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Abstract

Equal segregation of the replicated genomic content to the two daoghdéés the major task of

mitotic cells. The segregation is controlled by a complex system in the cell and relies mainly on the
interaction between microtubules (MTs) of the mitotic spindle and kinetochores (KTs), specialized
protein structures that assembfeaach chromatid of each mitotic chromosome. By combining
computational modeling and quantitative light microscopy, we established a quantitative model of
the forces and regulators controlling metaphase chromosome movement in the mammalian cell line
derived fromPotorous tridactylikidney epithelial cells (PtK1) (Chapter 2). This model can explain
key features of metaphase chromosome dynamics and related chromosome structural changes
experimentally observed. Moreover, the model made predictions, whitdstee experimentally,

on how changes in spindle dynamics affect certain aspects of chromosome structure. This
guantitative model was next used to study the metaphase dynamics of chromosomes with erroneou:
KT-MT attachments (Chapter 3). Once again, theehpredictions were tested experimentally and
showed that erroneous KNIT attachment alters the dynamics not only of the-atiached KT, but

also of its sister KT. Even more strikingly, experimental data showed that the presence of a single
mis-attached K could perturb the dynamics of all other, normally attached, KTs in anaphase.
Chapter 3 also describe how MT poleward flux ensures corredK&ttachment and correct
chromosome segregation. Indeed, reduced flux is associated with an increase incalgrotel

attached anaphase lagging chromosomes (LCs). These LCs form micronuclei (MNi) upon mitotic



exit. The final effort of this work focused on the fate of MNi and micronuclated (MNed) cells
(Chapter 4). Experimental observations showed that most ohtbemosomes in MNi

missegregated at the cell division following MN formation and that frequently the chromatin in the
MN displayed delayed condensation. This work, thus, established a direct link between LCs and

aneuploidy through the MN cell cycle.
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Chapter 1. Literature Review

1.1. Overview

Correct chromosome segregation during cell division is one of the mechanisms responsible
for maintaining genome stabilithccurate chromosome segregation relies on both the
interplay of numerous biochemical pathways that control cell division and onténglay

of mechanics and dynamics of mitotic apparatus components, which produce the forces
necessary to achieve correct segregation and prevent chromosome segregation errors.
Erroneous chromosome segregation leads to gain or loss of chromosomes, Wiyiekdwi

cells with aberrant chromosome number (aneuploid ¢€lisini and Degrassi, 2005

Cimini et al., 2002Cimini et al., 2001 This will affect the function and viability of

offspring cells(Storchova an&uffer, 2008 Weaver et al., 20Q®Williams et al., 2008

and hence the development and survdfan organisnfSumner, 2008

Aneugoidy, arising in either germ cells or somatic cells, can cause disease in humans.
Chromosome misegregation in meiosis results in the production of aneuploid gametes,
which will give rise to zygotes with abnormal chromosome number. Most aneuploid
zygotesdo not survive and result in miscarrig@mner, 2008 Even in those few cases in
which aneuploidy is not lethal (e.g., monosomgidrisomy 21), severe mental and

physical problems are observiddunne and Cohen, 1988Aneuploidy can also arise in
postzygotic mitotic divisionsleading to mosaic embryos. Interestingly, mosaicism is more

frequently observed than complete aneuploidyairlyehuman embryo@viunne, 2006



Munne and Cohen, 199&nd it is generft associated with serious birth defects. A severe
postbirth human disease, named mosaic variegated aneuploidy (MVA), is a syndrome
characterized by mosaic aneuploidy, predominantly trisomies and monosomies involving
multiple chromosomes and tissues. T8yadrome is associated with high risk of cancer (12
of 35 reported MVA casegHanks et al., 2004Hanks et al., 2006 demonstrating that

aneuploidy can have deleterious effects on organism survival.

Spontaneoushromosomenis-segregatiofis also observed in he¢ll humans, as well as in
other mammalsEvery seconébout 10 million cell divisions occur in a human adult
(Weinberg, 2006 About 1G° cells are generated from cell division in an average human
lifespan. This enormous number of cell divisions puts our body at high risk of having
chromosomenis-segregationeven if the frequency of miegregation is low. In normal
human brain, which coains about one trillion cells, 4% cells are constitutively aneuploid
for chromosome 2{Rehen et al., 2005Chromosome 17 also shows high rates of
aneuploidy in normahuman brai{Mosch et al., 2007 Correspondingly, approximately
33% of mouse neuroblasts aremtified as aneuploid, with 98% of them being hypoploid
(missing chromosomes). In these neuroblasts, lack of individual chromosomes ranges
between 1.6% and 8.4%, while chromosome gain (hyperploidy) is always less than 2%
(Reheret al., 2001 Another type of primary cells whose karyotype has been extensively
studied is peripheral blood lymphocytes. Spontaneous aneuploidy in uncultured and cultured
human lymphocytes ranges between 0.03% and about 10% for a single chromosome
(Catalan et al., 20Q@imini, 2008 Minissi et al., 1999 How such high rates of aneujulp
occur and whether the consequent gene dosage unbalancakdanganism is still

unclear.



Notably, high rates of chromosomenis-segregatiorandaneuploidyareconsistently

observed irhuman cancer&Cimini, 2008 Weaver and Cleveland, 200&nd numeous

studies indicated a potential role of aneuploidy in cancer development. Indeed, studies in
animal models have shown that aneuplaityucing mutations (e.g., BUB1B, MAD?2,
CENRE haploinsufficiency correlated with high rates of cangefanks et al., 2004

Michel et al., 200lWeaver et al., 2007However, other observations indicate that in some
contexts aneuploidy can suppress tumor graWbaver et al., 20Q0®Villiams et al., 2008
Althoughfurther effort is needed to clarify the complex effect of aneuploidy, many
observations support (and somewhat extend) the hypothesis, proposed by Theodor Boveri in
1902Boveri, 1914 Boveri, 2008, that aneuploidy drives tumor progress{btolland and
Cleveland, 200p Uncovering the mechanisn$ chromosomenis-segregatiomill provide
important information for cancer prognosis and will help identify promising targets for

anticancer therap{Holland and Géveland, 2009Rajagopalan and Lengauer, 2004

Given the role of accurate chromosome segregation in preventing aneuploidy and disease,
understanding the cellular mechanisms controlling chromosome segregation is of utmost
importance. The work describadthe first part of this dissertation (Chapter8)Zocuses

on understandingow the mechanics and dynamics of the mitotic apparatus regulate
chromosome movement and correctiofKdf mis-attachments. Because the mitotic

apparatus is constituted by many components, which interact in complex ways taproduc
the forces necessary to move chromosomesonina experimerdl andcomputational
approacheto addressur specificquestiors from asystemlevel perspectiveDespite the
existence of multiple pathways responsible for ensuring accurate chromosome segregation,

errors can occur in mitosis. A common chromosome segregation error observed in both



normal and cancer cells is the anaphase lagging chromosom@Jib@ni et al., 2001
Thompson and Compton, 2008vhichis a chromosomeersistsat or near the metaphase
plate while all the other chromosomes segregate to the spindle poles in anapbésal
part of this dissertain (Chapter 4) investigates the behavior of these LCs at the next

mitosis.

1.2. Mitotic chromosome segregation

Cellsreproduce through a series of ordered events named cell cycle. Chromosomes are
duplicated in S phase and distributed to two daughter cells during M phase. Between M and
S phase and S and the subsequent M phase there are two gap (or growth) phases2G1 and
(Figurel.1l). The M phase of the cell cycle includes two major events: nuclear division
(mitosis) and gtoplasmicdivision (cytokinesis{Morgan, 200Y. Mitosis is further divided

into five stages: prophase, prometaphase, metaphase, anaphase, and telophase.

At prophase, replicated chromatin condens&s visible individual chromosomes in the

intact nucleus. In the cytoplasm, duplicated centrosomes start moving apart. At
prometaphase, the nuclear envelope (NE) breaks down, giving the chromosomes the chance
to interact with microtubules (MTs) growing frothe separated centrosomes. At

metaphase, chromosomes align at the spindle equator to form what is lgtben a

metaphase plate, and exhibit oscillatory movemekttanaphase, cohesion between sister
chromatids is destroyed. The sistromatié (now named chromosomes) are separated to

two opposite poles of the spindle. At telophase, the chromosomes arrive at the spindle poles



and decondense. New NE assembles around the chromosomes to pack the two sets of
chromosomes into two new daughter nucléie assembly atontractile ringnitiates
duringanaphaser telophase. During cytokinesis, the contractile ring pinches the cell
between the two new nuclei and the cytoplasm divides into two individual daughter cells

(El-Alfy et al., 1994 Roos, 1973aRoo0s, 1976Roo0s, 1973p

1.3. The mitotic apparatus

1.3.1. The mitotic spindle

Chromosome segregation is carried out by a bipolar array of MTs named the mitotic spindle.
MTs and associated proteins generate the forces that move the chromdsontgsitosis

and ensure that they are correctly distributed to the two daughter cells.

In mitotic vertebrate cells, MTs radiate from two MT Organizing Centers (MTOCS), the
centrosomefRieder et al., 2001 Each centrosome consists of a pair of centrioles
surrounded by perice#tubiudli ar r maigRGjoanp,] eixres!| (
(Figurel2 A) . UrsiRCs as templates, MT nucleation begins. The basic building

bl ocks ofuMTbinUdbmBIRGstemplaied headratl t build 13

protofilaments that align side by side to form the wall of a hollow cylinder, the MT (Figure

1.2B). The heado-tail orientation of tubulin dimers confers structural (and functional)

polarity to MTs, whose plus ends always point away from the centrosomes (ERf8)ye

Individual MTs undergo alternating phases of elongation and rapid shortenipgacess

named dynamimstability (Mitchison and Kirschner, 198%alker et al., 1988



Many MT functions rely on their association with motor protéBisarp et al., 20Q0

Walker and Sheetz, 1993vhich therefore repsent important components of the mitotic
spindle. MTFassociated motor proteins can walk along MTs using the energy derived from
ATP hydrolysis. MTFassociated motor proteins fall into two major groups: dynein, which
moves toward the MT minus end, and kimesnost of which walks toward the plus end.
Based on their functions in mitosis, the motors important for mitotic spindle assembly can

be sorted into three groups, as described in Thible

Beside MTs and MT associated proteins, a structural scaffold, which may tether-spindle
assembly factors (SAFs) and support spindle assembly and force generation, was proposed in
1969 (Mcintosh et al., 196%nd later named spindle matrix. Although the function or even the
existence of the spindle matrix is still debated, recent studies have identified some eandidat
components of such a scaffold, namely Skeletor, Chromator, Megator and(RA&Tal., 2005

Qi et al., 2004Rath et al., 2004AValker et al., 2000 In addition,Lamin B was identified as a
component of a membranous spindle matrix, Finlp (and Aselp) was found in the midzone
matrix, and NuMA in the pericentriolar matrigatlin et al., 2010Kristen M Johansen, 2007

Tsai et al., 2006Zheng and Tsai, 2006

1.3.2. Mitotic chromosomes

Upon mitotic entry, each chromosome is composed of two sister chromatids, which undergo
coordinated condensation. Compared with interphase chromosomes, mitotic chromosomes
condense about tdold in mammalian cells, and twiold in yeast(Koshland and

Strunnikov, 199% Due to chromosome condensation, chromosomes bedsibie as roé



like structuregabout 0.7um thick) in prometaphasmetaphase mammalian celH-Alfy

et al., 1994 Condensation not only eliminates the tangle between sister chromatids and
nonhomologous chromatids, but@lgmits the space occupied by each chromatid, thus
preventing any part of a long chromatid thread from being trapped in the cleavage furrow
(Koshland and Strunnikov, 19p@Mitotic chromosome condensation is ested thanks to

the action of specialized chromosocwaesociated proteins named conden@iisano et al.,
1997. Interestingly, theondensed chromosome structure is required for both correct
spindle assembly and accurate chromosome segreg@dtignall et al., 2008 Indeed,
chromosome condensation defect mutants (e.g., condensin mutants) frequently exhibit
lagging chromosomes (LC) and chromatin bridges in anaphase, which result in

chromosome segregation failUidirota et al., 200%

The two sister chromatids are held together by cohesin and c@sssiciated proteins
(chromosome cohesion) until the onset of chromosome segreffdtiemyth and Haering,
2009 Onn et al., 2008 Cohesin complexeareloaded onto the chromatin in telophase in
vertebrate cells, and in G1 phase iny¢Bsb Amb r o s i o;Lengronaeletal., 200D 0 8
Xiong and Gerton, 2030and cohesion beten sister chromatids is established during

DNA replication (Lengronne eal., 2006 Skibbens, 2009 At the onset of chromosome
segregation in anaphase, a protease, separase, cleaves cohesin complex subunits, thus

triggering sister chromatid separatipfiong and Gerton, 2030

Mammalan chromosomes are associated with a large number of proteins, many of
which constitute the Chromosome Periphery, a distinct surface protein layer found

along the chromosome arms, except for the nucleolus organizer regions Kiid the



occupied centromeriegion (Figurel.3). Although the functiofior many of
chromosomeassociated proteins still unclear, at least 10@f them have been
identified in human cell§Takata et al., 20070f these, more than 80 are localized at

the centromer&T region(Cheesemannal Desai, 2008

1.3.3. Centromere and KT

The centromere, which appears as a constriction in the metaphase chromosome, is the
region of chromosomal DNA that dired(§ assembly. The KT ia largeprotein complex
thatassemblgon the centromere and is the major site of chromosome/spindle interaction
(Figurel.4). Up to 2025 MTs attach to a vertebrate KMcEwen et al., 1997 Figure

1.4B), whereasa budding yeast KT binds only one MFeterson and Ris, 19/@®y

electron microscopy (EM), KTs in lower plants and most animals have a trilaminar plate
morphology, with about 260 nm-thick dense inner and outer KT plates and €8@tm
electron lucent middle KT gap layer (FigurdA) (Santaguidand Musacchio, 2009
Sumner, 2008 A ~106200nm fibrous corona extends outward from the outer KT plate,

while the inner KT plate sits on the inner centronf@mematinregion (Figurel 4A,C).

The KT assembles at the centromeric region of the chromosome (EigG)e which

contains a cluster of nucleosomes assembled with G&NFhistone H3 variant. CENR
nucleosomes recruit the constitutive centrorssmsociated network (CCAN) to form the

inner KT (Cheesemaand Desai, 20Q8-oltz et al., 2006Palmer et al., 199MWan et al.,

2009. The outer KT, which assembles at prophase and disassembles at the end of mitosis,
provides the attachment sites for KMTs. The adreach attachment site is composed of

three complexes:Knl1/Blinkin complex,Mis12 complexandNdc80 complex



(Cheesemantal., 2006, which together constitute the KMN network. The outermost layer
of KT proteins constitutes what appears as the fibrous corona by EM. This layer includes
proteins with very different functions, including spindle assembly checkpoint signaling
(e.g., Madl, Mad2, Bubl, Bub3, Cdc20, dynein, RZZ complex), motor proteins (e.qg.,
CENRE, dynein), and MT dynamic regulators (e.g., CLASP, EB1, CLiP(~Qurel.4

Q).

1.4. The dynamics of mitosis

1.4.1.Mitotic spindle assemblymechanisms

Distributionof the two sister chromatids to the two daughter celiss onforces that move
thechromosomes apampon sister chromatid separatio®ne major source of force
productionis the pullingoccurring at the sites &T-MT interactions. The direction offils

force is toward the spindle pole to which the KT is connected. To move in opposite
directions and to be deposited into different daughter cells, the two sister KTs need to be

linked via MTsto opposite spindle poles the mitotic spindle

Mitotic spindle assembly can occur through three possible mechanisms already noted by

Schrader in 1944Schrader, 1944 (1) MTs f r om t haen ds pci anpdtl ver epdo |t
KTs; (2) KTs-asséemekl WMd fisedbfa spindle; and (3
above two mechanisnfRieder, 2005k I n t he f i r ml-gndceasptarlea s hed
model(Kirschner M, 1985 MTs from the spindle poles frequensiwitchbetween

shrinkage and growth to searcii Is . During this dynamic fAsearct

spindle poles encounter KTs and capture tlidayden et al., 199(0’anaka and Desali,



2008. The MT becomes attached emnl to the KT, thus becoming a kMRieder and

Alexander, 1990 As more and more KMTs connect the K3 the same spindle pole, they

form a bundle, nameldT fiber (k-fiber) (McEwenet al., 1997. The attachment of the sister

KT to ak-fiber from the opposite pole completes the formation of correeMRT

attachment in the sear@mnd capture model. The s@l$sembly of the mitotic spindle is

typical of acentrosomal cel{&hodjakov et al., 2000/Nadsworth and Khodjakov, 20p4

However, recent studies have shown that it can also occur in the presence of centrosomes in
various organismsncluding mammalgKhodjakov et al., 200Khodjakov et al., 2003

Maiato et al., 2004b Cooperation of these two mechanisms may explainkiblers can

form so quickly and so accuratégMogilner et al., 20060'Connell and Khodjakov, 2007

Paul et al., 2009

1.4.2. KT -MT attachment and the spindle assembly checkpoint

During this complex KIMT attachment formation process, there are chancemtimatect
attachments form. The correct attachment, named amphitelic attachment, requires that the
two sister KTs attach tik-fiber from opposite spindle poles (Figur® A). Amphitelic
attachment ensures that pulling forces applied to the two sister chromaiiu®ppesite
directions. During the process of establishing amphitelic attachment, tiygpecaly a

shortlived attachment type, the monotelic attachment, in which only one of the sister KT is
attached to MTs, whereas the other one is unoccupied ¢diguB) (Rieder and Salmon,

1998. Monotelic attachment typically converts to amphitelic attachment before anaphase
onset. Two types of incorrect attachments that can occur during mitosis are: syntelic

attachment, in which the sister KTs attach to kafdber from the same spindle polEigure

10



1.5 C), merotelic attachment, in which a single KT binds MTs from opposite spindle poles
(Figurel.5 D) (Cimini, 2008 Cimini and Degrassi, 2005almon et al., 20Q05while

typically the sister is correctly attached to just one . @@ézause chromosomes with

monotelic or syntelic attachment are linked to only one of the spindle poles, they are called
monao-oriented chromosomes. If those attachments persisted beyond anaphase onset, they
would cause chromosome nrEegregation (Figurgé.5 B-C). However, monotelic

attachments are usually transiéRiteder and Salmon, 1998nd syntelic attachments are

rarely observed in metaphase cultured dqélisuf et al., 2008 Existence of even a single
monotelic chromosome makes thdl delay anaphase ong@®ieder et al., 1994However,

cells possessing merotelic KT attachment show no delay in anaphasgComsatet al.,

2004 Khodjakov et al., 1997 Merotelically attached chromatids daecome anaphase

LCs, which can cause chromosome-segregation and aneuploi@@imini et al., 2004

Cimini et al., 2001

Because KT misattachments often occur in prometaphase, detection and correction of
misattachments are needed. The mitotic protein kinase aurora B is thought to be responsible
for both syntelic and merotelic correcti@@imini, 2007 Cimini et al, 2006 Ditchfield et

al., 2003 Hauf et al., 2003Knowlton et al., 2006 Aurora B can phosphorylate Hecl in

the Ndc80 complexCheeseman et al., 200BelLuca et al., 2006this phosphagiation

inhibits the MTbinding ability of the Ndc80 complex in vit(@€heeseman et al., 2006

and inhibition of Ndc80 Iposphorylation results in hyperstable merotelic attachments and
chromosomenis-segregatiorfDelLuca et al., 2006 Interestingly, aurora B is enrichad

the centromere aherotelically attachedhromosomegKnowlton et al., 20085 whichis

believed to favodetaciment of MTsfrom merotelic KT Cimini, 20079. MCAK, another
11



substrate of Aurora B, was also found to regulate misattachment correction and MT
dynamics at KT{Andrews et al., 20Q&Kline-Smith et al., 2004Lan et al., 20040hi et al.,
2009).

The spindleassembly checkpoint (SAC) is the biochemical signaling pathway that prevents
separation of sister chromatids until all Ki€s haveestablisked attachmento MTs. The

first group of core components of the SAC was identified in 1991 in budding(iaatet

al., 1991 Li and Murray, 199} This included the MADA (mitotic-arrestdeficient),

BUB1, BUB3 (puddinguninhibited bybenzimidazol), and MPSIrpngpolar spindle)
proteins(Hoyt et al., 1991Li and Murray, 1991 Although these proteins remain the key
components of the SAC, many other proteins are now known to be involved in SAC

signaling (Table 2).

When a cell enters mitosis, the SAC signalddve( Aiono) . A Awaitingo sig
at the unattached KSI[Rieder et al., 1995Figurel.6) and leads tehe formation of the

mitotic checkpoint complex (MCC, containing MAD2, BUBR1/Mad3, BUB@prrow et

al., 20035, whichnegatively regulates CDC20, a cofactotted APC (anaphaspromoting

complex), thus inhibiting the E3 ubiquitin ligase activity of APC, prel/enting

progressionnto anaphaséang et al., 1998When all theKTs have become attached to

MTs, t he SAC i s sat i sli6)aadthe MCQ disassemnblgsorhiswill) ( Fi g
release Cdc20, which will thus activate the APC laad tothe polyubiquitinilation of

securin and cyclin B. The destruction of securirt®/proteasome releases the protease

separase, which cleaves the cohesin complex, thus leading to sister chromatid separation.

The destruction of cyclin B inactivates CyclhEDK1 (Cyclin-dependent kinasg)

activity, which promotes mitotic ex{Peters, 2006
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1.4.3 Metaphase, chromosome oscillations, and microtubule dynamics

As chromosomebecome attached to spindle MTs, tladign atthe spindleequator tdorm

a structure called the metaphase platthough collectvely the chromosomes maintain a
relativdy stable positiorat the metaphase plate many different cell typesnetaphase
chromosomeare not staticinsteadmetaphase chromososescillateback and forth about

the spindle equatpa phenomenonamed directional instabilit{fSkibbens et al., 1993

Despite being very common, directional instability is not universal. Indeed, some cell types,
including most animal tissue culture cells, fission and budding yeast, display chromosome
oscillatiors about the metaphase plétnabiki et al., 1993Magidson et al., 203 Pearson

et al., 2001 Salic et al., 2004Skibbens et al., 1993whereas in other systems, such as
Xenopusegg extractsDrosophilaembryos DrosophilaS2 cells, insect spermatocytes,
oocytes, and higher plant cells, metaphase chromosomes dodsogo directional

instability (BrustMascher and Scholey, 200# Lartigue et al., 201 1Desai et al., 1998
LaFountain et al., 200Maddox et al., 2003Moreover, one interesting example is
represented by PtK1 cells, in whiokcillationbehaviorvaries depending docation of the
chromosomealong the metaphase pldt@ameron et al., 200€imini et al., 2004Wan et

al., 2013. This providesa good system to study thestribution offorceswithin an

individual cell. Finally, even forindividual chromosoms the osillation pattern cawvary
overtime, switching between regular oscillat®and irregular movemesi{fMagidson et al.,
2011). Becausalirectional instability oKT motility is characterized by such high

variability, aguantitativecharacterization asuchbehavior is the first step to understand the

underlying mechanismand how theyontribute to the behavior of the oversjstem

13



Chromosome oscillatiohas been dissected into three coupled oscillaf/fe et al.,

2012. The most noticeable one is the oscillation of centromere location. This is easily
visible whentrackinga chromosome relative to the metaphase plate. The second osgillation
closely coupledo the first oneis the oscillationn length of each Kiber. This istheresult

of switchesbetween polymerization and depolymerization of MT plus ends (at thHeIKT
interface).The third type of coupled oscillation is the distance between the two sister KTs
on each chromosom€hange in this distance result from ¢hinterplay betweeiforces

imparted bythe spindle and foressggenerateds a result of the mechanical responsihef
centromerdo chromosome oscillationf®umont et al., 2012 The coupling of these

different types of oscillations reflects the interplay between distribution of forces within the

mitotic cell and mechanical properties of the mitotic apparatus.

Although the function of #sechromosomescillatiors is not clear, quantification and
modeling ofmetaphase chromosome dynantas provide a framewottkat will enable
guantitativeunderstanding of how spindle dynamics ensure establishmg&t aftachment
and correction ofmisattachmerst Building such a quantitative model and using it to dissect
the oscillatory behavior of normal and raigached chromosomes was the focus of the first

part of this work and is described in Chapters 2 and 3.

1.4.4 Anaphasechromosome segregation

After the SAC is satisfied, anaphase begins with the separation of sister chromatids.
Anaphase chromosome segregation occurs thanks to two distinct mechanisms: anaphase A,

14



in which sistecchromatids separate by being pulled to apgopoles of the spindle, and
Anaphase B, in which the spindle poles themselves move apart further increasing the
distance between the two sets of chromosqBasstMascher and Schole2002 (Figure

16).

Two types of forces generated by MT dynamics are generally believed to play a key role in
promoting chromosome separation and poleward chromosome movement in anaphase A
(Maiato and Lincdraria, 2019 The first is a KT generated poleward fordsassembly of

MT plus-ends at the KT occurs without loss of #IT attachment; this is thought to produce
force to pull the chromosomes polewd@rishchuk et al., 20Q3noue and Salmon, 1995
Mclintosh et al., 2008 The second source of force is generated by MT polefiad
disassembly of MT minus ends at the spindle poles pulls the kMTs themselves toward the
pole (Forer, 1965Mitchison, 1989. Other polewardorce-generation models have also been
proposed and emphasize the role of KT motors, actin/myosin, spindle matrix, or coupled
sliding between Kibers and interpolar MT@-igurel.1) (Cheeseman and Desai, 2008

Maiato and Lincd~aria, 201).

Spindle elongatio in anaphase B may be driven by forces that are intrinsic to the spindle and/or
outside the spindle. Intrinsic force in the spindle is the pushing force geneydteridbiding of
interpolar MTs(Figurel1.1), initially proposed by Mcintosh and colleagues (Mcintosh et al.,
1969).Bipolar kinesirs, such a&LP61F (Drosophila) or Eg5 (human) atfeought to drive

spindle elongation in anaphase B through this mechai8biarp et al., 2000Force outside &
spindle is generated by cextmediated pulling forces on astral MTs, first proposed by Boveri

(Boveri, 1888. This hypothesis got support by microsusgexperiments using a microneedle or
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microbeam. Aster MT destruction slowed down or halted spindle elongation, while cutting the
spindle midzone (the region between the two sets of chromosomes) accelerated this movement in
vertebrate cellgAist et al., 1993Kronebusch and Borisy, 198Zytoplasmic dynein located at

the cell cortex interacts with astral MTs to provide pulling force, while the spindle midzone MTs
work with kinesin 5 (Eg5) to slowdown spindle pole separgitivelekogluScholey and

Scholey, 2007Saunders et al., 20p3harp et al., 2000The balance between these two

mechanisms determines the rate of spindle elongation.

1.4.5. Telophase completion of mitosis

Telophase is the last phase of nuclear division. The two major events in telophase are spindle

disassembly and the formation of new NE.

The mitotic spindle disassembles after completion of chromosome segregation. The KTs are
detached from MTs and the ¢eal spindle, an array of antiparallel MTs with a dense protein
matrix at its center, emerges between the two sets of chromosomes. The central spindle, in
combination with a centrosontependent pathway in some organisms and/or cell types,
defines the potibn of the cleavage furro@Dechant and Glotzer, 2008huster and

Burgess, 1999Vheatley and Wang, 1996Central spindle associated proteins, such as
Aurora B, are required for stimulation of cleavd@anman et al 2003 Goto et al., 2008

(Described in section 5.4 Cytokinesis).

New NEs form around each set of decondensing chromosomes in telophasgfferent

models have been proposed to explaiwh NE is assembled around the newly segregated
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chromosomes The first Avesicle fusion -“meedel " i s |
systems nuclei can form in a test tube by mixing a chromatin source, cytosol and

fragmented membran¢slewport, 198). The second model, the fires
(Anderson and Hetzer, 2008l based on the evidence that biothitro and in intact cells

preformed ER can rapidly reshape to coat the chromatin, thus forming né¢anN&rson

and Hetzer, 20Q7Anderson and Hetzer, 2008@nderson and Hetze2008h Anderson et

al., 2009. Decomlensed chromatin is required to interact with DhiAding-NE-specific

membrane proteins to initiate the NE formation pro¢asslerson and Hetzer, 2007

Hetzer, 201QRamadan et al., 20D7A chromosome (or fragment of chromosoriet

failed to move together with the majgrivf chromosome€.e., a LC) may be enclosed by

its own NE and give rise to a micronuclédN). Part of this work was aimed at

understandinge fate of the.C after enclosure into a MNnvestigatinghe behavior of
chromosomegenclosed in micronucléMNi) is very important for detterunderstanding

of thelong-termimpact of chromosome segregation errors.

1.4.6. Cytokinesis

When the nuclear division is about to end, cytokinesis begins. Through cytokinesis the two
newly formed nuclei and cytoplasmic components (e.g., organelles) are separated into two
daughter cells. Cytokinesis is comprised of a series epsutesses and Bstructures

(Figurel.?).

First, the cleavage site is determined by the spindle positioning at anaphase. At the cleavage
site, the motor protein myosin Il, a ring of actin flameatsd many other proteins attach to

the plasma membrane to form a conttaaing. Myosin Il produces the force to constrict
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the contractile ring by sliding overlapping actin filaments, which results in the formation of
the cleavage furrow in the plasma membré@halard, 2010Pollard and Wu, 20101In

early telophase, the cleavage furrow ingresses. MTs contact the cortex and rearrange to
create a region, the midzone or the central spindlesisting of bundled MT¢gEggert et al.,
2009. The intercellular bridge, which is a Mich structure connecting the two daughter

cells prior to abscission, forms in late telophase. At the center of the intercellular bridge is
the midbody, composed of a disk (the stembody) with high protein density and MTs. When
the intercellular bridge is selved the cell is abscised into two daughter cé&lpically,
abscissions delayedor the clearance of chromatin in the cleavageisitase of

chromosome bridges

1.5. Causes of chromosome misegregation

Many pathways have been proposed to lead to aneugiRaggopalan and Lengauer, 2004
(Figurel1.8), although it is still unclear how aneuploidy originates in the human body. Some
studies showed that aneuploidy may be a result of mutations in genes involvedrotdss p

of cell division. However, because mitosis is so complex and the cell may fail to perfectly

regul ate it, aneuplnouitdayt entdady caellslos .ar i se i n

1.5.1. Spindle assembly checkpoint defects

The spindle assembly checkpoint (SAC), also known as the mitotic checkpoint (described in

4.2 and Figurd..6), prevents sister chromatid separation if chromosomes are not fully

18
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attached to MTsEven a single monelic chromosome delays anaphase onset imab

mammalian cell¢Rieder et al., 1994

There are three ways in which SAC defects may lead to aneuploidy: (1) SAC inactivation; (2)

Weakened SAC; (3) Persistent SAC activation.

Complete inactivation of the mitotic checkpoint causes massive chromaosisreegregation
and is lethal to both normal somatic cells and cancer (¢&iss et al., 2004Lee et al., 2004
Similarly, germ line mutations of checkimb components cause high frequency of aneuploidy
which is typically embryonic lethal, as shown in studies WM#d2 or Bub3 knockout mice
(Dobles etal., 2000 Kalitsis et al., 2000 Moreover, reducing the levels of the checkpoint
proteins BubR1 or Mad2 in human cancer cells provokes apoptosis within six diylsopss

et al., 2004 So, inactivation of the SAC is unlikely to be a major mechanism of origin of
long-lived aneuploid progenyas it typically results cell deatfthis may explain why SAC
signaling failure is raly found in extensive studies of aneuploid human turf®eckvartzman

et al., 2019

However, if the SAC signaling pathway is only weakened, cells may béoadign most

of their chromosomes prior amaphase onset apdter anaphase and separate the sister
chromatidsvhen only a small number-fgw) of KTs is still unattachedvhich may result

in degrees of aneuploidy compatible with lifdnis idea is supported by numerous studies
in mice with haplsufficiency for individual SAC proteins showing increasets of
cancer at various anatomical si{fBsbu et al 2003 Dai et al., 2004Michel et al., 2001

Weaver et al., 20Q7Furthermoreweak BUBR1 mutations were identified in patients
19



with mosaic variegated aneuploidy (MVA) disorder, in which >X&$haticcells are

aneuploid and with various karyotypg$anks et al., 200).

Persistent activation of the SAC (e.g., in the absence of a spindle, E@upeolongs

mitosis in cultured animal cells, but the delay is often transient (Fig8ixeExit from

mitosis without satisfying tohfesISiIACprdaged er med
Al e a k (Rigdercand Maiato, 2004and yield a tetraploid cell, which may produce

aneuploid cells in later generations.

1.5.2. Cohesion defects

Cohesin complexes between sister chromatids need to be destroyed exactly at the time of
anaphase onset. Premature or delayed separation of sister chromatids can both cause
chromosome misegregation and mutations in cohesion related genes may promote
aneupoidy. When searching for candidate genes that may lead to aneuploidy in colorectal
cancers, 10 of 11 mutations identified were in genes that directly contribute to sister
chromatid cohesio(Barber et al., 2008 Furthermore, overexpression of cohesion

regulators (separase or securin) promotes aneuggidet al., 2003Zhang et al., 2008

1.5.3. Merotelic KT attachment

Merotelic KT attachment (a single KT bound to MTs from opposite spindle poles) is not
detected by the SAC, so a cell with merotelic attachments can enter anaphase and segregate
its chromosomes. The merotelically attached chromatid, however, will be paWadd

both poles, and in some cases it will lag behind at the spindle equator (anaphase LC)

(Cimini et al., 200). The chromosome lagging at the spindle equator has the potential to be
20



included into the same daughter cell as its former sister chromatid, which will result in the
produdion of two aneuploid daughter cells. L&scur in 22% of mitotic tissue culture
cells(Cimini et al., 200}, arethe most common chromosome segregation déecd in

cancer cell§Ganem et al., 200%ilkworth et al., 2009Thompson and Compton, 2008
andareobserved in 4.6% of mitotic neural progenitor cells in sections of mouse embryonic
cerebral corticegYang et al., 2008 Upon mitotic exit, LCs are included in micronuclei

(MNi) (Cimini et al., 2002 small nuclei separate from the main nucleus. Understanding the
mitotic behavior of such micronuclear chromosomethe following mitosis is the focus of

Chapter 4.

1.5.4. Multipolar mitotic spindles and centrosom e abnormalities

Cells with more than two centrosomes (supernumerary centrosomes) can assemble
multipolar mitotic spindles, which can in turn lead to aheidy (Pihan and Doxsey, 1999
Zhou et al., 1998 Extra centrosomes are frequently observed in human cancer cells
(Brinkley, 2@1; Nigg, 200§ and can originate from centrosome amplification or from the
same processes that generate tetraploid cells (e.g., cell fagtokinesis failure, mitotic
slippage, or endoreduplicatiofhiolland and Cleveland, 20R9nterestingly,
immunofluorescent detection of uncultured cells in normal mouse cerebral cortex revealed
that 3.2% of mitotic neural progenitor cells harbored supernumerary centroStangset

al., 2003. This means that nemutated mammals may face the risk of having a multipolar

spindle in live tissues.
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Multipolar spindles may lead to multipolar divisiomhicht ends t o pr oduce fAhi
cells, which are often inviablg&anem et al., 20Q09Figurel1.4 D). This prevents multiplication of

the highly aneuploid cells. To avoid multipolar division, multiple centrosomes can cluster into two
spindle polesa phenomenon frequently observed in cancer (#tiskley, 2001 Ganem et al.,

2009 Quintyne et al., 20055ilkworth et al., 2009 The limitation of this clustering process is that

it leaves behind high frequencies of merotelic attachments, which then lead to chromosome mis

segregatiorfGanem et al., 20Q0%ilkworth et al., 200p(Figurel1.4 D).

1.5.5. Defective correction of KT -MT mis-attachments

As described in section 5.3, merotelic KT attachment is a common cause of aneuploidy in
normal and cancer cells.évbtelc KT attachmergform spontaneouslat relatively high
rates in early prometaphase, but most of them are corrected prior to anaphageimnset

et al., 2003

As described in section 4.2, Aurorad@pendent phosphorylation thie Ndc80 complex
directly controls the stability of KKMT attachment and correction of erroneous

attachmerg (Cimini et al., 2006DeLuca et al., 2006 This results in turnover of kKMTs, so
that incorrectly attached MTs can detach from the KT and new MTs can@indni et

al., 2006 DeLuca et al., 2006Recent studies have shown that the dynamics of kKMTs must
be finely tuned to ensure that KMT attachments are stable enough for SAC silencing and
mitotic progression, but unstable enough to ensure correction @ttachmentgBakhoum

et al., 2009h Key players in ensuring accurate control of MT dynamics arkirlesin13
family proteins Kif2a, Kif2band MCAK Kif2c). For instancethe MT depolymerases
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MCAK and Kif2b temporally controkMT dynamics and their depletion result in increased
rates ofanaphase lagging chromosoniBakhoum et al., 2009blmportantly, a number of
cancer cell types, which display high ratesuwéphase lagging chromosanalsadisplay
alteredkMT dynamics(Bakhoum et al., 2009@nd overexpression of the appropriate
kinesin 13 can both restablish ormal KMT dynamics and reduce the number of anaphase
lagging chromosomg8akhoumet al., 2009h Finally, co-depletion of Kif2a and MCAK
results in reduced MT poleward fl@nd increasgrates of anaphase lagging chromosomes
(Ganem et al., 2005suggesting that poleward flux is important for correction of mis
attachmentsHowever, it is not clear how, mechanistically, poleward flux contributes to
correction of KT misattachments and it imclearhow different aspects of Mdynamics

are coordinated to collectively contribute to correction ofatiachments.

To address this question, we made use of a mathematical model developed in Chapter 2 and
integrated experimental approaches adnputational modeling and simulation to
investigate hownodifying certain aspects of MT dynamics affects correction of KF mis

attachments and accuracy of chromosome segregation. This work is described in Chapter 3.
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Figure 1.1. Overview oimitosis

The M phase of the cell cycle is subdivided into several sequential phases. In prophase,
chromosomes condense. Centrosomes migrate apart around the nucleus and spindle assembly
begins. In prometaphase, the NE breaks down. Chromosomes attathk smtflcongress toward

the spindle equator. In metaphase, sister chromatids are attached to opposite spindle poles. MTs
are organized into four sets: astral MTs, which link spindle poles to the cell cortex; chromosomal
MTs, which link chromosome arms tcetpoles; KT MTs (kMTs), which link the poles to KTs;

and interpolar MTs (ipMTs), which link the two poles. In anaphase, the sister chromatids separate
and move toward opposite poles (segregation). In telophase, the chromosomes decondenseand the

NE reformsaround the two groups of segregated chromosomes. The contractile ring forms and
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begins to contract during anaphase. In telophase, the contractile ring further contracts (furrow
ingression) developing a barrier between the daughter cells and consthetsgridle miezone

(the array of ipMTs lying between separated chromatids) to form a structure called the midbody
(the remnant of the midone). During cell abscission, the furrow 'seals' completely separating the
daughter cells. The cartoon is adapteif{Scholey et al., 20Q3vith permission from Nature
Publishing Group. Phase contrast micrographs in live PtK1 cells in the right panel are samples of

the corresponding phases in the cartoon.
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Figure 1.2. Structure of centrosome and microtubule

(A) A centrosome consists of two centrioles embedded in pericentriolar material

(PCM). MTs nucleate on the template of otubu
adopted fron{Sluder, 200bwi t h per mi ssi on from Nature Publ |
tubulin dimers dynamically add {or dissociate from) the plus end of a MT. Capping

proteins regulate the stability of the MT minus end. The diameter of the 13

protofilament cylinder of a MT is 24nm. Figure adopted fi@uonde and Caceres,

2009, 2009) with permission from Nature Publishing Group.
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Figure 1.3. Metaphase human chromosome Structure of metaphase human chromosome
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Figure 1.4. KT structure

(A) and (B) are electron micrographs. (A) Side view of a KT in the green algae Oedogonium
cardiacum showing the typical trilaminar pl§@&eveland et al., 2003(B) Transverse section
through the Kiber of a metaphase PtK1 cell, showing multiple MTs attached to the same KT.
Bar=0.5 um(Santaguida and Musacchio, 20@@&ith permission from John Wiley and Sons). (C)
Diagrammatic representation of KT architecture and KT protein organization. Inner centromere
region shown in bluéMusacchio an&almon, 200y (with permission from Nature Publishing

Group).
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Figure 1.5. Chromosome segregation produced bffetent KTi MT attachments

(A) Amphitelic attachment between KTs (red) and MTs (black or gray lines) leads to
correct chromosome segregation. (B and C) Persistent monotelic or syntelic attachment
in anaphase leads to chromosome-saigregation and aneuploidy cell. (D) Persistent
merotelic attachment can produce an anaphase lagging chromosome, which may be
enclosed into a micronucleus in the daughter cell. Column 1 shows the different types of
attachments. Columns£2show the mitotic behavior of chromosomes with different

types of #achments. Fror{Cimini, 2009 with permission from Elsevier
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Figure 1.6. Spindle assembly checkpoint (SA&H)d completion of mitosis

Before amphitelic KT attachments are formed, the SAC is on. MCC accumulates and binds

CDC20. So, the E3 ubiquitin ligase activityAPC*®?js inhibited. After all chromosomes are

amphitelically attached, the SAC is turned off. AB€is activated and promotes chromatid

separation and poleward movement. Downstream effects also include spindle elongation, spindle

disassembly, nuehr assembly, and eventually the completion of mitosis. Figure based on

(Musacchio and Salmon, 200&nd(Morgan, 2007.
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Figure 1.7. Structures that mediate cytokinesis

The top panel is a diagrammatic representation of the structures involved in the process of
cytokinesis. MTs are in blue; contractile ring is in red; chromatin is in wine red; centrosomes
are in black. The bottom panel is an electron micrograph of theelafghase intercellular
bridge(Mullins and Biesele, 197 originally published in Journal of Cell Biologioi:
10.1083/jcbh.73.3.672 ateral narrowed segments (NS) flank the midb&th upper and

lower panel fom (Steigemann and Gerlich, 2008ith permission from Elsevier.
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Figure 1.8. Pathways to the generaticof aneuploidy

(a) A weak SAC allows the cell to enter anaphase before all chromosomeoaeataid. As a

result, the two sister chromatids in a mameented chromosome might be deposited into the

same daughter cell. (b) Cohesion defects may leadytegation of the two sisters to the same

pole. (c) An anaphase lagging chromosome due to merotelic attachment may end up in the same

daughter cell as its sister chromatid. (d) Transient spindle multipolarity may result in merotelic

attachments, which maken result in anaphase lagging chromosomes and aneuploidy (as

described in ¢), whereas multipolar chromosome segregation usually leads to a high degree of

aneuploidy that is incompatible with life. Fraiidolland and Cleveland, 20p@ith permission

from Nature Publishing Group
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Figure 1.9. Cells with pesistently activated SAC

The potential fates of a cell that cannot satisfy the SAC in the presence or absence of

MTs (Rieder and Maiato, 2004With permission fronklsevie).
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Tablel.1. Motor Proteins in Spindle Assembly

Motor -based
Molecular
mechanisms Molecular motors in
Motor family motors in Proposed role
of spindle other organisms
human
assembly
Kinesin-3 (+) - KlIp38B (fly)
Connects spindle MTs to chromosome arms;promot
Xkip1 (frog), KIp3A
Kinesin4 (+) - spindle stability
(fly)
Spindle bipolarity
Eg5 (frog)
Kinesin5 (+) Eg5 Crosslinks MTs and slides antiparallel MTs outward
KlIp61F (fly)
Regulates MT dynamics and spindle stability
Kif2a, Kif | KIp10A (fly), Kif2a
Kinesin13 (i) 2b (frog, mouse)
Spindle pole Depolymerizes MTs at spindle poles
formation
Ncd (fly), XCTK2
Slides MTs poleward; exerts antagonizing force aga
Kinesin-14 () HSET (frog), CHO2
Kinesin5
(hamster)
Slides MTs poleward; generates cortical pulling forc
Dynein (fly, frog,
Dynein ¢) Dynein mouse)
Chromosome Promotes KIMT attachment
positioning
KIp3A (fly), Xkip1
Kinesin4 (+) - Attaches chromosome arms to spindle and slides
(frog)
toward center
Kinesin-10 (+) Kid Nod (fly)
CENRE (mouse), Slides unattached KTs along diker toward spindle
Kinesin-7 (+) CENRE
CENPmeta (fly) center
Kinesin8 (+, i) Kif18A Klp67A (fly) Dampens KT oscillations
KIp59C (fly), MCAK
Kinesin13 (i) MCAK Depolymerizes KT MTs
(frog)

(+) Plus endlirected ) Minus enddirected (i) Internal motor domaiBased or{Loughlin et al., 200Bwith permission fronElseviet
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Table1.2. Molecular components of the spindle assembly checkpoint (SAC)

S S.
Vil cerevisiae pombe

Interactions and functions

Core checkpoint proteins
Mad1 Madl Madl

Mad2 Mad2 Mad2

BubR1 Mad3 Mad3

Bubl Bubl Bubl
Bub3 Bub3  Bub3
Mpsl Mpsl mphl

Binds constitutively to Mad2 and recruits it to the kinetochore; also ltaatizasuladlperiphery (NF
interphase, function at the NP is unknown;BihdsatoBub3 upon checkpoint activation in budding
Binds to Madl and Cdc20;-MaRabsitnsd iinng tMwaod 1c corr
Mad2 when unbound); interacts withaBdd20bR1/Mad3 to form the M@ inhibits the APC; exces
Mad2nhibits the APC/C in many experimental systems.

Binds to Bub3; interacts with Mad2 and Cdc20 to form #eerM@in&se domain of BubR1 is activ:
CENFE; yeast Mad3, the functrmavient of BubR1, lacks the kinase domain.

Protein kinase; binds to Bub3; requirement for recruiting other checlgifferstepeinding on systen
kinase activity is not required for checkpoint arrest.

Binds to Bulahd the MCC components; required for Bubl ahatBlidatidn to the kinetochore.
Protein kinagehosphorylaté#hdl in vitro; excess activates the cherdqoied for recruitment of Mac
Mad2 and CEMEPto the kinetochore.

Otheproteins required for checkpoint function

Aurora B Ipll arkl

RZZ complei ]
CENFE i Spol15

p3lcomet i
(MAD2L1BF
) Cdc55 i

Cdc20  Cdc20 Slpl
Bub2  cdcl6

Protein kinase; chromosomal passenger protein; binds INCENP antheunalsnama budding yeast
required for checkpoint response totEwiaf but not attachment; requiggththment response in fis
yeast (Ark1).

Complex of Rod, ZW10 and Zwilch, in higher eukaryotes only rexmditdayhéitad? to the kinetoch
Kinesin family member; binds to BubR1; stimulates Bub&ivitipageired for capture and stabilizati
MTs at the kinetochore; only fiouinigher eukaryotes.

Binds specifically toéhé o somfadntatiasf Mad2; excess disrupts checkjgiding; involved in switch
offthe checkpoint; no yeast orthologues

Regulatory B subunit of PP2A; regulates Swel degradation

Binds to Mad2, BubR1(Mad3), Emil, APC, and APC achsate#PGbiquitinated by ABEh1;
phosphorylated by Cdkttammals

Negatively regulates Tem1 and the mitotic exit ritaendviisiae

i
Dynein/  Dynein/ Dynein Minusnddirected motor thatisports Mad2 and BudbiRdy from the kinetochore; thought to be requ
dynactin _dynactin dynacti switchingff the checkpgidt nact i n compl ex recruits d6écargo

*Based ofMay and Hawick, 200&u, 200with permission fr@wmpany of BiologistsaridElsevierespectivelgnd the Homologen:

Database of NCBI.
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2.1. Abstract

Duplicated mitotic chromasnes aligned at the metaphase plate maintain dynamic attachments to
spindle microtubules via their kinetochores, and multiple motor anemmaar proteins cooperate

to regulate their behavior. Depending on the system, sister chromatids may displayf énber
distinct behaviors, namely (i) the presence or (ii) the absence of oscillations about the metaphase
plate. Significantly, in PtK1 cells, in which chromosome behavior appears dependent on the
position along the metaphase plate, both types of bahanambserved within the same spindle,

but how and why these distinct behaviors are manifested is unclear. Here, we developed a new
guantitative model to describe metaphase chromosome dynamics via kinetoatrotabule
interactions mediated by nenota viscoelastic linkages. Our model reproduces all the key
features of metaphase sister kinetochore dynamics in PtK1 cells and suggests that differences in th
distribution of polar ejection forces at the periphery and in the middle of PtK1 cell spindles

underlie the observed dichotomy of chromosome behavior.

2.2.Introduction

One of the key steps in ensuring equal partitioning of the genome during mitosis is the alignment of
mitotic chromosomes at the cell/spindle equator to form treaed metaphasdaie.

Chromosome congression to the metaphase plate is favored by chromMd$anteractions, and

key players for these interactions include a number of molecular motors (e.g.;EE&NETs and
chromokinesins along chromosome arms), structural KT conmp®ie.g., Nde&0 complex), and

MT dynamics [reviewed infMaiato et al., 2004aMcintosh et al., 2002 Once achieved,

alignment at the metaphase plate must be maintained until the onset of anaphase, as anaphase in

presence of unaligned chromosomes would inevitably result in the formation of aneuploid daughter
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cells [reviaved in(Cimini, 2009]. Like chromosome congression to the mhtse plate,

maintenance of alignment is believed to depend primarily oragSbciated motors (e.g., dynein,
CENPRE), chromosomassociated motors (chromokinesins), biophysical properties of tHd KT
interface (e.g., compliance of N&® molecules), ancgulators of MT dynamics (e.g., kinesin 13

and Aurora B kinase). Alignment at the spindle equator can be maintained when the forces that act
on the chromosomes achieve a balg@a&dnerand Odde, 20Q6/ladimirou et al., 2011

However, despite maintenance of overall alignment at the metaphase plate, chromosomes are not
necessarily static and the plus ends oflf6Lind MTs (kMTs), and thus KMT attadiments,

remain dynamic during metaphase. In some cell types, including most animal tissue culture cells,
fission and budding yeast, sister KT pairs at the metaphase plate oscillate back gifaihabiki

et al., 1993Magidson et al., 203 Pearson et al., 200%alic et al., 2004Skibbens et al., 1993

and the chromatin between sister KTs is stretched to levels significantly above restlaggthan

et al., 201QMaddox et al., 2002Stumpff et al., 201 ]Wan et al., 2012 In other systems, such as
Xenopusegg extractsDrosophilaembryos DrosophilaS2 cells, insect spermatocytes, oocytes, and
higher plant cells, chromosomes do not exhibit oscillat{@nsstMascher and Schey, 2002 de

Lartigue et al., 201 1Desai et al., 1998 aFountain et al., 200Maddox et al., 2002Vladdox et al.,
2003, although their centromeres are under tension, as indicated by the stretchirenlibewevo

sister KTs. Finally, one interesting example is represented by PtK1 cells, whose chromosomes have
been reported to exhibit different behaviors depending on the position along the metaphase plate.
Sister KT pairs positioned at the edges/perniploé the metaphase plate (as defined by the long axis
of the metaphase plate) or farthest away from the spindle long axis (seeZ1gyrdo not

oscillate, whereas chromosomes in the middle of the metaphase plate or closer to the spindle long
axis (Figure2.1A), exhibit regular oscillations back and forth about the metaphasq @kateeron

et al., 2006Cimini et al., 2004Wan et al., 201p
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Pioneering quantitative studies have analyzed how various components of tHealarcze

network may affect chromosome congression and maintenance of alignment at the metaphase plate
[reviewed in(Vladimirou et al., 201)], and the dynamics of chromosome oscillation at the

metaphase plate have been carefully characterized in various experimental gystgitison et al.,

201Z% Pearson et al., 2008kibbens et al., 1993 However, an investigatiorf the mechanism(s)
responsible for differences in chromosome behavior within the same, unperturbed mitotic spindle is
still lacking. Thus, we have used experimental data available for PtK1 cells to examine the
dichotomy of chromosome oscillation at thetaphase plate in a quantitative framework. We have
then validated this novel quantitative model by experimentally testing its predictions, thus attaining

a detailed understanding of how the-KIIT interface modulates metaphase chromosome dynamics.

2.3. Results

2.3.1. Dynamics of metaphase chromosomes in PtK1 cells: oscillating and steady KT pairs.

In PtK1 cells, KT pairs located in the middle and the periphery of the metaphase plateZRigure
exhibit different dynamics. While middle KT pairs undedjectional instability [oscillations

between the polg$kibbens et al., 199Figure 1B], the peripheral KT pairs (the two outermost KT
pairs, one on each side of the metaphase plate) remain stably positioned near the spindle equator,
and do not oscillate (Figu1C). This is evidenced by the large stamddeviations for the

distances between middle KTs and spindle poles (FRu2, blue) as opposed to much smaller
standard deviations for the distances between peripheral KTs and spindle polesE@ured).

The characteristic regular oscillatiodisplayed by middle KTs produced characteristic kinetic

profiles of poleward (P) and awdsgom-the-pole (AP) movements (FigulE-F), as well as

characteristic P and AP velocity profiles (Fig@rgE-F, insets), consistently with previously
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reported dat(Wan et al., 2012 Such profiles auld not be obtained for peripheral KTs, as they
only exhibited small (<jum in amplitude) erratic movements (Fig@.@C-D). Despite the
differences in oscillations, the intkérl distances for middle KT pairs did not differ from those
observed for peripdral KT pairs (itest, P=0.73), whereas the int€f distances only displayed
slight differences {test, P=0.05; Figur2.2).

2.3.2. ForceBalance model for metaphase chromosome dynamics in PtK1 cells.

To investigate the mechanism underlying chromosoigaraknt and dynamics in PtK1 cells, we
modified the ForcéBalance (FB) model initially developed to describe chromosome dynamics in

the Drosophila embry(CivelekogluScholey et al., 20Q06and adapted it to PtK1 cell metaphase
chromosome dynamics by appropriately changing the modaineders (e.g., number of MT

attachment sites at the KT, MT dynamic instability parameters, velocity of poleward sliding

motors), including a foredependent detachment behavior of the KT (dynein and-Eg¢apd

sliding motors, and assuming that the cohbsimds between sister chromatids have viscoelastic
properties (Figure 81A-C, Materials and Methods). In this model, the sliding motors on the kMTs
generate poleward directed pulling/sliding forces (according to their-f@loeity relationship),

and itis simply assumed that the KMT minus ends at the spindle poles are depolymerized at the rate
the kMTs slide into the poles. Thus, because in the model the sliding rate is equivalent to the kMT
pol eward flux rate, fAsl i dngealgythereafted The fevisadxmodew i | |
accounted for many of the quantified aspects of the PtK1 chromosome dynamics, including the
number of kMTs, the slow flux rates and MT dynamics, and their oscillation around the metaphase
plate (Figure 3.1D-E), but dd not reproduce the int{T oscillations: i.e., oscillations in the

distance between a pair of sisk€Fs. Indeed, it has been recently reported that during metaphase,
while sister KTs oscillate between the spindle poles with per{adheret is the duation of a full
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cycle, or the time it takes for arRoving KT to return to the same position in-aBving state), the
distance between sister KTs oscillates with a period equal to half of thaf2 (M/an et al., 201

We then tried to identify the possible mechanism(s) that could acfmyithe observed differences

in behavior between middle and peripheral chromosomes by varying the model parameters [e.g.,
number of motors per KT, polar ejection forces (PEFs), cohesin force]. The model predicts that,
with the same MT dynamic parametarsd MT flux rates, different behavior of the middle and
peripheral KT pairs (oscillatory vs. steady) can be produced only if (i) there are higher PEFs at the
spindle periphery compared to the middle of the spindle, or (ii) there are imbalances in thesnumbe
of motors (dynein or CENE) at the peripheral vs. middle KTs. Because in Ptk1 cells the largest
chromosomes are always positioned at the periphery of the metaphas@ platantucci et al.,

2009, it is reasonable to think that the larger surface area eEiMdmosome interaction may

result in higher PEFs. However, when we introduced higher peripheral PEFs, the model also
predicted a reduction of the itKiT stretch, which was inconsistent witie experimental data.

Lower numbers of CENHE or higher numbers of dynein at the peripheral KTs did not suppress
oscillations and resulted in increased i¥dr distances, whereas higher numbers of CENét

lower numbers of dynein at the peripheral KUppressed oscillations, but also induced a reduction
in inter-KT stretching, inconsistent with the experimental data. Moreover, quantification-of KT
associated CENE and dynein did not reveal any difference between peripheral and middle KT
pairs (Figure2.3). Thus, differences in the number of4&$sociated motors could not explain the
dichotomy of behavior between the middle and peripheral sister KT pairs, suggesting that, unlike in
the fastDrosophilasyncytial embryo mitosi@Bader and Vaughan, 20).@he KT motors CENHE

and dynein do not play a major role in regulating metaphase chromosome dynamics in PtK1 cells.
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2.3.3. New mathematical model: KT attachment to MTs through dynamic nomotor,
viscoelastic bonds.

Recentn vivoandin vitro studies have suggested a key role of-mmtor linkages between MTs

and KTs in yeast and tissue culture ceMkiyoshi et al., 201pAsbury et al., 201;1Joglekar and

DeLuca, 2009Mclntosh et al., 2008 owers et al., 2009 Based on these studies and the

observation that M#ttached KTs undergo int#&T deformationdDumont et al., 201 2Vlaresca

and Salmon, 20Q@Jchida et al., 2009 we revised our FB model for chromosome maotility to

explore if dynamic nomotor, viscoelastic bonds between MTs and KTs could account for the
observed behavior of metaphase chromosomes in PtK1 cells. It is important to specify that the
assumption that botthe KT-MT bonds and the cohesin bonds have viscoelastic, instead of simply
elastic, properties is essential to produce smooth rather than jerky KT movements, and ensures that
the KT oscillations as well as the changes in #iTadistances are smooth asinilar to the

dynamic behavior observed experimentally. Based on these assumptions, we considered
viscoelastic dynamic linkages between the dynamic MT plus ends and the KTs, in the absence of
MT-based motors (Figui24A-C). Within this minimal FB appexch, we wished (i) to address if
dynamic viscoelastic attachments of the sister KTs to multiple and dynamic MT plus ends provide a
robust attachment of metaphase sister KTs to MTs undergoing poleward flux; (ii) to quantitatively
address if forcesensitivestochastic attachment/detachment of viscoelastic linkages coupled to MT
poleward sliding/flux is sufficient to account for the experimentally observed chromosome

behavior; (iii) to identify which components, or properties of the components in the FB (topdel
inference, the molecules in the spindle) are at the core of the observed metaphase chromosome

oscillations; and (iv) to investigate which geometric property of, or inhomogeneity in the
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spindle/chromosomes could govern the dichotomy in the behavicetapimase sister KT pairs

within the PtK1 spindle.

Our new FB model describes the dynamics of sister KT pairs, which interact, via viscoelastic
linkages, with multiple MTs that undergo dynamic instability at their plus ends and slide poleward
and depolymere at their minus ends. It is worth noting that the viscoelastic linkages in our model
could depend on the viscoelastic properties of any or all of the componémeskoiL1i Mis12

complex Ndc80 complex (KMN) networkCheeseman and Desai, 2Dp@Bthe outer KT.

However, because the Ndc80 complex has seewn to be the KMN subcomplex that directly

binds MTs(Cheeseman et al., 200BeLuca et al., 2006 we will refer to the Ndc80 complex as the
key element in the KFMT viscoelastic linkages of our model. In the model, the velocitieseof t

sister KTs, and the poleward flux/sliding velocities of the kMTs are dependent on the sum of the
poleward and anfpoleward forces exerted on them by the cohesin links between the sister KTs, the
bound Ndc80 complexes, the force exerted on the kMThépaleward flux

mot ors/ depol ymerases o6reeling iné or O6slidini
and the MTsKigure 24). In the absence of forces generated by poledmedted motors at the

KT, the sole poleward force generators/trartsis at the KT are the bound and stretched Ndc80
complexes. At a given time, different Ndc80 complexes anchored to the same kMT may exert
forces of different magnitude, reflecting their current stretch/compression as a result of their
uncoordinated stoe@tstic attachment/detachment events. In the model, we assume that the binding
rates of the Ndc80 complex to polymerizing or depolymerizing MTs are the same, but the
detachment rates from polymerizing or depolymerizing MTs differ. Namely, we assume that the
detachment of the Ndc80 complexes from depolymerizing MTs occurs in a biphasksdostig/e
manner (it is high at low force, decreases at moderate force, then increases again under high force),

while the detachment rate from polymerizing MT tips iases linearly with force (see Materials
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and Methods, Figur24D, S2, and Table I). In this minimal model, we do not account for
additional poleward pulling forces which may stem from the pestreke/curling out of
depolymerizing protofilameni@®sbury et al., 2011Grishchuk et al., 20030 which the Ndc80
complexes may be attached. We do not account for polymerization ratcheting forces at the inner
KT plate either, and simply assume that MT polymerization at the plus end stalls at a critical
distance from the innefT plate. The spead assumptions of the model are summarized in Table
2.1 The model was initially constructed with a minimal set of assumptions (Zdb#, and the
assumption set was gradually augmented (T2d8-C), until the model reproduced the
experimentally obsrved behavior of metaphase sister KT pairs. Based on the core equations in
Figure 24D, a large set of coupled FBodel equations (typically 5202 equations, ranging from
25-50 KMT for each of the two sister KTs) was constructed. These equationderesotved
numerically using a custoimade MATLAB script in an iterative process (see Materials and

Methods for details).

2.3.4.Model results: robust attachment of KTs to spindle MTs, and oscillations of middle
sister KT pairs.

The minimal model describeabove faithfully reproduces the metaphase oscillations of sister KTs
(in amplitude, and period) and the irt€F distance observed in PtK1 celEdure 25A-C),

including the recently documented period doubling in tK€rdistance for oscillating KT pes
[(Dumont et al.2012 Wan et al., 201 Figure 25A, green trace]. The model also accounts well
for a number of experimental observations, including irged intraKT distance distributions
(Figures 5C and D, respevely) for the oscillating sister KT pairs, the average number and the

evolution of the numberfdound kMTs Figure 25E; (VandenBeldt et al., 200 and MT
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poleward flux rate¢Cameron et al., 2006 In addition, the time evolution of the numbers of
attached MTs and that of the bound Ndc80 complexessymonding to the-Rand ARmoving sister
KTs (Figure 25E-F) provide insight into the KT change in direction from P to AP movement during
oscillations, illustrating that it is the number of bound Ndc80 complexes and not the number of MTs
thatdetermineshe switch Furthermore, the differences in the mean and maximatkfrstretch

(i.e., the distance between the inner KT and the average position of thewhd Ndc80

complexes, and the distance between the inner KT and the farthest attacheddddsg,
respectively) for the Pand ARmoving sister KTEigure 24C), show that the maximal intk&r

stretch matches the recently documented data for PtK2 cells where-the\ARy sister was found

to exhibit higher intre&KT stretch Figure 25G-H). Finally, the model can reproduce the
experimentally observed P and AP kinetics [compare Figur@sabtd 1E~; (Wan et al., 2013.

Both the model and the experimental data also show that thieoAihg KT reaches its maximum
speed earlier than therRoving KT [Figures 51 and 1EF, insets{Wan et al., 201Q2. In fact,

these dferences in acquisition of the maximal speed during P and AP movement are responsible
for the observed period doubling in the iRKEF distance (Dumont et al., 20L,2Van et al., 201p

Figure 25A]. Our model suggesthadt this is due to the biphasic kinetics of the Ndc80 bonds
attached to depolymerizing MTSs, resulting in a slower turnover of the-ldills of the Fnoving

sister (under moderate tension), hindering the increase in P velocity until a critical tensian level
reached. The proposed biphasic dissociation kinetics of Ndc80 complexes is not a general property
of molecular motors and may underlie how different organisms employ and rely on motof or non
motor proteins for chromosome alignment and dynamics.

The paitive feedback, which results in sister KT oscillations about the metaphase plate, and the
phase difference between the oscillatory behavior of the sister KTs causing thedpeitidg of

the interKT distance oscillations can be understood as follotshe spindle equator, the sister
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KTs initially have no advantage over one another in terms of forces, and their Ndc80 ebtiiplex
bonds turnover with similar dynamics as they attach to MTs, stretch and detach. However, when a
KT stochastically acquiresttachment to a higher ratio of depolymerizing/polymerizing MTs
compared with its sister KT, and begins- movi |
stabilityd for its depol ymer i sangitgity &f Md s . Thi
detachment kinetics: at moderate tension, the Ndc80 bonds with depolymerizing MTs are stabilized
(Kot is low), while those with low or high tension turnover rapidly. Furthermore,-the\Rment
enhances the catastrophe frequency of polymerizing KMT pliss #ng increasing the ratio of
depolymerizing/polymerizing MTs further, and at the same time increasingrttovy®ment rate of

the KT, which relieves the tension on the Ndc@&dnplexes, allowing them to turn over for

effective motility. When the sisterKbegins its Amovement, its sister KT may also initially take
(smaller) poleward steps, but it quickly stalls, then beginsn®®ement due to increasing cohesin
forces. As the Afnoving sister gains speed due to increasing cohesin pulling forces, tB@ Ndc

bound depolymerizing MTs either lose their attachment due to high tension (the biphasic force
dependence) or switch to polymerization due to increased rescue frequency, enhancing the AP
sisterod6s disadvantage in t heTsrAsthe BnovingKTde pol y
approaches its pole, the PEFs slow down its movement, elevating the Ndc80 tension again, and
either causing the Ndc80 complexes to detach from depolymerizing MTs or leading to a rescue
event of the kMT plus ends, shifting the ackeaye to the sister KT.

A highly attractive feature of this minimal model is the robustness of thmMIK&ttachments to

changes in the model parameters. For example, changing (within a reasonable range, see Table S1
the number of MT attachment sites pér,khe number of Ndc80 complexes per MT, or the MT

plus end dynamic rates, does not compromise faithful attachment of the KT to spindle MTs, and the

gualitative aspects of chromosome dynamics are not affected. However, to reproduce certain
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specific aspestof chromosome dynamics observed experimentally, such as the period-atrdter
intracKT oscillations and the kMT number and poleward flux rates;tiimeng of the parameters is

required.

2.3.5.Model results: identification of parameters thatsuppress oscillations of the peripheral
KT pairs.

Next, we tested the model to identify changes in the parameter(s) that could account for the
observed behavior of the peripheral sister KT p@imeron et al., 200€imini et al., 2004Wan

et al., 2012, characterized by small (¢im in amplitude) erratic movements and lack of

oscillations. We tested a number of conditions, including differences in number of kMTs per KT,
PEFs, and MT sliding forces due to the geometry of the spindle (in these fairly flat mitotic PtK1
cells, the avexge angle between thefiber and the peripheral KTs is 35 degrees, in contrast with an
average angle of 90 degrees for the middle KTs), differences in the catastrophe rate for the MT plus
ends bound to the peripheral KTs (peripheral KTs have longer kM@ sodthe geometry of the

spindle and their position), and some combinations of the above possibilities (some shown in Table
II). We found that only a nehinear distribution of the PEFs characterized by a sharp increase at
short distance from the spinddgquator (see Material and MethoBigjure 26A), led to the

suppression of oscillations and at the same time producedanteintraKT distances that matched

the experimental data (bke Il, Figure 26B-E; see alsd-igure 26G for evolution of the nmber

of MTs and Ndc80 complexes). Indeed, simply decreasing the magnitude of the PEFs while
maintaining a linear increase around the metaphase plate was not sufficient, as under these
conditions oscillations were suppressed [aStumpff et al., 2013, but the intesKT distances

were significantly higher than those observed experimentally. Thus, we propose that the
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distribution of PEFs differs in the middle and ttexiphery of the spindle in PtK1 cells, and this
governs the observed dichotomy in behavior of middle and peripheral KT pairs. Specifically, our
model suggests that while PEFs increase linearly around the spindle equator for middle KTs, they
increase shaty for the peripheral KTsKigure 26A). This finding is consistent with laser ablation

studies in which reduced PEFs resulted in increased amplitude of oscil({&easal., 200

2.3.6.Model predictions and experimentaltests.

Our model makes a number of testable predictiecnsk{elow), some of which are supported by
recently published work and some others that have been experimentally tested here.

(i) As the sister KTs begin their excursion, the fraction of KMTs in
depolymerization/polymerization state for then®ving chromosome initially increases, then
decreases, while that of the ARoving sister initially diminishes rapidly, then remains constant

(low) until turnaround.

(i) Both the average and the maximal ift& distance oscillate. Specifically, the maximal intra

KT stretch of the AHmoving sister KT is, on average, larger than that of th@oking

chromosome, and it oscillates with a period roughly twice that of the sister KT oscillations about the
metaphase pla (sed~igure 25G-H). Recent work by Dumont and colleagues in PtK cells showed
that indeed the intr&T stretch for Pand ARmoving KTs is different [intr&KT distance for P

moving KT smaller than for Althoving KT (Dumont et al., 201)2, providing support to our model
results.

(iif) When the detachment rate of the Ndc80 complex from MTs is inhibited, the sister KTs become
hypestretched (DeLuca et al., 2006Figure 27A, C] soldy due to the poleward sliding/flux of

kMTs bound to the sister KTs. Therefore;iohibition of poleward flux will reduce the intd¢T
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stretch Figure 27C-D), but maintain fully attached (thickfibers) sister KTs. To test this

prediction, we perforngemicroinjection experiments with antibodies to théekininus of Hecl [as

in (DeLuca et al., 200§ and/or Kif2a (kindly provided by Dr. Duane Compton, Darmouth Medical
School), which is believed to be the major depolymerase at the spindle poles responsible for MT
poleward flux(Ganem and Compton, 200Banem et al., 2005 Indeed, pilot experiments showed
that injection of Kif2a antibodies in PtK1 cells significantly reduced poleward flux of KMTs
(Bennett, He, and Cimini, unpublisheduch reduction in MT poleward flux produced a decrease
in the interKT distance compared to uninjected cells (Figures=7EJ, M-N), as predicted by our
model Figure 27A-B). Injection of Hecl antibodies, on the other hand, induced a significant
increase in intedKT stretching (Figures 7G, K, O compared to 7E, I, M), supporting our model
prediction Figure 27C, A) and confirming previous observatidieLuca et al., 2006

Importantly, when we cinjected Hecl and Kif2a antibodies, we observed a significant reduction of
inter-KT stretching Figure 27H, L, P) as compared to injection of Hecl antibody aléngure

2.7G, K, O), once again supporting our model predictiéingufe 27C-D).

(iv) Forces generated by poleward flux motors on spindle MTs coupled to dynamics of MT plus
ends at the KT are sufficient generate the experimentally observed wded intraKT stretching.
Indeed, simulations in which the poleward flux was reduced, produced a reduction-KiTinter
stretch Figure 27B) compared to control§igure 27A). This prediction was supported byr
experimental observation of reduced iFkar stretch in cells microinjected with Kif2a antibodies

(Figures 7F, J, N compared to 7E, I, M).
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2.4.Discussion

The data presented here highlight how differences in the distribution of PEFs camafttgatase
chromosome oscillations, and suggest that biphasic,-tlependent detachment kinetics of Ndc80
complexes can drive the int&iT distance oscillations observed in metaphase for oscillating sister
KT pairs. Instead, the lengthnd polymerizatio ratedependent catastrophe frequency, and the
tensiondependent rescue frequency of MT plus ends play more subtle roles, by coordinating the
dynamics of the plus ends of MTs attached to sister KTs to achieve efficient motility, and, together
with the vigoelasticity of cohesin and Ndc80 complexes, contribute to sronttihe otherwise

jerky chromosome movements.

2.4.1.What causes the inhomogeneity in the distribution of PEFs within the PtK1 cells
metaphase spindle?

We found that a difference in the glibution of the PEFs at the periphery vs. the middle of the
spindle can explain the differences in oscillations between peripheral and middle KT pairs in PtK1
cells. The predicted difference between the PEFs exerted on middle vs. peripheral KTs can be
explained by a number of specific features of PtK1 mitotic cells: (i) the chromosomes aligned at the
periphery of the metaphase plate always correspond to the two chromos@roessantucci et al.,

2009, which are large acrocentric chromosomes, with g l#rg g arm(Torosantucci et al., 2009

Such large arm size results in high baseline PEF magnitude for peripheral KTs (see Materials and
Methods for further details). (i) Chromosomes at the periphery are fully exposed karidiiis,
whereas middle esbmosomes are partly shielded due to the crowding in the middle of the
metaphase plate, where each chromosome is surrounded by other chromosomes. (iii) Because the
KT-to-pole distance is greater for peripheral KTs, the ledigipendent catastrophe freqogof
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MT plus endgVarga et al., 2009gives rise to a sharp drop in PEFs in close proximithef

spindle equator. Thus, the peripheral chromosome arms are exposed to low PEFs within a narrow
region right around the spindle equator, but are exposed to sharply increasing PEFs as soon as they
move away from the equator (déigure 24A).

Onecoudague that other forces arising from the
affect the dynamics of metaphase chromosome behavior. For instance, forces exerted by
chromosome arms bumping into one another, inability of MTs to interact withrathosomes in

the same manner, and elastic MT forces exerted on the chromosomes are additional (stochastic)
factors that are not considered in our model. However, the experimentally observed regularity of
the middle sister KT oscillations suggests thatdhm of these forces are of negligible magnitude
compared with the forces that drive KT movem
spindle would also cause chromosome arms to shield their neighboring chromosomes from spindle
MTs, particularlyin the context of the middle KTs. We suggest that this would contribute

significantly to the proposed differences in the PEFs for the middle and peripheral sister KTs,
yielding a sharp increase of the PEFs around the spindle equator for the peripteendlsiswith

no neighbors, and a linear increase in PEFs around the spindle equator for the middle sister KTs,
with many neighbors. Thus, the averaged sum ¢

our current model via the PEF profiles for tha&ldle and the peripheral sister KFEdure 26A).

2.4.2.Comparison with previous models

The model developed and presented here is closely related to the model developed by Joglekar and
Hunt for PtK1 chromosome dynamigiglekar and Hunt, 20p2vhere the authors investigated the

Hill -sleeve modg(Hill, 1985) in a FB approach. Our model differs from theirs in the following
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ways: first, the Joglekar and Hunt model (2002) did not consider poleward flux of KMTs. Next, in
the JoglekaHunt model the attachment sitefsKTs to each MT are arranged in series in form of a
06sl eeved, with multiple sleeves per KT, arrat
through springs (elastic bonds). In this way, the poleward movement of a sleeve with respect to its
MT requires the detachment andbimding of all bonds, setting a large energy barrier for the
movement at high sleeve insertion depths. This mechanism effectively prevents the poleward
movement of a sleeve (and hence its KT) when the MT is in polymerizé#dien which leads to

deeper insertion of the MT into the sleeve, while favoring the poleward movement of a sleeve (and
hence its KT) when the MT is in depolymerization state, which reduces the insertion depth. Thus,

in the JoglekaHunt model, the primarfactor driving P and AP KT movement is MT dynamics. In
contrast, individual KIMT bonds (Ndc80 complexes) are independent from one another in our
model, and while the primary factor driving the P movement is poleward flux by pulling on the MT
bound Ndc8@omplexes, the depolymerization rate of KMT plus ends is governed by the dynamics
of the bonds, which in turn are regulated by tension forces. Like Joglekar and Hunt, we assume that
the bonds have a high affinity for the MT, but in our model, these lwtdsh in a forcsensitive

manner, with different kinetics, from polymerizing and depolymerizing MT tips, and independently
from one another. Specifically, we assume that when a bond is under moderate levels of tension,
detachment is favored from a polgrizing MT tip, and suppressed from a depolymerizing MT tip
(prolonging the bond halffe on depolymerizing MTs), but at high levels of tension, detachment is
also favored from a depolymerizing MT {jakiyoshi et al., 201 Consequently, in contrast with

what is observed in the Joglekdunt model, in our model bonds with a polymerizing MT are
generally Oweakdé, and thoseywdshrandépol ymeai
assume that the tension exerted on a MT tip by thé/KTbonds is sufficient to alter MT plus end

dynamics to account for the slghutch mechanism proposed by oth@viaddox et al., 2003
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Other FB models have also begsveloped to account for the metaphase chromosome behavior in
Drosophila, or fission yeag€ivelekogluScholey et al., 2006 ourtheoux et al., 200%ay et al.,

2012. The FB model developed by Courtheoux and collea@@srtheoux et al., 200@ddresses

the correction of merotelic attachments in fission yeast during anaphase and does not account for
amphitelic KT pairs. This model is derived from a presiowodel(CivelekogluScholey et al

2006 with additional and significant simplifying assumptions. Similarly to the model by

Courtheoux et al. (2009), another quantitative model recently developed by the Tournier group to
account for the dynamics of amphitelic KT pairs in fission ygaay et al., 201 relies upon a
macroscopic approach. There too, all KT components are represented by a homogeneous
viscoehsti c O6unitdé that can attach/ de teadcpbsitibns o m N
and dynamics, nor the reciprocal effect of the KT and the MT plus end dynamics on the attachment
to/detachment from the KT are considered. Furthermore, sincédudi MTs are not accounted

for, a MT is assumed to instantly switch to polymerization or depolymerization and to follow the
direction of the KT upon attachment. Therefore, the questions that form the basis of our study,
namely (i) how are the growth/shkage state and rate of different MTs attached to each KT
coordinated?, and (ii) how is the movement of the sister KTs coordinated to give rise to the
observed movements of sister KT pairs?, are not and cannot be addressed in the framework
proposed by Gagt al.

The framework of the FB model developed for the fast mitosis of the Drosophila embryo
(CivelekogluScholey et al., 2006orms the basis of the model presented here. This primary model,
which relied on a major role of the two antagonistic KT motors dynein and EEIdRd the two
members of the kinesih0 family MT depolymerases located at the KTs and at the spindle poles,
can be adapted to account for many aspects of the metaphase chromosome dynamics in PtK1 cells,

specifically by incorporating foresensitive detachment rates fbe KT motors dynein and CENP
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E. However, the experimental test of this m
behavior of middle and peripheral KTs in PtK1 cells fails to validate the model and its central
assumption that motors drive rmphase chromosome dynamics in PtK1 cells. In addition, with this
model, we could not identify a set of parameters that could account for the observed period doubling
of interKT stretch(Wan et al., 2012 This suggests that the KT motors dynein and GENRay

be functioning as a baakp (eror correction) or finduning mechanism for the KMT attachment

enabled by nomotor linkages that drive the metaphase chromosome dynamics in PtK1 cells, and
underscores how even highly conserved molecular mechanisms may be differentially deployed in

different organisms.

2.4.3.The importance of understanding kinetochore dynamics

The model developed in this study incorporates important emerging features of the eukaryotic KT
and recapitulates the complex dynamic behavior of metaphase chromosomesaelBtKAs

such, this model can be extended to account for chromosome behavior in other cell types by altering
specific parameters and adding forces resulting from plus and/or minus end directed motors at the
KT to the core model equations. Moreover, thisdel can be used to investigate the behavior and
dynamics of misattached KTs. Finally, the work presented here sets the quantitative framework to
investigate the role of various mechanisms, such as the gradient of centromeric Aurora B, the
dynamics oiNdc80 attachment and detachment, the MT plus end dynamics, and the MT poleward
sliding forces, proposed to contribute to correction of KT-atiachmentg$Cimini et al., 2006

Deluca et al., 20Q685anem et al., 2005 Indeed, whereas chromosome oscillations are not
absolutely required fahe execution of mitosis, as several cell types that do not display

chromosome oscillations can successfully segregate their chromosomes, the dynamics of oscillation
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or lack thereof inform us on the dynamics of-KIIT interactions, which play a key role the
correction of KT misattachments. Thus, the model developed here will be invaluable in helping us
understand the correction mechanisms of KT-atiachment that are essential to prevent

chromosome misegregation and aneuploidy.

2.5.Materials and Methods

2.5.1.Experimental methods.

2.5.1.1. Generation of HEC1-GFP PtK1 cell line.

PtK1 cell line stably expressing the human HEC1 gene fused in frame with the EGFP was produced
through the transduction of retroviral particles according to the intistngcdfor hightiter retrovirus
production provided by Clontech. The EGRR plasmid carrying the HEC1 gene was a kind gift
from Dr. Jennifer DeLuca (Colorado State University, Fort Collins, CO). Briefly, the HE&RP
gene was initially subcloned intba Xhol and Notl sites of the pLNCX2 retroviral vector (Clontech
Laboratories, Inc.) that harbors the Y packaging sequence. In order to produce high efficiency
retroviral particles, we transfected the packaging-@®2 cells (Clontech Laboratories, Inc.),
carrying the virajagandpol genes, with the pLNCXHECI1-EGFP plasmid together with the
VSV-G vector (Clontech Laboratories, Inc.) that provided the viral envelope geyeThe

resulting retroviral particles were used to infect PtK1 cells that wéseguently placed under
selection in Genetichzontaining media to obtain the final HEGIFP PtK1 cell line used in this

study.
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2.5.1.2. Cell culture.

PtKland HECIGF P Pt K1 cel | s wel2eeda(Inviwogen) sappléinerived with F
5% Sodium Prguvate (Invitrogen), 1% antibiotiantimycotic (Invitrogen), and 10% fetal bovine
serum (Invitrogen), and maintained at 37°C in a humidified i@€ubator. For experiments, cells
were grown on sterilized acidashed coverslips inside 35 mm Petri dishegl®hours before
fixation/observation.

2.5.1.3. Immunostaining.

For Hec1/ACAdstubulin staining, cells were prefixed in fresipisepared 4% formaldehyde for 5

seconds before arbinute lysis in 0.5% Triton XL00 in PHEM buffer (60mM Pipes, 25mM
HEPES,10mM EGTA, 2mM MgSQ, pH 7.0] and 2éninute fixation in 4% formaldehyde. For
CENRE and dynein staining, cells were briefly rinsed in Phosphate Buffered Saline (PBS), fixed in
freshly prepared 4% formaldehyde for 20 min, and then permeabilized with Oitt¥ X+100 in

PHEM buffer for 10min. A ordhour block in 10% BGS (boiled goat serum) at room temperature
was followed by overnight incubation with primary antibodies diluted in 5% BGS in PHEM buffer
at 4°C. Cells were then washed four times in PBS witbOl'tveen 20 (PBST), incubated with
secondary antibodies for 45 min, washed in PBST, stained with DAPI, and mounted on microscope
slides with an antfading solution containing 90% glycerol, 10% Tris buffer, and D% npropyl

galate. Primary antibodies veediluted as follows: humaACA (anti-centromere antigen;

Antibodies Inc.), 1:100; mouse atlecl (Abcam), 1:500; rabbit afttibulin (Abcam), 1:200;

rabbit antCENRE (a generous gift of Dr. Tim Yen, Fox Chase Cancer Center, Philadelphia, PA),

1:200; nouse antdyneinIC (SigmaAldrich Corp.), 1:100. Secondary antibodies were diluted as
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follows: RedX-goat antihuman (Jackson ImmunoResearch Laboratories Inc.), 1:100; Cy5 goat
antirabbit (Invitrogen), 1:100; Alexd88 goat antmouse (Invitrogen), 1:200

2.5.1.4. Microinjection.

Kif2a antibodies were purified by IgG affinity purification (Nab Spin Kit, Thermo Scientific) from
rabbit antiKif2a total serum (generous gift of Dr. Duane Compton, Darmouth Medical School).
For microinjection, both Kif2a andecl 9G3 (Abcam) antibodies were dialyzed and concentrated
into HEK buffer (20 mM HEPES, 100 mM KCI, and 1 mM DTT, pH 7.7) to a final concentration of
1.45 mg/ml. Cells were injected with HEK buffer alone (controls), Kif2a or Hecl 9G3 antibody
solution diuted 1:1 in HEK buffer (Kif2a alone or Hecl alone), or a 1:1 mixture of Kif2a and Hecl
9G3 antibodies (Kif2a + Hecl antibody-tgectionin). For microinjection, coverslips with HEC1
GFP PtK1 cells were mounted into modified Rose chan(beesler and Hard, 199@ithout the

top coverslip and incubated at 37°C with Phenol-Red L-15 media (Gibco) comemented with

4.5 g/l glucose and covered with mineral oil to prevent evaporation. A volume corresponding to
about 5% of the cell volume was injected into late prometaphase/early metaphase cells using a
Narishige micromanipulator (N88-V3, Narishige) ané Harvard Apparatus microinjection system
(PLI-100A, Harvard Apparatus).

2.5.1.5. Microscopy and image acquisition.

For inter and intraKT stretching analysis, immunostained cells were imaged with a swept field
confocal unit (Prairie Technologies) ateed to a Nikon Eclipse TE20Q0 microscope (Nikon
Instruments Inc.). For CENE and dynein fluorescence intensity quantification, immunostained
cells were imaged with a Nikon Eclipse Ti inverted microscope (Nikon Instruments Inc.) with

Lumen 200PRO fluoszence illumination system (Prior Scientific). This latter set up was also used
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for live-cell imaging of microinjected cells. Both microscopes were equipped with motorized stages
(Prior Scientific) and on both microscopes images were obtained with an BRZ&nera
(Photometrics), using a 100X/1.4NA Piapochromatic phaseontrast objective lens. Digital

images were acquired using the NIS Elements software (Nikon Instruments Inc.). For fixed cells, Z
series stacks were obtained at(r6 steps. A data sebtained during a previous stu@yimini et

al., 2004 was used for initial characterization of chromosome dynarfrigsife 21B-F). For the
microinjection experiments describedrigure 27, imaging began shortly after injection. Near
simultaneous phase contrast and single focal plane epifluorescenes wexg acquired every 20
seconds for at least 11 minutes.

2.5.1.6. Image analysis.

For each cell, measurements were taken on four pairs of sister KTs. Two pairs closest to the spindle
long axis were chosen as representative of the middle KT pairBiggee 21A), whereas the two
outermost pairs of sister KTs (one on each side of the spindle axis, at the periphery of the metaphas
plate) represented the peripheral KT pairs @gare 21A). To measure the inteand intra

kinetochore distances, fluegcence intensity profiles for the ACA and Hecl signals were generated
automatically by the NIS Elements software (Nikon Instruments Inc.). TheKiftdistance was
measured as the distance between the two centroids ofrthed®mine labeled ACA withia sister

KT pair (Figure 22B). The intraKT distance was measured as the distance between the centroids

of the XRhodamine labeled ACA and the Ale#88 labeled Hecl fluorescent signals within a

single KT Figure 22C). Kinetochore fluorescence integsif various antigens was measured with
ImageJ using a method adapted from Hoffman et al. (Hoffman et al., 2001). Two circles with
diameter of 1.12um and 1.47pum (with areg.&and Awute) Were centered over each KT on an

appropriate focal plane, andetintegrated intensity was measured for each circle anghasid
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Fouter The mean background fluorescenceeffd was represented by the mean fluorescence in the
ring area between the two circlesielnbg= (FouterFinner) / (AouterAinner). The btal fluorescence

intensity of the protein is: F = ighe/AinnerFmeanbd*Ainner. The total fluorescence intensity for the

motor protein of interest was represented as a fraction of the ACA fluorescence intensity at the same
KT.

2.5.1.7. Kinetochore trac king.

Two middle and two peripheral KT pairs (d&gure 21A) were tracked for each tirlapse movie.
Alexa 488antrCENRF signals Figure 21B-F) were tracke@utomatically using a previously
developed MatLab (MathVorks, Natick, MA) progranfWan et al., 2012 HEC1-GFP signals
were tracked manually aided by the same MatLab pro@gvéam et al., 2012 KT position was
defined as the Alexa 488/GFP signal centroid based eld &aussian fitting methoVan et al.,

2012.

2.5.2.Modeling methods.

I n all descriptions below, the si s-pokeraxisofitheo mat
spindle, in one dimension. The positiongtidk i net ochores and the micr
ends correspond to distances from the spindle equatated at the origirk(= 0), and the positions

of the left and right spindle poles are -6.5 andx = 6.5um, respectively, mimicking the

metaphase steady state spindle length oft#i3n PtK1 cells. All forces and velocities associated

with theright and left KTs and kMTs are assumed to be positive in the poleward direction (towards

the right pole for the KT tethered to the right pole, and towards the left pole for the KT tethered to

the left pole). The timelependent position of the right andt leister KTs (X 5, andX ; ), the right
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and leftkT attached'fk MT 6 s p(Ixjy sande;n. ), and the pole proximal end of the right

and | eft "k MF o"NdcBOKcAndplex xf,, andxy,,) are all measured with respect to
the spindle equatoF{gure 24A-C). The timedependent velocities of the right and left sister KTs,

and the poleward sliding/flux velocity of tHekMT attached to the right and left sister KT afE:,
Ve » Viur @NGvg,; ;. respectivelyRigure 24C).

In our models, we make the following simplifying assumptions:

() The motility events examined here are exclusively driven by an intrinsic balance of forces
generated in the spindle;

(i) Throughout metaphase, spindle length (gmiée distance) is maintained by a balance of
antagonistic forces generated at quatralleloverlapping interpolar MTs and by astral MTs, and in

this model, as in previous considerations of KT positiofigelekogluScholey et al., 2006
Joglekarand Hunt, 200Q we do not address how changespimdle pole positions can/may affect

KT positions and vicerersa,;

(iif) All motor protein/noAmotor linkage (Ndc80 complexjenerated forces at the KTs or on the

MTs are additive. For motor proteins, the total force depends linearly on the total number of
attaded/active force generators (i.e. motors share the load equally). Foratonlinkages (Ndc80
complexes) the force exerted on the MT and the KT by each molecule is proportional to its
tension/compression. We assume that all motor enzymes considerdiméavtorcevelocity
relationships, and the attachment/detachment kinetics of each motor in response to applied force is
considered explicitly in a Mont€arlo approach in the current mod@@oppin et al., 1997

Svoboda and Block, 199¥%alentine et al., 2006

(iv) Active MT depolymerases (kinesiiB) located at th spindle poles depolymerize the KMT

minus ends at the same rate at which MTs slide into the poles through the action of sliding motors,
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and additional poleward pulling forces which may result from the depolymerization activity of
depolymerases are assunmedbe of negligible magnitude and ignored.

2.5.2.1. Model Framework.

Both models consist of a large set of coupled FB equations describing the poleward-and anti
poleward forces exerted on the left and right sister KTs, and on each KMT attachedftcatieck le

right sister KT Figure 24A, D). The forces accounted for in the models are:

(a) For each sister KT: (i) cohesin generated forces (AP directed); (ii) sum of forces generated by
attached and active kimotors (or Ndc80 complexes) at the KT (P or difected); (iii) PEFs (AP

or P directed); (iv) polymerization ratcheting forces generated by kMT plus ends which impinge on
the inner KT plate (AP directed); and (v) viscous drag forces on the chromosome (P or AP directed).
(b) For each kMT attached to a KT} sum of poleward slidingnotor generated forces (P directed);

(i) sum of the kMT, attached and active #otor (or KMT attached Ndc80 complex) generated
forces (AP or P directed); (iii) polymerization ratcheting forces generated by the kMT plus end
whenit impinges on the inner KT plate (P directed). We neglect the viscous drag forces on the KMT
(Howard, 200).

(c) MTs not attached to the KT but within thdiker are assumed to flux poleward by sliding and

depolymerization at the average sliding rate of the kMTs of fiiteek.

R

Since the velocities of the KTs and the kMTs (i.e., theilmevatives of their poson d)(;—tKT =Vt

chr?

dXir _ 0 IXr _ ki dXanr _ i : :
Ve g = Viding andT = Vgiung )» @re determined by the forces acting on them at any

given time, the solution to the large set of coupled ODEs formed as described above yields the

dynamics of the sister KTs and the KMTs over tirtrethis system of ODESs, the two equations for

61



the sister R's are coupled through the cohesin forces proportionaX{g ¢ X ; ), while the

equations for the |l eft and right sister KTsbo
the sister KTs via the forcexerted on their respective KT.

2.5.2.2. Sliding motor/Dynein/CenpE Force -Velocity Relationship and Force -Dependent
Detachment Rates.

In both models considered here, similarlyf@velekogluScholey et al., 2006we assume that the

motor proteins (dynein, CENP and sliding motors, as it applies) have a linear fostecity

relationship(Valentine et al., 2006 described b¥ (v) = F_, (1 %), wherev is the time
sliding

dependent velocity of the motor on its MT track. In addition, we assume that the motans detac

from the MTs in a forcelependent manner, describedkdy' ( f) = k:"*(0) exp% ), where

det

meerg)and F o are the detachment rate in the absence of load, and the force at which the

detachment rate increasefod, respectively.

2.5.2.3. MT Plus and Minus End Dynamics.

As in (CivelekogluScholey et al., 20Q6we assume that the plus ends of kMTs undergo dynamic
instability (DI), while the minus ends are depolymerized by the combined action of poleward sliding
and depolymerizatiofMitchison andKirschner, 1984Mitchison, 1989 Rogers et al., 2004 The

DI of the MT plus ends is characterized by four parametgres, fcat andfies (Verde et al., 1992

We assume that the MTs6 growth (polymerizati
hindered by a factdt¢gandkswh en t he MT tip penetrates into
position of the outer KT is defined differently in the mepootein and normotor linkage based

models considered here. In the motor pretesed model, where dynein and CEERre
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considered, the 0edngietbe poldwart directiok (inti&T distasce)tfromrat 0O .
the position of the inner K-plate,and this intraKT distance is constant over time. In the

viscoelastic linkagdased model, where Ndc80 complexes provide the sole link between the KT
and the MTs, the position of the outer KT 0e
oft heir most stretched Ndc80 Fguwe?dd).eAmangthetDl a ¢ h m

rates, the catastrophe and rescue frequencies of the plus ends of MTs that are not attached to the

KTs are defined by_2, andf?, respectively. For kMTs, however, these frequencies are assumed to

be regulated differently in the two models considered here, and are explained below in each case.

2.5.2.4. Polar ejection forces.

Recent studies identified thkstribution of the PEFs in PtK1 cellKe et al., 200R Based on these
studies, we assume a constant PEF from the spindle pole talafpred pointxg, within the half

spindle, and a linearly decreasing function withinititerval [xq, Xd], as shown irFigure 26A

(bl ack line). Thus, the distribution of the
previous consideratiofCivelekogluScholey et al., 20Q0@oglekar and Hunt, 2002

2.5.2.5. Numerical Solution Method and Algorithm.

Here we outline the general methods of solution of the system of ODEs (typically composed of 52
102 equations) for both models, and further model specific details are described separately below.
The large set of coupled ODEs obtained by writing the fbetance equations on the sister KTs

and their kMTs are solvadlith a forward Euler algorithm as describeq@ivelekogluScholey et

al., 2006 using custormade MATLAB scripts. In the script, the initial conditions are as follows:

coh

sister KTs are positioned around the equate), atrest length @;°") away from one another.

The MT plus ends are randomly positioned near the KTs (using therburitfform pseudaandom
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number generator in MATLAB:and), all MT minus ends are positioned at the spindle poles. The
polymerization/ depolymerization state of the MT plus ends are selected randamay &nd all

motor proteins (sliding, CENE and dynein, as it applies) and rowtor linkages (Ndc80
complexes, as it applies) are inititaddly o6fr e
Ndc80 complexes (viscoelastic bonds) are at rest, tvin poleproximal end located at rest length

(d*°) distance away from their KT. Thus, the system is at rest, no kMT or motor protein/Ndc80

complex is attached, hence all forces are equal to zero except for the PEFs (equal ideyagnitu
opposite in direction) at the current positions of the sister KTs.

Starting from these initial conditions (which differ slightly from one another at each realization due
to the pseudoandom number generator used for the MT plus ends), at each tprie(sia = t, +

Dt) in the algorithm, we begin by executing the attachment/detachment event of each motor protein
(and/or each Ndc80 complex) by computing the probability of its attachment/detachment kinetic
under the current load. To this end, firsg #itachment/detachment ratks 0r kor) of the motor
proteins/Ndc80 complexes are computed. If a kinetic rate is-tt@pendent, for example, for

k=k(f), the current rate is determined using the current force on the protein, via

ko (f) =K, exp(FL), wherek’, andF,,,are the detachment rate at zero load and the force at which
det

detachment rate decrease®lel, respectively (FigureS1A). Then, for each motor, the probability

of detachment/attachment is computed udfrgl -exp( k), wherek represents the appropriate

kinetic rate. Next, a pseugandom numberr, is selected for each motor using the MATLAB
functionrand. If r <P, the event (attachment/detachment) is realized, and the current state of the
mot or protein/ Ndc80 compl ex i s-vetsa diradP thelstateo 0 a |

of the motor protein/Ndc80 complex is left unchanged. Once the attachment/ detachment events are
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executed, the set of FB equations (algebraic) are solved using the updated number of attached motc
proteins/Ndc80 complexes at the current tinep syieldind the velocities of and forces exerted on

the KMTs, motors and sister KTs. Next, the stochastic switch rate of each MT plus end is computed
similarly to the attachment/detachment of motor protein/Ndc80 complex as described above. We

assume thtaP =1 -exp( £ )lor P=1 -exp( £ )] is the probability of catastrophe (or rescue) of

at
a MT plus end, and this probability is compared with a random numlzer described above to
execute the switch between growth and shrinkage sfatach MT plus end. Finally, once the

states of all MT plus ends are determined, the position of each sister KT is updated using its newly

computed velocityenr, as X5 (t ) = X2 (1) w5

& 1, whereas each MT plus end is moved
poleward using its newlgomputed sliding ratesidng, and its newly computed polymerization/

depolymerization stateT, ,..(t) , 8SX3 (th.,) = Xgyr(t) Vo, D VE Also, the force on

poly/ depol sliding poly depol*
each motor protein/Ndc80 complex is updated with the newly computed force, to beruked
stochastic kinetic computation in the next time step. The time step is incremented, and the sequenc
of events are repeated typically for thousands of time steps, equivalent to several hours in real time,

to ensure stable behavior.

2.5.2.6. Force Balance Model Adapted from the Model for Drosophila Embryo: Rescue and
Catastrophe Frequency of kMT plus ends.

In this model, the KMT plus end Dl is the same ainelekogluScholey et al., 2006 Namely,

we assume that depolymerases (kindsiplocated at the KT alter tliescue frequency of KMTs in

a tensiordependent manner. We assume that the depolymerase effectively acts on the plus ends of
the MTs when tension is low, and its action is diminished with tension. The tension on the kMT is,

Ftension= (& Fconesint 6 Fpe + gFkT) / M, (seeFigure 24A for forces), wherd is the current

number of attached MTs to the KT in consideration (left or right),&andand @re non
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dimensionalization factors (units of pIN Then tension dependence of rescue frequency is defined

0
res

by: f..(F ):fr‘;exp(@), where f

res

andFres are the tensiofree rescue frequency and

ension

the tension force at which the effect of the-K3sociated depolymerase decredsesfold,
respectively(Sprague et al., 2003 When the MT plus end contacts and begins impinging on the

KT plate, we assume that it stops growing (adding tubulin subunits to its plus end) and its

cat

catastrophe frequency is increased by a factgr(og. f ™" = @), and its rescue frequency
/

returns to low tension stat€’_, regardless of the current tension on the KT, while it continues to

impinge on the KT plate.

2.5.2.7. Force Balance Model for PtK1 cell chromosome dynamics: viscoelastic K T-MT linkages
in the absence of KT-motors.

The framework of this model is identical to the model abblavever, the molecules responsible

for forces on the KT and the KMT and their biophysical properties differ. Specifically, here we
assume that forcesulting from the opposing action of active CENRNd dynein motors at the KT

is of negligible magnitude during metaphase and we do not account for these forces. Instead, we
assume that the nanotor viscoelastic linkages (Ndc80 complexes) provide tlaelatient of the

sister KTs to spindle MTs, and the stretching/compression of these Ndc80 complexes resulting from
the relative movement of a KT and the kMT each complex is attached to, exerts a force on the KT

and the KMT (Figure &2A). The forces exerteoh the KTs (and the kMTs) by attached

viscoelastic Ndc80 complexes are described by an elastic spring cohgtantand a viscous

friction coefficientg, 4, (Figure 24C and Table S1). We assume that when a kMi$ phd reaches

a critical distance from the Kplate, polymerization is hindered, and hence in this model we
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neglect polymerization ratcheting forces which may result from kMT plus ends impinging on the
KT-plate (i.e.Fpoy=0). Therefore, the equations fibe KTs and the kMTs i(Civelekaylu-Scholey

et al., 2008, are further revised by eliminating the motor generated forces and replacing them by the
Ndc80 complex generated forces, and further by eliminating the polymerization ratcheting forces
(Fpoy=0, Figure 24D).

2.5.2.8. Force-dependent binding/detachment kinetics of Ndc80 complex.

In the model, we assume that the Ndc80 complexes exhibit the same attachment rates to, but

different forcesensitive detachment rates from polymerizing and depolymerizing MT ends. The

pseudo first ordr attachment rat&"*® (s?), is assumed to be independent of load, but the

on

detachment rat&;*°*’is assumed to be force dependent, and further assumed to be different for

polymerizing and depolymerizing MTs in its functional form. The detachment rate of Ndc80

complex from polymerizing MTs is assumed to increase exponentially with force, and isldsfine

NAcB0 (1) = | NdcB0 () expﬁ ), wherek®* (0) is the detachment rate in the absence of load,

ff , poly off, poly ff, poly
poly

and F_.° is the critical load force at which the rate increaséae(Figure 2.2B). The force

dependence of the detanent rate of Ndc80 complex from depolymerizing MTs, on the other hand,

is assumed to have a biphasic shape: it initially decreases in response to force, then increases unde

larger forces. In the model, it is describedcffie , () = k % ;O)exp(F,Idc )exp(f = Foen j,

Jdepoly depol
depoly

where k50 (0) is the detachment rate in the absence of I6gY;,, is the critical load force at

which the rate decreasedadd, and F,,,.;, is the load force typical of the turnaround in detachment

rate (Figure 3.2C). This type of biphasic (catddond) behavior is typical of adhesion molecules
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(Dembo et al., 198&vans, 200}, but not a characteristic property of MbBsed motors, including
kinesins and dynei(Coppin et al., 1997Toba et al., 2006/alentine et al., 2006

2.5.2.9. MT plus and minus end dynamics.

We assume that MT pduend polymerization/growth rate is limited by the position of the KTs and
MTs cannot grow into or past the inner KT. We also assume thatatddhed MT (a kMT) cannot
depolymerize past the position of an attached Ndc80 complex, i.e. a tubulin dinfechcaw

Ndc80 complex is attached, cannot be dissociated from the lattice. Consequently, the
depolymerization/shrinkage rate of each KMT is limited by the position of the attachment point of

its Ndc80 complex closest to its KT. We assume that the ressqueehcy of MT plus ends

0
res

depends on tension forde, on the kMT, increasing with tensiofy, (F) = f exp(Fi) , Where

res

f2 and Fare the rescue rate in the absence of load, and the tension force at which rescue

frequency increasesfeld, respectively. The catastrophe frequency of a MT plus end is assumed to
be dependent on its growth velocity, and on its length (effect of ki@asiotors, for example),
increasing with decreasing growth rate and increasing lédgtison et al., 200¥arga et al.,

2006. For a MT of length, growing at rate, the catastrophe frequency is therefore defined by

2 6 aVv, .-V .
fcat(l,v):fcit;_l—%(p%L ,wherefl i s the catastrophe freque
gav+g Vg

Y
(Viree= —2), V, is the critical growth rate at which the catastrophe frequency decrefddslay is
9

the average MT length in the spindle afh}j represents its catastrophe rate. For the plus ends of
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the unattached MT&/ree= Vg andthe catastrophe frequency depends only on length

al
fcat(l) = fc(;t% .
C av

2.5.2.10. Polar eje ction forces.

The PEF function is as described above. For the solutions shduguie 25, the linearly

decreasing PEF function shown in blackigure 26A was used, and for the solutions shown in
Figure 26B-G the nodinear PEF function shown in red igure 26A was used. We propose that

the PEF functions differ between the middle KTs and the peripheral KTs in two ways. First, PEFs
have different baseline values (higher for the peripheral chromosaimas3itions proximal to the

poles Figure 26A). This difference in the baseline value is based on a simple and conservative
approximation of the number of MTs nucleated at the pole that can potentially reach the
chromosome arms as follows: assuming thatsurface area of the chromosome arm can be
approximated by an ellipse, with major axis lengtlidie andaperipheral, and same minor axis, the
surface area of the peripheral and middle chromosome would ql@yierS = (middie/ Aperipheral )

Sniddie. We conservatively assume tlagdripheral = 3 amiadle Further assuming that MT nucleation

occurs only at the centrosomes equally in all directions, since the probability of MTs to encounter a
chromosome arm is proportional to the surface ar¢faeoéhromosome arm, this gives rise to the
likelihood that a MT is 3= 9 times more likely to reach the arm of a peripheral chromosome at a
distance proximal to the pole, where the lerdgipendent catastrophe rate of the MTs have little
effectonMTpluendsd distribution (see bel ow), setti
chromosomes. We propose that this is an underestimate, since there is also the additional
6crowdingdé effect for the middle sigter KTs,

chromosomes (as discussed in the results). Second, the PEFs increase linearly around the equator
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for the middle KTs and nelinearly for the peripheral KTd{gure 26A). For the middle
chromosomes, it has been experimentally shown that PEFs increaselimear fashion around
the equato(Ke et al., 2009 and for simplicity, here we assume a linear distribution. A length
dependent catastrophe frequency of MT plus ends would give rise to a higHigeardistribution

of MT plus ends at long distancesaway from the poles, which is well described by

foee(X) = exp( X In(x)) (Yadav and Mukherji, 2001 However, the experimental findings do not

support such a nelinear increase in PEFs for excursion distances displayed by middle sister KTs,
roughly ranging from R/2 to 3R/2, where R is the half spindle lefi¢ghet al., 2008 suggesting

that the PEFs remain within the linear regime at this distance range. Nevertheless, due to the
geometry of the spindle in thellat cells, the length of a MT impinging on the middle of a

peripheral chromosomeds arm (3 times the si z:¢
.

twice as long as one in the middle of the spindle (differs ~ by a fac&ros%) &), at the same
(5) =

distancey, away from the metaphase plate. Thus, here we propose that for the peripheral
chromosomesd ar ms t he -life& Fegirheuraflecting a lengtlependent s t h «

catastrophe rate of the MT plus ends.

2.6.Supplemental material.

Supplemental material includes three figures (FeguR.1-S2.3), one table (TableZ3l). Figure

S2.1 illustrates the features of the model with matependent KIMT interactions and the

behavior of sister KTs within such modeligire 2.2 illustrates the forces exerted by Ndc80
complexes on a KT and its kMTs and the Ndc80 dissociation kinetics in the model based on non

motor, visceelastic bonds. Figure233 reports the model data for the distribution of the standard
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deviationsof the distances from the pole for middle and peripheral KTs. T&iesSa
comprehensive list of the parameters used in our mathematical model. Supplemental material can b

found online at http:
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Figure 2.1. Middle and peripheral sister KT pairs at the metaphase plate display Scgamt
differences in dynamics

(A) Diagram illustrating how middle and peripheral KT pairs were defined with respect to the
metaphase plate anget spindle long axis. In each cell analyzed, quantifications/measurements were
performed for the two peripheral KT pairs (one on each side) and for two middle KT pairs, as
illustrated in the diagram. (B and C) Representative examples of dynamics of (Biddtel

peripheral (C) sister KT pairs in live metaphase PtK1 cells. (D) Distribution of the standard
deviations of the distances from the pole for middle (blue) and peripheral (red) KTs. (E and F)
Kinetic profiles of normalized P (F) and AP (E) movementdscillating (middle) KTs. The solid

lines through the kinetic data in E and F were obtained by foleginee polynomial fitting. The

insets in E and F represent the normalized AP and P velocity kinetics obtained from the derivatives
of the polynomial coves of AP and P movement, respectively. The data presented in this figure

were obtained by analyzing 24 middle KT pairs and 16 peripheral KT pairs.
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Figure 2.2. Middle and peripheral KT pairs displagimilar inter- and intra-KT distances
(A) Example of a met ap h a stubuliiP(pukple), ACA (rdd), andrHaecln o s

(green). The white arrow in A indicates the position and direction of the line scan for the
fluorescence intensityrofiles displayed in B and C. Bar, 5 um. (B and C) Fluorescence intensity
profiles obtained from a line scan along the arrow traced in A. The antdrintraKT distances

were obtained by measuring the distance between the ACA peaks (B) and the H&CAgrehk

(C), respectively. This method was used to measure the ameintrakT distances in two pairs of
middle sister KTs and two pairs of peripheral sister KTs in each of 57 cells. The data obtained from
these measurements are reported in D anB)EDI(stribution of interKT distances in metaphase

PtK1 cells (1.90 £ 0.44 um and 2.01 £ 0.40 um for middle and peripheral sisten K& cells).

(E) Distribution of intraKT distances in metaphase PtK1 cells (0.11 + 0.04 um for both middle and

peripheal sister KTsn = 57 cells).
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Figure 2.3. Similar amounts of KT motors (CENHE and dynein) accumulate at middle and
peripheral KTs

(A) Examples of metaphase PtK1 cells immunostained for GENBp, fird column) or dynein

(bottom, first column) and ACA (second column). The chromosomes were stained with DAPI. In
the merged images, DAPI is shown in blue, ACA in red, and the motors in green. Bar, 5 ym. (B and
C) Quantification of CENHE (B) and dynein (C)tahe KTs of middle versus peripheral KTsH

46 cells) Error bars indicate mean = SEM.
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D .
Model Equations:
Force-Balance equation for the (right) chromatid:
chr
F:irug =F KT — F;')()I): —i PE — F:?ohesin , where
chr __ R - - ik
F, drag — HemVenr is the drag force on the chromatid; Fy, = z [ > E\,;,cs(,],
HEMT \_# Nde80

ko _ R _Rik y_ gNde8O\_ R R .
Flyieso = K yacso ((xKT Xvaeso) ~ o ) €xaeso (Verr — Vearr ) describe

the forces exerted on the chromatid by the viscoelastic Ndc80 complexes attached

to the (right) KT; F,. is the polymerization ratcheting forces; Fpr is the PEFs; and
R L oh L R

F;fohesin = Kcoh ((‘xK sl ‘xK T ) - dg“ )_ Scr)h (vchr + vchr) ’ is the force exerted

on the chromatid by the viscoelastic cohesin bonds between the sister

chromosomes.
Force-Balance on the it" kMT attached to the (right) chromatid:

R.i

4 Nelc80 ) ) ol Vi Jing
~ ML _ i ik i KT ¥iq L T
0~ F drag F:'/iding - Z E\"duS() , where £ stiding — .s/idingﬂliding (1 7 max ) IS
k sliding

the force exerted on the i kMT, by N sliding motors.
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Figure 2.4. FB model description
(A) Forces exerted on a (right) sister KT and a single KMT (note, each KT dingsdle of KMTSs,

or k-fiber). (B) Closeup of the KT MT interface and the viscoelastic Ndc80 complexes. (C)
Mechanical properties of cohesin and Ndc80 complexes and positions of the KMT plus end, the

KTs, and the Ndc80 bonds along the pplae axis. (DModel equations.
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Figure 2.5. A model based on dynamic viscoelasticitWIT bonds reproduces the dynamic
behavior of middle sister KT pairs

(A) KTipole (left KT, red; right KT, blue) and int&T (green) distances, and cohesin rest length
(purple) over time. The periods of sister KT and wK@roscillations (by fast Fourier transform) are
280 s and5 min and 150 s and2.5 min, respectivel{compare wi Fig. 2.1 B). (B) Position of

sister KTs (left KT in red, right KT in blue) and spindle poles (black) over time (the spindle equator
is set to zero). (C and D) IntdiC) and intraKT (D) distances produced by the model (2.31 + 0.24
pm [n=400] and 0.12 = 0.01 punm [ 60], respectively) shown sid®/-side with the distance

observed experimentally in live (int&T distancesn = 558) or fixed (intraKT distancesn = 228)

cells. Experimental data are shown in dark blue and model data are shown in light blue. The inset in
D shows a closep of the distribution of the data produced by the mod&HJHime evolution of

the total number of attached MTs (17 £ 4 and 44% in gepaiization state; E), attached Ndc80
complexes (49 £ 19; F), and mean (G) and maximal (H)-KTralistance of the left (red) and right
(blue) sister KTs. In H, the maximum intkal' distances and the corresponding sister KT positions
for the left (red) ad right (blue) sister KTs are shown over time. The gray and pink shaded areas
mark the AP movement of the sister attached to the right and left pole, respectively.-froeikB

sister generally displays a higher ina distance. (I and J) Kinetic prodéi¢ of normalized P (J)

and AP (1) movement for oscillating KTs. The solid lines through the kinetic data in 1 and J were
obtained by fourtidegree polynomial fitting. The insets in | and J represent the normalized AP and
P velocity kinetics obtained frorhé derivatives of the polynomial curves of AP and P movement,
respectively. Note, the slight differences between the model and the experimental results (I and J
vs. Fig. 2.1, E andF, insets) can be explained by the fact that the time of tAE Bwitch can be

tracked with high precision in the model, but not in the experiments. This would account for the
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delay in the normalized time for reaching maximal velocity for both theaAB Pmoving sister

KTs in the model results.
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Figure 2.6. A nonlinear distribution of PEFs can suppress the oscillations of peripheral sister.
KT pairs

(A) Distribution of PEFs in the spindle: for KT pairsthre middle of the spindle, the PEFs initially
decrease linearly away from the equator then stay constant toward the poles (black line). In contrast
for KT pairs at the periphery of the spindle, the PEFs are very low near the equator, then increase
sharply(nonlinear) to high levels (red line). See Materials and methods for additional quantitative
details. (B) KT pole (left KT, red; right KT, blue) and int&T distance (green), and cohesin rest
length (purple) over time. Note the erratic dynamic beha{@yrPosition of sister KTs (left KT in

red, right KT in blue) and spindle poles (black) over time, compareRigti2.1 B. (D and E) Inter

(D) and intraKT (E) distances produced byetimodel (2.22 + 0.16 pm|= 400] and 0.12 £ 0.01

pum [n = 60], respectively) shown sidwgy-side with the distances observed experimentally in live
(inter-KT distancesn = 530) or fixed (intreKT distancesn = 228) cells. Experimental data are

shown in dark red and model data are shown in light red. The inset in E shows#pobdsbe
distribution of the data produced by the model. (F and G) Time evolution of the total number of
attached MTs (16 + 3 and %®in depolymerization state; F) and the total number of attached Ndc80

complexes (44 £ 16; G) for the left (red) and right (blue) sister KTs.
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Figure 2.7. Inter-KT hyperstretching caused by reduced kMi&tachment rates can be rescued
by simultaneous reduction of MT poleward flux

(A1 D) Model simulation results of the distribution of int€T distances under different conditions
(n=4 KT pairs in all cases). (H) Experimentally determined distribution of the iRKEF

distances under different conditions. Reduction of MT poleward flux was achieved by
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microinjection of antKif2a antibodies (Fn = 12 KT pairs); reduction of kMT dathment rate was
achieved by microinjection of artlecl antibodies (G)= 7 KT pairs); simultaneous reduction of
MT poleward flux and kMT detachment rate was achieved by coinjection of the two antibodies
(H, n=12 KT pairs); HEK buffer injection (Ey= 8 KT pairs) was used as a controi.L{l Time

series of 19 frames (acquired atinhtervals) displaying individual KT pairs from videos of HEC1
GFP PtK1 cells microinjected as indicated in the figure labels. The last frame in each series
represents anapse onset. (MP) Box plots of intelKT distances in cells microinjected as indicated
in the figure labels. Each dot in the graphs represents the median value-KifTinlistances

obtained for different KT pairsi(= 8, 12, 7, and 12 KT pairs for M, N, @nd P, respectively) from
41 7 cells at the same time point; the boxes represent the738ttpercentile range; the whiskers
extend to the most extreme data points not considered outliers. All the graphs display data for a 10

min interval preceding anaps® (up to 1 min before anaphase onset).
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Table2.1. Model assumptions

A. Core assumptions

1 KTs attach to MTs through dynamic, viscoelastic, non-motor linkages (Ndc80 complexes).

1 When bound to a MT, each extended/compressed Ndc80 complex exerts a force
(e.g., poleward/anti-poleward) on its KT, and reciprocally to the MT to which it is bound.

9 Ndc80 complexes bind to and detach from MTs independently from one another.

1 Cohesin bonds between sister KTs behave as viscoelastic material.

1 Both KT-bound and free MT plus-ends undergo dynamic instability.

1 A polymerizing MT plus end stalls when it reaches the inner KT.

9 MT-minus ends slide polewards by sliding/flux motors and depolymerize at the rate the MTs
are slid into the poles.

B. Added assumptions

1 Ndc80 complexes have different detachment kinetics for polymerizing/depolymerizing
(GTP/GDP-tubulin) tips of MTs.

1 Ndc80 complexes behave as tension sensors (force-dependent kinetics).

91 MT plus end catastrophe rate is length dependent.

9 KT-bound MT plus-end catastrophe rate is growth rate-dependent (increases with decreasing
growth rate).

9 KT-bound MT plus-end rescue rate is regulated by tension forces exerted on it by the Ndc80
complexes (increased rescue under high tension).

C.Assumptions vital for model 6s robustness
1 A MT plus end cannot depolymerize past an Ndc80 complex attachment position.
1 Detachment of Ndc80 complex from polymerizing and depolymerizing MTs differs,
both in the absence and the presence of tension force.
fTNdc80 complex binds Oweiablbiphasicwag, 6o vamgt iy D i
depolymerizing MTs under moderate force.
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Table2.2. Model test for suppressn of KT oscillations

Tested Condition

Suppression of
KT Oscillations

Additional Observed Changes

increased inter-KT distance and

higher kMT # per KT NO oscillation amplitude
angular projection of
sliding force NO increased inter-KT distance
(459
higher chromosome decreased oscillation amplitude and
viscous drag NO .
s period
coefficient
. increased/decreased oscillation
higher/lower fca NO/NO amplitude and period
higher/lower PEF significantly reduced/increased
. YES . .
(linear) inter-KT distance
sharply Increasing PEF YES None
(non-linear)
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Figure S2.1. Biophysical properties of motors, nomotor proteins and behavior of sister KTs in

the model with motedependent KIMT interactions(A) Typical form of the motor protein foree

velocity relationship. (B) Foresensitive dissociation rate of motors and-naotor proteins. (C)
Description of the tension force exerted on the KTs by viscoelastic cohesin bonds. (D) Distance of a
pair of middle sister KTs (left KT in red, right KT in blugpi the spindle pole and int&T

distance (black) over time. (E) Distance of sister KTs (same pair shown in D) from spindle equator,

over time.
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Figure S2.2. Tension forces exerted on the KT and the kMTs by MT bound Ndc80 complexes and

force-sensitie dissociation kinetics of the Ndc80 compléX) Total tension force exerted by

multiple bound Ndc80 complexes (brown mechanical elements) on the KT (red bar) and the KMT

(green rod). Only a single right KT attached MT is depicted for simplicity. Thesoobetween the

sister KTs is shown (blue mechanical element), but the left KT is not depicted. (B) Ndc80 complex

dissociation rate from polymerizing MTs increases with increased load. (C) Ndc80 complex

dissociation rate from depolymerizing MTs is bipitait initially decreases with increasing load

(near zero), then increases with further increased load.
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® Middle KT
®m Peripheral KT

Standard deviation of
distance from pole (um)

Figure S2.3. Distribution of the standard deviations of the distances from the pole for middle (blue)
and peripheral (red) KTs produced by the modtiglte, both the actual values and the variability of
the standard deviations are smaller compared to the experimaat@Fdpre 1D) due to the higher
accuracy of the simulation data. However, the mean-iGtedistances (Figure 5C) do not differ

between experimental and modeling data.
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3.1. Abstract

The establishment and maintenance of correeKITCorrect chromosome segregation during

mitosis relies on the mitotic apparatus, a complex macromolecular machine that specifically
assembles during this cell cycle stage. We previously established a quantitative model to describe
metaphase chromosome dynamics viaMT interactions mediated by visdastic linkages
(CivelekogluScholey et al., 20)3Here, we used this quantitative framework in combination with
experimental approaches to characterize the metaphase and adphbhsmosome dynamics in

cells with merotelic KT attachments. Moreover, we investigated the role of Kif2a in correction of
KT mis-attachments in PtK1 cells. We found that merotelic attachment not only diminishes the
oscillation of the merotelically attaetd KT, but also alters the oscillation behavior of its normally
attached sister KT in metaphase. Moreover, we found that a single merotelically attached KT could
reduce the poleward movement rate of all other normally attached KTs in the same cell. \waally
found that Kif2a inhibition reduced MT poleward flux and induced high rates of anaphase LCs,
suggestive of reduced ability to correct AT mis-attachments. This finding supports the model

prediction that reduced MT poleward flux results in larger Ivens of KMTs.

3.2. Introduction

The establishment and maintenance of correcbKTattachment and chromosome positioning
depend on the interplay between opposing forces controlled by regulatory molecules and spindle
mechanics. As described in Chapter 2, we previously developed a gueanframework

integrating forces that control the positioning of amphitelically attached KT pairs during metaphase
(CivelekogluScholey et al., 2093 The model describes and pictd many aspects of spindle

dynamics. The next step we took was to extend this model and utilize the refined model to address
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important biological questions. First, we investigated the metaphase chromosome dynamics
associated with erroneous KMT attachmaet, specifically merotelic attachment. Erroneous T
attachment arises frequently in healthy mitotic cells due to the stochastic nature of establishment of
KT-MT attachment¢Cimini et al., 2003 but most of these erroneous attachments are corrected
before anaphase onset. This correction process depends upon microtubule dynaitoicsdibg

many mechanical and molecular signaling mechanisms, some of which have been extensively
dissected and others that are not well understood. MT poleward flux is one such mechanism
because, although there is evidence for a role of MT poleward flux in corretkdnmis-
attachment$Ganem et al., 20Q05the mechanism by which it does so is not clear. By combining our
guantitative model with specificaligesigned experiments, we dissected this problem, gaining new
insight. We next investigated the dynamics of anaphase KTs. Anaphase is the phase during which
the two sets of chromosomes move to opposing spindle poles of the elongating spindle. During this
phase, the two sets of chromosomes must move sufficiently apart towards opposite spindle poles, st
that they do not interfere with the abscission process at the spindle midzone. A key driver of this
poleward chromosome movement is a pulling force coupl&dftber shortening. The shortening

of K-fibers occurs as a result of kMT depolymerization, which in anaphase PtK1 cells appears to
occur mostly at the plus erfdhai et al., 1995 Previous studies have shown that anaphase cells

with merotelically attached lagging chromosomes display slower rates of spindle elongation
(anaphase B) compared to cells with normaboiosome segregatid@imini et al., 2004,

suggesting that merotelic KTs may affecemll spindle dynamics. Here, we investigated this
possibility by quantitatively characterizing the KT/KMT dynamics in live cells with and without

merotelically attached anaphase lagging chromosomes.
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3.3. Results and Discussion

3.3.1. Metaphase dynamics of merotelic KTs

The dynamics of sister KTs are closely coupled via a viscoelastic(BovelekogluScholey et al.,
2013 Dumont et al., 202;2Van et al., 2012 However, previous observations suggested that
merotelic KTs do not oscillate, whereas the normally attached sister of the merotelic KT continues
to oscillate(Cimini et al., 2003 (Figure 3.1A). Our guantitative model can reproduce such behavior
(Figure 3.1B), but predicts that the normally attached sister of a merotelic KT (Sister of merotelic)
displays reduced oscillations. To test this prediction and further validate our mathematical model,
we quantified the oscillation period of four sistergrarotelicKTs and compared it to previously
reported oscillation period for amphitelic K{wan et al., 2012 We found that the oscillation

period for sisters of merotelic KTs was 2.5 £+ 0.314 min compared to 3.71 min reported for normal
amphitelic KTs(Wan et al., 201R Thus, merotelic KT attachment not only suppresses the
oscilations of the merotelic KT itself, but also reduces the oscillations of its normally attached

sister.

3.3.2. Role of MT poleward flux in correction of KT mis -attachments

In our mathematical model, MT poleward flux results from minus end depolymenizatc

poleward translocation of Hibers (CivelekogluScholey et al., 20)3nd produces forces that are
transduced to the KT and contribute to KT/chromosome oscillations abauttaphase plate.

Thus, using our mathematical model, we could make predictions on how suppression of flux may
affect the dynamics of kMTs and hence the correction of Kfatteehments. Our model predicted

that reduced MT poleward flux results in increasathbers of kMTs bound to individual
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amphitelic KTswith an average of 28 MTs in cells with reduced MT poleward flux comparaal to
average of 17 MTs bound to amphitelic KTs in cells with normal poleward flux. This increase in
bound MTs can be explaineg b decrease in turnover of kMTs, which is known to result in faulty
correction of misattachments, particularly merote{Bakhoum et al., 2009I€imini et al., 200%

To experimentally suppressTvpoleward flux, we injected cells with aiKif2a antibodies
(CivelekogluScholey et al., 2093 Kif2a is a MT depolymerizing kinesin 13 specifically enriched
at the spindle polesom prometaphase through anaph@Sanem et al., 200%nd is required for
poleward flux in human cell&Ganem et al., 200%nd Xenopus extrac{&aetz and Kapoor, 20p4

In bufferinjected PtK1 cells in metaphase, we found a kMT poleward flux rate of 0.74 + 0.28
pm/min (n = 8), consistent with previous studi€ameron et al., 2006Injecion of antiKif2a
antibodies reduced the poleward flux rate to 0.49 £ 0.21 um/min (i{Gi\&)lekogluScholey et

al., 2013 (Figure 3.2A), thus making this experimental approadalsie for investigating the

mechanism by which MT poleward flux may contribute to correction of KFattechments.

To test the prediction that reduceld polewardflux affects correction of merotelic KT

attachments, we examined chromosome segregatidec:GFP PtK1 cells (Figure 3.2B)

microinjected with antKif2a antibodies after bipolar spindle formation and found a dramatic

increase in the number of cells exhibiting anaphase lagging chromosomes (Figure 3.2C). Anaphase
lagging chromosomes are knowmbe merotelically attachd@imini et al., 200}, which also

seems to be the case for the lagging chromosomes &{if2di antibodyinjected cells, whose KTs
display a stretched appearance (Figure 3.2B). Injection efHaatl antibodies in PtK1 cells was
previously shown to drama#lly decrease kMT turnover and hence prevent correction of merotelic
attachments, which resulted in high rates of anaphase lagging chrom¢B&hesa et al., 2006

Similarly to this previous study, we found high rates of anaphase lagging chromosomes in cells
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microinjected with antHec1 antibodies (Figur&.2C). However, cénjection of antiHecl and anti
Kif2a antibodies increased the rate of anaphase lagging chromosomes only slightly above the rates
observed in cells microinjected with a#iif2a antibody alone (Figure 3.2C), indicating that Kif2a,
and pesumably MT poleward flux, plays a major role in correction of KT-atiachments.

To assess how Kif2a inhibition affected the turnover of kMTs, we performed FDAP (Fluorescence
Dissipation After Photoactivation) experiments in PtK1 cells expressing PA#n (Figure

3.3). We found that the fraction of MTs bound to KTs was increased HKidi2a-injected cells

(Figure 3.3B, confirming the model predictions that larger numbers of MTs are bound to KTs in
conditions of reduced flux. However, to @aurprise, theik for kMTs was shorter in anKif2a-

injected vs. buffeinjected cells FFigure 3.3B. The parameters identified in these FDAP

experiments will be used to refine the model and make new predictions that can explain higher
numbers of KMTs, bt reduced turnover rates. Despite the puzzling results in our FDAP
experiments, overall our results support the idea that reduced MT poleward flux results in larger
numbers of KMTs, impaired correction of KT raigachments, and chromosome {ségregationn

the form of anaphase lagging chromosomes.

3.3.3. Anaphase KT/chromosome dynamics

As a further step toward building an integrated model of chromosome dynamics from metaphase
through anaphase in PtK1 celve next focused on the dynamics of anaphassmabsome

segregation and the relationship between dynamics of the mitotic apparatus and chromosome
segregation errors.

The most prominent mechanical change between metaphase and the beginning of anaphase is the

degradation of the cohesin proteins holdimg sister chromatids together. In our mathematical
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model, these proteins are represented by viscoelastic bonds linking the sist€iv€lekoglu

Scholey et al., 20)3In metaphse, tension on these viscoelastic bonds regulates turnover and
polymerization/depolymerization rates of kKMTs, and thus the length of-fiteeK In model

simulations, releasing the cohesin bonds between the sister chromatids and suppressing PEFs
promotekMT depolymerization and persistent poleward chromosome movement at a rate of 1.1
pm/min (Figure 3.4A). To obtain experimental data on rates of anaphase KT poleward movement,
we imaged PtK1 cells expressing HEGEP protein as they progressed through aasg@land

measured an average rate of 0.43 £ 0.24 um/min during the first 5min after anaphase onset (Figure
3.4 B). Thus, the rate of poleward movement in PtK1 cells is slower than predicted by the
mathematical model. However, this new information will alles\to further refine the model and

address future questions.

Quantification of our experimental data showed that chromosome poleward movement in anaphase
was complete within the first 5 min (Figure 3.5A), after which chromosomes further move apart
through spindle elongation (anaphase B). We found that in cells with anaphase lagging
chromosomes the initial phase of fast poleward chromosome movement was slowed down for most
chromosomes in the spindle (Figure 3.5B). This suggests that the presence othcadtaxthment

may interfere with overall spindle dynamics and cause a global change in the poleward movement
rate of all chromosomes in the spindle.

To test this hypothesis, we analyzed anaphase poleward movement of 166 normally attached KTs ir
normal @lls without merotelic attachments and 73 normally attached KTs in cells with

merotelically attached lagging chromosomes. As expected, we found that poleward movement of
normally attached chromosomes was significantly slower in anaphase cells with wedipteli

attached lagging chromosomes compared to cells without lagging chromosomes (Figure 3.5C). This
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is a striking observation suggesting a possible interplay between KT attachment state and overall

dynamics of the mitotic apparatus.

3.3.4. How does kif2a inhibition affect anaphase chromosome dynamics

As shown in Figure 3.2 and Chapter 2, Kif2a contributes to the maintenance of a proper MT
poleward flux rate and intd{T tension at metaphase, thus regulating-atiachment correction.

We then asked wheth&if2a played any role in controlling anaphase chromosome dynamics,
which could be an additional mechanism explaining the observed increase in anaphase lagging

chromosomes.

To address this question, we measured the anaphase chromosome poleward mateemearttr
Kif2a-injected HEC1GFP PtK1 cells. Because injection of Kif2a causes high rates of anaphase
lagging chromosomes (Figure 3.2C) and because we found the presence of anaphase lagging
chromosomes to impact the dynamics of the whole anaphaseesfhigilire 3.5), we grouped the
anti-Kif2a injected cells into two separate categories: with and without lagging (Figure 3.6).
Consistent with our previous finding (Figure 3.5), cells with lagging chromosomes displayed slower
rates of chromosome poleward vement compared to buffémjected cells. However, the rate of
poleward movement in ariif2a-injected cells without lagging chromosomes did not differ from

the rate of poleward movement in buffajected cells (Figure 3.6 Green and Blue), although the
initial KT-pole distance was larger in a#tif2a-injected cells because aidif2a injection induces
lengthening of the metaphase spindle (data not shown). The fact that inhibiting Kif2a does not affect

the kfiber shortening rate is not surprising giveatt MT poleward flux is not expected to play a
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major role in anaphase. Indeed, in both L& (pig kidney epithelial) and PtK1 cells, flux was
shown to diminish abruptly at the metaphasaphase transitiqZhai et al., 199pand Kfiber
shortening is believed to depend mainly on MT plus end depolymerization at tN& Kiiterface.

Thus, our results show that anaphase laggnmgmosomes are not cads®y impaired anaphase
chromosome dynamics and further support the idea that the increased rates of anaphase lagging
chromosomes in Kif2ahibited cells are the result of impaired correction of merotelic KT

attachments.

3.4. Materials and Methods

3.4.1. Cell culture.

PtK1, HECXGFP PtK1,and PAGFPubul i n Pt K1 cel | s -1&madia cul t u
(Invitrogen) supplemented with 5% Sodium Pyruvate (Invitrogen), 1% antHaintimycotic

(Invitrogen), and 10% fetal bovine sermvitrogen), and maintained at 37°C in a humidified.,CO
incubator. For experiments, cells were grown on sterilizedvaaghed coverslips inside 35 mm

Petri dishes for 48 hours before observation.

3.4.2. Microinjection.

Kif2a and HEC1 antibody microinggion was performed as previously described (Civelekoglu
Scholey et al., 2013). In brief, Kif2a antibodies were purified by 1gG affinity purification (Nab Spin
Kit, Thermo Scientific) from rabbit anKif2a total serum (generous gift of Dr. Duane Compton,
Darmouth Medical School). For microinjection, both Kif2a and Hecl 9G3 (Abcam) antibodies
were dialyzed and concentrated into HEK buffer (20 mM HEPES, 100 mM KCI, and 1 mM DTT,

pH 7.7) to a final concentration of 1.45 mg/ml. Cells were injected with HEferalone
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(controls), Kif2a or Hecl 9G3 antibody solution diluted 1:1 in HEK buffer (Kif2a alone or Hecl
alone), or a 1:1 mixture of Kif2a and Hecl 9G3 antibodies (Kif2a + Hecl antibedjectionin).

For microinjection, coverslips with HEG&FP PtK1 ells were mounted into modified Rose
chambergRieder and Hard, 199@vithout the top coverslip andcubated at 37°C with Phenol

Redfree L-15 media (Gibco) complemented with 4.5 g/l glucose and covered with mineral oil to
prevent evaporation. A volume corresponding to about 5% of the cell volume was injected into late
prometaphase/early metaphase agdieg a Narishige micromanipulator (NM8B-V3, Narishige) and

a Harvard Apparatus microinjection system (DDA, Harvard Apparatus).

3.4.3. Microscopy and image acquisition.

Microinjected cells were imaged with Nikon Eclipse Ti inverted microscopeo(Nikstruments

Inc.) with Lumen 200PRO fluorescence illumination system (Prior Scientific). The microscope was
equipped with motorized stage (Prior Scientific) and images were obtained with an HQ2 CCD
camera (Photometrics), using a 100X/1.4NA PAgochronatic phasecontrast objective lens.

Digital images were acquired using the NIS Elements software (Nikon Instruments Inc.). For the
microinjection experiments described in Figure 3.2 and 3.3, imaging began shortly after injection.
Nearsimultaneous phaseuwtrast and single focal plane epifluorescence images were acquired
every 20 seconds for at least 11 minutes.

3.4.4. Kinetochore tracking.

Kinetochore tracking in cells injected with Alexa 488t-CENP-F (Cimini et al., 2003was
performed using a previously developed MatLab (Matbrks, Natick, MA) progranfWan et al.,

2012. HECZXGFP signals were tracked manually aidedhi®ysame MatLab prografWan et al.,
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2012. KT position was defined as the Alexa 488/GFP signal centroid based-Dn@aRssian
fitting method(Wan et al., 2012

3.4.5. Photoactivation of PAGFP-Tubulin.

FDAP experiments were conducted in buffend antiKif2a-injected cells. Moreover, a set of data

was collected from cells taged with 10 uM Taxol and used for photobleaching correction.
Photoactivation was performed using a Mosaic Photoactivation System (Photonic
Instruments/Andor) consisting of digital diaphragm optical head with micromirror array, using a

100 W Olympus (LRFL-T) mercury lamp and a dichroic mirror that transmits light at 885 nm

and reflects above 435 nm (He and Cimini, submitted). One jooatast image of the cell of

interest was acquired and, using the pkamsdrast image on the screen, a ~0.5wwiahe (9 pixels

with our setup) line perpendicular to the spindle long axis and located on one side of the metaphase
plate was activated with a pulse e2kec. Phase contrast and fluorescence images were acquired
immediately after photoactivation and evefyskeconds thereafter for about 5 minutes.

3.4.6. MT poleward flux quantification.

To measure MT poleward flux, we measured the change in distance between the activated of PA
GFP line and the spindle pole using the NIS Elements software (Nikon Instrumehts

3.47. Quantification of MT turnover ratesn time lapse movie of photoactivated PAG#&Bulin

PtK1 cells, a rectangular region around the region of activation and an equivalent rectangular region
on the opposite, neactivated, side of the spira(for background fluorescence measurements)

were selected. The total integrated fluorescence within those two regions at each time point was
measured using NIS Elements software (Nikon Instruments Inc.). The rectangular regions for

fluorescence and baclgmd measurements was moved at each time frame to follow the poleward
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movement of the activated mark, except for Tetxehted cells, in which the rectangular
guantification regions was kept in the original location, as the mark does not move poleward.
Fluorescence intensity at each time point was obtained by subtracting the background value from
the value of the fluorescent mark. The measured values were then corrected for photobleaching by
using measurements obtained from Tatxeated cells and the refinb data were normalized to the

to (time point immediately after photoactivation) value. Plots were generated for the different
experimental conditions by averaging at each time point corrected data obtained from HEK buffer
or antiKif2a injected PAGFRubulin PtK1 cells. The kinetics oluiorescence dissipation after
photoactivation were then fit to a double exponential c(hai et al., 1995 with equatiory = Ar

« exptky « t) + A2 = expéke « t), whereAs andAz represent the percentages of the total fluorescence
contributed by noiKT and kMTs, respectivelyk: andk. represent the rate constants of
turnover/fluorescence dissipation for Aldi and kMTSs, espectively; and corresponds to the time
after photoactivation. Microtubule hdl’es (1/2) were calculated as follows;> = In 2k; for non

KT MTSs; t12 = In 2k for KMTS.
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Figure 3.1. Merotelic KT attachment changes the oscillation patteaf the normally attached
sister.

(A) Metaphase KT dynamics for amphitelic sister KTs (left) and a meroelic KT and its si
(right) quantified from PtK1 cells microinjected with Alexa4&Bt-rCENRP-F antibodies aoh
X-Rhodamindabeled tubulifCimini et al., 200% (B) Computer simulation result of
metaphase KT dynamics for amphitelic sister KTs (left) and a meroelic KT and its sister
(right). In both A and B, the brown and red lines represent KT positions relative to the sj
equator over time. In merotelic graphs, the red line represents theehoally attached KT
and the brown line corresponds to its normally attached sister. The black lines represen
spindle pole location relative to the spindle equatoiDfhanges in KIpole distance (i.e.,

oscillations) for an amphitelic KT (C) arfidr the sister of a merotelic KT (D).
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Figure 3.2. Microinjection of anti-Kif2a antibodies results in reduced MT poleward flux and
induces high rates of anaphase lagging chromosomes

(A) Quantification of MTpoleward flux in cells microinjected with buffer vs. aKif2a antibodies.

The data are reported as average and standard error of the mean from 8 cells. (B) Example of GFP
HEC1 PtK1 cell microinjected with aniif2a antibodies and displaying a LC Timeustps indicate
elapsed time (in seconds) with respect to the time of anaphase onset. Scale bar, 5um. The inset in
the last time frame shows that the KT of the LC is stretched, which is a feature of merotelically
attached KTs in anaphase. (C) FrequenciesCsfin GFRHEC1 PtK1 cells injected as indicated in

the X-axis labels.
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Figure 3.3. Quantification of MT dynamics by FDAP in buffervs. antiKif2a-injected cells

(A) Data from FDAP experiments. The filled circles represent the normalized and photoble¢
corrected mean fluorescence intensity values recorded at each time point after photoactivat
bars represent the standard error of the mean at eachdimeThe lines represent the double
exponential curves generated by nonlinear curve fitting. The n values below the graph indici
sample size (number of cells analyzed) at each time point, with blue correspondingianti
injected cells and recbrresponding to buffanjected cells (B) Table reporting the data obtaine

from the analysis in (A) and ndmear regression analysis (see materials and methods for det
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Figure 3.4. Anaphase KT dynamics

(A) The model developed for metaphase chromosome dynamics was used to simulate a
chromosome poleward movement after a period of chromosome oscillattbesa¢taphase
plate. In the model, anaphase was initiated by simply cutting the cohesin bonds between
sister chromatids/KTs. This was sufficient to produce poleward KT movement. The grapf
the position of the sister KTs (shown in light and datlehl and the spindle poles (shown in
light and dark green) around the spindle equator. In the simulation, spindle pole separati
occurring (no anaphase B). (B) Anaphase KT dynamics (poleward KT movement) hGIHEC

PtK1 cells. The data are repattas mean and standard error of the mean from 120 KTs.
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Figure 3.5. Rates of KT poleward movement are reduced in anaphase cells with a merotelically
attached LC.

(A-B) Anaphase KT dynamics in a normal cell (A) and a cell with a merotelically attached LC (B).
Each line represents the poleward movement of a single KTthidkered line in (B) refers to the
merotelically attached KT. (C) Comparison of poleward movement rates in cells with and without a
merotelically attached LC over the 5 minutes after anaphase (msd1.00001 Student-test)

Data from 166 KTs frormormal cells and 73 normally attached KTs in cells with merotelically

attacled anaphase lagging chromosomes
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4.1. Abstract

Micronuclei (MNi) are extranuclear DN:&ontaining structures that form upon mitotic exit from
unsegregated chromosome fragmemtanaphase lagging (whole) chromosomes (LCs). MNi

formed from whole chromosomes are of particular interest because LCs are frequently observed in
both cancer and necancer cells, and are recognized as a major source of chromosomal instability
(CIN) in cancer cells. Here, we generated a PtK1 cell line expressing a photoactivatable H2B
histone to study the behavior of whole chromos@metaining MNi at the mitosis following their
formation. We found that most micronucleated cells displayed some kind ofiatome

segregation defect and that the missegregating chromosome was the one derived from the MN.
Moreover, condensation of the chromosome within the MN was frequently delayed and associated
with failure to align at the metaphase plate. Finally, microratetécells frequently displayed
cytokinesis failure and tetraploidization. In summary, we find that chromosomes from MNi may

trigger a CIN phenotype by missegregating at the mitosis following MN formation.
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4.2 Introduction

Segregation of sister chromagitb opposite spindle poles during mitosis ensures equal chromosome
distribution between the daughter cells. This is achieved through the attachment of sister chromatids
to microtubules from opposite spindle poles in early mitosis. Individual sister ctidsroan

establish incorrect merotelic attachment by binding microtubules from both spindléQiohés et

al., 200). When persisting through anaphase, some of these merotelically attached chromosomes
can lag behind at the spindle equator when all the other chromosomes movepiadteepoles

(Cimini et al., 2004Cimini et al., 2008 Upon mitotic exit, an anaphase lagging chromosome (LC)
forms a micronucleus (MN) enclosed in its own nuclear envelope separated from the main nucleus
(Cimini et al., 2002 Chranosome fragments present at mitosis are also unable to move to the
spindle pole and form micronuclei (MNi) upon mitotic exit. A number of simple ibdsed

techniques can be used to identify MRenech, 2000andthe combination of the MN assay with
immunostaining for kinetochore (KT) proteins can be used to easily discriminate DNA fragment vs.
LC-derived MNi(Degrassi and Tanzarella, 198Because of the ease of detection, MNi are
extensively used as indicator of genetic damage, and high frequencies of MNi are found in cells
with DNA repair or cell cycle checkpoint defects and in cells exposed to radiations or DNA
damagenducing chemicals or toxingenech, 200Heddle and Carrano, 19" Moreover, the
frequency of MNi increases with age and is a biomarker for increased risk of (Bmeassi et al.,

200% Bonassi et al., 2007

Despite the ample use of MN analysis as a measure of genetic damage, the basic biology of MNi
and their impact on cell function are not fully understood. Some studies have reported higher rates
of cell death in micronucleated (MNed) vs. AdiNed cells(Huang et al., 203, Utani et al., 201D

However, the MNi in these studies were induced by ionizing radiation and replication stress,

114



respectively, thus raising the possibility that the increase in cell death may be due to high levels of
genomewide DNA damage and not simply to the presendddi. Other studies have shown that a
number of cellular functions, including DNA replication, transcription, and DNA repair, are
defective within the MNCrasta et al., 201 Hoffelder et al., 2004Terradas et al., 2009These

defects were suggested to be, at least in part, caused by defective nuclear impabdoaal
assembly of the nuclear envelope/nuclear pore complex around ti{€ddta et al., 2012

Hoffelder etal., 2004 Terradas et al., 2012Moreover, the nuclear envelope of cancer cell MNi

was shown to frequently collap@gatch et al., 2013 possibly explaining chromothripsiike
phenomena found concomitantly with M{Grasta et al., 20)2Nevertheless, MNi can also persist
through subsequent cell cycles, as highlighted bydeleimaging studie¢Crasta et al., 2012

Huang et al., 203 Utani et al., 201pD

The impact of whole chromosoreentaining MNi on cell fate is of particular interest because such
MNi originate from LCs, which represent the most common chromosome segregation defect found
in chromosomally unstable cancer céBakhoum et al., 2034'hompson and Compton, @8).
Chromosome fragments, which would also give rise to MNi, are rarely observed in mitotic cells
(Bakhoum et al., 2094Although LCs are viewed as the joracause of chromosomal instability

(CIN) in cancer cell$Bakhaum et al., 2014Thompson and Compton, 200& recent study showed
that a majority of LCs end up in the correct daughter cell in human colorectal cancer cells
(Thompson and Compton, 201 taising the question as to whether LCs have a real impact on CIN.
Here, we addressed this question by examining chromosomegyaggn at the mitosis following the
formation of whole chromosom®ontaining MNi in live PtK1 cells. To specifically follow the MN
chromosome (mnChr), we generated a PtK1 cell line expressing photoactivatakiegGétPH2B

histone.
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4.3 Results and Discussion

Because spontaneous formation of MNi is rare intnansformed mammalian cells, we used an
STLC-washout protocol (see Material and Methods for details) to increase the frequency of LCs,
which are known to form MNi upon mitotic eXi€imini et al., 2002 (Figure 41A). This protocol
allowed us to specifically study the fate and mitotic behavior of micronucleated (MNed) PtK1 cells

at the mitosis following MN formation.

4.3.17° Cells with whole -chromosome MNi are as likely as non -MNed cells to enter mitosis.

First, we asked whether MNed cellsaetered mitosis after MN formation. To this end, we fixed

cells 24 hours after the STLC washout and determined the fraction of MNed ygiNexhcells re
entering mitosis by identifying cells positif@ phosphorylated histone H3-HiB8) staining Figure
41B), but in which the nuclear envelope had
was similar between MNed and nrtMiNed cells Figure 41C), thus indicating that the fraction of

MNed cdls re-entering mitosis was sufficiently large to allow analysis of MNed cells at the mitosis
following MN formation. Consistent with this, loftgrm live cell imaging showed that the

percentage of MNed cells-entering mitosis during imaging was simitarthat of randomly

sampled notMNed cells (27.4% and 26.7%, respectivéligure 41D). Moreover, we found that

only a very small portion of MNed cells died (2% in interphase and 0.7% in mitosis) during imaging
(Figure 41D). Although these rates of cekath are higher than those observed inbdied cells

(in which cell death was never recorded during imaging), they are much lower than those observed
in cells with DNA damageénduced MNi(Huang et al., 203 Utani et al., 201)) suggesting that the

cell death observed in these previous studies was likely due to widespread DNA damage and not to

the presence of a MN. Finally, we examined the integrity of the nuclear envelope in our
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experimentallyinduced whole chromosome MNi, to exclude the possibility that the membrane of
such MNi was collapsing, as previously reported for cancer cell(Malich et al., 2003 As a

measure of nuclear membrane integrity, we assessed the presence of the retinoblastoma protein (R
(Figure 41E), which was mviously shown to be a good indicator of nuclear membrane integrity
(Hatch et al., 2013 We found that most MNi retained Rb stainikggire 41F), indicating that

most of our wholeehromosome MNi did not experience membrane collapse/rupture. In conclusion,
these data indicate that after formation of whole chromosmmn&ining MNi, MNed cells can +e

enter mitosis with intact MNi. Thus, weed the STLEvashout protocol to induce the formation of

MNed cells and study their behavior at the mitosis following their formation.

4.3.Z MNed cells display high rates of chromosome segregation errors and further MN

formation.

To study the behavior dfINed cells at the mitosis following MN formation, we used the data from

our longterm timelapse phaseontrast imaging experimentsSigure 41D) and examined the

MNed and norMNed cells that underwent mitosis during imagifigure 42A-B). We found that

MNed cells frequently displayed chromosome segregation errors, including chromosomes that nevel
aligned at the metaphase platgg(re 42A, C) and chromosomes that aligned, but lagged behind at
the spindle equator in anaphaBeg(re 42B-C). As a resulof these chromosome segregation

errors, in many cases (41.5%) MNi formed in one or both of the daughterFogllse(42A-C).

Moreover, MNi also formed in daughter cells of MNed cells undergoing mitosis with no detectable
chromosome segregation errogglre 42C). Only a small portion (~11%, 4 out of 36) of MNed

cells segregated their chromosomes without visible defects and yielded daughter cells without MNi

(Figure 42C). Overall, most MNed cells displayed chromosome segregation dfigusg 42D) at
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the mitosis following MN formation.

4.3.3° The mnChr is responsible for the segregation errors.

Although in some cases it was possible to identify the mnChr as the missegregating chromosome in
MNed cells imaged by phasentrast Figure 42A), in many oher cases, it was not clear whether

the mnChr or some other chromosome was the one missegregaginge (42B). However, the high
rates of chromosome missegregation in MNed cells compared tblNed cells Figure 42D)

suggested that the mnChr may indbedhe missegregating chromosome in most cases. To test this,
we generated a PtK1 cell line stably expressing photoactiva&#idagged H2B histone (H2B

PAGFP PtK1) and used it to specifically mark the entire MN (i.e., the mnChr). Preliminary
experimers in which we activated the entire nucleus of prophase cells showed that photoactivation
of H2B did not affect iromosome segregatiokloreover, as a control for MN activation, we

activated a chromosomal region within pnage nucleiRigure 43A) and four that missegregation

of these nuclear chromosomes was very faigue 43D-F). To track the mnChr, we initially

followed MNed cells by phase contrast and photoactivated the MN at the time of nuclear envelope
breakdown (as detected for the main nuclelasthe vast majority of cases, the mnChr displayed
some kind of segregatiadefect Figure 43F). These included anaphase briddegljre 43D),

anaphase laggindrigure 43E), and chromosomes that never aligned at the metaphasd-ate (

4 .3E). Someof these chromosome segregation defects were also associated with further MN
formation upon mitotic exitigure 43E). It is important to note that none of the cells with MN
photoactivation displayed missegregation of chromosomes from the main nuctdug)ing that

the chromosome missegregation events observed in MNed cells involve the mnChr and not
chromosomes from the primary nucleus. In some cases, although the mnChr displayed apparently
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normal condensation (Figures 2A and 3B) and even aligned atetagphase platé-igure 43B),

upon separation, the two sister chromatids failed to segregate properly and ended up in the same
daughter cell (Figures 2A and 3B), in some cases within the samé&iging 42A). This is a clear
example of segregation of ewsister chromatids to the same daughter cell, a phenomenon that is
traditionally referred to as nondisjunction and leads to numerical chromosome aberrations in the
daughter cells. In other cases, the missegregation event was even more obvious, asrtdelmnCh
not align at the metaphase plate prior to anaphase onset. This behavior suggests that some mnChrs
may be ineffective at mounting a mitotic checkpoint response, which typically delays anaphase
onset until all chromosomes have become attached to obeiles and aligned at the metaphase
plate(LaraGonzalez et al., 20)2This defective mnChr behavior could be due to defective nuclear
pore assembly around MKCrasta et al., 201 Moffelder et al., 2004Terradas et al., 20}),2as he
nuclear pore was shown to play a key role in the assembly of an anaphase inhibitomait@tipre
stage(RodriguezBravo et al., 2014 Moreover, intact nuclear pores are also expected to be critical
for import of outelKT proteins required for recruitment of mitotic checkpoint protéiseeseman

and Desai, 2008In support of a possible defect in import of outer KT proteins inside the MN, we
found live prophase MNed cells in which the outer f®tein Hecl was not recruited to the MN at

a time when it was clearly associated with the chromosomes within the main n&algeuws 4S1).

4.3.4. Delayed condensation of the mnChr and cytokinesis failure in MNed cells.

In our live cell images, we nogd that the DNA in the MN frequently appeared less condensed
compared to the chromosomes within the main nucleus prior to or at the time of nuclear envelope
breakdown (see for instane® 0, and 3 min frames iFigure 42B andFigure 44A). In some cases,

condensation of the mnChr increased after nuclear envelope breakdown, but did not reach the levels
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of condensation observed for chromosomes in the main nuélgusd 44A). These observations
suggested that condensation of the mnChr was generally delaygared to chromosomes in the

main nucleus. We thus assessed MN condensation by quantifying the fluorescence intensity of
histone H3 Ser10 phosphorylatiorK{3) in the MN as compared to the main nucleus within

individual MNed prophase cells. As expattée intensity of 413 gradually increased during
prophaseKigure 44B), but in most MNed cells, the levels eH3 were lower in the MN compared

to the main nucleus={gure 44C-D), so that in ~90% of MNed cells, the level eHB in the main

nucleus was higher than that found in the MN. Thus, chromosome condensation is significantlyy
delayed inside the MN compared to the main nucleus. This finding adds to the observation that
DNA replication can be still ongoing in the MN when the main nucleus is in the G2 phase of the cell
cycle(Crasta et al., 2032In some cases, condensation of the mnChr seemed to be stimulated upon
breakdownot he mai n nucl eusd6 nucl ear envelope, sir
fusion of mitotic and interphase ce{Bohnson and Rao, 197®owever, in other cases the mnChr
seemed to persist in an undendensed stat€&igure 44A). This undercondensation could explain

the increased rates of cytokinesis failure in MNed vs:Mbdled cells we observed in our phase
contrast livecell imaging experimentg-{gure 45A-C). As shown irFigure 45A, in some MNed

cells, the undercondensed mnChr persisted at the spindle equator as all other chromosomes moved
to the poles. The mnChr was unable to clear the spindle equator area upon furrow ingression,
remained trapped by the cytokieturrow (Figure 45A-B), and eentually resulted in furrow
regressionKigure 45B). Interestingly, cytokinesis failure was specifically induced by
lagging/unaligned mnChrs, but not by STHr@@luced LCs. Indeed, none of the 59 anaphase lagging
chromosomes we followed upon STLC washdigire 41A) became trapped at the cleavage

furrow. Instead, these chromosomes, which displayed normal condensation, were displaced to one

side of the ingressing furrow and formed MRidure 41A), as previously describé@imini et al.,
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2002.

4.3.5. Conclusion

In summary, our data show that mnChrs are particularly prone to missegregation and can display a
variety of abnormal mitotic behaviors (deigure 45D for summary of mnChr segregation errors
observed in this study), including segregatétwo sister chromatids to the same daughter cell
(Figure 45D), a phenomenon not commonly observed when LCs arise for the firgfltimepson

and Compton, 20)1and trapping within the cleavage furrow (likely due to mnChr marked
undercondensation), a behaviorwemeveo b s er v d mfe@wr LfCfsi.r STthe tr app
the cytokinetic furrow is particularly significant because it can lead to cytokinesis failure and hence
tetraploidy, a condition known to contribute to CIN by either increased rates of chromosome
missegregatiofGanem et al., 2007r by increased tolerance to aneuploiBgwhurst et al., 2094

Thus, by missegregating thie cell division following MN formation, whole chromosofii

trigger a series of chromosome missegregation events that will lead to CIN. Because CIN is a
common feature of cancer cells, our finding that MNi can represent the first step toward the
acquistion of a CIN phenotype caexplain the previously observed link between MN frequency

and increased cancer riBonassi et al., 2007
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4.4. Materials and Methods

4.4.1. Generation of H2B -PAGFPPtK1 cell line.

A PtK1 cell line stably expressing the H2B gene fused to PAGFP was produced through the
transduction of retroviral particles according to the instructionkigh-titer retrovirus production
provided by ClontechA H2B-PAGFPNL1 plasmid was initially obtained as a kind gift from Dr. Jon
Pines (The Gurdon Institute, University of Cambridge, UK). The {R28FP gene was then
subcloned into the Not | and Hind Ill e of the pLPCX retroviral vecto€ontech Laboratories
Inc.) that harbors th& * packaging sequence. In order to produce high efficiency, replieation
incompetent, retroviral particles, packagi®B2293cells Clontech Laboratoriednc.), which

carry te viralgagandpol genes, were transfected with the HRBGFPpLPCX plasmid together
with the p/SV-G vector (Clontech Laboratoriesic.) that provided the viral envelope geasy.

The resulting retroviral particles were used to infect PtK1 cells tae¢ subsequently placed under

selection inrPuromycincontaining media to obtain the final HFBAGFP cell line used in this study.

4.4.2. Cell culture and treatment.

PtK1, H2BPAGFP PtK1, antHEC1-GFP PtK1(CivelekogluScholey et al., 20)3ells were

cul t ur ed -12 medi#d(@witdgen) Bupplemented with 10% Fetal Bovine Serum
(Invitrogen), 1 mM sodium pyruvate (Invitrogen), 14 mM sodium bicarbonate (Fisher Sc)entif
1% antibiotieantimycotic (Invitrogen)and maintained at 37°C in a humidified &@cubator For
live cell imaging, cells were either grown on gkssdtom dishes and imaged using a stage top
incubator (Tokai Hit) or were grown on sterilized cov@slinside 35 mm Petri dishes, transferred
into a modified Rose chamb@Rieder and Hard, 199vith top coverslip, and imaged on a
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microscope stage heated by an air stream incubator (Nevtek). To induce LCs and MNIi, cells were
incubated in 20rM STLC for 3 hours. The drug was then washed out by rinsing the cells 4 times
with warm media. Cells weretheai ncubat ed i +12 mediaefer B4 hbuasibéise F
immunostaining or livecell imaging. For livecell imaging, cells were placed in phefiie L-15

media (Gibco) with 4.5 g/liter glucose.

4.4.3. Immunofluorescence staining, image acquisition, and image analysis.

For histone H3 Serl0 phosphorylatiorHf) and Rb immunofluorescence, PtK1 cells were fixed in
freshly prepared 4% formaldehyde for 20 minutes. Cells were then permeabilized in 0.5% Triton X
100 in PHEM buffer (60mM Pipes, 25mM HEPES, MEGTA, 1mM MgSO4, pH 7.0) for 10

min. Cells were next incubated for one hour at room temperature in a blocking solution consisting of
10% boiled goat serum in PHEM buffer, followed by overnight incubation at 4°C in primary
antibodies. Next, cells were sebjed to 4 fiveminute washes in PBS with 0.1% Tween 20 (PBST)

and then incubated for 45 minutes at room temperature with secondary antibodies. Cells were finally
washed (4x5 min) in PBST, stained with DAPI, washed again, and mounted in an antifade solutio
(90% glycerol, 10% Tris buffer, 0:5% n-Propyl gallate). The antibodies were all diluted in 5%

boiled goat serum as follows: rabbit aptiosphe(Ser10)histone H3 (Millipore), 1:10@npouse anti
Rb(4H1) (Cell Signaling Technology), 1:20Red X-goat antirabbit (Jackson ImmunoResearch
laboratories inc.), 1:100; ReX-goat antimouse (Jackson ImmunoResearch laboratories inc.),

1:200.

Imunostained PtK1 cells were imaged on a swept field confocal unit (Prairie Technologies) attached
to a Nikon Eclipse TE2000U inverted microscope. The microscope was equipped with a 100x%/1.4
NA PlanApochromatic phase&ontrast objective lens, phésentrast transillumination, transmitted
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light shutter, and automated ProScan stage (Prior Scientifie)confocal head was acseszed

with multiband pass filter set for illumination at 405, 488, 561, and 640 nm, and illumination was
obtained through an Agilent monolithic laser combiner (MLC400) controlled by a four channel
acousteoptic tunable filter. Digital images were acquingith a HQ2 CCD camera (Photometrics).
Acquisition time, Zaxis position, laser line power, and confocal system were all controlled by NIS
Elements AR software (Nikon Instruments Inc.) on a PC computer (BedBries optical sections
through each cellrmlyzed were obtained at 01én steps.

Quantification of histone H3 phosphorylatior3) was performed in ImageJ with background
intensity subtraction adapted frdifdoffman et al., 200[L For MN intensity, the DNA signal
visualized by DAPI was used to draw a polygon (with area.merfun) and mean fluorescence
intensity = lhnerguny) @pproximately corresponding to the MN aredadger outer polygon (with area

= Aouterun) @and mean fluorescence intensityosidrvny) Was traced around the MN polygon in an
off-centered position, so that it would not overlap with the main nucleus and was traced in a way
that it extended beyond tihéN; the same thing was done for the main nucleusKgpeae 4S2, top
diagram). Both DAPI and-pl3 fluorescence intensities were quantified for each MNed cell to
obtain pH3 fluorescence intensity relative to the DAPI fluorescence intensity. A nucleus to
micronucleus ratio was then calculated and report&igimre 44D. A detailed description of the

method used for these fluorescence intensity quantifications is repoRepliie 4S2.

4.4.4. Phase-contrast live -cell imaging

Phasecontrast livecell imaging was performed on a Nikon Eclipse Ti inverted microscope
equipped with phageontrast transillumination, transmitted light shutter (Sutter Instruments),
ProScan automated stage (Prior Scientific), and HQ2 CCD camera (Photometrics). Image
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acquisition, ight shutter, and XYzaxis positions were all controlled by NIS Elements AR software
(Nikon) on a PC computer. For shoerm phaseontrast livecell imaging Figure 41A), cells were
imaged in a modified Rose chamber and maintained at ~36°C by meanaiostieam incubator
(Nevtek). For initial analysis of MN formatiofrigure 41A), multiple monopolar cells were

identified, the XYZ coordinates were recorded, and then images of individual cells were acquired
every minute throughout mitosis, up to 90hotes, using a 60x/1.4 NA Pl&pochromatic phase
contrast objectivel-or longterm phaseontrast live cell imaging (Figures 1D, A3\ and 5AB),

cells were imaged in 35 mm Petri dishes in a stage top incubator (Tokai Hit), with temperature set at
~36°C.10 or more MNed cells were selected and the XYZ coordinates recorded. The same number
of nonMNed cells were selected by selecting one-Nbited cell within the same field of view and
positioned next to the selected MNed celtsafje acquisition was perfoed as described above,

except that images were acquired eve/iainutes for 180 hours using a 40x/0.6 NA Plan Fluor
ELWD phase contrast objectiv€he data collected in these experiments were used to determine the
ability of MNed cells to reenter mitais after MN formation compared to ridNed cells Figure

4.1D); the cells going through mitosis during the period of imaging were then further analyzed to
determine chromosome segregation defdggufe 42); finally, the cells imaged beyond mitosis

wereanalyzed to measure the rates of cleavage furrow regressijung 45A-C).

4.4.5. Chromosome photoactivation and imaging

H2B-PAGFP PtK1cells were either grown into gkiedtom dishes (MatTek) or grown on
coverslips and then transferred into a modifRase chamber with top coverslip filled with Phenol
redfree L-15 media (Gibco). The day following MN induction, cells were placed on a Nikon

Eclipse Ti microscope equipped with transmitted light shutter, Lumen 200PRO fluorescence
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illumination system (PrioScientific), HQ2 CCD camera (Photometrics), and ProScan automated
stage (Prior Scientific). Temperature was controlled by either (for Rose chambers) an air stream
incubator (Nevtek) or (for glagsottom dishes) by a stage top incubator (Tokai Hit). UfOtdINed

cells were initially identified, the XYZ coordinates recorded, and cells followed by {toaseast
microscopy acquiring images everpaninutes with60x/1.4 NA PlarApochromatigphase contrast
objective lens. The cells were monitored until ahthe cells reached late prophase, as determined
by the level of condensation of chromosomes in the primary nucleus. At that time, imaging was
interrupted to perform photoactivation of the MN, a condensed chromosome in the main nucleus
(used as control),rdooth. Photoactivation was performed using@saic Photoactivation System
(Photonic Instruments/Andor) consisting of digital diaphragm optical head with micromirror array,
using a 100 W Olympu@J-RFL-T) mercury lamp and a dichroic mirror that transright at 365

435 nm and reflects above 435 nm. One pltasdrast image of the cell of interest was acquired

and, sing the phaseontrast image on the screen, a region of interest was selected around the MN,
around a chromosome within the main nucleugabdh, and photoactivation was achieved by
illumination of the region(s) of interest throufibe focal planes at 0.6m intervals, with pulses of

100 ms at each focal plane. Imaging was resumed after photoactivation by acquiring fluorescence
and phase&ontrast images. Initially, fluorescence images were acquired sporadically, and mitotic
events were monitored by phasatrast imaging, until the cell reached late metaphase, at which
time fluorescence and phasentrast images were acquired simultaneously to capture chromosome

segregation events involving the activated chromosomes.
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Figure 4.1. MNed PtK1 cells progress through the cell cycle and maintain integrity of MN
envelope

(A) Still images frontime-lapse phase contrastovie showingormation ofwhole chromosome
containingMNi in PtK1 cells after STLC washauthite arrow indicates thieC and the MN it

forms upon mitotic exitinset in the last frame shows2X enlargement dhe newy formedMN.
Time stamps represent elapsed time in min@eale bar, 1@8m. (B) pH3 immunostaiing (red)
used to identify MNed prophase celdNi in prophase cdllwereidentifiedby DAPI staining

(green) and phase contrast microscopy. Scale lzan,. §C) Quanification of pH3-positive MNed
and noAMNed cells showing similar numbers of prophase cells within the two subpopulations. The
data reported represent the average of three independent experiments in which a total 851319
cells were analyzed, with 9BL4 cells being MNed. (D) Quantification of proliferatiand death
ratesin MNed andnon-MNed cellsobtained by long term timkapse phase contrast microscopy.
(E) Loss of nuclealocalization of theetinoblastoma (Rig)roteinis used as a marker for nuclear
envelopeupture(Hatch et al., 2013 Intact (arrow) anduptured (arrowhead) MN in fixed PtK1
cellsimmurostained foRb (left/red). The RB MN is clearly visible by DAPI staining
(middle/blue).Scale bar5 em. (F) Quantification ofRb+ vs. Rb MNi showsthat most of the MN
maintained nuclear localization of Rb protein, whigdicaive of intact nucleaenvelope. The
data represent the mean + s.e.m. calculated from three independent experiments in w2fdh 179

MNed cells were analyzed.
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Figure 4.2. High rates of chromosome segregation errorshiNed cells

(A-B) Representativeme-lapse phase contrast micrographs of MNed cells that enter mitosis and
display chromosome segregation errors. White arrows point at the MNi; white arrowheads indicate
missegregating chromosomes/chromatids; black armdisate the newly formed MNi in one of

the daughter cells. Scale bar,&d. (A) MNed cell with a missegregating chromosome that never
aligns at the metaphase plate. After anaphase onset, the sister chromatids appear to separate from
each other, but fatb move to the spindle poles. Instead, they lag near the cell equator and end up
in the same MN in ondaughter cell (B) In this cell, when the nuclear envelope of the main

nucleus breaks down, the mnChr appears uodedensed. The mnChr becomes midgigth the

rest of the chromosomes, but at the end of mitosis a LC becomes visible and gives rise to a new
MN in one of the daughter cells upon mitotic exit. (C) Quantification of chromosome segregation
errors in live cell experiments. (D) Percentagealfs displaying at least one chromosome

segregation error.
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Figure 4.3. MN photoactivation shows that the mnChr is responsible for the segregagioors
observed in MNed cells

(A-C) Chromosomes in the main nucleus and/or in MNi (waitew) were marked by
photoactivation of H2BPAGFP in PtK1 cells. Right panels in@show the MNed cell prior to
photoactivation, and the white arrow points at the MN. The remaining panels showagjgsim

from timelapse movies acquired after fluorescence photoactivation, with the frame on the right
corresponding to a late time point to show MN formation (black arrow) in one of the daughter
cells. For each cell, phase contrast images are shown iopthevt, fluorescence images are

shown in the middle row, and the overlay is shown in the bottom row. Time stamps indicate
elapsed time in minutes. Scale barspi? (A) One small region (corresponding to one
chromosome) within the main nucleus and th&imnwere activated in this cell. The images show
that the chromosome from the main nucleus segregates correctly, whereas the sister chromatids
from the mnChr lag behind, ending up in the same daughter cell and in the same MN. (B) The
mnChr aligns at the etaphase plate and its sister chromatids separate at anaphase onset. However
they lag behind, csegregate to the same daughter cell, and form two MNi upon mitotic exit. (C)
The mnChr in this cell never aligns at the metaphase plate, persists in theos#roa throughout
mitosis, and réorms a MN in one of the daughter cells upon mitotic exit:EjfQuantification of
various chromosome segregation errors in photoactivation experiments. Normal Chr refers to
photoactivated chromosomes within the maiclaus of a MNed cell. (H) Percentage of

photoactivated chromosomes displaying at least one segregation error.

133



A

Before . .
activation After activation Anaphase

s 3 B
Phase

contrast

PAGFP

Merge

B

Early prophase

Phase DAPI + D
DAPI p-H3 contrast p-H3

60
50
40
30
20
10

% cells

I I RO O S

p-H3 nucleus to MN
fluorescence intensity ratio

134



Figure 4.4. Delayed chromosome condensation of mnChrs

(A) Photoactivated mnChr (white arrowhead) appears clearly «oothelensed compared to the
chromosomes in the main nucleus. The time stamps indicate elapsed time in minutes. Att = 0 min,
the nuclear envelope of the main nucleus breaks down and the chrom@sbiteearrows) are

visibly condensed, as shown by their phdease appearance in the phase contrast images.
However, at this time point, the mnChr does not appear condensed by phase contrast and the
fluorescence of the activated PAGFP appears dispddsethg mitosis, the mnChr gradually
condenses, but with a substantial delay that prevents its normal movement and segregation. Scale
bars, 1&m. (B) Fluorescence images of prophase cells immunostaineeH8r phe images

show cells with progressivelyareasing levels of pH3 fluorescence. Cells with intense and
widespread {H3 staining also display significant chromosome condensation, indicative of late
prophase stage. Scale barsgh (C) pH3 staining of MNed cells shows differences in
fluorescencentensities between the MN and the main nucleus within the same cell. Scale bars, 10
em. (D) Quantification of normalized {{g3/DAPI) nucleus/MN fluorescence intensity ratio in

MNed cells. The data, reported as mean + s.e.m., are from three indepepeements, with a

total of 218 MNed cells analyzed.
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Figure 4.5. Cytokinesis failure in MNed cells

(A) Phase contrast still images from titagse movie of a MNed PtK1 cell undergoing mitosis

and inwhich an undercondensed chromosome becomes trapped by the cleavage furrow causing
furrow regression, and hence cytokinesis failure and tetraploidy. Time stamps indicate elapsed time
in minutes. White arrows in the first three frames point at the MN anahi@hr. White

arrowheads indicate the chromosome becoming trapped by the cleavage furrow starting at 119 min
and then becoming decondensed and stretched across the midbody region. Eventually, the cleavac
furrow regresses, giving rise to a binucleate @elirked by yellow dashed line in the 317 min

frame) with MN (black arrow). (B) Close up view of the cleavage furrow region (black

arrowheads) to highlight the time window during which furrow regression occurs. Note the quick
disappearance of the cleavdgeaow after the 118 min time point. At 130 min, the constriction
between the two nuclei is largely relaxed and the trapped chromatin (white arrowheads) has lost its
association with the cell cortex and the midbody remnant. (C) Analysis of normal esiskss.

furrow regression in MNed and ndiNed cells. Chromatin trapped in the cleavage furrow was in
some cases observed in MNed cells exhibiting cleavage furrow regression. None of the cleavage
furrows in noaAMNed cells regressed. (D) Schematic sumnadutyre major findings of this study,
illustrating the propensity of mnChrs to missegregate at the mitosis following MN formation. Such

propensity to missegregate makes MNi a major source of CIN.
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Figure $4.1. Hecl loading in MN. Hecl:-GFP PtK1 cell wih MN (white arrowhead) imaged

during prophase. The white dotted line demarcates the MN boundaries in some of the frames. The
time stamps indicate elapsed time in minutes, with 0 min corresponding to nuclear envelope
breakdown. No Hecl can be detectechmMN even at later time points (e.€,min), when

significant amounts of Hecl are associated with the chromosomes within the main nucleus. Scale

bar, 5em.
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Figure $4.2. Description of the method used to quantify 13 fluorescence intensity forFigure

4D.
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