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Abstract

At any given time there an the order obnehundred millioncells undergoing mitosis
in the human body. @ accurately segregathromosomeghe cell forns the bipolar
mitotic spindleamolecular machingéhat distributegshromosomesquallyto the

daughter cellsTo this end, microtubules of the mitotic spindle magpropriatéy attach
thekinetochoresprotein structurethat form oneach chromatid of each mitotic
chromosomeThe majoity of the time correct kinetochore microtubule attachments are
formed However mis-attachments can and do formis-attachmentghatare not
corrected before chromosome segriegatan give rise taneuploidyanincorrect

number of chromosome&neuplody occuring in the germ line can caubeth
miscarriage and genetic diseases. Furthermore, aneuploidy is a major characteristic of
cancer cellsandaneuploidcancer cells frequently istsegregat chromosomeat high
rates, a phenotygermedchromosomainstability (CIN).CIN has been correlatexith

both advanced tumorigenesis and poor patient progandisver the years there have
been many hypotheses for what causes CIN. In this study, we identified two distinct
mechanisms that are responsible for CIN. Both of these mecharasises transient,
abnormal geometric arraegent of the mitotic spindl&pecifically, cancer cells possess
supernumerargentrosomeswhich lead to the assembly of multipolar spindlasng

early mitosis when attachments between kinetochores and microtubules are forming.



Supernumerargentrosomefacilitatethe formation of merotatiattachmentsn whicha
single kinetochrebindsmicrotubules fronmore than one centros@mAs mitosis
progresses the supernumereentrosomesluster giving rise to a bipolar spindle by the
time of chromosome segregatidtowever, the high rates oferotelic attachments
formed during the transient multipolar stagsultin high rates othromosome mis
segregation. The second geometric detbetracterizeds caused byailure of
centrosomefo separate before kinetocharecrotubule attachments begmform. This
mechanism, too, leads to high rates of kinetochoreattgehment formation artdgh
rates of chromosome msegregation. Finallythis study shows that theechanisms
characterized he@re prevalent imumancancer cells from multiplergan sites thus

revealing thabothmecharsms are a common cause of CIN.
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Chapter 1

Introduction and literature review



Overview
The survival and development of organisms depend on the ability of cells to
maintain and pass the correct complement of chromosomes to subsequent generations.
The segregation of chromosomes into daughter cells occurs during a highly orchestrated
process amed mitosis. Accurate transport of the genetic material to each daughter cell
occurs thanks to the rearrangement of interphase cell components into specialized mitotic
organelles and structures, such as the mitotic spindle and the kinetochof&-@T)
The importance of mitotic chromosome segregation is illustrated by the fact that
in humans, at any time, there are ~2.5 X ddlls dividing[4]. If inaccuracies in mitosis
are not kept to a minimum, the possibility exists for cells to accumulate ptfovehich
may produce a number of outcomes. Specifically, inaccurate chromssgmegation
can lead to the production of aneuploid daughter cells, i.e. cells possessing an abnormal
number of chromosomes. Aneuploidy is well known for its role in inducing severe
genetic diseases and is the leading cause of miscarriage in iavdnkdeed, the only
autosome aneuploidies that can result in a live birth are trisomy 21 (an extra copy of
chromosome 21), whichrrcaaoamgsl®pwwbscbyaoaduseas
syndrome, and trisomy 13, which causes Pat au
syndrome is the only one compatible with development into adulthood, whereas the other
two cause death within the first year of l[j&. Sex chromosome aneuploidies occur at
higher frequencies than do numerical s in autosomgs8] and can induce less
severe syndromes, suchas®®imoés syndrome (X0 individual s,
copy of the X chromosome), and Klinefelterdos

reason for sex chromosome aneuploidies to be better tolerated than most autosomes is the



relatively low number of gess carried by such chromosonf@sl1]. The frequency of
aneuploidy in somatic human cells is largely unkn¢®®) 13]. However, moscancer
cells are aneuploid (Table 13, 14], suggesting that aneuploidy arising in somatic
cells might be the leading cause of cancer development, a hypothesis proposed by
Theodor Boeri over 100 years add5).

The goal of this study is tavestigate how defects in the mitotic apparatus may
lead toestablisiment ofkinetochoremicrotubule misattachmentandchromosome mis
segregationand to determine whether threechanisms studied here contribute to
chromosomal instability in cancer cellsthorough investigation of mitotic defects
requires a comprehensive understandingooial mitotic division, the mitotic apparatus,
and the mechanisms of chromosome segragatihus the remainder of Chapter 1 will
focus on a detailed literature review of the following topics: the stages of mitosis,
components of the mitotic spindle and its role in chromosome segregation, the
kinetochore, the spindissembly checkpointhetypes and fates of different types of
attachments between the microtubules of the mitotic spindle and kinetochore, and finally
this chapter will conclude with a discussion of aneuploidy and its role in cancer initiation
and progressiorChapters 2 and 3 deribe two cellular mechanisms that cause transient
defects of the mitotic apparatus that lead to chromosomsegiggation and aneuploidy.
Finally, chapter 4 investigates the potential role that the mechanisms described in chapter
2 and 3mayhave in casing chromosomal instability idifferentcancer celtypes, and
reaches the conclusion ttiae mechanisms of abnormal spindle assermbdyacterized
hereappear to be common among a variety of cancer cells and may provide promising

targets for chemothegpautic agents.



Mitosis

Accurate distribution of the genetic material is crucial to the proper functioning
and perpetuation of cells and organisms. Chromosomes are replicated dphageSbut
the two sister chromatids will not be separated until the neghdse, through a press
named mitosis. Mitosis consists of five distinct phases: prophase, prometaphase,
metaphase, anaphase, and telophase (Figure 1.1). Upon mitotic entry each chromosome is
constituted of two sister chromatids, a kinetochore assembles on each chromat@, an
duplicated centrosomes give rise to a microtualeed machine named the mitotic
spindle. Together, chromosomes, kinetochores, and the mitotic spindle form the mitotic
apparatu$l16)].

Prophase (Figure 1.1, first panel), the first stage of mitosis, occurs when the
genetic material becomes condensed into individual chromosomes. These chromosomes
resemble wornlike structures that are encapsulated by the nunteanbrane. As this
stage progressgshromosomes become more condensed and better defioleelsin
molecules holdhetwo sister chromatids of each chromosome together, and a
kinetochore assembles on each chromatid. The interphase microtubule cytoskeleton
depolymerizes and reorganizes into short and more dynamic microtubules (MTs). The
replicated centrosomes nucleate a radial array of microtubules that, along with the action
of microtubule motors, separate the centrosomes to opposite sides of the [uElE)s
The breakdown of the nuclear envelope marks progression from prophase into

prometaphase.



Prometaphase (fure 1.1, second panel) is the stage at which the sister
chromatids are exposed to the dynamic microtubules that constitute the mitotic spindle.
The kinetochores are fully assembled by this time and form attachments with
microtubules. Initial attachment ahicrotubules to a kinetochore results in the rapid
poleward movement of the chromosorf#9]. This processisuallyresults in an
orientation of sistechromatids that allows for the unattached sister kinetochore to face
the opposite spindle pole. Nd&metochore microtubules interact with the sister
chromatid arms and produce polar ejection fof2&k These forces assist the
movement of the sister chromatid between the spindle poles and facilitate microtubule
capture of the unattached kinetochore. When the unattached sister kinetochore binds
microtubules, the chromosome starts a congressional movement towards the spindle
equatof22].

Metaphase (Figure 1.1, third panel) is achieved when all kinetochores are attached
to microtubules and all chromosomes are aligned at the spindle equator. The structure
formed by the aligned chromosomes is refercedst the metaphase plait@ many cell
types, he aligned chromosomes are not stationary but undergo short poleward and anti
poleward oscillations (directional instabilityd1]. These oscillations are due to dynamic
instability exhibited by microtubules. The mitotic spindle at this stage achieves its typical
fusiform structure.

The initiation of anaphase (Figure 1.1, fourth panel) occurs upon the degradation
of cohesin subunits that hold together sister chromf2@s The sudden elimination of
cohesin allows for the synchronized polewarovement of sister chromatids (now

daughter chromosomes). The kinetochores function to transport chromosomes poleward



toward their respective spindle pole. As the kinetochore is involved in this process, so are
kinetochore microtubules. These microtubidaerten without losing their attachment to

the kinetochore, thus drawing chromosomes to the spindle poles (anaphase A). In
conjunction with this movement there is also an increase in spindliégpptde distance
(anaphase B). This further separationhaf $pindle poles allows for the additional

separation of sister chromatids toward opposite sides of the parent cell.

Telophase (Figure 1.1, fifth panel) is the final stage of mitosis, when the
chromosomes are significantly moved away from the metaphaise ahd the nuclear
envelope starts reassembling. Mitosis is followed by cytoplasmic division, or cytokinesis
(Figure 1.1, fifth panel). An actibased contractile ring starts forming during the later
stages of mitosis at the spindle equator. This caiiracg keeps contracting after
completion of mitotic chromosome segregation to cleave the cytoplasm into two roughly
equal cells. A cytoplasmic bridge can persists between the two daughter cells for many
hours before complete cleavage. The completiaytkinesis, along with the previous

steps of mitosis, yields two genetically identical daughter cells.

Mitotic Spindle
The mitotic spindlas a key molecular machine tregparates chromosomes
during mitosis Upon mitotic entry, the interphase microtidsubreak down to re
polymerize into a fusiform kpolar array of shorter and more dynamic microtub[2€k
This structure is completely assembled by metaphase, at which stage the mitotic spindle
appears as a symmetric radial array of microtubemeanating from two distinct regions

located at opposite sides of the cell. These two regions are commonly referred to as



spindle poles, centrosomes, or microtuboiganizing centers, and serve as nucleation
sites from which microtubules emang®®, 26]. Microtubules fan out toward the center
of the spindle, where they interact with the chromosomes (FigureShi2dle les,
microtubules, and chromosomes formpraminent structure that can be easily followed
by simplelight microscopy Thus, the spindle is one thfe beststudiedcellular

structures

Each microtubule consists of thirteen tubulin protofilamengsinized to form a
hollow tube. Each tubulin molecule consists of two very similar globular subunits called
a- andb-tubulin. Tubulin dimers assemble so thatandb- subunits regularly alternate
within the protofilament. Thinear arrangemermgivesmicrotubules a structural polarity
The two ends of a microtubule are referred to as the minus end (with exposed
subunits), located at the centrosome, anglhe end (with exposdatsubunits), away
from the centrosome. Microtubules undergo a proceskwf polymerization and rapid
disassembly of subunits termed dynamic instadi#f}. This instability is primarily seen
at the plus ends of microtubulesile the minus endemains relatively stahldt is this
process of dynamic instability which facilitates capture and subsequent segregation of
chromosomes during mitosis.

Within a mitotic spindle, three classes of microtubules can be identified (Figure
1.2),depending on which structures they contact with their plus end and the role they
serve during mitosis. These three classes are: astral, interpolar, and kinetochore
microtubules (Figure 1.2). Astral microtubules are those in which the plus ends
seemingly pobe the cytoplasm and contact the cell cofg8. Their primary function is

to orient the mitotic spindle within the cell. Molecular motors travel alotegpolar



microtubules and function to separate centrosomes to opposite sides of the[28leus
The antiparallel arrangement allows for specific microtubule motors, such as the kinesin
Egb5, to Awal ko towards the plus ends of
centrosome separatiph7-19]. Interpolar microtubules are also responsible for anaphase
B movement in which the spindle poles separate to allow for complete chromosome
segregation29]. Microtubules whose plus end interacts with kinetochores are referred to
as kinetochore microtubules. Vertebrate kinetochores bind multiple kinetochore
microtubules, which form a microtubule bundle also called a kinetedlar, or K-

fiber. Kinetochore microtubules constitute the link between the chromosomes and the
mitotic spindle and govern mitotic chromosome dynarf8k. (A number of
microtubuleassociated proteins (MAPS) also bind microtubules to stabilize them.)

In vertebrate somatic cells, centrosomes are located at the twéegpates, and
function as the microtubule organizing centers at those sites (Figure 1.2). Centrosomes
are regions of amorphous pericentriolar material in whiphir ofcentrioles are located.
Eachcentrioleconsists of druncated array of microtubuldsat are organized into a
triplet arrangement in which nine groups of three microtubules form a cylindrical
structurg[ 25, 26]. Two suchcylinders are positionedthogonally to one anothéo form
a centriole pairThe centrioles are surrounded by a matrix, named pericentriolar material,
which is primarily composed of pericentrin, a protein that acts as a scaffold to which
other proteins are attachg#ll]. A special component of the centrosomg-isbulin. g-
tubulin is a third type of tubulif32, 33] that is found exclusively at the centrosqraed

is very well conserved in all eukaryof&?]. g-tubulinwas found to bind one or ner

proteins to form thetubulin ring complex, og-TURC, a ringlike structure with
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diameter of ~25nm (same as microtubu[@¢]]. ¢ TURCs are believed to be the sites of
microtubule nucleation at the centrosome. Newly nucleated microtubules interact with
proteins such as HSET, NuMA, and TPX2, that contribut®e maintenance of bipolar
spindles with focused spindles po|88, 36].

Although centrosomes have been shown to function as microtubule nucleation
sites,many meiotic cells and othepecialized cells assemble acentrosomal spifidigs
A tubulin polymer stabilizing gradient localized in the vicinity of the chromosomes may
initiate microtubule assembly, W leads to the formation of the characteristic bipolar
spindle through the action of motor proteins such as cytoplasmic d@&39], and
minusend associated proteins, such as NuMécd{earMitotic Apparatus protein0-

42].

Kinetochore

The kinetochore is a proteinaceous structure that serves as the interface between
thechromosomes and spindle microtubkg]. Various molecular componentstag
kinetochore facilitate the @chment of chromosomes to the plus ends of microtubules. In
addition, key motor proteins that reside at the outermost kinetochore area, promote
chromosome movement during mitopdgl]. The kinetochore assembles on centromeric
DNA and each sister chromatids assembles one kinetochore, thus ensuring faithful
segregation of the genetic material. The centromere, or primary constriction, is the
location on each chromosome that is Mesiburing mitosis as it is significantly narrower
compared to the rest of the chromosome. The centromeric regions of chromosomes vary

among species, huwith the exception of those organisms that possess holocentric



chromosomes, such @enorhabditis elegns are frequently characterized by the
presence of repetitive sequenees specific locudn Saccharomyces cerevisiael25bp
sequence is indispensable for the construction of the kinetotgrén human cells,
centromeres consist of repetitive sequences 171bp long, also referreddatalite or
alphoid DNA, arrangeth a head to tail fashion and spanning several megap&ges

Electron micrographs of the vertebrate kinetochore reveal a trilaminar structure
atop the centromeric DNA with heterochromatin flanking both sides of the centromeric
DNA [47]. The microtubules can be visualized entering the most distal domain of this
organelle. The three domains visible by electron microscopyoanenonly referred to as
the inner kinetochore, the outer kinetochore, and the fibrous cpt@#®] Specific
proteins localize to each of these domaingyFeé 13) and determine kinetochore
structure and function.

The inner kinetochore is composed of constitutive proteins, three of which were
the firstkinetochoreproteins to be identified because they were recognized by antisera
from patients witktalcincsis,re y n a esdphagealsclerodactyly, andelangiectasia
(CREST) syndrom@47]. These areertromereproteins A, B, and C (CENR, CENPB,
and CENPC, respectively) (Figure 3) [50].

The kinetochore protei@ENPA is a histone H3 homolog and is conserved from
yeast through humai§1-53]. CENRA substitutes for HistonEl3 in the centromeric
region of chromosomes (Figure8land provides the molecular marker and basis for
kinetochore assemb[%2]. Perturbations of CENR have calamitous consequences. For
example, CENFA null mice do not develop beyond embryogenesis due to failure of

kinetochore formation and cell dedf4]. CENRA is targeted to thkinetochoreduring
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late mitosisearly G1[55]. Although the precise mechanism that targets GBN® the
centromere in vertebratesmains unknown, it has been shown that budding yeast CENP
A localizes in a sequenaependent manngb6].

Like CENRA, CENRB is a DNA binding proteinlt recognize the CENFB
box, a specific 17bp sequence within the alphoid ONA. Interestingly, cells derived
from CENRB null mice do not exhibit mitotic defeciS§8, 59]. Recently, it has been seen
that CENPB is involved in chromatin remodeling, which appears necessary for the
formation of functional kinetochorg¢§7]. However, neocentromeres in human patients
were found in regions of DNA that do not contain alpha satellite sequences (and
therefore no CENB binding sites]60], suggesting thafENRB is not required for
kinetochore formation. Given such contradictory data, further studies will be necessary
to determine if CENMB plays a significant functionable. However, it is possible that
CENPBG6s role at the kinetohcore miEgiht be
studies indicated th&ENPRB is found at both kinetochores of stable dicentric
chromosomes, as opposed to CEBIRvhich instead laizes only at the active
kinetochore of stable dicentric chromosorf@y. These datauggest a functional role
for CENRC. Since the identification of the first three CENPs, many other inner
kinetochore proteins have been identified and the list currently includes-EENENR
I, CENRPK T U (Figure 13) [62-64]. These CENPs are present at the inner kinetochore
throughout the cell cycle and most of them are constélyti@ssociated with CENR
nucleosomes. Not all of these inner kinetochore proteins seem to play a critical role in
chromosome segregatip48], although some of them may be responsible for the loading

of CENRA on centromeric DNA64]. The inner kinetochore proteins CEMRR CENR
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I, CENRK T U have been recently named ttnstitutivelycentromereassociated
network (CCAN)[62-64]. Members of the CCAN control the localization of some outer
kinetochore proteinf63], sud as Mis12 and Ndcg®5, 66).

The outer kinetochore consists of fewer proteins ttaes the inner kinetochore
and becomes fully assembled after entry into mitgks The members of this region
belong to three protein complexes (KNL1, Mis12, and Ndc80, also referred to as the
KMN network) (Figure 13) and play a crital role in establishment of kinetochore
attachment to microtubul¢43, 48]. KNL1 was shown to target multiple outer
kinetochore proteins both in C. eleg@6g] and vertebratel63], and its depletion results
in defective chromosome segregatj68]. Mis12 plays an important role in chromosome
segregatio68, 69, presumably by promoting kinetochore attachment. The Ndc80
complex, conserved in a wide range of eukaryot@ssists of four proteins: Hecl, Nuf2,
Spc24, and Spcd¥0-72]. These moleculesarequired for the establishment of stable
kinetochore attachment to the spinfi&] and proper chromosome segregafiof 75].
The plus ends of microtubules interact specifically with Hecl and Nuf2, while Spc24 and
Spc25 are located proximia the inner kinetochor@ 3, 76]. Spc24 and Spc25 seemingly
fasten the microtubule binding domain of this functional complex to the kinetochore
scaffold[77]. A current model proposes that both KNL1 and the Ndc80 complex,
possbly with the cooperation of Mis12, bind to a microtubule lattice promoting the stable
endon microtubule connections (Figure&QL[77, 7§].

The fibrous corona derives its name from its meshvikekaspect in electron
micrographs. This region is the first to come into contact with microtubule plus ends and

microtubuks become embedded in it. Proteins found at the fibrous corona include:
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spindle assembly checkpoint (SAC) proteins; CHNFCENRF; the RZZ complex (Rod,
ZW 10, and Zwilch); Dynein/Dynactin; and a humbeplfs endtrackng proteins

(+TIPs; CLASP, CLIP170, EB1, APC) (Figure B) [79, 80]. All these proteins play
disparate roles, from SAC signaling (SAC proteins, RZZ complex, CENPS, 81]

[82], to SAC silencing (dynein)83]; from directing chromosome congression (CERP
dynein)[84-86], to establishment of stable end kinetochore attachments (dynein, RZZ,
CENPF) [87-90]; from mitotic chromosome movement (dyndi&, 91-93], to
coordination between microtubule dynamics and kinetochore movenidris{+

(reviewed in[94)).

Spindle Assembly Checkpoint

Upon mitotic entry, each chromosome consists of two sister chromatids held
together by a molecular complex, cohesin, that is necessary for prapesriation of
sister chromatidf95]. Initially located throughout the length of mitotic chromosomes,
cohesin molecules become reduced during mitosis until all but the centromeric region
appears to maintain this adhes|86]. Anaphase onset coincides with cohesin
degradation, which allows trsester chromatids to be partitioned to the two daughter cells
in a coordinated manner. If this process were to occur before chromosome alignment, the
result would be misegregation of chromosomes and aneuploid daughter cells.
Fortunately, a mechanismirs place to prevent such chromosome-segregation during
mitosis. This mechanism is a biochemical signaling pathway known sgititke
assemblycheckpoint, or SAC. Work performed by Rieder et al. (1994 and)1995

illustratesthe importance of kinetochemattachment to the spindle for SAC signali@g
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98). In these studies, anaphase onset was prevented in the presence of an unattached
kinetochorg99]. Ablation of a single unattached kinetochore resulted in anaphase onset

[97]. This revealed two critical pieces of information. First, the SAC ensures that all

chromosomes become properly attached to the mitotic spsetlend the signal that

prevents progression into anaphase (the dwali
kinetochore. Since this early report, our knowledge of the SAC pathway has substantially
increased, allowing a more comprehensive undersigrafimolecular interactions at

work.

As described above, cohesin molecules hold replicated condensed sister
chromatids together. Degradation of the cohesin is carried out by an enzyme named
separase. However, before anaphase onset this enzyme is seduesiecomplex with
the protein securin. The metaphase to anaphase transition depends on the degradation of
securin, which in turn allows separase to become gc@ and cleave the cohesin
complex, thus inducing separation of sister chromatids (FigdyeThe degradation of
securin molecules is dependent on the action of the protegdphtd]. Theanaphase
promotingcomplextyclosome, APC/C, an E3 ubiquitin ligase, marks securin for
degradation through ubiquitinati¢h02, 103. A positive regulator, Cdc20, is necessary
for the activation of APC/C104]. The SAC effectively inhibits the activity of the Cde20
APC/C complex thereby preventing cohesin degradation until all kinetochores become
atached to spindle microtubules and all chromosomes become aligned at the metaphase
plate (Figure #) [109.

The first SAC proteins were identified through genetic screeBaatharomyces

cerevisiaeexposed to microtubule perturbing compoufi36 107). The
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characterizton of mutants that did not arrest in mitosis in the presence of MT drugs, led
to the identification of six SAC genasitotic arrestdeficient Madl, Mad2, and Mad3
(BubR1 in vertebrateshuddinguninhibited inbenzimidazoles, Bubl, Bub3, and

monapolar spindle 1, Mps148, 108 109. It was subsequently found that these members
share significant homology throughout eukary¢fiel), 111]. In addition to tlese core

SAC proteins, a number of proteins have been shown to contribute to checkpoint
signaling in various ways. These proteins include CENP12 113, Dynein[83], and

the RZZ (Rod, ZW 10, and Zwilch) complex (reviewed&i]). The shared homology
throughout eukaryotic cells illustrates the importance and efficacy of the SAC to prevent
chromosome loss during mitosis. It is currently thought that there are two portions of the
SAC[99 114.

The first portion of the SAQonsists of an attachment sensing mechanism that
ensures all kinetochores become occupied by a full complement of microtubules before
anaphase onsg7, 115 116. The second portion is one in which tension across sister
kinetochores is monitorgd 14, 117-119,.

Throughout the early stages of mitosis unoccupied kinetochores produce a signal
to inhibit the APC/C, thus delaying onset of anaph83e99]. Preceding production of
this inhibitory signal, during kinetochore assembly, Hecl and Nuf2 members of the
Ndc80 complex, function to recruit Mps1, Madl, and MBDIS, 120 . Interestingly,

Mps1 appears to be responsible for the localization of both Madl and Mad2; however, it
is the kinase activity of Mps1 that is responsible for localization of Ma23.

Localization of Mad?2 to the kinetochore is dependent on the absence of

microtubuleq 1195, and activation of the SAC is dependentloa presence of Mad2 at
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the kinetochor¢122. Both Madl and Mad2 localize to the kinetochore from prophase
until metaphase, just prior to sister chromatidasapon[123. Mad2[105 124], BubR1,

and Bub3 125 were shown to form a complex with Cdc20. This protein complex,
named mitotic checkpoint complex, or MCC, inhibits the ubiquitination ability of APC/C,
thereby preventing degradation of secyfifhl]. Therefore, the MCC complex ensures
well regulated control of the APC/C and
produced by kinetochor¢97, 125.

Complementing the previously discussed attachment mechanism appears to be a
more subtle tension sensing mechanism of the vertebratd BACL26, 127]. As
chromosomes align at the metaphase plate, they accumulate a full complement of
kinetochore microtubules. This resultsthe development of intédiinetochore tension,
visible as an increase in the distance between sister kinetodbackftension across
sister kinetochores results in the accumulation of Bubl1 and BubR1, but not Mad2, at the
kinetochore¢114]. This suggests that Bub1l and BubR1, but not Mad2, are involved in
the branch of the SAC that senses tension across sister kinetochores. BubR1 has been
shown to interact with CENE [127], and BubR1 kinase activitg dependent on the
interaction with CENFE. Kinetochores that are unattached promote GENRediated
activation of BubR1 kinasl27], and this BubR1 kinase activity causes a delay in

progression through mitosi$27].

cont

A link betweemnm arhce Mtadnaichme nhypot heses i

fact that tension increases stability of microtubule attachment, and thus the number of
attached microtubules, thus leading to kinetochore full occupancy by microt{ib2es

As the last kinetochore achieves microtubule attachment and becomes aligned at the
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metaphase plate, the SAC is inactivdt@d 99] and the cell enters anaphase. Silencing
of the checkpoint is thought to occur via two pathways: removal of kinetochore
associated checkpoint proteins in a dyrd@pendent manng83, 129 and breakdown of
the MCC complex129. The dynein/dynactin complex is an attractive mechanism for
silencing the SAC upon microtubule attachment. During prometaphase, the
dynein/dynatin complex localizes to unattached kinetochores along with Mad1, Mad2,
and BubR1123 130. At metaphase, thepeoteins are depleted from kinetochores

[13Q and travel towards the minus end of kinetochore ohitiules in a dynein
dependent manng83]. The inhibitionof dynein/dynactin impairs poleward movement
of checkpoint proteins and effectively delays entry into anaphase through the
maintenance of an active checkpdi®8]. For the MCC breakdown process, a key player
was recently identified in p8¥"*[131]. p31°™'promotes mitotic exit by inhibiting the
Await anaphaseodo signal produced at the kinet

attachment and chromosome alignment have occ{#821133. p31°m

participatesn

the removal of checkpoint proteins from the MCC complex, thus reversing the inhibitory
action exerted by the MCC on the APC/C complE2d. These two methods for
checkpoint inactivation most likely function together to allow for swift inactivation that

coordinates organized segregation and exit from mitosis.

Kinetochore mis-attachments
Each vertebrate kinetochore can bind4®0kinetochore microtubuld49, 134].
For accurate chromosome segregation, the two sister kinetochores must bind

microtubules from oppde spindle poles (amphitelic orientation; FigurbAl).
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However, during kinetochore capture by the mitotic spindle microtubules, other types of
attachment can form between kinetochores and microtubules. Namely, these attachments
include: monotelic, syntel, and merotelic attachmerjtk2, 13].

Monotelic attachments are formed when growing microtubules éroenspindle
pole attach to one sister kinetochore, while the other sister kinetochore is devoid of
microtubules (Figure £B). Monotelic attachment results in the positioning of the mis
attached chromosome near the spindle pole to which it is attaclyedeBbB, left
panel). Thus, progression through mitosis in the presence of monotelic chromosomes
would inevitably result in the production of a trisomic daughter cell (three copies of the
same chromosome) and a monosomic one (FigbR flight panel). ldwever, this type
of mis-attachment is an obligatory step in early mitosis, and the unattached kinetochore
generates the fAwait anaphasedo signal that
attachment is achievg@9]. Therefore, under unperturbed cellular conditions, monotelic
attachment is an unlikely cause of chromosomesaggegation.

Syntelic attachment occurs when both sister kinetochores bind microtubules from
the same spindle pole (FiguréT). Like monotelic chromosomes, syntelic
chromosomes position close to the polevhich they are attached (FiguréQ@, left
panel), and progression into anaphase in the presence of thastagisment would result
in the production of aneuploid daughter cells (FiguB€1right panel). However, this
type of misattachment is obseed very rarely in unperturbed mammalian cfli39,
suggesting that either syntelic attachment occurs at very low frequencies, or it is rapidly
converted into a different type of kinetochore attachment. It is currently debated if

syntelic kinetochore attachment can generate a SAC signal. ldoviteig possible that
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lack of tension associated with syntelic attachment prevents kinetochore microtubules
from attaining proper stabilization and does not allow achievement of full kinetochore
occupancy by microtubules, thus activating the spindlengslyecheckpoinf114, 119

12§.

Merotelic attachments are those in which one sister kinetochore binds
microtubules from both spindle poles (FigurB).[12, 13]. This type of misattachment
occurs frequently in early mitodi$36. Furthermore, all microtubule binding sites of the
kinetochore are occupied by microtubules and sufficient tension is generated between
sister kinetochroes, thereby evading detection bysh@ [137-141]. However, an
Aurora B-dependent mechanism can correct merotelic attachment before anaphase onset
by promoting kinetochore microtubule turnoy@42 143, possibly through
phosphorylation of the Ndc80 complEs€]. As opposed to monotelic and syntelic
attachments, merotelic kinetochore attachment does not affect the ability of the
chromosome to align at the mettage plate (FiguredD, left panel)137, 138. Because
merotelic attachmestarenot detected by the SAC, cells can enter anaphase in the
presence of merotelic kinetochores. When this happens, the normally attached sister
moves poleward, whereas thehlavior of the merotelic kinetochore and its chromatid
(now a chromosome) depends on the specific ratio of microtubules to the two spindle
poles. If the microtubule bundles attached to opposite poles are different in size (i.e., ratio
R>1), the meroteliciketochore will move towards the pole attached to the thicker bundle
[138. Conversely, if the two microtubule bundles are similar in size (i.e., ratio R~1), the
merotelic kinetochore will induce an anaphase lagging chromofl38g that is a

chromosome that lags behind at the cell equator after anaphase onset (Bigure 1.
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middle panel). Lagging chromosomes are found in ~1% untreated cultured mammalian
cells[136, 137, 144, 145. When the cytokinetic furrow ingresses, the lagging
chromosome can be pushed on either gi8&], thus producing aneuploid daughter cells
~50% of the time (Figure 8D, right panels). Whether the lagging chromosome ends up
in the correct or incorrect daughter cell, it will form a micronucleus upon mitotic exit
(Figure 15D, right panels)[137]. Interestingly, micronuclei are frequently found in

cancer cell$146, 147, and recent evidence suggests that the presence of micronuclei in
peripheral blood lymphocytes is predictive of increased risk of cancer in hufit&.
Because merotelic kinetochore attachment can evade the SACegar{s a serious

threat to the maintenance of a proper chromosome nym®er3|and represents a major

mechanism of aneuploidy in mammalian c¢ll45.

Aneuploidy and Cancer

Aneuploidy is a defining characteristic of cancer cells (Table[13 )49, 150.
This feature, together with the propensity to-segregate chromosomes at high rates, is
commonly referred to aShromosomalnstability, or CIN. The CIN phenotype is often
associated with the advaett stages of tumor developméhb1].

Certain CIN colorectal cancer cells harbor a frameshift mutation resulting from a
deletion in the Bubl gene essential forfidelity of the SAC[157. However, analysis
of other CIN cancer cells revealed that mutations in SAC genes are not c¢frsBon
158 and most CIN cancer cells have a robust 289, 160]. Because complete absence
of fundamental components of the SAC results in cell dé&j, a partial expression or

function is a more likely scenario that will lead to aneuploidy. Indeed, a number of
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studies in mice haploinsufficient for genes involved in SAC signli6d 165 showed
an increase in devgiment of spontaneoli$62 164, 165 or chemicallyinduced[161,
163 169 tumors.

Although much work has been aimed at establishing what exactly causes CIN, a
unifying mechanism has ngeétbeen identified. In an attempt to determine the order of
events that lead to chromosomal instability and high levels of aneuploidy in cancer cells,
two predominanhypothesesiave emerged. he firstpostulates that aneuploidy
represents an initial stage @dncer progressidi49, 166 167]. The second proposes the
emergence of a polyploid intermediate before the onset of aneufl@8s72. The
polyploid cell would then be genetically unstable and would be prone tsagisgate
chromosomes, which would leadtte high degree of aneuploidy observed in cancer
cells[170,171]]. It has been suggested that the polyploid intermediate could originate
from cytokinesidailure[170 171], a hypothesis that has been tested experimentally by
Fujiwaraand colleagues (2005), who inhibitegtokinesis in p5Sall mouse cells and
found that these cells underwent transformajiofi?]. Whereas this work suggests that
polyploidy-induced malignant transformatioaquires the inactivation of p53, other
studies found a p5Bidependent correlation between polyploidization and tumorigenesis
[173 174. In support of the polyploidy hypothesis is also the observation that polyploidy
iscommon in some preancerous conditions such as Barrett's esopHadgds

Neverthelesst has beembsenedthat polyploid cancer cells are rare, whereas
cancer cells with 500 chromosomes are very comnjas, 14, 149. These dataupport
the aneuploidy hypothesis, which proposed thegain or loss of onerdew

chromosomess a first step towards tumorigenesis. This hypothesis is also supported by
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the haploinsufficiency studies described abd&>-164], which showed a correlation
between chromosome rsggregation and tumorigenesis. It has been suggested that
aneuploidy is the only mechanism that can result in a large enough change in gene
expression that would contribute to the progression of c§h66f. Specifically, a twe

stage mechanism has been proposed to explain how aneuploidy might lead to cancerous
transformation. First, cellsndergo a chromosome r@egregation event; this original
mis-segregation event would then destabilize the karyotype and lead to further mis
segregation, increased aneuploidy, and eventually to the emergezenpeeous cells

[169, 175. Because the initial chromosome rsegregation event could be induced by a
defect in the mitotic apparatus, this hypothesis also explains hoyemmtoxic

compounds can induce transformatj@i6, 177]. The aneuploidy hypothesis also

postulates that either a critical number of chromosome losses/gains or aneuploidy for
specific chromosomesauld be required for cancerous transformation to §tigg.

This would jusify the length of time required for cancer developnijéag and would

also explain why under certain conditions, such as sex chromosome aneuploidy and some
autosomal tsomies (e.g., trisomy 21), aneuploidy occurs without the appearance of

cancer.
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Figure 1.1: Overview of MPhase in a typical animal celCells begin mitosis in

prophase where replicated chromosomes condense. Nuclear envelope breakdown marks
the entrance into prometaphasaere kinetochores can bind to microtubules. Metaphase

is when attached chromosomes align between the centrosomesghtiie equator.

During anaphase sister chromatids segregate and move to what will become two
genetically identical daughter cells. Telophaseurswhen the nuclear envelope begins

to reform around the recently segregated chromosomes. The invaginatemptdisma
membrane marks cytokinesis, the cleavage of the mother cell into two independent
daughter cells.
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Figure 1.2: Organizaton and componentsf the mitoticapparatus Diagram of major
structural components of the mitotic spindle. Microtubulessaiownin black Given the
inherent polarity of tubulin subunits, the pluses (+) indicatdtaed while the minuses
(-) represent tha end of tubulin subunits.
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Figure 1.3: Components ohe vertebrate kinetocharé diagrammatic representation of
the three major regions of the kinetochore: inner kinetochore, outer kinetochore, and
fibrous corona. Within each region are the proteins that contribbigthaehe structure

and function of the kinetochore.
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Figure 1.4: Thespindle assemblycheckpoint Kinetochoremicrotubule attachment
silences the SAC and activates ABCwhich in turn activates separase through securin
degradation. Separase activitgaves the cohesianolecules that holdister chromatids

together. The outcome is progression ataphase.
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