducted.
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2. Results

21 Depletion of Mad2 by RNAI in S2 Drosophila cells

To study the role of the Drosophila Mad2 putative homologue, the protein was
depleted from S2 cells by dsRNAi. Addition of dsRNA against Mad2 caused protein
levels to drop by more than 92% by 72 hours and was virtually absent by 96 hours
(Figure 1.1A). Immunolocalization studies with anti-Mad2 antibodies (Figure 1.1B),
confirms these observations and quantification of levels on control and Mad2-depleted
cells after colchicine incubation (see also Figure 1.8C) further demonstrates that the
RNAI treatment effectively depletes the protein. Given that Mad2 is significantly
depleted after 72 hours of treatment, all our studies were carried out using this period of
dsRNA incubation. Previous studies have shown that S2 Drosophila tissue culture cells
are able to show a functional SAC response (Logarinho et al. 2004). Therefore, in order
to determine whether the SAC is functional in the absence of the putative Mad2
homologue, dsRNA-treated cells were incubated for 2 hours with colchicine and the
mitotic index determined. Spindle damage causes control cells to arrest at a
prometaphase-like state while Mad2-depleted cells fail to arrest in the presence of
colchicine (Figure 1.1D). Consistent with these results, analysis of asynchronous
prometaphase figures indicate that Mad2-depleted cells show a significant proportion of
premature sister chromatid separation (PSCS) as determined by the loss of the cohesin
subunit DRad21 (Figure 1.1E and F). These results indicate that in Drosophila S2 cells,

Mad2 has a conserved role that is essential to maintain normal SAC activity.
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Figure 1.1 - Depletion of Mad2 by RNAi in S2 cells (A) Western blot analysis shows
Mad2 depletion at different times after addition of Mad2 dsRNA. Below a-tubulin was
used as a loading control. At 72h Mad2 depletion is 92%. (B) Immunolocalization of
Madz2 in control and dsRNAi treated cells at 72h shows DNA (blue), Mad2 (green) and
Polo (red). After 72h RNAI treatment cells do not contain Mad2 at their kinetochores
while in control cells Mad2 staining is clearly visible. (C) Quantification of Mad2 levels in
control and RNAi-treated prometaphase cells. At least 15 cells were analyzed in each
case. (D) Control and RNAi-treated cells were incubated with 30uM Colchicine (2hr) and
the mitotic index recorded. Cells lacking Mad2 fail to accumulate in mitosis. (E) These
cells were also immunostained to reveal the cohesin subunit DRad21 to determine
whether they exit mitosis prematurely. Note that there is a significant increase in the
frequency of DRad21 negative cells after colchicine incubation (mitotic population only).
(F) Immunolocalization of DRad21 in control and Mad2 RNAi-treated cells at 72 h
followed by colchicine incubation revealed a threefold increase in PSCS. DNA (blue),
DRad21 (green), and Polo (red) are shown. Note that after 72 h RNAi treatment most
prometaphase cells do not contain centromere-associated DRad21, whereas in control
cells the staining is clearly visible. In all images baris 5 ym.
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Previous studies have suggested that checkpoint proteins assemble at
kinetochores in a well-defined order in which localization of Bub1 is essential for Mad2
binding (Johnson et al. 2004). However, this study analyzed cells that were actively
progressing through mitosis without a functional SAC and was therefore confined to
look only at early prometaphase. In order to determine whether Mad2 has indeed any
role in the kinetochore localization of other checkpoint proteins, cells have to be
prevented from exiting mitosis in a checkpoint-independent manner and microtubules
depolymerized. Specifically, control and Mad2-depleted cells were prevented from
exiting mitosis by incubation with the proteasome inhibitor MG132 (Genschik et al.
1998; Oliveira et al. 2005) and then treated with colchicine. Subsequently, control and
Mad2-depleted cells were immunostained with antibodies against BubR1, Bub1 or Bub3
(Figure 1.2A-D). The results show that Mad2 is not required for the kinetochore

localization of any of the checkpoint proteins tested.
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2.2 Mitotic progression after depletion of Mad2

Although Mad2 has been extensively studied in a number of organisms,
previous reports have failed to provide a comprehensive description of mitotic
progression in the absence of Mad2. Accordingly, we depleted Mad2 from S2 cells and
carried out a full phenotypic analysis. Mitotic cells were identified as being anti-phospho
histone H3 (PH3) positive and immunolocalization of Polo was used to define
successive mitotic stages (Llamazares et al. 1991). Overall quantification indicates that
Mad2-depleted cells progress through early stages of mitosis normally and as expected
there is a decrease in the number of prometaphases (data not shown). More
significantly, we find that Mad2-depleted cells show a strong decrease in the frequency
of metaphases (Figure 1.3A). Also, these cells exit mitosis with highly abnormal
anaphases/telophases containing extensive PH3-positive chromatin bridges that remain
until very late stages of cell division (Figure 1.3B). Quantitative analysis shows that
most Mad2-depleted cells contain chromatin bridges during anaphase and
approximately 50% of the cells are unable to resolve these bridges since they are still
present during telophase (Figure 1.3C). Analysis of DNA content by FACS shows that
depletion of Mad2 also results in severe aneuploidy (Figure 1.3D and E). DNA content
profiles indicate that while control cultures show clearly defined 2N and 4N peaks
throughout the experiment, from 72 hours onwards, cultures treated with dsRNA against
Mad2 show a highly abnormal FACS profile and a clear separation between the 2N and
4N peaks is no longer observed, suggesting an increase in aneuploidy along time. To
confirm this, we quantified the chromosome missegregation phenotype observed by
FACS analysis, control and Mad2-depleted cells at different times were collected fixed
and immunostained to reveal the number of kinetochores at prometaphase (Figure
1.3F). Our results show that at the start of the experiment most cells contain 20-26
kinetochores consistent with the expected average number of chromosomes in these
cells (12 chromosomes). However, as the RNAi treatment progresses, we find a
significant proportion of Mad2-depleted cells containing either more or less than 20-26

kinetochores.
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Figure 1.3 - Mitotic progression after depletion of Mad2. (A-C) Cells were treated
with dsRNAi for 72h before fixation and immunostaining to reveal DNA (blue), phospho-
histone H3 (green) and Polo (red) and used for quantification. (A) Quantification of
mitotic progression revealed that cells lacking Mad2 show a significant reduction in the
frequency of metaphases amongst mitotic cells. (B) During anaphase and telophase
cells show extensive PH3-positive chromatin bridges. Bar is 5 ym. (C) Quantification
shows that after depletion of Mad2 most cells show chromatin bridges during anaphase
or telophase. Analysis of DNA content in (D) control or (E) Mad2-depleted cells at
different times. Note that after 72 hours Mad2-depleted cells fail to show a well defined
4N peak which becomes very broad indicating extensive aneuploidy. (F) Kinetochore
quantification of cells at prometaphase. Numbers in the range of 20-26 kinetochores per
cell was considered to be normal. C= control; M= Mad2 RNAIi. Note the progressive
shift in ploidy along time.

Taken together, these results suggest that cells lacking Mad2 that progress
through mitosis are unable to organize proper metaphase plates, undergo PSCS and
segregate their chromatids with extensive chromatin bridges that persist up to telophase
resulting in severe aneuploidy. One possible hypothesis to explain these observations
is that Mad2-depleted cells simply transit through prometaphase rapidly and exit mitosis
prematurely. Previous results on the role of Mad2 in human tissue culture cells have
shown that in its absence cells show a highly accelerated transit through mitosis
characterized by a severe reduction in the time between NEBD and anaphase onset
(Meraldi et al. 2004). Therefore, we determined whether loss of Mad2 alters the timing
of mitotic progression in S2 cells (Figure 1.4 and Supplementary Movies 1 and 2). To
address this directly we analyzed mitotic progression in Mad2-depleted cells by in vivo
time-lapse microscopy using a S2 cell line stably expressing GFP-tubulin (Rodgers
2002) as previously described (Lopes et al. 2005). The results show very clearly that in
the absence of Mad2 the time from NEBD to anaphase onset is significantly shortened
(11 £ 2 min) when compared to control cells (33 = 8 min). These results firstly indicate
that in S2 cells, mitotic exit can only take place 11 min after NEBD independently of
checkpoint activity, and secondly, that during normal progression through mitosis Mad2

allows cells to extend the length of prometaphase/metaphase up to 3-fold.
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Figure 1.4 - Timing of mitotic progression in Mad2-depleted cells. The time
between NEBD and anaphase onset in control and Mad2-depleted cells was
determined by time-lapse fluorescence microscopy of S2 cells stably expressing GFP-
Tubulin. (A) Selected frames of both control and RNAi-treated cells show that anaphase
onset occurs earlier in cells lacking Mad2 than in the control cells. Note that NEBD can
be easily determined because of the rapid entry of fluorescence tubulin to the nuclear
space (see Supplementary Movies 1 and 2). Bar is 5 ym. (B) Quantitative analysis of
mitotic timing from at least 10 cells. The results show that control cells take on average
33 + 8 min from NEBD to anaphase onset displaying some variation in the timing of
individual cells. However, Mad2-depleted cells complete NEBD to anaphase onset in
only 11 £ 2 min displaying little or no significant variation between individual cells.
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Figure 1.5 - Following kinetochore pairs through optical stacks. Kinetochores were
followed through different optical stacks (Z) to determine how they are paired. Solid
lines represent paired kinetochores and dotted line indicates a cluster of kinetochores in
which the pairing between them is undetermined.

23 Chromosome congression in Mad2-depleted cells prevented from exiting

mitosis

Quantitative analysis of mitotic progression of Mad2-depleted cells showed a
strong reduction in the number of metaphases. To investigate whether failure of these
cells to reach proper chromosome congression is only due to an accelerated anaphase
onset, Mad2-depleted cells were prevented from exiting mitosis by incubation with
MG132 as described above. Cells were then fixed and stained to detect chromosomes,
kinetochores and spindle microtubules (Figure 1.6A and B). The results show that if
Mad2-depleted cells are prevented from exiting mitosis prematurely, proper
chromosome congression is achieved. Interestingly, abnormal chromosome
congression has also been associated with improper microtubule-kinetochore
attachment after depletion of other checkpoint proteins like Bub1 (Meraldi and Sorger
2005) or BubR1 (Lampson and Kapoor 2005). Therefore, to ascertain whether Mad2
has any specific role in this process, Mad2-depleted cells were prevented from exiting
mitosis by incubation in MG132 and kinetochore-microtubule interaction analyzed.
Fixed cells were stained for microtubules and kinetochores and imaged by
deconvolution microscopy where each kinetochore pair was carefully followed through
the stack of optical sections (see Materials and Methods and Figure 1.5 above). The
results show that most chromosomes are able to establish correct amphitelic
attachment (Figure 1.6C, D and F) suggesting that Mad2 does not have a specific role
in establishing and/or maintaining microtubule kinetochore interactions. To determine
whether microtubule kinetochore interactions are functional in the absence of Mad2, we
quantified the inter-kinetochore distance in untreated late prometaphase cells and in

metaphase cells treated with MG132 as an indication that tension was exerted (Figure
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1.6E). As expected we find that the inter-kinetochore distance in prometaphase cells is
on average half of that after chromosomes have fully congressed suggesting that
proper tension is exerted upon kinetochore pairs even after Mad2 depletion. This is in
full concordance with the amphitelic attachments observed in the absence of Mad2.

Taken together, our results suggest that chromosome congression fails after Mad2-

depletion simply because cells exit mitosis prematurely.
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Figure 1.6 - Chromosome congression after checkpoint-independent mitotic
arrest. (A, C) Cells were incubated with the proteasome inhibitor MG132 for 90 minutes
before fixation and immunostained to reveal DNA (blue), kinetochores (green) and
tubulin (red). (B) Quantification shows that when Mad2-depleted cells are incubated
with MG132 the frequency of metaphases is similar to controls. (C) To determine the
frequency of proper attachment of kinetochore pairs, control and Mad2-depleted cells
were treated with Ca++ to reveal only kinetochore bundles, fixed and immunostained as
before. Kinetochore pairing was determined by following individual chromosomes
through different optical layers (see Figure 1.5). (D) Quantification of different
kinetochore attachments in control and Mad2-depleted cells after incubation with
MG132 to prevent exit from mitosis. Note that in the absence of Mad2 most kinetochore
pairs appear to attach properly and only approximately 5% of kinetochore pairs could
not be assigned to any particular type of attachment (n= >100 kinetochore pairs). (E)
Inter-kinetochore distance measured in metaphase cells arrested with 20 yM MG132
and in asynchronous cells in culture. When treated with MG132, both control and Mad2-
depleted cells are under tension and the inter-kinetochore distance is increased. (F)
Panel showing types of attachment used for quantification shown in (D); CID (green)
and tubulin (red). Bar is 5 ym.

24 Analysis of chromosome condensation in Mad2-depleted cells

The analysis of mitotic progression after Mad2-depletion indicates that cells
progress very rapidly during prometaphase and exit mitosis with PSCS leading to
severe aneuploidy. Furthermore, during anaphase and telophase these cells show
extensive chromatin bridges, which are highly reminiscent of phenotypes previously
reported to be associated with abnormal chromosome condensation (Coelho et al.
2003; Oliveira et al. 2005). In order to determine whether Mad2 has any specific role in
chromosome condensation and chromosome segregation or whether these phenotypes
result exclusively from an accelerated transit through mitosis we devised a protocol that
allowed a reversible checkpoint-independent transient mitotic arrest. Cells were
incubated in a low dose of MG132 for up to 2 hours and then the drug was washed out
by extensive dilution in fresh media. Samples were then collected every 30 minutes and
mitotic progression analyzed by immunostaining (Figure 1.7A-C). Quantitative analysis
shows that MG132 incubation causes a strong mitotic arrest and cells accumulate in
metaphase while the frequency of anaphases and telophases is severely reduced.
Accordingly, after the MG132 wash, cells rapidly exit mitosis and the number of
anaphases and telophases increases while the frequency of metaphases is reduced
(Figure 1.7A). The results clearly demonstrate that MG132 activity causes a transient
accumulation of cells at metaphase, which can be reverted so that cells can then

proceed through mitosis normally (Figure 1.7B). Additionally, our results show that the
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additional time in mitosis provided by the reversible MG132 arrest allows Mad2-
depleted cells to fully condense their chromosomes and exit mitosis without chromatin
bridges at the same frequency as control cells (Figure 1.7C). Furthermore, if Mad2-
depleted cells are arrested in mitosis and microtubules depolymerized to allow better
visualization, chromosomes are able to condense and display a morphology that is
indistinguishable from control cells (Figure 1.7D). In order to further confirm these
observations, the localization of key components of the mitotic chromosome
organization machinery was also analyzed in Mad2-depleted cells (Figure 1.7E and F).
We find that in early prometaphase Mad2-depleted cells that were not arrested in
mitosis, the condensin subunit Barren, essential for the structural integrity of
chromosomes during mitosis (Bhat et al. 1996) and Topoisomerase Il (Topo Il), a
protein responsible for modifying DNA topology (Swedlow et al. 1993), localize properly
along a well organized chromosomal axis. These results demonstrate that Mad2 is
unlikely to have any direct role in chromosome structure and suggest that the chromatin
bridges observed in anaphase/telophase are exclusively due to a premature exit from
mitosis.

Our phenotypic analysis of Mad2-depleted cells (see Figure 1.3D-F) also
showed that over time, cells become severely aneuploid. Since all mitotic abnormalities
caused by loss of Mad2 could be reverted either by a permanent or a transient mitotic
arrest (Figure 1.7), we quantified kinetochore segregation in control and Mad2-depleted
cells with and without a transient MG132-induced mitotic arrest (Figure 1.7G and H). In
asynchronous cultures not treated with the proteasome inhibitor, the majority of control
cells show a regular 1:1 kinetochore segregation, however, in cells depleted of Mad2,
sister chromatids segregate unequally at a frequency almost 3-fold higher than in
control cells. After a transient checkpoint independent mitotic arrest Mad2-depleted
cells are able to segregate sister chromatids similarly to control cells (Figure 1.7H)
suggesting that the unequal segregation seen in the absence of Mad2 is caused by the

accelerated mitotic timing.
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Figure 1.7 - Reversion of Mad2-asscoiated phenotypes. To determine whether the
Mad2-associated phenotypes could be reverted by providing additional time in
prometaphase/metaphase, S2 cells previously treated with dsRNA against Mad2 for
72h were incubated for 120 min with a low dose of MG132 (2uM) and then released
from the block by performing a 3-fold dilution on the cell culture media with fresh media.
Samples were then collected every 30 min for immunofluorescence analysis. (A)
Quantitative analysis of mitotic progression in control and Mad2-depleted cells before
and after reversion. From 0 to 120 min both control and Mad2-depleted cells show a
strong decrease in anaphases and telophases and a marked increase in the number of
metaphases. After washing MG132 (120min), the number of metaphases begins to
decrease, and the number of anaphase and telophase figures increases. (B)
Immunofluorescence shows that 180 min after washing the drug, most anaphases in
Mad2-depleted cells do not show chromatin bridges. DNA is shown in blue and Polo in
red. (C) Quantitative analysis of the anaphase and telophase figures before and after
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the MG132 treatment shows a complete reversion of the phenotype. (D) Normally
condensed chromosomes can be obtained in Mad2-depleted cells if cells are incubated
with MG132 to prevent exit from mitosis. Before fixation cells were also treated with
colchicine to depolymerize microtubules and induce a better chromosome spread. DNA
is shown in blue and the kinetochore marker Polo in red. (E, F) Immunolocalization of
essential chromosome structure and organization components. Barren and
Topoisomerase |l in control and Mad2-depleted prometaphases are properly localized
to a well-defined sister chromatid axis, in asynchronous cell culture. (G) Analysis of
kinetochore segregation in control and Mad2-depleted cells after 72 Hours of RNAI
incubation was carried out on anaphase cells after immunostaining for DNA with anti-
Polo antibody. (H) Quantification of chromosome segregation at anaphase shows that
in control cells almost 80% of cells segregate kinetochores equally. After Mad2
depletion, nearly 70% of cells also show unequal kinetochore segregation. Providing
extra time in prometaphase/metaphase to control cells by incubation in MG132 and
then washing out the drug, does not alter the frequency of unequal kinetochore
segregation. However, a similar treatment in Mad2-depleted cells reduces to almost
control levels the frequency of unequal kinetochore segregation. In all panels bar is 5
pm.

2.5 Analysis of the SAC in cells depleted of Mad2 or BubR1 after a transient

mitotic arrest

In the previous section we showed that S2 cells can be arrested transiently
using MG132 and that after washing the drug, cells exit mitosis normally even in the
absence of Mad2. Surprisingly, we find that Mad2-depleted cells that are also arrested
transiently in mitosis by the MG132 reversible treatment can also undergo a mostly
normal progression through mitosis. This suggests that Mad2 has an essential role in
providing time during early stages of prometaphase so that cells can complete
chromosome condensation, microtubule-kinetochore attachment and anaphase onset.
Therefore, given that these cells now show normal patterns of segregation it is
important to determine if Mad2-depleted cells that are transiently arrested in
prometaphase are able to respond to spindle damage. To study this further we
performed a similar experimental procedure as described in the previous section with
the exception that Mad2-depleted cells were released from the MG132 block into a
media containing the microtubule depolymerizing drug colchicine (Figure 1.8). The
results were highly surprising and show that after this treatment, Mad2-depleted cells
behave just like wild type controls displaying a normal SAC response. Incubation in
MG132 causes both control and Mad2-depleted cells to arrest and when they are
released into a normal media the frequency of prometaphase and metaphases is
reduced while that of sister chromatid separation increases (Figure 1.8A and B).

However, if either control or Mad2-depleted cells are released from the block into media
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containing colchicine to depolymerize spindle microtubules, they arrest in
prometaphase at a high frequency (>95% of the mitotic population of cells) and the
frequency of sister chromatid separation (determined by DRad21 immunostaining) is
reduced significantly (Figure 1.8A and B). To determine whether the recovery of SAC
activity after the transient mitotic arrest is specific to Mad2-depleted cells or a general
behavior of cells depleted of any SAC protein, we performed the same experiment in
cells depleted of BubR1 (Maia et al. 2007). Western blotting shows that most BubR1
(over 85%) can be effectively depleted by 120h (Figure 1.9) and could not be detected
by immunofluorescence analysis (Maia et al. 2007). If BubR1-depleted cells are
arrested with MG132, we observe an increase in accumulation at prometaphase and
metaphase and a small reduction in the frequency of sister chromatid separation
(Figure 1.8A and B). When released from the MG132, a reduction in the frequency of
prometaphase and metaphases and a corresponding increase in the frequency of sister
chromatid separation, was observed. Therefore in this experiment, whilst BubR1-
depleted cells appear to respond less efficiently to the MG132 treatment, they do
behave similarly to control and Mad2-depleted cells. However, if BubR1-depleted cells
are released from MG132 into colchicine the behavior is radically different from either
control or Mad2-depleted cells since the frequency of prometaphases and metaphase is
significantly reduced and the frequency of sister chromatid separation significantly
increased (Figures 1.8A and B). Thus, while a transient mitotic arrest causes Mad2-
depleted cells to have a normal SAC response, BubR1-depleted cells fail to arrest after
spindle damage suggesting that the recovery of SAC activity after these treatment is
Mad2 specific. However, it is still possible that the behavior of Mad2-depleted cells
could be the result of low levels of Mad2 present after RNAI treatment, which during the
MG132 incubation and colchicine treatment have time to accumulate at kinetochores
and provide SAC function. To explore this possibility, we took samples of cells treated
with colchicine, MG132 or after the MG132 reversible protocol (180 min), fixed the cells
and immunostained for Mad2. Subsequently the levels of immunofluorescence were
quantified and the results indicate that unlike control cells, Mad2 is undetectable at the
kinetochores of Mad2-depleted cells treated with colchicine and barely detectable after
incubation in MG132 or when release into media containing colchicine (Figure 1.8C).
Accordingly, given that Mad2 is virtually undetectable after Mad2-depletion, it is unlikely
that the SAC activity we observed after the transient mitotic arrest is due to low Mad2

levels still present in RNAI treated cells.
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Figure 1.8 - Reactivation of the spindle assembly checkpoint in Mad2-depleted
cells but not in cells lacking BubR1. To determine the status of the SAC in Mad2-
depleted cells after a transient mitotic arrest, cells were incubated in MG132 for 2 hours
and then released either in normal media or media containing colchicine and the
frequency of (A) prometaphase and metaphases or (B) sister chromatid separation
determined by DRad21 immunostaining and kinetochore pairing. Note that Mad2-
depleted cells if released into normal media rapidly exit mitosis, however, if released
into media containing colchicine accumulate in a prometaphase-like state similarly to
control cells. In contrast, BubR1-depleted cells fail to accumulate at
prometaphase/metaphase when released into colchicine after the wash suggesting an
inactive SAC. (C) Quantification of Mad2 kinetochore signal by mean pixel intensity, in
cells treated with colchicine, MG132 and in cells released from the MG132 wash into
colchicine (180 min). Whilst almost no Mad2 was detected in any RNAi sample, in
control cells there is a strong Mad2 accumulation in both cells treated with colchicine
and those in which the low level of MG132 had been released into colchicine.

BubR1 RNAI Figure 1.9 - Depletion of BubR1 by
Control 72h 96h 120h western blot analysis. BubR1 can
Bl . p be depleted by over 70% by 72h,
“\ - BubR1 reaching a maximum depletion of
85% at 120h after the addition of the

0 71 80 85 | % depletion dsRNA specific for BubR1.

2.6 Sister chromatid cohesion after a transient mitotic arrest in the absence of
Mad2 or BubR1

To further explore whether Mad2-depleted cells are able to fully activate the
SAC if transiently arrested in mitosis, we set out to determine whether the APC/C was
still being inhibited properly in these cells. For this we chose to carry out
immunolocalization of cohesin at the centromeric region between sister kinetochores
after the different experimental protocols. Accordingly, control, Mad2 or BubR1-depleted
cells in prometaphase from asynchronous cultures, after colchicine treatment or after
the MG132 reversible treatment, were fixed and immunostained against Polo to label
kinetochores and DRad21, one of the subunits of the cohesin complex (Figure 1.10).
We find that in asynchronous control cultures all prometaphase cells display
kinetochore pairs that are positive for DRad21 while most prometaphase cells depleted
for either Mad2 or BubR1 do not show any DRad21 staining (Figure 1.10A). Loss of

SAC activity was confirmed by immunostaining for DRad21 in cells incubated in
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colchicine where we observed normal localization of cohesin in control cells while either
Mad or BubR1-depleted cells show not cohesin localization in prometaphase (Figure
1.10B). However, analysis of cells subjected to the MG 132 reversible protocol followed
by release in colchicine show that both control and Mad2-depleted cells in
prometaphase contain chromosomes with proper localization of DRad21 while the
cohesin subunit is undetectable in BubR1-depleted cells (Figure 1.10C). These results
fully support the hypothesis that if Mad2-depleted cells are transiently arrested in
mitosis the SAC can be specifically re-activated to prevent premature activation of the
APC/C.
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Figure 1.10 - Preventing DRad21 degradation in cells lacking Mad2. Cells were
collected, fixed and stained to reveal DNA (blue), Polo (green) and the cohesin subunit
DRad21 (red). Cells from control, Mad2 and BubR1 RNAi’s were analysed in (A)
asynchronous cells in culture, (B) colchicine treatment and (C) in cells subjected to the
MG132 wash experiment and released into media containing colchicine (180 min). Note
that Mad2-depleted cells released into this media are unable to degrade cohesion whilst
BubR1-depleted cells fail to arrest in the presence of colchicine suggesting an inactive
SAC response (see higher magnification inserts). Bar is 5 ym.

2.7 Analysis of BubR1 kinetochore accumulation in Mad2-depleted cells after

a transient mitotic arrest

In the previous sections we have shown that in contrast to widely held views,
cells that have been depleted of Mad2 can still activate the SAC and progress through a
normal mitosis if they are prevented from premature mitotic exit by a transient arrest
with the proteasome inhibitor MG132. Furthermore, we showed that this effect is
unlikely to result from residual Mad2 levels after RNAIi treatment and that it causes
proper APC/C inhibition. To investigate whether the SAC re-activation presents other
characteristics such as the high accumulation of other SAC proteins in the presence of
unattached kinetochores, we set out to analyze the levels of BubR1 in Mad2-depleted
cells before and after the transient arrest (Figure 1.11). We find that control or Mad2-
depleted cells arrested in mitosis by MG132 incubation accumulate relatively low levels
of BubR1 at kinetochores (Figure 1.11A and C). This is fully consistent with previous
observations describing that after normal microtubule kinetochore attachment and
tension BubR1 levels at kinetochores while still present is relatively low (Logarinho et al.
2004). However, if Mad2-depleted cells are then released into media containing
colchicine where microtubule kinetochore is disrupted, kinetochore accumulation of
BubR1 is significantly increased to levels that are comparable to that of control cells
after spindle damage (Figure 1.11B and C). These results are in full accordance with
our observations and further suggest that the transient arrest of Mad2-depleted cells

allows a mostly normal SAC response after spindle damage.
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3. Discussion

Recent studies on SAC components have provided significant understanding on
the molecular mechanisms in which Mad2 is involved. However, it is surprising that little
or no data has been obtained characterizing mitotic progression of cells that lack this
essential SAC component. Here we provide the first detailed analysis of Mad2-depleted
cells as they progress and eventually exit mitosis. Surprisingly, we find that all Mad2-
associated phenotypes can be reverted and the checkpoint effectively re-activated by a
transient mitotic arrest. Thus, contrary to current models which view Mad2 at the centre
of the inhibition of the APC/C by the SAC, we hypothesize that Mad2 is only required for
proper timing of mitotic progression early during prometaphase, allowing cells to fully
engage the SAC through kinetochore accumulation of other checkpoint proteins so that
complete chromosome condensation and congression can be achieved before a

controlled metaphase-to-anaphase transition takes place.

3.1 Mad2 has a conserved role in Drosophila

Checkpoint proteins have been shown to be essential for the fidelity of mitosis
as they are responsible for sensing errors in microtubule kinetochore interaction
(Gorbsky et al. 1998; Canman et al. 2002; Mikhailov et al. 2002). Here we show that
loss of the Mad2 homologue causes inactivation of the SAC in Drosophila S2 cells. To
find out whether Mad2 is required for the kinetochore localization of other checkpoint
components we performed immunolocalization studies against other checkpoint
proteins. We find that all SAC proteins tested (Bub1, Bub3 and BubR1) show strong
accumulation at kinetochores, demonstrating that they do not require Mad2 for their
localization and also that proper kinetochore localization of these checkpoint
components does not per se prevent premature mitotic exit. Previous studies in
Xenopus and Hela cells were performed in the presence of microtubule poisons and
therefore it was unclear whether the absence of protein localization reflected a
hierarchical relationship or the inability to analyze a large number of mitotic cells due to
fast mitotic exit (Chen 2002; Johnson et al. 2004). Since individual depletion of Bub3 in
Drosophila (Lopes et al. 2005), and analysis of the hypomorphic allele of BubR1 (Basu
et al. 1999) resulted in a non-functional SAC response, it is very likely that these
proteins work through parallel signaling pathways that are mutually required at some

stage to sustain checkpoint activity. Consistent with previous work, it seems probable
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that removing Mad2 may abrogate the spindle checkpoint not only because a sensor is
being removed, but because the MCC (a far more potent APC/C inhibitor) (Sudakin et

al. 2001) cannot form in its absence.

3.2 Mad2-depleted cells show abnormal progression through mitosis and

aneuploidy

Previous results have shown that inactivation of Mad2 by antibody microinjection
during prophase or prometaphase induced abnormal sister chromatid segregation in
PtK1 cells (Gorbsky et al. 1998). Our phenotypic analysis revealed that Drosophila S2
cells lacking Mad2 also display severe abnormalities during mitotic progression. Mad2-
depleted cells fail to reach metaphase and exit mitosis with extensive chromatin
bridges. Moreover, the extensive anaphase bridges observed in Mad2-depleted cells
appear to be exclusively due to a premature exit from mitosis since extending the time
spent in mitosis is enough to revert this phenotype. This is fully consistent with recent
data suggesting that proper chromosome condensation and sister chromatid resolution
is only fully completed during early prometaphase (Maeshima and Laemmli 2003).
Furthermore, our results suggest that in S2 cells, full chromosome condensation is only
achieved late in prometaphase, after the minimal time cells spend in prometaphase
when the SAC is inactivated. This is in full agreement with our previous analysis of
mitotic progression in the absence of Bub3 (Lopes et al. 2005) where it was shown that
in the absence of Bub3 the SAC is inactivated but cells do not exit mitosis with
inappropriately condensed chromosome because of an extended period in prophase.

Several studies have shown that loss of SAC proteins causes PSCS and
significant aneuploidy (Kops et al. 2005b). We find that loss of Mad2 causes premature
degradation of cohesins during prometaphase resulting in high levels of PSCS. In
addition, quantification of kinetochore segregation at anaphase shows that loss of Mad2
results in a high frequency of cells showing unequal kinetochore segregation.
Furthermore, FACS analysis shows that the DNA content of the mitotic population
changes significantly over time in the absence of Mad2. These results suggest that
unlike in yeast where Mad2 is not essential for chromosome segregation (Cohen-Fix

and Koshland 1997), Drosophila Mad2 is required to maintain the long viability of cells.
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3.3 Mad2 role in timing of prometaphase is essential for SAC activation

Early studies on the role of Mad2 in the SAC response using cultured animal
cells revealed premature anaphase onset (Gorbsky et al. 1998). More recently, it was
found that the mitotic clock of unsynchronised rat basophilic leukaemia cells has a
marked precision in which approximately 80% of cells complete mitosis in 32 £ 6 min,
and that Mad2 inactivation in these cells consistently shortened mitosis (Jones et al.
2004). Furthermore, depletion of Mad2 by RNAi showed that HelLa cells exit mitosis
prematurely (Meraldi et al. 2004). Our results are fully consistent with this data since
depletion of Mad2 in S2 cells causes a severe reduction in the time from NEBD to
anaphase onset. Interestingly, these same studies proposed a role of Mad2 in timing
mitotic progression that is more complicated that previously expected. It was shown in
HelLa cells that inactivation of kinetochore-bound Mad2 disrupts the SAC without
significantly affecting the timing of mitotic progression. However, when the cytosolic
pool of Mad2 present in these cells is depleted then both the SAC response is abnormal
and the timing of NEBD to anaphase onset is severely reduced suggesting that Mad2 is
also required to time mitotic progression in a kinetochore-independent manner. This
contrasts with current models that propose that Mad2 plays an essential role in SAC
activation and maintenance by providing a kinetochore-based signal that inhibits the
APC/C (reviewed in Musacchio and Hardwick 2002; Kops et al. 2005b). Our
observations suggest a much more subtle role for Mad2 in ensuring a SAC response.
Surprisingly, we find that after a transient mitotic arrest, Mad2-depleted cells were able
to respond to spindle damage and arrest in mitosis with cohesin still located at
centromeres and high kinetochore levels of BubR1 suggesting that the SAC is fully
functional. Thus, providing time in a checkpoint-independent and transient manner
appears to be sufficient for Mad2-depleted cells to re-activate the SAC and respond
correctly to microtubule depolymerization. Given that re-activation of the SAC cannot be
observed after depletion of other SAC proteins like BubR1 we hypothesize that the
APC/C inhibitory signal provided by Mad2 is specifically required during early stages of
prometaphase to ensure maintenance of SAC activity. Subsequently, other checkpoint
proteins such as BubR1, which strongly accumulate at kinetochores and are essential
for APC/C inhibition, could ensure maintenance of SAC activity. These observations are
in full accordance with previous studies in which biochemical studies showed that at the
G2-M transition a multi-subunit complex, the Mitotic Checkpoint Complex (MCC) was
identified (Sudakin et al. 2001). This complex contains the BubR1-Mad2-Bub3-Cdc20
proteins, and has been shown to be the most powerful APC/C inhibitor (Sudakin et al.
2001; Tang et al. 2001; Sudakin and Yen 2004). Furthermore, its formation does not
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require unattached kinetochores given that it is present well before the NEBD. We
propose that despite lacking Mad2, the additional time provided by the transient mitotic
arrest is enough to accumulate other checkpoint proteins to such a level that the

individual APC/C inhibitory complexes are now able to maintain a strong SAC response.

Taken together, these observations have suggested a “two-step” model for the
activation and maintenance of SAC activity (Chan et al. 2005). This model proposes a
first step involving the formation of the MCC as cells transit from G2 into mitosis, thus
allowing accumulation of mitotic cyclins and consequent mitotic entry. Subsequently, in
a second step after NEBD, SAC proteins can bind unattached kinetochores and
produce additional inhibitory complexes that sustain SAC activity until all kinetochore
pairs are properly attached and congression is achieved. Subsequent studies both in
yeast (Fraschini et al. 2001) and Drosophila (Lopes et al. 2005) strongly support this
model. Our results provide a further refinement of this model in that the second step can
be separated into two events, one at the NEBD when cytoplasmic Mad2 might extend
prometaphase and provide enough time so that in a second event, SAC proteins such
as BubR1 and Bub3 can fully engage checkpoint activity. Further studies on the role of
Mad2 and other SAC proteins in the inhibitory activity of the MCC before and during
early stages of mitosis will be required to unravel how the different levels of regulation
are organized. Nevertheless, our observations provide new insights into how the signals
provided by different SAC proteins might contribute to a fully integrated and sustained

checkpoint response.

77






Chapter 2

Mad2 kinetochore (in)dependent pathways of

Spindle Assembly Checkpoint activation



Chapter 2

1. Introduction

The SAC is an essential cell cycle control mechanism, which acts in mitosis to
prevent anaphase onset in cells whose chromosomes have not yet achieved stable
bipolar attachment and microtubule tension (reviewed in Musacchio and Salmon 2007).
Most SAC components were originally identified in budding yeast, using genetic
screens in the presence of spindle poisons. MAD1-3 (Li and Murray 1991) and BUB1-3
(Hoyt et al. 1991) were shown to be required for a mitotic arrest in the presence of
spindle damage and further studies suggested that together with Mps1, the identified
SAC proteins form distinct complexes at kinetochores, which are essential for APC/C
inhibition (Malmanche et al. 2006; Musacchio and Salmon 2007; Kops 2008).

Subsequent studies identified two other proteins in Drosophila: Zeste-White 10
(Zw10) and Rough Deal (Rod), both of which are highly conserved amongst several
multicellular organisms (Gatti and Baker 1989; Karess and Glover 1989; Williams et al.
1992; Scaerou et al. 1999; Scaerou et al. 2001). Further research yielded the
identification of another protein, Zwilch (Williams et al. 2003), which forms a complex
with Rod and Zw10 (RZZ complex) (Chan et al. 2005; Karess 2005). RZZ complex
components display dynamic localization patterns throughout mitosis and have been
proposed to play roles not only in chromosome motion (Li et al. 2007; Yang et al. 2007;
Gassmann et al. 2010) but also in SAC control/maintenance (Basto et al. 2000; Chan et
al. 2000; Savoian et al. 2000; Buffin et al. 2005; Vallee et al. 2006; Famulski et al.
2008). Both Zw10 and Rod display highly dynamic cell cycle localization patterns and
accumulate strongly at kinetochores during prometaphase. By metaphase they are
preferentially localized along kinetochore-microtubules and at anaphase onset these
proteins re-localize to kinetochores and remain associated with kinetochores until
telophase (Williams et al. 1992; Williams and Goldberg 1994; Scaerou et al. 1999;
Wojcik et al. 2001; Basto et al. 2004). This dynamic localization pattern is consistent
with a role of RZZ complex in kinetochore-microtubule attachment and SAC
maintenance. However, several studies support the hypothesis that Zw10 is required
during late mitosis, since chromosome segregation defects are observed in the absence
of Zw10 (Karess and Glover 1989; Williams et al. 1992; Williams and Goldberg 1994).

During metaphase, the RZZ complex also plays a role in SAC silencing since it
is required to target the microtubule motor dynein to kinetochores, possibly through
direct interaction between Zw10 and the dynactin subunit p50-dynamitin (Starr et al.
1998; Chan et al. 2000; Wojcik et al. 2001; Buffin et al. 2005; Chan et al. 2005). The

dynein/dynactin complex has been implicated in SAC control since its localization at
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kinetochores is required for the stripping of Mad1, Mad2 and RZZ proteins from
kinetochores (Howell et al. 2001; Wojcik et al. 2001). Nevertheless, studies on the roles
of dynein in SAC silencing obtained through RZZ disruption, have yielded puzzling
results since Zw10 and Rod have also been proposed to be required for SAC
activity/maintenance (Basto et al. 2000; Chan et al. 2000; Savoian et al. 2000; Buffin et
al. 2005).

During prometaphase, the prominent RZZ localization at kinetochores that have
not yet achieved proper microtubule attachment and tension, is similar to what is
observed for several of the previously identified SAC components (Chen et al. 1996;
Taylor and McKeon 1997; Jablonski et al. 1998; Taylor et al. 1998; Martinez-Exposito et
al. 1999; Logarinho et al. 2004). Accordingly, Zw10 or Rod mutant cells do not arrest in
mitosis in response to spindle damage, providing further evidence to support a role for
RZZ in SAC maintenance (Basto et al. 2000; Chan et al. 2000; Savoian et al. 2000;
Buffin et al. 2005). Nevertheless, whether RZZ components are considered bone-fide
SAC components remains a controversial issue. It has recently been shown that the
RZZ complex promotes Mad2 recruitment to unattached kinetochores during
prometaphase (Buffin et al. 2005; Kops et al. 2005a) suggesting that the RZZ complex
contributes to SAC control by promoting Mad2 recruitment, and is involved in SAC
silencing by recruiting dynein/dynactin that subsequently removes Mad2 from attached
kinetochores. This hypothesis is consistent with an indirect role for RZZ in SAC
maintenance, offering a simple explanation as to why Rod and Zw10 were
characterized as the first SAC proteins that have no evident homologues in budding
yeast (Basto et al. 2000). However, the kinetochore localization of other SAC proteins
such as Bub1 and Bub3 is not Zw10-dependent, and neither is Zw10 kinetochore
localization dependent on Bub1 or Bub3 (Basu et al. 1998; Basu et al. 1999),
suggesting that Zw10 acts specifically on the Mad1/Mad2 pathway of SAC
maintenance. This data is further confounded by the observation that while SAC activity
is dependent on Mad2 and BubR1, the regulation of mitotic timing by BubR1 and Mad2
appears to be kinetochore-independent in fashion (Meraldi et al. 2004). The dissection
of SAC maintenance and mitotic timing pathways is consistent with a “two-step” model,
in which the kinetochore-independent pools of Mad2 and BubR1 (as part of the MCC)
are essential for SAC signaling at early stages of mitosis when kinetochores are still
assembling (Meraldi et al. 2004; Orr et al. 2007).

Therefore, to further study the contribution of cytoplasmic Mad2 in SAC
maintenance and mitotic timing, we prevented Mad2 from reaching the kinetochore
without affecting its cytoplasmic localization. We depleted Zw10 using RNAi in

Drosophila S2 cells and confirm that in this cell type Zw10 is required for the
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accumulation of Mad2 but not BubR1 to kinetochores, even in the absence of
microtubules. Furthermore, we find that the kinetochore localization of Mad2 is not
required for the regulation of mitotic timing since Zw10-depleted cells show a slow
progression through mitosis. However, these cells display a weak mitotic arrest when
treated with colchicine but accumulate in mitosis with high levels of Cyclin B. These
observations indicate that the kinetochore localization of Mad2 is dispensable for
regulating mitotic timing. Indeed, both mitotic timing and the mitotic index in the
presence of spindle damage are strongly reduced if Zw10 is co-depleted with Mad2. In
agreement, co-depletion of Zw10 and BubR1 yields similar effects in the regulation of
mitotic timing and SAC maintenance indicating that in the absence of kinetochore
bound BubR1, the cytoplasmic pool of Mad2 is not able to sustain even a low level of
SAC activity. Collectively, our results provide further support for the refined version of
the “two-step” SAC activation model (see Chapter 1) in which both BubR1 (at
kinetochores and cytoplasm) and cytoplasmic Mad2, act together to provide a spatial-

temporal regulation of mitotic timing and SAC activation.
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2. Results

21 Zw10 depletion in Drosophila S2 cells

Recent reports have demonstrated that Zw10, a key component of the RZZ
complex, is responsible for ensuring the correct targeting of Mad2 to kinetochores
during early stages of prometaphase (Buffin et al. 2005; Kops et al. 2005a). Since we
are interested in addressing the role of cytoplasmic Mad2 in SAC maintenance and
mitotic timing, we aimed to specifically inhibit Mad2 localization at kinetochores and
therefore performed RNAI against Zw10 in Drosophila S2 cells (Figure 2.1). To quantify
the levels of Zw10 at kinetochores we treated control and Zw10 RNAi cells with MG132
to block mitotic exit and colchicine to depolymerise microtubules. Control cells display a
strong Zw10 accumulation at unattached kinetochores, and we find that 120hr after
dsRNA addition, Zw10 is efficiently depleted since protein 97% of kinetochores are
negative by immunofluorescence (Figure 2.1A, B) and western blot analysis of total cell
extracts reveals a 86% reduction by 120h. (Figure 2.1C). Since the highest level of
depletion was obtained at 120h after the addition of the dsRNA, all of the following

experimental analysis on Zw10-depeleted cells was conducted at this time-point.
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Figure 2.1 - Depletion of Zw10 by RNAi in S2 cells (A) Control and Zw10-RNAi
treated S2 Drosophila S2 cells (120hr after dsSRNA addition) were incubated in MG132
(2hr) and Colchicine (1hr further) prior to fixation and immunofluorescence staining to
show DNA (blue), Zw10 (green) and CID (red). Insets 1 and 2 represent 5X
magnifications of selected kinetochore regions (right). Scale bar is 5 um. (B)
Quantification of the relative mean pixel intensity of Zw10 signals (normalized to CID
levels) at kinetochores, in both control and Zw10 RNAI cells 120h after dsRNA addition.
Note that Zw10 is depleted in 97% of the kinetochores. (C) 1x10° cells were processed
for western blot analysis at different times after addition of Zw10 dsRNA. ‘C’ represents
control cells. Below a-tubulin was used as a loading control and Zw10 levels were
normalized to a-tubulin levels.

2.2 Zw10 is required for Mad2 accumulation at kinetochores

Previous studies have demonstrated that both Rod and Zw10 are required for
proper Mad1-Mad2 complex accumulation at unattached kinetochores (Buffin et al.
2005; Karess 2005; Kops et al. 2005a). To test whether Mad2 is able to accumulate at
unattached kinetochores in the absence of Zw10 we treated control and Zw10-depleted

cells with MG132 to induce a mitotic block and generated unattached kinetochores
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using colchicine. Cells were then fixed and stained to reveal Mad2 and CID (Figure
2.2A). Control cells display a prominent Mad2 accumulation at the outer region of all
ClID-labelled kinetochores but in the absence of Zw10, Mad2 is undetected at
kinetochores while there is a significant amount scattered in the cytoplasm (Figure
2.2A). Quantification of the mean pixel intensity of Mad2 staining at kinetochores shows
that Mad2 accumulation at kinetochores is reduced by more than 90% in Zw10-depleted
cells, even in the absence of microtubules (Figure 2.2B). Mad2 mis-localization is
specific to Zw10 depletion since accumulation of BubR1 is unaffected (Figure 2.2C).
These conditions provide an experimental condition in which cells specifically lack the
contribution of kinetochore-localized Mad2 without affecting the cytoplasmic pool of

Mad2 or the kinetochore localization of other SAC proteins.
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Figure 2.2 — Monitoring Mad2 accumulation at kinetochores (A) Control and Zw10-
depleted cells were incubated in MG132 (2hr) and Colchicine (1hr further) prior to
fixation and immunofluorescence staining to show DNA (blue), Mad2 (green) and CID
(red). Insets 1 and 2 represent 5X magnifications of selected kinetochore regions (right).
Note that in control cells Mad2 is found prominently associated with unattached
kinetochores while in the Zw10-depleted cells Mad2 signals at kinetochores are strongly

85



Chapter 2

reduced. Scale bar is 5 um. (B) Quantification of the mean pixel intensity of Mad2 levels
(normalized to CID levels) at kinetochores using images shown in (A). Note that Mad2
levels are reduced by more than 90% at kinetochores in the absence of Zw10. (C) Cells
were treated with MG132 and colchicine prior to fixation and immunofluorescence
staining to reveal DNA (blue) and SAC protein BubR1 (green).

23 Cytoplasmic Mad2 is essential for regulating mitotic timing and SAC
activation

Our data show that in Zw10-depleted cells, Mad2 levels are strongly reduced,
even in the absence of microtubules. Since Mad2 is one of the first SAC proteins to
leave the kinetochore upon microtubule attachment in prometaphase (Howell et al.
2000; Howell et al. 2004; Logarinho et al. 2004), it is probable that Mad2 kinetochore
localization is essential only for the early stages of SAC maintenance, and that the
kinetochore-based “wait-anaphase” signal may then be perpetuated by other SAC
proteins such as BubR1, presumably in response to lack of microtubule tension. This
“two-step” model of SAC maintenance is in full agreement with the results obtained from
Mad2 depletion in the same cell type (Orr et al. 2007), and therefore, we expect that in
the absence of Zw10 both the duration of mitotic timing and the efficiency of the mitotic
response to colchicine are affected. To test this directly, we performed in vivo time-
lapse imaging using S2 cells stably expressing GFP-Tubulin. We find that in the
absence of Zw10, cells transit through mitosis with a mostly normal mitotic timing
(Figure 2.3A, B; Supplementary Movies 3 - 5). Although most cells analysed formed
bipolar spindles, a minor subset of cells displayed mild microtubule-associated
phenotypes and therefore took longer to establish full spindle bi-polarity (Figure 2.3A).
Quantification of mitotic timing shows that Zw10-depleted cells take slightly longer to
complete mitosis (mean = 31 £ 10min; Supplementary Movie 4) than untreated controls
(mean = 24 + 8min; Supplementary Movie 3), presumably in response to some of the
mild microtubule-associated phenotypes observed in a few Zw10-depleted cells (Figure
2.3B). Interestingly, we find that if Mad2 is prevented from accumulating at
kinetochores, the mitotic schedule is mostly normal and cells appear to respond to
minor microtubule-associated defects suggesting a fully functional SAC. When
compared with the highly reduced mitotic timing observed in the Mad2 depletion in the
same cell type (Figure 2.3B), the data suggest that the contribution of cytoplasmic Mad2
is sufficient for the previously described Mad2 kinetochore-independent function in the

regulation of mitotic timing (Orr et al. 2007).
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Figure 2.3 — Testing SAC activity in the absence of Zw10 (A) Selected frames from
time-lapse movies (see Supplementary Movies 3 and 4) of either control or Zw10-
depleted cells stably expressing GFP-Tubulin recorded every 30 seconds. Time=0
indicates NEBD. Cells were recorded until anaphase onset, characterized by rapid
spindle elongation. Zw10-depleted cells display some microtubule-associated
phenotypes but transit through mitosis with a regular mitotic timing. (B) Quantification of
the time cells spend in mitosis (from NEBD to anaphase onset) reveals that in the
absence of Zw10, cells take 31 + 10min (n = 17 cells) to exit mitosis while control cells
take 24 £ 8min (n = 28 cells). Results obtained from Mad2 depletion (13 £ 3min) in the
same cell line used as control for loss of SAC function (Orr et al. 2007). (C) Control and
Zw10-depleted cells were treated with 30uM of colchicine for 4hr or 8hr and then fixed
and stained with antibodies against phospho-histone H3 and the resultant mitotic index
was scored. Mitotic index in control cells was normalized to 1 (n= 5000 cells). Note that
in shorter colchicine incubations (=4hr), Zw10-depleted cells accumulate normally in
mitosis in response to spindle damage. During longer incubation periods (=8hr) the
mitotic index scored was reduced by ~30%, when compared with control cells. (D) Cells
treated with colchicine (=8hr) were fixed and stained to reveal DNA (blue), Cyclin B
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(green) and CID (red). Scale bar is 5 um. (E) Quantification of the percentage of mitotic
cells that stain positive for Cyclin B (=8hr colchicine treatment), reveals that a similar
proportion of control and Zw10-depleted cells display high levels of Cyclin B (n=150
mitotic cells).

To determine the contribution of kinetochore Mad2 in SAC maintenance, cells
depleted of Zw10 or Mad2 were challenged with microtubule poisons and the resultant
mitotic index was scored (Figure 2.3C). We find that in shorter incubation times (<4hr
incubation), control and Zw10-depleted cells display similar mitotic index (Figure 2.3C).
However, after longer periods of incubation in colchicine (=8hr), Zw10-depleted cells
display a 25-30% reduction in the number of mitotic cells suggesting a reduced
efficiency in SAC maintenance (Figure 2.3C). To test whether depletion of Zw10 causes
reduced SAC activity, we selected cells treated with colchicine for 8hr, and performed
immunofluorescence analysis of fixed preparations stained for Cyclin B and CID (Figure
2.3D). Quantification of the percentage of mitotic cells staining positive for Cyclin B
shows that 97% of control cells and 94% of Zw10-depleted cells stain positive for Cyclin
B (Figure 2.3E). We find that this small difference does not account for the 25-30%
reduction of mitotic cells observed in longer colchicine incubations (Figure 2.3C)
suggesting that the efficiency of Cyclin B accumulation is unaffected. Taken together,
we conclude that kinetochore Mad2 is dispensable for maintaining mitotic timing,
however, it appears to be essential for cells to generate a prolonged mitotic arrest in

response to spindle damage.

24 Cytoplasmic Mad2 is not sufficient for SAC maintenance in the absence of
BubR1

Our data suggest that cytoplasmic Mad2 is sufficient to promote a normal mitotic
timing and a weak SAC response to colchicine. To confirm whether the observed
normal mitotic progression in the absence of Zw10 is dependent on cytoplasmic Mad2
we performed co-depletion of Zw10 and Mad2 (Zw10/Mad2) (Figure 2.4A). Additionally,
to test whether the weak SAC response observed after Zw10 depletion was dependent
on other SAC proteins such as BubR1, we co-depleted Zw10 and BubR1
(Zw10/BubR1) and analyzed SAC response in both Zw10/Mad2 and Zw10/BubR1 co-
depleted cells (Figure 2.4B). The most efficient depletions were observed 96hr after the

addition of the specific dsRNAs (Figure 2.4A, B) and therefore all of the following
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analysis of Zw10 co-depleted cells was performed at this time-point. Fixed preparations
were immunostained and cells were classified according to their mitotic phases (Figure
2.4C). The results show that both Zw10/Mad2 and Zw10/BubR1 RNAI treated cells
show a significant decrease in the percentage of prometaphases and mostly
accumulate at later stages of mitosis (Figure 2.4C), features consistent with loss of SAC
function and accelerated mitotic timing. Consistently, after colchicine treatment, both
Zw10/Mad2 and Zw10/BubR1 cells, fail to arrest in mitosis suggesting that the SAC is
not functional under these conditions. The fast mitotic progression observed in the
Zw10/Mad2 co-depletion confirms that cytoplasmic Mad2 is essential to prevent
premature mitotic exit. Moreover, the data obtained from the Zw10/BubR1 double RNAI
suggest that the slow mitotic progression and the weak SAC response observed in the
absence of kinetochore-bound Mad2, is dependent on additional SAC proteins such as
BubR1.
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Figure 2.4 — Performing Zw10 co-depletions with Mad2 or BubR1. Co-depletion
experiments were designed to specifically target (A) Zw10 and Mad2 or (B) Zw10 and
BubR1 for depletion in S2 cells. 10° cells (at 72hr and 96hr after the addition of the
specific dsRNA) were processed for western blot analysis and probed using antibodies
specific for (A) Zw10 and Mad2 or (B) Zw10 and BubR1. Below a-tubulin was used as a
loading control. We find that in the case of Zw10/Mad2 and Zw10/BubR1 cells, the most
efficient depletions were observed 96hr after the addition of the specific dsSRNAs and
therefore all of the following analyses were conducted at this time-point. (C) Control,
Zw10/Mad2 and Zw10/BubR1 cells were grown for 96 hrs and then fixed and stained to
reveal phospho-histone H3, a-tubulin and CID, allowing classification into distinct mitotic
phases. (D) Cells depleted of Zw10, Mad2, Zw10/Mad2 or Zw10/BubR1 were treated
with 30uM colchicine for 8hr and then fixed and stained<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>