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Abstract 
 

 

At any given time there are on the order of one hundred million cells undergoing mitosis 

in the human body. To accurately segregate chromosomes, the cell forms the bipolar 

mitotic spindle, a molecular machine that distributes chromosomes equally to the 

daughter cells. To this end, microtubules of the mitotic spindle must appropriately attach 

the kinetochores: protein structures that form on each chromatid of each mitotic 

chromosome. The majority of the time correct kinetochore microtubule attachments are 

formed. However, mis-attachments can and do form. Mis-attachments that are not 

corrected before chromosome segregation can give rise to aneuploidy, an incorrect 

number of chromosomes. Aneuploidy occurring in the germ line can cause both 

miscarriage and genetic diseases. Furthermore, aneuploidy is a major characteristic of 

cancer cells, and aneuploid cancer cells frequently mis-segregate chromosomes at high 

rates, a phenotype termed chromosomal instability (CIN). CIN has been correlated with 

both advanced tumorigenesis and poor patient prognosis and over 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 mechanisms cause a transient, 

abnormal geometric arrangement of the mitotic spindle. Specifically, cancer cells possess 

supernumerary centrosomes, which lead to the assembly of multipolar spindles during 

early mitosis when attachments between kinetochores and microtubules are forming. 
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Supernumerary centrosomes facilitate the formation of merotelic attachments, in which a 

single kinetochore binds microtubules from more than one centrosome. As mitosis 

progresses the supernumerary centrosomes cluster, giving rise to a bipolar spindle by the 

time of chromosome segregation. However, the high rates of merotelic attachments 

formed during the transient multipolar stage result in high rates of chromosome mis-

segregation. The second geometric defect characterized is caused by failure of 

centrosomes to separate before kinetochore-microtubule attachments begin to form. This 

mechanism, too, leads to high rates of kinetochore mis-attachment formation and high 

rates of chromosome mis-segregation. Finally, this study shows that the mechanisms 

characterized here are prevalent in human cancer cells from multiple organ sites, thus 

revealing that both mechanisms are a common cause of CIN. 
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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 named 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 kinetochore (KT) [1-3]. 

The importance of mitotic chromosome segregation is illustrated by the fact that 

in humans, at any time, there are ~2.5 X 10
8
 cells dividing [4]. If inaccuracies in mitosis 

are not kept to a minimum, the possibility exists for cells to accumulate errors [4], which 

may produce a number of outcomes. Specifically, inaccurate chromosome segregation 

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 humans [5-7]. Indeed, the only 

autosome aneuploidies that can result in a live birth are trisomy 21 (an extra copy of 

chromosome 21), which causes Downôs syndrome, trisomy 18, which causes Edwardôs 

syndrome, and trisomy 13, which causes Patauôs syndrome. Of these three, Downôs 

syndrome is the only one compatible with development into adulthood, whereas the other 

two cause death within the first year of life [8]. Sex chromosome aneuploidies occur at 

higher frequencies than do numerical changes in autosomes [8] and can induce less 

severe syndromes, such as Turnerôs syndrome (X0 individuals, i.e. females with only one 

copy of the X chromosome), and Klinefelterôs syndrome (XXY males). The suggested 

reason for sex chromosome aneuploidies to be better tolerated than most autosomes is the 
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relatively low number of genes carried by such chromosomes [9-11]. The frequency of 

aneuploidy in somatic human cells is largely unknown [12, 13]. However, most cancer 

cells are aneuploid (Table 1.1) [13, 14], suggesting that aneuploidy arising in somatic 

cells might be the leading cause of cancer development, a hypothesis proposed by 

Theodor Boveri over 100 years ago [15]. 

The goal of this study is to investigate how defects in the mitotic apparatus may 

lead to establishment of kinetochore-microtubule mis-attachments and chromosome mis-

segregation, and to determine whether the mechanisms studied here contribute to 

chromosomal instability in cancer cells. A thorough investigation of mitotic defects 

requires a comprehensive understanding of normal mitotic division, the mitotic apparatus, 

and the mechanisms of chromosome segregation. Thus, 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 spindle assembly checkpoint, the types 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 progression. Chapters 2 and 3 describe two cellular mechanisms that cause transient 

defects of the mitotic apparatus that lead to chromosome mis-segregation and aneuploidy. 

Finally, chapter 4 investigates the potential role that the mechanisms described in chapter 

2 and 3 may have in causing chromosomal instability in different cancer cell types, and 

reaches the conclusion that the mechanisms of abnormal spindle assembly characterized 

here appear to be common among a variety of cancer cells and may provide promising 

targets for chemotherapeutic agents. 
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Mitosis  

Accurate distribution of the genetic material is crucial to the proper functioning 

and perpetuation of cells and organisms. Chromosomes are replicated during S-phase, but 

the two sister chromatids will not be separated until the next M-phase, through a process 

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 chromatid, and the 

duplicated centrosomes give rise to a microtubule-based machine named the mitotic 

spindle. Together, chromosomes, kinetochores, and the mitotic spindle form the mitotic 

apparatus [16]. 

Prophase (Figure 1.1, first panel), the first stage of mitosis, occurs when the 

genetic material becomes condensed into individual chromosomes. These chromosomes 

resemble worm-like structures that are encapsulated by the nuclear membrane. As this 

stage progresses, chromosomes become more condensed and better defined. Cohesin 

molecules hold the two 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 nucleus [17-19]. 

The breakdown of the nuclear envelope marks progression from prophase into 

prometaphase. 
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Prometaphase (Figure 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 of  microtubules to a kinetochore results in the rapid 

poleward movement of the chromosome  [20]. This process usually results in an 

orientation of sister chromatids that allows for the unattached sister kinetochore to face 

the opposite spindle pole. Non-kinetochore microtubules interact with the sister 

chromatid arms and produce polar ejection forces [21]. These forces assist in 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 

equator [22]. 

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 referred to as the metaphase plate. In many cell 

types, the aligned chromosomes are not stationary but undergo short poleward and anti-

poleward oscillations (directional instability) [21]. 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 chromatids [23].  The sudden elimination of 

cohesin allows for the synchronized poleward movement of sister chromatids (now 

daughter chromosomes). The kinetochores function to transport chromosomes poleward 
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toward their respective spindle pole. As the kinetochore is involved in this process, so are 

kinetochore microtubules. These microtubules shorten 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 spindle pole-to-pole distance 

(anaphase B). This further separation of the spindle 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 metaphase plate, and the nuclear 

envelope starts reassembling. Mitosis is followed by cytoplasmic division, or cytokinesis 

(Figure 1.1, fifth panel). An actin-based contractile ring starts forming during the later 

stages of mitosis at the spindle equator. This contractile ring 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 completion of cytokinesis, along with the previous 

steps of mitosis, yields two genetically identical daughter cells. 

 

Mitotic Spindle 

The mitotic spindle is a key molecular machine that separates chromosomes 

during mitosis. Upon mitotic entry, the interphase microtubules break down to re-

polymerize into a fusiform bi-polar array of shorter and more dynamic microtubules [24]. 

This structure is completely assembled by metaphase, at which stage the mitotic spindle 

appears as a symmetric radial array of microtubules emanating from two distinct regions 

located at opposite sides of the cell. These two regions are commonly referred to as 
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spindle poles, centrosomes, or microtubule-organizing centers, and serve as nucleation 

sites from which microtubules emanate [25, 26]. Microtubules fan out toward the center 

of the spindle, where they interact with the chromosomes (Figure 1.2). Spindle poles, 

microtubules, and chromosomes form a prominent structure that can be easily followed 

by simple light microscopy. Thus, the spindle is one of the best-studied cellular 

structures. 

Each microtubule consists of thirteen tubulin protofilaments organized to form a 

hollow tube. Each tubulin molecule consists of two very similar globular subunits called  

 a- and b-tubulin. Tubulin dimers assemble so that a- and b-subunits regularly alternate 

within the protofilament. This linear arrangement gives microtubules a structural polarity. 

The two ends of a microtubule are referred to as the minus end (with exposed a-

subunits), located at the centrosome, and the plus end (with exposed b-subunits), away 

from the centrosome. Microtubules undergo a process of slow polymerization and rapid 

disassembly of subunits termed dynamic instability [27]. This instability is primarily seen 

at the plus ends of microtubules while the minus end remains relatively stable. It 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 probe the cytoplasm and contact the cell cortex [28]. Their primary function is 

to orient the mitotic spindle within the cell. Molecular motors travel along interpolar 
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microtubules and function to separate centrosomes to opposite sides of the nucleus [28]. 

The anti-parallel arrangement allows for specific microtubule motors, such as the kinesin 

Eg5, to ñwalkò towards the plus ends of two overlapping microtubules, which results in 

centrosome separation [17-19]. Interpolar microtubules are also responsible for anaphase 

B movement in which the spindle poles separate to allow for complete chromosome 

segregation [29]. 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 kinetochore-fiber, or K-

fiber. Kinetochore microtubules constitute the link between the chromosomes and the 

mitotic spindle and govern mitotic chromosome dynamics [30]. (A number of 

microtubule-associated proteins (MAPs) also bind microtubules to stabilize them.)  

 In vertebrate somatic cells, centrosomes are located at the two spindle poles, and 

function as the microtubule organizing centers at those sites (Figure 1.2). Centrosomes 

are regions of amorphous pericentriolar material in which a pair of centrioles are located. 

Each centriole consists of a truncated array of microtubules that are organized into a 

triplet arrangement in which nine groups of three microtubules form a cylindrical 

structure [25, 26]. Two such cylinders are positioned orthogonally to one another to form 

a centriole pair. The 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 attached [31]. A special component of the centrosome is g-tubulin. g-

tubulin is a third type of tubulin [32, 33] that is found exclusively at the centrosome, and 

is very well conserved in all eukaryotes [32]. g-tubulin was found to bind one or more 

proteins to form the g-tubulin ring complex, or g-TuRC, a ring-like structure with 
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diameter of ~25nm (same as microtubules) [34]. g-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 contribute to the maintenance of bipolar 

spindles with focused spindles poles [35, 36]. 

Although centrosomes have been shown to function as microtubule nucleation 

sites, many meiotic cells and other specialized cells assemble acentrosomal spindles [37]. 

A tubulin polymer stabilizing gradient localized in the vicinity of the chromosomes may 

initiate microtubule assembly, which leads to the formation of the characteristic bipolar 

spindle through the action of motor proteins such as cytoplasmic dynein [38, 39], and 

minus-end associated proteins, such as NuMA (Nuclear/Mitotic Apparatus protein) [40-

42]. 

 

Kinetochore  

The kinetochore is a proteinaceous structure that serves as the interface between 

the chromosomes and spindle microtubules [43]. Various molecular components of the 

kinetochore facilitate the attachment of chromosomes to the plus ends of microtubules. In 

addition, key motor proteins that reside at the outermost kinetochore area, promote 

chromosome movement during mitosis [44]. 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 visible during mitosis as it is significantly narrower 

compared to the rest of the chromosome. The centromeric regions of chromosomes vary 

among species, but, with the exception of those organisms that possess holocentric 
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chromosomes, such as Cenorhabditis elegans, are frequently characterized by the 

presence of repetitive sequences at a specific locus. In Saccharomyces cerevisiae a 125bp 

sequence is indispensable for the construction of the kinetochore [45]. In human cells, 

centromeres consist of repetitive sequences 171bp long, also referred to as a-satellite or 

alphoid DNA, arranged in a head to tail fashion and spanning several megabases [46]. 

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 microscopy are commonly referred to as 

the inner kinetochore, the outer kinetochore, and the fibrous corona [47-49] Specific 

proteins localize to each of these domains (Figure 1.3) and determine kinetochore 

structure and function.  

The inner kinetochore is composed of constitutive proteins, three of which were 

the first kinetochore proteins to be identified because they were recognized by antisera 

from patients with calcinosis, reynaudôs, esophageal, sclerodactyly, and telangiectasia 

(CREST) syndrome [47]. These are centromere proteins A, B, and C (CENP-A, CENP-B, 

and CENP-C, respectively) (Figure 1.3) [50].  

The kinetochore protein CENP-A is a histone H3 homolog and is conserved from 

yeast through humans [51-53]. CENP-A substitutes for Histone H3 in the centromeric 

region of chromosomes (Figure 1.3) and provides the molecular marker and basis for 

kinetochore assembly [52]. Perturbations of CENP-A have calamitous consequences. For 

example, CENP-A null mice do not develop beyond embryogenesis due to failure of 

kinetochore formation and cell death [54]. CENP-A is targeted to the kinetochore during 
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late mitosis-early G1 [55]. Although the precise mechanism that targets CENP-A to the 

centromere in vertebrates remains unknown, it has been shown that budding yeast CENP-

A localizes in a sequence-dependent manner [56].  

Like CENP-A, CENP-B is a DNA binding protein. It recognizes the CENP-B 

box, a specific 17bp sequence within the alphoid DNA [57]. Interestingly, cells derived 

from CENP-B null mice do not exhibit mitotic defects [58, 59]. Recently, it has been seen 

that CENP-B is involved in chromatin remodeling, which appears necessary for the 

formation of functional kinetochores [57]. However,  neocentromeres in human patients 

were found  in regions of DNA that do not contain alpha satellite sequences (and 

therefore no CENP-B binding sites) [60], suggesting that CENP-B is not required for 

kinetochore formation.  Given such contradictory data, further studies will be necessary 

to determine if CENP-B plays a significant functional role. However, it is possible that 

CENP-Bôs role at the kinetohcore might be solely structural and not functional. Early 

studies indicated that CENP-B  is found at both kinetochores of stable dicentric 

chromosomes, as opposed to  CENP-C, which instead localizes only at the active 

kinetochore of stable dicentric chromosomes [61]. These data suggests a functional role 

for CENP-C. Since the identification of the first three CENPs, many other inner 

kinetochore proteins have been identified and the list currently includes CENP-H, CENP-

I, CENP-K ï U (Figure 1.3) [62-64]. These CENPs are present at the inner kinetochore 

throughout the cell cycle and most of them are constitutively associated with CENP-A 

nucleosomes. Not all of these inner kinetochore proteins seem to play a critical role  in 

chromosome segregation [48], although some of them may be responsible for the loading 

of CENP-A on centromeric DNA [64].  The inner kinetochore proteins CENP-H, CENP-
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I, CENP-K ï U have been recently named the constitutively centromere-associated 

network (CCAN) [62-64]. Members of the CCAN control the localization of some outer 

kinetochore proteins [63], such as Mis12 and Ndc80 [65, 66]. 

The outer kinetochore consists of fewer proteins than does the inner kinetochore 

and becomes fully assembled after entry into mitosis [48]. The members of this region 

belong to three protein complexes (KNL1, Mis12, and Ndc80, also referred to as the 

KMN network) (Figure 1.3) and play a critical role in establishment of kinetochore 

attachment to microtubules [43, 48]. KNL1 was shown to target multiple outer 

kinetochore proteins both in C. elegans [67] and vertebrates [63], and its depletion results 

in defective chromosome segregation [63]. Mis12 plays an important role in chromosome 

segregation [68, 69], presumably by promoting kinetochore attachment. The Ndc80 

complex, conserved in a wide range of eukaryotes, consists of four proteins: Hec1, Nuf2, 

Spc24, and Spc25 [70-72]. These molecules are required for the establishment of stable 

kinetochore attachment to the spindle [73] and proper chromosome segregation [74, 75]. 

The plus ends of microtubules interact specifically with Hec1 and Nuf2, while Spc24 and 

Spc25 are located proximal to the inner kinetochore [73, 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, 

possibly with the cooperation of Mis12, bind to a microtubule lattice promoting the stable 

end-on microtubule connections (Figure 1.3) [77, 78].  

The fibrous corona derives its name from its meshwork-like aspect in electron 

micrographs. This region is the first to come into contact with microtubule plus ends and 

microtubules become embedded in it. Proteins found at the fibrous corona include: 
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spindle assembly checkpoint (SAC) proteins; CENP-E; CENP-F; the RZZ complex (Rod, 

ZW 10, and Zwilch); Dynein/Dynactin; and a number of plus end tracking proteins 

(+TIPs; CLASP, CLIP-170, EB1, APC) (Figure 1.3) [79, 80]. All these proteins play 

disparate roles, from SAC signaling (SAC proteins, RZZ complex, CENP-E) [48, 81] 

[82], to SAC silencing (dynein) [83]; from directing chromosome congression (CENP-E, 

dynein) [84-86], to establishment of stable end-on kinetochore attachments (dynein, RZZ, 

CENP-F) [87-90]; from mitotic chromosome movement (dynein) [86, 91-93], to 

coordination between microtubule dynamics and kinetochore movement (+TIPs) 

(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 proper bi-orientation of 

sister chromatids [95]. Initially located throughout the length of mitotic chromosomes, 

cohesin molecules become reduced during mitosis until all but the centromeric region 

appears to maintain this adhesion [96]. Anaphase onset coincides with cohesin 

degradation, which allows the sister 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 mis-segregation of chromosomes and aneuploid daughter cells. 

Fortunately, a mechanism is in place to prevent such chromosome mis-segregation during 

mitosis. This mechanism is a biochemical signaling pathway known as the spindle 

assembly checkpoint, or SAC. Work performed by Rieder et al. (1994 and 1995) 

illustrates the importance of kinetochore attachment to the spindle for SAC signaling [97, 
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98]. In these studies, anaphase onset was prevented in the presence of an unattached 

kinetochore [99]. 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 spindle, second the signal that 

prevents progression into anaphase (the ñwait anaphaseò signal) is produced at or near the 

kinetochore. Since this early report, our knowledge of the SAC pathway has substantially 

increased, allowing a more comprehensive understanding of molecular 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 sequestered in a complex with 

the protein securin. The metaphase to anaphase transition depends on the degradation of 

securin, which in turn allows separase to become active [100] and cleave the cohesin 

complex, thus inducing separation of sister chromatids (Figure 1.4). The degradation of 

securin molecules is dependent on the action of the proteasome [4, 101]. The anaphase 

promoting complex/cyclosome, APC/C, an E3 ubiquitin ligase, marks securin for 

degradation through ubiquitination [102, 103]. A positive regulator, Cdc20, is necessary 

for the activation of APC/C [104]. The SAC effectively inhibits the activity of the Cdc20-

APC/C complex thereby preventing cohesin degradation until all kinetochores become 

attached to spindle microtubules and all chromosomes become aligned at the metaphase 

plate (Figure 1.4) [105].  

The first SAC proteins were identified through genetic screens of Saccharomyces 

cerevisiae exposed to microtubule perturbing compounds [106, 107]. The 
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characterization of mutants that did not arrest in mitosis in the presence of MT drugs, led 

to the identification of six SAC genes: mitotic arrest-deficient Mad1, Mad2, and Mad3 

(BubR1 in vertebrates), budding uninhibited in benzimidazoles, Bub1, Bub3, and 

monopolar spindle 1, Mps1 [48, 108, 109]. It was subsequently found that these members 

share significant homology throughout eukaryotes [110, 111]. In addition to these core 

SAC proteins, a number of proteins have been shown to contribute to checkpoint 

signaling in various ways. These proteins include CENP-E [112, 113], Dynein [83], and 

the RZZ (Rod, ZW 10, and Zwilch) complex (reviewed in [81]). 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 SAC consists of an attachment sensing mechanism that 

ensures all kinetochores become occupied by a full complement of microtubules before 

anaphase onset [97, 115, 116]. The second portion is one in which tension across sister 

kinetochores is monitored [114, 117-119].  

Throughout the early stages of mitosis unoccupied kinetochores produce a signal 

to inhibit the APC/C, thus delaying onset of anaphase [97, 99]. Preceding production of 

this inhibitory signal, during kinetochore assembly, Hec1 and Nuf2 members of the 

Ndc80 complex, function to recruit Mps1, Mad1, and Mad2 [115, 120]. Interestingly, 

Mps1 appears to be responsible for the localization of both Mad1 and Mad2; however, it 

is the kinase activity of Mps1 that is responsible for localization of Mad2 [121]. 

Localization of Mad2 to the kinetochore is dependent on the absence of 

microtubules [115], and activation of the SAC is dependent on the presence of Mad2 at 



 16 

the kinetochore [122]. Both Mad1 and Mad2 localize to the kinetochore from prophase 

until metaphase, just prior to sister chromatid separation [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 securin [111]. Therefore, the MCC complex ensures 

well regulated control of the APC/C and contributes to the ñwait anaphaseò signal 

produced by kinetochores [97, 125].  

Complementing the previously discussed attachment mechanism appears to be a 

more subtle tension sensing mechanism of the vertebrate SAC [114, 126, 127]. As 

chromosomes align at the metaphase plate, they accumulate a full complement of 

kinetochore microtubules. This results in the development of inter-kinetochore tension, 

visible as an increase in the distance between sister kinetochores. Lack of tension across 

sister kinetochores results in the accumulation of Bub1 and BubR1, but not Mad2, at the 

kinetochores [114]. This suggests that Bub1 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 CENP-E [127], and BubR1 kinase activity is dependent on the 

interaction with CENP-E. Kinetochores that are unattached promote CENP-E mediated 

activation of BubR1 kinase [127], and this BubR1 kinase activity causes a delay in 

progression through mitosis [127].  

A link between the ñattachmentò and ñtensionò hypotheses is suggested by the 

fact that tension increases stability of microtubule attachment, and thus the number of 

attached microtubules, thus leading to kinetochore full occupancy by microtubules [128]. 

As the last kinetochore achieves microtubule attachment and becomes aligned at the 



 17 

metaphase plate, the SAC is inactivated [97, 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 dynein-dependent manner [83, 129] and breakdown of 

the MCC complex [129]. The dynein/dynactin complex is an attractive mechanism for 

silencing the SAC upon microtubule attachment. During prometaphase, the 

dynein/dynactin complex localizes to unattached kinetochores along with Mad1, Mad2, 

and BubR1 [123, 130]. At metaphase, these proteins are depleted from kinetochores 

[130] and travel towards the minus end of kinetochore microtubules in a dynein-

dependent manner [83]. The inhibition of dynein/dynactin impairs poleward movement 

of checkpoint proteins and effectively delays entry into anaphase through the 

maintenance of an active checkpoint [83]. For the MCC breakdown process, a key player 

was recently identified in p31
comet 

[131]. p31
comet

 promotes mitotic exit by inhibiting the 

ñwait anaphaseò signal produced at the kinetochore once complete kinetochore 

attachment and chromosome alignment have occurred [132, 133]. p31
comet

 participates in 

the removal of checkpoint proteins from the MCC complex, thus reversing the inhibitory 

action exerted by the MCC on the APC/C complex [129]. 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 bind 20-40 kinetochore microtubules [49, 134]. 

For accurate chromosome segregation, the two sister kinetochores must bind 

microtubules from opposite spindle poles (amphitelic orientation; Figure 1.5A). 
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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, syntelic, and merotelic attachments [12, 13].  

Monotelic attachments are formed when growing microtubules from one spindle 

pole attach to one sister kinetochore, while the other sister kinetochore is devoid of 

microtubules (Figure 1.5B). Monotelic attachment results in the positioning of the mis-

attached chromosome near the spindle pole to which it is attached (Figure 1.5B, 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 (Figure 1.5B, right panel). However, this type 

of mis-attachment is an obligatory step in early mitosis, and the unattached kinetochore 

generates the ñwait anaphaseò signal that maintains the SAC active until amphitelic 

attachment is achieved [99]. Therefore, under unperturbed cellular conditions, monotelic 

attachment is an unlikely cause of chromosome mis-segregation. 

Syntelic attachment occurs when both sister kinetochores bind microtubules from 

the same spindle pole (Figure 1.5C). Like monotelic chromosomes, syntelic 

chromosomes position close to the pole to which they are attached (Figure 1.5C, left 

panel), and progression into anaphase in the presence of this mis-attachment would result 

in the production of aneuploid daughter cells (Figure 1.5C, right panel). However, this 

type of mis-attachment is observed very rarely in unperturbed mammalian cells [135], 

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. However, it is 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 spindle assembly checkpoint [114, 119, 

128].  

Merotelic attachments are those in which one sister kinetochore binds 

microtubules from both spindle poles (Figure 1.5D) [12, 13]. This type of mis-attachment 

occurs frequently in early mitosis [136]. Furthermore, all microtubule binding sites of the 

kinetochore are occupied by microtubules and sufficient tension is generated between 

sister kinetochroes, thereby evading detection by the SAC [137-141]. However, an 

Aurora B-dependent mechanism can correct merotelic attachment before anaphase onset 

by promoting kinetochore microtubule turnover [142, 143], possibly through 

phosphorylation of the Ndc80 complex [76]. As opposed to monotelic and syntelic 

attachments, merotelic kinetochore attachment does not affect the ability of the 

chromosome to align at the metaphase plate (Figure 1.5D, left panel) [137, 138]. Because 

merotelic attachments are not detected by the SAC, cells can enter anaphase in the 

presence of merotelic kinetochores. When this happens, the normally attached sister 

moves poleward, whereas the behavior 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 merotelic kinetochore 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 chromosome [138], that is a 

chromosome that lags behind at the cell equator after anaphase onset (Figure 1.5D, 
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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 side [137], thus producing aneuploid daughter cells 

~50% of the time (Figure 1.5D, right panels). Whether the lagging chromosome ends up 

in the correct or incorrect daughter cell, it will form a micronucleus upon mitotic exit 

(Figure 1.5D, right panels) [137]. Interestingly, micronuclei are frequently found in 

cancer cells [146, 147], and recent evidence suggests that the presence of micronuclei in 

peripheral blood lymphocytes is predictive of increased risk of cancer in humans [148]. 

Because merotelic kinetochore attachment can evade the SAC, it represents a serious 

threat to the maintenance of a proper chromosome number [12, 13]and represents a major 

mechanism of aneuploidy in mammalian cells [145]. 

 

Aneuploidy and Cancer 

Aneuploidy is a defining characteristic of cancer cells (Table 1.1) [13, 149, 150]. 

This feature, together with the propensity to mis-segregate chromosomes at high rates, is 

commonly referred to as Chromosomal Instability, or CIN. The CIN phenotype is often 

associated with the advanced stages of tumor development [151].  

Certain CIN colorectal cancer cells harbor a frameshift mutation resulting from a 

deletion in the Bub1 gene essential for the fidelity of the SAC [152]. However, analysis 

of other CIN cancer cells revealed that mutations in SAC genes are not common [153-

158] and most CIN cancer cells have a robust SAC [159, 160]. Because complete absence 

of fundamental components of the SAC results in cell death [161], 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 signaling [161-165] showed 

an increase in development of spontaneous [162, 164, 165] or chemically-induced [161, 

163, 165] tumors.  

Although much work has been aimed at establishing what exactly causes CIN, a 

unifying mechanism has not yet been identified.  In an attempt to determine the order of 

events that lead to chromosomal instability and high levels of aneuploidy in cancer cells, 

two predominant hypotheses have emerged. The first postulates that aneuploidy 

represents an initial stage of cancer progression [149, 166, 167]. The second proposes the 

emergence of a polyploid intermediate before the onset of aneuploidy [168-172]. The 

polyploid cell would then be genetically unstable and would be prone to mis-segregate 

chromosomes, which would lead to the high degree of aneuploidy observed in cancer 

cells [170, 171]. It has been suggested that the polyploid intermediate could originate 

from cytokinesis failure [170, 171], a hypothesis that has been tested experimentally by  

Fujiwara and colleagues (2005), who inhibited cytokinesis in p53-null mouse cells and 

found that these cells underwent transformation [172]. Whereas this work suggests that 

polyploidy-induced malignant transformation requires the inactivation of p53, other 

studies found a p53-independent correlation between polyploidization and tumorigenesis 

[173, 174]. In support of the polyploidy hypothesis is also the observation that polyploidy 

is common in some pre-cancerous conditions such as Barrett's esophagus [168].  

Nevertheless, it has been observed that polyploid cancer cells are rare, whereas 

cancer cells with 50-70 chromosomes are very common [13, 14, 149]. These data support 

the aneuploidy hypothesis, which proposes that the gain or loss of one or few 

chromosomes is a first step towards tumorigenesis. This hypothesis is also supported by 
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the haploinsufficiency studies described above [162-164], which showed a correlation 

between chromosome mis-segregation 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 cancer [169]. Specifically, a two-

stage mechanism has been proposed to explain how aneuploidy might lead to cancerous 

transformation. First, cells undergo a chromosome mis-segregation event; this original 

mis-segregation event would then destabilize the karyotype and lead to further mis-

segregation, increased aneuploidy, and eventually to the emergence pre-cancerous cells 

[169, 175]. Because the initial chromosome mis-segregation event could be induced by a 

defect in the mitotic apparatus, this hypothesis also explains how non-genotoxic 

compounds can induce transformation [176, 177]. The aneuploidy hypothesis also 

postulates that either a critical number of chromosome losses/gains or aneuploidy for 

specific chromosomes would be required for cancerous transformation to arise [178]. 

This would justify the length of time required for cancer development [175] and would 

also explain why under certain conditions, such as sex chromosome aneuploidy and some 

autosomal trisomies (e.g., trisomy 21), aneuploidy occurs without the appearance of 

cancer. 
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Figure 1.1: Overview of M-Phase in a typical animal cell. Cells begin mitosis in 

prophase where replicated chromosomes condense. Nuclear envelope breakdown marks 

the entrance into prometaphase, were kinetochores can bind to microtubules. Metaphase 

is when attached chromosomes align between the centrosomes at the spindle equator. 

During anaphase sister chromatids segregate and move to what will become two 

genetically identical daughter cells. Telophase occurs when the nuclear envelope begins 

to reform around the recently segregated chromosomes. The invagination of the plasma 

membrane marks cytokinesis, the cleavage of the mother cell into two independent 

daughter cells. 
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Figure 1.2: Organization and components of the mitotic apparatus. Diagram of major 

structural components of the mitotic spindle. Microtubules are shown in black. Given the 

inherent polarity of tubulin subunits, the pluses (+) indicate the b end while the minuses 

(-) represent the a end of tubulin subunits.  
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Figure 1.3: Components of the vertebrate kinetochore. A diagrammatic representation of 

the three major regions of the kinetochore: inner kinetochore, outer kinetochore, and 

fibrous corona. Within each region are the proteins that contribute to both the structure 

and function of the kinetochore. 
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Figure 1.4: The spindle assembly checkpoint. Kinetochore-microtubule attachment 

silences the SAC and activates APC/C, which in turn activates separase through securin 

degradation. Separase activity cleaves the cohesion molecules that hold sister chromatids 

together. The outcome is progression into anaphase.  




















































































































































































































