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Abstract

Faithful cell division requires the mitotic spindle, a tightly regulated biophysical machine
composed of rigid microtubule filaments along with motor and non-motor proteins. A
balance of forces on and within the spindle structure is required for efficient and error-
free cell division. A key player in this balance of forces is dynein, a motor protein whose
localization and function at the cell cortex regulates spindle positioning and orientation.
By creating a mathematical and computational model to capture spindle formation and
maintenance, I have found novel dynein-dependent force contributions to bipolar spindle
dynamics. I use biological experimentation to both inform and validate the model, and
confirm that dynein-derived forces impact spindle dynamics in cells. Furthermore, I use
a combined experimental-modeling approach to explore the role of dynein in cells with
multipolar spindles, an alteration to spindle morphology that is common in cancer cells.
Through this work I find that dynein-derived forces may be important for the continued
proliferation of cancer cells with multipolar spindles. Studying the physical forces driving
division in cells with altered spindle structure provides insight into potential drug targets to
prevent cancer progression.
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1 Introduction

1.1 Mitosis Overview

Nearly two trillion cells divide in the human body every day. These divisions occur through
mitosis, the part of the cell cycle where previously duplicated genetic material is separated
to form two, genetically identical daughter cells [165]. Throughout mitotic progression,
important molecular and physical changes occur that are essential for error-free cell divi-
sion.

As mitosis begins in prophase, the nuclear membrane, which houses the cell’s genetic
material (DNA) during non-mitotic stages of the cell cycle, breaks down. The long, string-
like filaments of DNA, called chromatin, then condense to form tightly compacted chro-
mosome structures [165] (Fig. 1). As mitosis progresses into prometaphase, a molecular
machine known as the mitotic spindle, which is composed of dynamic cytoskeletal fila-
ments called microtubules (MTs), is formed [194]. Other prominent components of the
spindle are motor and non-motor proteins, whose localization and function throughout the
mitotic spindle regulate its shape, structure, and movement. MT attachments to the chro-
mosomes regulate chromosome movement and eventual alignment at the cell center in
metaphase [77] (Fig. 1). Specifically, MTs bind dynamically to chromokinesin motor pro-
teins localized along the length of the chromosome and more stably to the kinetochore, a
protein complex localized to the centromeric region of each chromosome [40, 256].

Once chromosomes are aligned, a series of physical and molecular cues initiate the
onset of a mitotic stage known as anaphase, leading to chromosome segregation and even-
tual daughter cell formation following telophase and cytokinesis [234] (Fig.1). Progression
into anaphase is dependent on the satisfaction of the Spindle Assembly Checkpoint (SAC),
which monitors MT attachments to the kinetochore [182]. It is crucial that the replicated
chromosomes are separated properly during anaphase, as errors in segregation result in

loss or gain of chromosomes, a characteristic of nearly all cancers that is termed aneu-



ploidy [90].

1.2 Building Blocks of the Mitotic Spindle.

The mitotic spindle is a complex biophysical machine composed of MT filaments, non-
motor, and motor proteins. These structures work together to ensure that mitosis progresses
faithfully and successfully.

1.2.1 Microtubules

MTs are hollow filaments composed of thirteen linear protofilaments [46]. MTs are polar,

with dynamic plus ends and more stable minus ends. The minus ends remain anchored and

Telophase/
Prophase Prometaphase Metaphase Anaphase Cytokinesis

— —_—
\

Nuclear envelope Mitotic spindle Chromosome Cytokinesis and
breakdown and formation and segregation daughter cell
chromatin chromosome formation

compaction alignment

Figure 1: Mitotic progression. (Top) Still frames from a cell progressing through mito-
sis at 5 min increments. MTs are shown in green and DNA is shown in red. (Bottom)
Schematic of a cell progressing through mitosis. For simplicity, only two mitotic chromo-
somes are depicted. The nuclear envelope breaks down upon mitotic entry at the start of
prophase. The chromatin compacts to form distinct chromosome structures. Two mitotic
centrosomes nucleate MTs during prometaphase, forming the mitotic spindle. MTs bind
to and move mitotic chromosomes towards the cell center until chromosome alignment at
metaphase and eventual chromosome segregation in anaphase. The cell progresses through
telophase and cytokinesis and results in two, genetically identical daughter cells.



Figure 2: The mitotic
spindle.  Centrosomes
nucleate astral, interpo-
lar, and kinetochore MTs
Astral MTs which form the mitotic
spindle. ~ K-fibers are
bundles of 20 MTs that
bind to the kinetochore
region of the chromo-
some. Astral and inter-
polar MTs are dynamic
and interact with the cell
cortex and other MTs, re-
Chromosome spectively.

Kinetochore MT bundle,
(k-fiber)

Centrosome

Kinetochore

crosslinked near the MT nucleation (origination) site while the plus ends emanate outward;
this organization creates a radial, star-like array (Fig. 2).

During interphase, the time during the cell cycle when division is not taking place, MTs
are responsible for intracellular transport and nuclear positioning [46]. During mitosis, MT
structure and function changes drastically, with the disassembly of stable interphase MTs
and subsequent formation of dynamic MTs that comprise the mitotic spindle [211]. Spin-
dle MTs can be further characterized into three distinct populations; astral, interpolar, and
kinetochore MTs (Fig. 2) [169]. Astral and interpolar MTs make up the majority of the
MTs in the mitotic spindle. Astral MTs interact with the cell boundary while interpolar
MTs project towards the spindle midzone and interact primarily with other MTs emanat-
ing from the opposing spindle pole. MTs interact with each other or the cell boundary
via MT-protein interactions, which generate force and drive spindle formation and main-
tenance [7/1]. Kinetochore MTs form stabilized parallel MT bundles (k-fibers) and bind
to the kinetochore. K-fibers and associated forces are largely responsible for chromosome
alignment and proper chromosome segregation during anaphase [40].

While kinetochore MTs are largely stable during mitotic progression, astral and inter-
polar MTs undergo a process known as dynamic instability, where they switch constantly

between states of growth and shrinkage [172]. MTs switch from growing to shrinking



through catastrophe, and from shrinking to growing through rescue [84,85, 121,172, 176].

Both proper MT organization and dynamics are essential for faithful cell division (Fig. 2).

1.2.2 Centrosomes

Centrosomes play a critical role in cell signaling, motility, and division [254]. The cen-
trosome is composed of two centrioles surrounded by a dense matrix known as the peri-
centriolar material. Centrosomes are the major MT organizing center of the cell, which
is largely a consequence of the pericentriolar material [106]. The pericentriolar material
contains molecules that nucleate (create), anchor, and release MTs, making the centrosome
structure critical for MT-driven processes [9]. The centrosome duplicates once per cell cy-
cle, where each centrosome acts as the initiation and focal point of the two spindle poles
of a bipolar mitotic spindle [106] (Fig.2). During mitosis, the centrosomes and associated
spindle poles move in response to MT-derived forces generated by interactions with the
cell boundary, chromosomes, and/or other MTs. The two daughter cells following mitosis
each have one centrosome, ensuring they can repeat the cycle of duplication, mitosis, and

division in the next cell cycle.

1.2.3 Non-motor and motor proteins

Non-motor proteins

Non-motor microtubule associated proteins (MAPs) participate in MT nucleation, orga-
nization, and dynamics [ 1 58]. These proteins localize throughout the cell during prometa/metaphase,
with prominence at the spindle poles, kinetochores, and/or cell cortex. The proteins in each
of these regions have distinct roles in the regulation of mitotic spindle formation and main-
tenance, in addition to chromosome movement, alignment, and segregation [158]. One
essential function of non-motor MAPs during mitosis is MT crosslinking activity, which
provides structural support for the spindle. In this section, I will highlight key non-motor

crosslinking proteins in mitosis.



Non-motor proteins enriched at or near the spindle poles contribute to the mainte-
nance of pole focusing. Nuclear and mitotic apparatus (NuMA) and TPX2 are two of
the many proteins with increased localization and activity at spindle poles. These proteins
bind directly to MTs to form and maintain the crosslinked MT network that comprises
the spindle poles [168]. Loss of either of these proteins disrupts spindle structure and
results in fragmentation or unfocusing of spindle poles [86, 91, , 265]. This loss of
NuMA-dependent crosslinking of microtubule minus ends disrupts the mechanical linkage
between spindle poles and chromosomes, leading to defects in chromosome alignment and
segregation [223].

In addition to crosslinking MT minus ends at spindle poles, non-motor protiens are
essential for crosslinking adjacent parallel MTs to form large MT bundles that become
k-fibers. The protein TACC3, in a complex with ch-TOG and clathrin, form an intermi-
crotubule bridge between parallel MTs [55]. This complex additionally regulates k-fiber

dynamics by stabilizing MTs through a reduction in MT catastrophe [15].

Motor proteins

Cellular trafficking, ciliary movement, and cell division are driven by motor protein
movement along MTs. Motor proteins are characterized by a motor domain that hydrolyzes
ATP, allowing it to undergo conformational changes that regulate its movement [238].
There are three distinct classes of motor proteins: mysoin, kinesin, and dynein. Con-
ventional myosin motors bind to actin, cytoskeletal filaments that help the cell maintain its
structural integrity, while kinesin and dynein bind to MTs. While all of these proteins have
important roles throughout the cell cycle, I will specifically be focusing on their known

roles in mitosis.

Myosin
Non-muscle myosin II has traditionally been associated with cytokinesis, the final stage

of cell division where an actin-dense contractile ring forms to create the two daughter
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Figure 3: Prominent motor proteins in mitosis. Schematic of three major force-
generating motor proteins involved in mitotic spindle formation and function. Kinesin-5
(Eg5) and Kinesin-14 (HSET) localize on interpolar MTs and generate opposing forces.
Dynein localized to the cell cortex, where it regulates spindle positioning and orientation,
and at the spindle poles where it is integral to the maintenance of focused poles. The arrows
indicate the direction in which the motor moves along the MT.

cells [258]. Myosin II, however, is also essential during mitosis where it crosslinks short
actin filaments to form a stiff cortex [45]. Proper cell cortex function and integrity is essen-
tial for cell rounding during mitosis. This characteristic of mitotic cells is important for MT
interactions with the cell boundary and kinetochores, where a smaller confinement within
the cell allows MTs to interact with both structures rapidly and efficiently [136]. These
interactions are critical for spindle formation and positioning through cortical pushing and
pulling forces, and chromosome alignment through kinetochore MT stabilization by the
Ndc80 complex, a four protein complex consisting of Nuf2, Hecl, Spc24, and Spc25 that
is responsible for MT binding to the kinetochore [249,263,264]. Furthermore, a contractile

actin-myosin II network on the nuclear envelope has recently been implicated in chromo-



some alignment, where remnants of this network following nuclear envelope breakdown
interact directly with chromosomes to aid in chromosome movement towards the spindle
midzone, independent if MT interactions [14]. However, the mechanism by which the
nuclear acto-myosin network drives chromosome movement remains to be explored.

The non-conventional myosin motor, myosin X, which can bind to both actin and MTs,
has been found to be required for both mitotic spindle pole integrity and regulation of spin-
dle length [270]. Myosin X likely aids the maintenance of spindle pole integrity through its
interaction and co-localization with the crosslinking protein TPX2 at spindle poles, which
is essential for MT minus-end focusing [265,270]. Myosin X-dependent regulation of spin-
dle length has been shown to be a consequence of direct binding between astral MTs and an
amorphous rotating actin cloud during metaphase. Myosin X also modulates astral MT dy-
namics, which have direct implications on bipolar spindle length through their interactions

with the cell cortex [132, , ].

Kinesin

Kinesin can be characterized as a superfamily containing 14 subfamilies, nearly all
of which play a role in mitotic progression. Their grouping is dependent on genetic se-
quence, structure, and function. Broadly, kinesins are classified by how they move along
and impact MTs. Kinesins-1 through -7 and kinesin-12 move along MTs towards the plus-
end while kinesin-14 moves toward the minus end. Other kinesins (kinesin-8 and -13)
promote MT catastrophe [271]. Kinesins that line the arms of mitotic chromosomes, ap-
propriately named chromokinesins, such as kinesin-4 (Kif4a) and kinesin-10 (Kid), walk
toward the plus-end of polymerizing MTs that they are bound to [0, 19]. Forces gener-
ated by these motors, in combination with plus-end directed movement of the kinetochore-
localized kinesin-7 (CENP-E) drive chromosome movement toward the cell center during
mitosis [0, 26, ]. There remains, however, kinesin motors whose motility and function
are largely unknown (kinesins-9 through -11). While kinesin motors have diverse functions

in mitosis from spindle assembly and elongation [13, 26,32, 73, , ] to the mainte-
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nance of spindle integrity [63], chromosome congression [2, 76,83, , , , , 1,
and k-fiber dynamics and stability [233, ], I will primarily highlight the function of
kinesin-5 and kinesin-14, two of the primary force generators in spindle formation and
maintenance [181].

Kinesin-5, called Eg5 in mammalian cells, is a homotetrameric motor protein with two
motor domains on either side of an elongated stalk [117]. Eg5 interacts on antiparallel
MTs emanating from opposing centrosomes [ 13, 156]. Each of the motor domains binds
to a MT and walks towards the plus-end [12]. When the MTs are antiparallel, as they
are in the interpolar region of the spindle, this movement causes MT sliding in opposite
directions and drives centrosome separation and early spindle formation [115, 162]. Eg5
is not required for interphase MT organization so its inhibition specifically impacts mitotic
cells, where spindles fail to form and result in a monopolar configuration. This has made
Eg5 a promising target for rapidly dividing cancer cells [35, 155].

Kinesin-14, HSET in mammalian cells, is a minus-end directed dimeric motor protein
with two motor heads on one end of the molecule and non-motor MT binding domains
on the other [17,70]. HSET binds to both parallel and antiparallel astral and interpolar
MTs in the mitotic spindle [181,220]. On parallel MTs, minus-end accumulation and static
crosslinking activity of HSET contributes to MT bundling near the spindle poles, which
aids the maintenance of minus-end focusing [70, 138, 188]. At the interpolar region of
the spindle, HSET facilitates antiparallel MT-MT sliding to help maintain mitotic spindle

length [70]. HSET movement opposes that of Eg5, resulting in an inward force between

spindle poles [181,219]. Consequently, HSET-derived forces contribute to centrosome
collapse in the absence of Eg5 [115, 162].
Dynein

Cytoplasmic dynein-1 (dynein) is the major minus-end directed motor protein in mam-
malian cells. Dynein is a 1.2 MDa complex composed of two heavy chains which reg-

ulate the motor activity of the protein [200]. These heavy chains, in combination with a
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number of intermediate, light intermediate, and light chains are required for both linking
dynein to adaptor proteins and cargo, and maintaining the structural integrity of the com-
plex [200,246]. During prophase dynein helps to tether centrosomes to the nuclear envelope
and separate the centrosomes [202,252]. As mitosis progresses, dynein localizes in three
distinct regions: (1) at the kinetochore where it has been implicated in MT-attachment,
chromosome movement, and the initiation of anaphase onset [4]; (2) at the spindle poles
where it is essential for maintaining MT minus-end focusing [ 68]; and (3) at the cell cor-
tex where it is largely responsible for spindle positioning and orientation (described further
in Section 1.3) [25,53, , ].

For nearly all of dynein’s activities throughout the cell cycle, it requires adaptor pro-
teins that regulate its localization and function [116]. Dynein’s primary binding partner,
dynactin, recruits dynein to the nuclear envelope, MT plus-ends, the cell cortex, and kine-
tochores [60), , , ]. More recently, NuMA has been identified as an additional
direct dynein-activating adaptor that modulates its mitotic functions [191,206]. Additional
adaptors, such as LIS1, BICD2, NDEL1, and the RZZ complex facilitate dynein’s localiza-
tion and function at the kinetochore and cell cortex and regulate dynein-dependent forces
within the spindle [1 16, , , , ].

Dynein localized to the kinetochore participates in two distinct roles during mitosis:
chromosome alignment and SAC silencing. By moving toward the minus-end of MTs,
dynein bound to kinetochores transports chromosomes toward the spindle poles [6, ,

]. This is particularly relevant early in mitosis, where chromosomes are dispersed
throughout the cell and MT attachments to kinetochores are initiated. When chromosomes
are mono-oriented, having only one of their two kinetochores bound to MTs, the dynein-
dependent poleward movement of chromosomes is counteracted by chromokinesin- and
CENP-E-driven movement toward the cell equator [6]. Once stable bi-oriented kinetochore
attachments are established, physical and molecular cues signal satisfaction of the SAC, al-

lowing chromosome segregation. Dynein has been implicated in this signaling by removing



essential components of the SAC, such as Madl, Mad2, Bubl, and BubR1, through direct
binding and subsequent trafficking along MTs toward the minus-end [200, ]. These
roles of dynein at the kinetochore are essential for error-free cell division.

Dynein has additional roles in spindle organization during mitosis. Specifically, dynein
activity in the interpolar region of the spindle, where interpolar MTs overlap, counteracts
that of Eg5, with one of dynein’s two motor heads walking along each MT. This move-
ment pulls spindle poles together, antagonizing centrosome separation and bipolar spindle
formation [68, , ]. Additionally, dynein motor activity on parallel MTs is critical
for maintaining MT minus-end focusing at spindle poles, where loss of dynein results in
splayed poles and barrel-like spindles [60,91]. While this is an important aspect of mam-
malian spindle formation and maintenance, it is essential in systems where the spindle
forms in the absence of centrosomes, such as Drosophila, Xenopus, and Caenorhabditis
elegans oocytes, and mammalian meiotic spindles. In these systems, dynein is integral to

spindle formation by focusing MT minus-ends together at spindle poles [58, 100,101, 119].

1.3 Regulation of Spindle Positioning and Orientation

Cell membrane

- Gy 1 ( o | ( 6o,
% 'wdoma.‘".%er/ﬂ‘ =

Microtubules <€———— Dynein

FORCES ON
ASTRAL MICROTUBULES

F-actin

Figure 4: Proteins involved in anchoring dynein to the cell cortex. Schematic represen-
tation of proteins involved in cortical dynein localization at the cell cortex. Anchoring of
cortical dynein to the actin cell cortex can occur through independent mechanisms involv-
ing either Gai or Afadin binding LGN. LGN then binds directly to NuMA which regulates
dynein and dynactin localization and activity, which generates pulling forces on astral MTs.
Image from di Pietro, et al. (2016), Figure 1A [53].
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1.3.1 Cortical dynein localization is dependent on the Gai-LGN-NuMA complex

Spindle positioning and orientation is essential for proper daughter cell formation, epithe-
lial tissue maintenance, and morphogenesis. Positioning and orientation of the mitotic
spindle is reliant on an evolutionarily conserved protein complex bound to the cell cortex,
a network of crosslinked actin filaments located inside of the plasma membrane of the cell.
This complex consists of the heterotrimeric Ga protein Gai, LGN, and NuMA. While Gai
lines the entire inner surface of the cell during mitosis, LGN and NuMA are localized in
crescents facing the spindle pole(s) (Fig. 4) [53, 56, 122]. Localization of LGN through-
out mitotic progression is dependent on chromosome positioning, such that the RANGT”
chromosomal gradient restricts cortical LGN (Fig. 5) [122]. Independent of the Gai-LGN-
NuMA complex, the proteins Afadin and Discs large (Dlg) binds simultaneously to the
actin cell cortex and LGN to regulate NuMA localization (Fig. 4) [28, 53].

NuMA binds to LGN, MTs, and dynein to directly modulate active force generation on
centrosomes and spindle poles [127, 128, 191]. Dynein’s ability to bind to cortical NuMA
and generate force is dependent on NuMA’s phosphorylation state. Three distinct kinases
have been shown to regulate cortical NuMA localization and/or activity: CDKI1, PLKI,
and Aurora A [80, 127,214,216]. Phosphorylation of NuMA by CDK1 or PLK1 regulate
its cortical localization, such that inhibition of either kinase results in cortical NuMA en-
richment during mitosis [127, , ]. However, inhibition or loss of Aurora A results
instead in the accumulation of NuMA at spindle poles and a reduction in cortical NuMA
localization [80]. These studies additionally reveal that dynein localization and activity
mimics that of NuMA, such that high or low cortical NuMA corresponds to high or low

cortical dynein, respectively.

1.3.2 Astral MTs regulate cortical dynein localization

Force generation by cortical dynein on the mitotic spindle is dependent on astral MTs, as

they link the motor protein to the centrosome and associated spindle pole. Disruption to
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Figure 5: Regulation of cortical dynein localization. Schematic representation of the
spatial and temporal regulation of cortical dynein localization and activity in metaphase.
Image from di Pietro, et al. (2016), Figure 2 [53].

astral MT nucleation and dynamics can impact the localization and/or activity of dynein at

the cell cortex.

MT Nucleation

Proteins at the centrosome that are involved in M T nucleation, such as the centrosomal
protein pericentrin, impact the density of MTs at each spindle pole [42]. The number of
astral MTs reaching the cell boundary are a direct consequence of MT nucleation, such that
loss or reduction in MT nucleating proteins reduces the number of MTs interacting with
the cell boundary and leads to defects in spindle orientation [240]. Importantly, this defect
seems to be independent of cortical dynein transport and localization, since no reduction in
cortical dynein was observed following loss of the MT nucleation protein pericentrin [240].
These results suggest that spindle orientation and positioning are dependent on a sufficient

number of astral MTs interacting with the cell cortex.

MT Dynamics
MT dynamics are regulated in part by non-motor microtubule associated proteins [ 58].

EB1, a protein localized to the plus-end of MTs, has been implicated in spindle orientation

12



through its role in MT stabilization, such that loss of EB1 reduces MT length and causes
a decrease in spindle length and spindle mis-orientation [245]. These results suggest that
EB1-dependent MT stabilization reduces frequent and rapid MT depolymerization through
MT stabilization, allowing a sufficient number of astral MTs to interact with the cell cortex
to orient the spindle.

Antagonistic to the previously described role of EB1 in astral MT dynamics, y-tubulin
ring complexes, a protein primarily known for its role in MT nucleation at centrosomes,
regulate MT polymerization [16]. Loss of y-tubulin ring complexes increases MT length
and results in defects in spindle orientation [16]. Loss of both EB1 and ~-tubulin ring
complexes rescues spindle orientation, suggesting that their roles in MT stabilization are
antagonistic. How increased astral MT length impairs spindle orientation remains elusive,
although orientation defects could be associated with abnormal or ineffective interactions

with the cell cortex.

1.3.3 Actin plays two independent roles in spindle orientation

The complex actin network within the cell has emerged as an important regulator of spin-
dle orientation. LGN localization is dependent on the presence of the actin cell cor-
tex [279], and Afadin directly links the force-generating machinery to the actin cytoskele-
ton (Fig. 4) [28]. Furthermore, the stiffness of the actin cortex prevents deformations and
balances the force on the cell surface induced by MT binding to the NuMA/dynein/dynactin
complex [204]. Independent of the the actin cell cortex, an amorphous cloud of actin fil-
aments undergoes rotational movement during metaphase and directly links actin to the
spindle MTs via myosin X [174]. It has been shown that myosin X impacts spindle ori-
entation by directly regulating astral MT dynamics and interactions with the cell cortex
while generating force and pulling MTs toward the subcortical actin cloud on which it
acts [132]. Importantly, cells lacking both myosin X and LGN together have a synergistic

impact on spindle orientation, such that loss of both proteins results in more dramatic de-
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fects in spindle orientation than loss of either individually [132]. This suggests that myosin
X/actin network and the LGN/NuMA/dynein/dynactin complex act independently to orient

the mitotic spindle.

1.3.4 Ezin-radixin-moesin proteins impact spindle orientation

Ezin-radixin-moesin (ERM) proteins are the proteins that bind the phospholipids of the
plasma membrane to the actin filaments of the cell cortex [66]. The impact of ERM pro-
teins in spindle orientation was first demonstrated in Drosophila, where loss of moesin re-
sulted in cortical blebbing and defects in spindle positioning [29, 1 30]. ERM proteins have
since been implicated in spindle orientation and positioning in vertebrate cells, such that
loss or inactivation of ERM results in spindle misorientation [102, ]. There have been
two described mechanisms by which ERM can influence spindle orientation: (1) through
direct regulation of LGN and NuMA cortical localization [153], and (2) regulation of MT
dynamics [228]. Loss of ERM disrupts localization of LGN and NuMA to the cell cor-
tex while maintaining cortical localization of Gai, suggesting that ERM likely acts at the
level of LGN [153]. Furthermore, ERM binds directly to (although at low binding affinity)
and stabilizes astral MTs in mitosis. This activity influences spindle movement either di-
rectly (through binding to MTs) or indirectly (through modulating dynein activity or other

proteins regulating MT dynamics), although the exact mechanism remains unclear [228].

1.4 Centrosome Amplification is a Hallmark of Cancer
1.4.1 Causes of centrosome amplification

The centrosome duplication cycle is tightly controlled, and its proper regulation is required
to maintain centrosome numerical stability throughout the cell cycle [20]. Defects in the
centrosome duplication cycle, in addition to cytokinesis failure or cell-cell fusion, can re-

sult in more than the normal complement of two centrosomes in a mitotic cell, termed
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Figure 6: Centrosome clustering in cells with CA. (A) Schematic of a cell with extra
centrosomes progressing through mitosis. Each centrosome forms a spindle pole, creat-
ing a multipolar spindle with defects in MT attachments to kinetochores (mal-attachment
indicated by pink k-fiber). The multipolar spindle can either: (top) be transient with cen-
trosomes clustering to form a functional, bipolar spindle and undergo a bipolar division,
or (bottom) remain with the cell progressing through a multipolar division, resulting in
unviable daughter cells. (B) Still frames of single cells expressing RFP-H2B to visualize
chromatin and a-tubulin-GFP to monitor centrosome and spindle pole organization. The
top panel of images depicts a cell with extra centrosomes forming a bipolar spindle and
undergoing a bipolar division. The bottom panel of images depicts a cell with extra cen-
trosomes forming a multipolar spindle and undergoing a multipolar division, resulting in
three daughter cells. Figure modified from Mercadante, et al. (2019) [166].
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centrosome amplification (CA) [20, 82,88, 89]. An important regulator of centrosome du-
plication is the Polo-like kinase 4 (P1k4), such that overexpression of Plk4 leads to centriole
amplification [98, 108, 124]. Many of the proteins involved in centriole duplication and the
centrosome cycle, including Plk4, are dependent on ubiquitin regulators, and alterations to
this regulation can impact protein stability and expression, leading to CA [47, 209, 266].
Alterations to the components of the pericentriolar material, centriole length, and cell
cycle regulation can additionally impact the centrosome duplication cycle and result in

CA [148,160,231].

1.4.2 Consequences of centrosome amplification

CA and is a hallmark of cancer, and the presence of CA is associated with poor patient
prognosis [ ,34]. Cancer cells with CA often cluster their centrosomes to form a functional
bipolar spindle during mitosis (Fig. 6 A(top), B(top)) [131,183,199,207]. Centrosome clus-
tering in cells with CA is required for continued cancer cell proliferation since cells with
CA that do not cluster their centrosomes, and instead form and maintain a multipolar spin-
dle structure, undergo a multipolar division (Fig. 6 A(bottom), B(bottom)). These divisions
result in more than two daughter cells all with gross aneuploidy, which are unviable and
likely to undergo programmed cell death within their next cell cycle [81].

When cancer cells cluster their centrosomes, there are resulting defects in MT attach-
ments to kinetochores [81,225]. SAC signaling and chromosome segregation are highly
dependent on proper attachments to kinetochores, where there must be a one-to-one in-
teraction between each k-fiber and kinetochore. If a kinetochore is bound to more than
one k-fiber, either from the same spindle pole or a different one, chromosomes will not
segregate properly [93]. These types of attachments are common in cells with CA, where
improper attachments are made during a transient multipolar state prior to centrosome clus-
tering [81]. If unresolved, these defects can contribute to the initiation or propagation of

aneuploidy, tumor heterogeneity, and drug resistance, making it important to prevent pro-
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liferation of cancer cells with CA [81, 89, 1.

1.4.3 Targeting centrosome clustering as a cancer-specific therapy

Due to the requirement of cancer cells with CA to cluster their centrosomes to remain
proliferative, researchers have focused on preventing centrosome clustering in cancer cells
with this phenotype [89, 131, 137,212]. In identifying druggable targets to prevent cen-
trosome clustering, it is important to identify the impact on normal cells, with the goal
of selectively targeting cells with CA while allowing healthy cells to remain proliferative.
The first identified protein to contribute to centrosome clustering in cells with CA was
dynein, specifically dynein localized at or near spindle poles [199]. Quintyne, et al. found
that overexpression of NuMA reduces dynein localization at spindle poles and increases
the frequency of multipolar spindles, suggesting that dynein contributes to the centrosome
clustering process. Shortly thereafter, additional MAPs and force-dependent mechanisms
were identified in contributing to centrosome clustering in Drosophila S2 cells [131].

One key motor protein, HSET, has been found to be required for centrosome cluster-
ing [131]. HSET-dependent forces at regions of interpolar MT overlap between adjacent
centrosomes were found to be required for clustering, as this force acts to pull centrosome
together [131,207]. Actin-dependent cortical contractility was also shown to contribute
to centrosome clustering by restricting centrosome movement, allowing centrosomes to
get close enough for HSET-dependent pulling forces to actively cluster centrosomes [207].
Additional proteins associated with the actin cell cortex, such as ERM, have been shown
to contribute to centrosome clustering [ 02]. Based on known roles of ERM in spindle ori-
entation, the impact on centrosome clustering may be a result of altered MT dynamics or
cortical dynein activity, although the mechanism by which ERM proteins aid centrosome
clustering remains elusive [102].

Additional proteins, including Aurora A kinase, those involved in the SAC, kinetochore-

MT attachment and tension, and the ubiquitin/proteasome system have also been identified
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as potential targets for cells with CA, however no target has yet been appropriate for clin-
ical intervention [18, , , , ]. While targeting centrosome clustering remains
a cancer-specific mechanism to prevent proliferation of cells with CA, other mechanisms
including centrosome inactivation, degradation, or extrusion from the cell have also been

proposed [212].

1.5 Mathematical Modeling of the Mitotic Spindle

Mathematical biology involves the application of mathematical equations to study and ex-
plore dynamic biological systems. While biological experimentation can be costly and time
consuming, modeling can bypass these limitations to rapidly make predictions about bio-
logical processes. As a dynamic, biophysical machine, mathematical biologists are drawn
to the mitotic spindle [177,244]. Biology has informed many of the necessary parameters
and motor-dependent force-velocity relationships within the spindle, and Newton’s laws of
motion allow modelers to apply and study these forces within the confinement of the cell.
While mathematicians rely on experimentalists to inform their model, biologists similarly
rely on mathematicians to make novel predictions about the experimental system. Herein
lies the continuous, iterative loop that allows interdisciplinary research to progress. This
loop involves generating experimental data, analyzing the experimental results, creating a
theoretical model informed and motivated by biological hypotheses, using the model to
make predictions about the biological system, testing the predictions experimentally, then
updating the model as necessary based on new experimental results. In this section, I will
describe how this process has been used and implemented to study the mitotic spindle

(summarized in Tables 5, 6, 7, 8, 9, 10, 11 in the Appendix).

1.5.1 Modeling MTs and motor proteins

To understand the mitotic spindle, one must understand the individual components within

the spindle, namely MTs and motor proteins. While considering each of these individ-
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ual components when modeling the entire spindle is mathematically and computationally
intensive, studying and simulating their basic function helps modelers understand how to
best simplify their dynamics to reduce computational complexity. This benefits modelers
while providing valuable insight into the basic properties and functions of MTs and motor
proteins.

The fascinating property of MT dynamic instability was first characterized in 1984 by
Mitchison and Kirschner [172]. Shortly thereafter, Hill introduced a theoretical model to
describe the kinetics of this process [105]. Hill described dynamic instability as a two-
phase macroscopic kinetic model, which has expanded our fundamental understanding of
the process. Further development of theoretical models has more accurately captured bi-
ological phenomena, such as limiting MT growth rate based on the availability of free
tubulin in the system, as the Freed model describes [72]. This type of model refinement
allows theorists and biologists alike to confidently rely on theoretical model predictions to
provide deep insight into dynamic biological systems.

Similar approaches have been applied to individual motor proteins, where understand-
ing their movement and function provides valuable insight into their biochemical, bio-
physical, and biological properties and functions. Stochastic Monte-Carlo modeling is a
common approach to simulate and study the activity of individual motor proteins, where a
probability determines the outcome of an event taking place [227]. For motor proteins, this
“event" is taking a step along a MT, simulating the chemical energy released by hydrolyz-
ing ATP into mechanical energy. The first and most frequently modeled motor proteins
are dynein and kinesin-1 [57,96, , , , ], although more recent studies explore
the chemomechanical properties of additional kinesins, which is important to understand-
ing their role(s) in mitosis [97,276]. Importantly, the relationship between motor force
and velocity has been informed by single molecule studies in vitro [237], allowing math-
ematicians to define a well-informed equation to capture this relationship. Our increasing

knowledge of motor protein dynamics and function through combined experimental and
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modeling approaches have allowed theorists to scale up from the molecular to the cellular

level, and combine information and techniques to model the mitotic spindle.

1.5.2 Modeling spindle assembly and spindle function

Assembly of the mitotic spindle in prophase requires motor-driven centrosome separation
(models of early centrosome separation and spindle assembly summarized in Tables 5 &
6 in the Appendix). One of the early models of spindle assembly and spindle elongation
relied on the balance between HSET-dependent forces between spindle poles and dynein-
dependent forces at the cell boundary [49]. These forces oppose each other, and Cytryn-
baum, et al. found the required balance between these forces for a steady-state spindle
length to be achieved. This model suggested biological experiments to test its hypotheses,
which in turn allowed the authors to further develop and refine the model based off of ex-
perimental findings [50]. In the updated model, Cytrynbaum, et al. included a second force
antagonistic to cortical dynein-dependent pulling; nuclear elasticity. Consideration of this
force, along with additional assumptions, allowed the authors to make predictions about
the MT and motor-independent forces impacting early centrosome separation and spindle
formation.

In 2002, Nédélec created a model of MTs from two asters interacting via motor protein-
derived forces and tested the behavior of the model when only certain forces are permitted
[185] (Table 6 in the Appendix). In particular, he found that considering only inward
or outward forces cause the asters to collapse or separate fully, respectively. His model
suggested further that motor proteins with heterocomplexes, those that can move toward
both the plus and minus end, allow a spindle-like structure to form. Nédélec’s modeling
approaches have since evolved into a sophisticated simulation software for cytoskeletal
modeling, called Cytosim [ 86]. Cytosim is based in Langevin’s equation, where for each
object within the system, including dynamic filaments, motor, and non-motor protiens, an

equation of motion is solved. The equation includes both active forces acting on each object
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and Brownian motion resulting from random collisions within the system [186]. Many
predictions about MT and spindle organization have been proposed based on results from
Cytosim simulations [54, , , , , ], and this will continue to be a valuable

tool in generating experimentally testable predictions of dynamic cytoskeletal processes.

1.5.3 Limitations of non-mammalian models

Researchers have used mathematical and computational modeling to study the mitotic spin-
dle of many model organisms, which have varying spindle structure and dynamics. For
example, meiotic spindles of Xenopus egg extracts are a valuable tool in understanding
motor and non-motor protein-dependent spindle organization because they lack centro-
somes [103, ]. However, this system also lacks astral MTs, so simulations in this
system cannot be used to explore cortex-derived forces in mitotic spindle formation and
function. Models in Schizosaccharomyces pombe, fission yeast, have the benefit of sim-
plicity, where their two spindle pole bodies (SPB) are embedded in the nuclear envelope
and each SPB has a constant number of 14 MTs (models summarized in Table 6 in the
Appendix) [11,61,83, ,259]. Models in this system are therefore computationally inex-
pensive and easy to manipulate, however they have little relevance to mitotic progression
in metazoans (animals). Drosophila, however, have mitotic spindles with similar structure
and function to mammalian cells while still having a relatively simple genome that is easy
to manipulate [22], making it an appealing model organism for both biological experimen-
tation and mathematical modeling of the mitotic spindle. Furthermore, combined exper-
imental and modeling approaches in Drosophila have provided insight into how ploidy,
defined as the number of sets of chromosomes in a cell, impacts centrosome clustering in
cells with CA (model summarized in Table 11 in the Appendix) [92].
While a valuable model organism, only 60% of human genes have homologs in Drosophila

[171], and motor protein and MT properties can vary widely between species. As a result,

it is important to consider and test functional properties of the mammalian mitotic spindle.
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In expanding models to mammalian contexts, researchers can make predictions about how
properties of the mitotic spindle impact its function. This becomes particularly relevant
in cancer contexts, where improper formation and function of the mitotic spindle can lead
to chromosome mis-segregation [224]. Unfortunately, few models specifically consider
the mammalian mitotic spindle, but rather describe a general model unspecific to any one
organism (models summarized in Tables 6 & 9) [36, 141-143]. While approaches and as-
sumptions vary widely between models, many recent models are not informed or validated
by experimental approaches. This reinforces the need for a comprehensive biophysical
model capturing mammalian mitotic spindle formation and function paired with biological
experimentation.

Mathematical and computational modeling continues to be an essential tool in under-
standing mitotic spindle formation, function, and dynamics. An extensive list of existing
models, their major findings and limitations is in the Appendix (Chapter 9). In this text,
I will describe a minimal biophysical model for mammalian spindle formation and main-
tenance. | describe experimental approaches to both inform the model and validate model

predictions.
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2 A Minimal Biophysical Model Captures Centrosome Move-

ment and Bipolar Spindle Formation

2.1 Introduction

Mathematical and computational modeling of biological processes can bypass experimental
limitations and provide a framework to identify and manipulate individual molecular com-
ponents. An appealing candidate for such modeling is the process of cell division. Many
models have been developed to understand early centrosome separation and spindle forma-
tion [36, 49,61, , , , , ], chromosome dynamics, [5,27,43, 54, , 1,
and spindle elongation during anaphase [21, 129,259] (expanded upon in Section 1.5 and
summarized in Tables 5, 6, 7, 8, 9, 10, 11 in the Appendix). While varying widely in
methods and biological motivation, computational force-balance models have been used
to understand key mechanistic components that modulate positioning of spindle poles and
bipolar spindle formation [68, , , , ]. Due to the ambiguity surrounding the
exact spatiotemporal distribution and motor force generation in cells, and the large number
of MT-motor protein interactions [ 156, 180,219], computational models generally simplify
dynamics and focus on the role of a limited number of interactions. We too reduce the
computational complexity of our model in two distinct ways. First, we omit chromosomes
and chromosome-derived forces, as these structures are not required for bipolar spindle
formation [26, 52, 157] (expanded upon in Section 2.6). Second, we simplify MT-motor
interactions, where, rather than modeling each individual motor protein in time and space,
we set a probability that a motor protein will stochastically bind and generate force based
on its proximity to a MT (Fig.8) [142, 143].

In our simulations, the cell cortex is a rigid, circular boundary, with a diameter of
30 pm, capturing a mammalian cell that has rounded as it enters mitosis [10, 130, 136].

While calculations are performed in two dimensions, we assume a thin slice in the third
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dimension, allowing MTs to intersect without a spatial restriction. We allow MT-motor
protein interactions with Eg5 and HSET on antiparallel MTs, capturing the dominant roles
of these proteins in mitosis, and with dynein at the cell cortex and spindle poles [67, 68,

, 156,219,220,251,253]. Where available, experimentally defined parameters using
mammalian cell culture were chosen from the literature, and all parameters described below
are listed in Table 1. The model is benchmarked on previous modeling approaches that
capture dynamic centrosome positioning and cell division [ 133, , , , ]. In this
chapter [ will discuss how we model MTs and MT-motor protein interactions, and the forces
governing centrosome movement and spindle formation. I will describe how we directly

incorporate biological data to both inform and validate our biophysical model.

2.2 Model Details
2.2.1 Dynamic microtubules

MTs are elastic filaments oriented such that their plus-ends point outward while their minus
ends remain anchored at the centrosome [84, 85, 1. We consider MT minus-ends to
remain embedded in the centrosome (c in Fig.7 A) to account for crosslinking proteins that
maintain spindle-pole focusing throughout mitosis [91,257].

MT plus-ends undergo dynamic instability [121], meaning that they are stochastically
switching between states of growing (at a velocity v,) and shrinking (at a velocity v, if
unbound or v, if bound to cortical dynein). MTs undergo rescue (switch from shrinking
to growing) at a rate k£ and undergo catastrophe (switch from growing to shrinking) at a
MT length-dependent rate ks, defined as ko, = sv,¢;, where s is a scaling factor, and ¢; is
the length of the i"® MT [85]. Following a standard Monte Carlo method, where at each
time step, At, we choose n, from a uniform distribution, ny € U0, 1], and the i growing

MT undergoes catastrophe if no < k3, where k5 = 1 — |

]. Similarly, shrinking
MT i will be rescued if n; < k} where kf = 1 — e 4! Shrinking MTs that fail to

undergo rescue depolymerize completely and are no longer considered in the system when
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Figure 7: MT-associated forces are involved in forming and maintaining a bipolar
mitotic spindle. (A) MTs are nucleated from and remain anchored at centrosome c. Each
MT 7 is defined by an angle «;, length ¢; and direction ;. A balance of pushing and
pulling forces are required for proper centrosome separation in (B) and maintenance of
spindle bipolarity in (C). (i) Eg5 generates an outward force at antiparallel MT overlap
regions. (i1) Dynein localized to spindle poles binds to and pulls MTs from the opposing
spindle pole. (iii)) HSET generates an inward force at antiparallel MT overlap regions. (iv)
Dynein localized to the cell cortex generates a pulling force on bound MTs. (v) MTs that
continue to grow as they reach the cell cortex generate a pushing force. Arrows in (i)-(v)
indicate the direction in which centrosome ¢ will move in response to force f; on MT i by
motor M. Image from Mercadante, et al. (2021) [167].

l; < v At

Each MT i is nucleated from one of the two centrosomes at a rate M7},,., has an angle
«;, length /;, and is characterized by a unit direction vector 17; from the center of the centro-
some to the MT plus-end (Fig.7 A). As MTs interact with each other or the cell boundary,
m; further defines the direction in which motor-dependent forces are generated on MT i,
and therefore felt on centrosome c¢. While we do not account for physical bending of dy-
namic MTs, when defining the model terms and MT force generation by motor proteins,
we account for the tendency of MT to bend, particularly at interpolar regions, and scale the

force as needed (Eqgs.(11), (12), Fig. 9 B).
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Figure 8: MT dynamics and motor-derived forces are dependent on probabilities
and/or distances. MTs switch stochastically and constantly between states of growing
and shrinking at a rate k; and MT length-dependent rate ko, respectively. Cortical Interac-
tions: If growing MTs are close to the cell cortex, they will either bind to cortical dynein,
with probability F;_ ., or continue to grow and push against the boundary with probability
1 — P,,,.. A pushing MT will grow but no longer generate force if the MT end is too
far away from the boundary. A MT that is bound to cortical dynein shrinks with velocity
vp while bound. If the MT end is too far away from the boundary a MT bound to corti-
cal dynein will switch to shrinking and shrink with velocity v,. Interpolar Interactions: If
growing MTs intersect with or are nearly parallel to MTs on the opposing centrosome, they
will bind to Eg5 or HSET (with probabilities Pz and Py, respectively. If growing MTs
penetrate a radius around the opposing centrosome they will bind to spindle-pole-localized
dynein with probability Py, . All rates and probabilities are listed in Table 1.

2.2.2 Centrosome movement

We define five MT-derived forces that drive the movement of centrosome ¢ within the con-
fined cell boundary: pushing forces by MTs growing and slipping against the cell cor-
tex (ﬁj“p), motor-dependent pulling forces by dynein at the cell cortex (ﬁfﬂor) or spindle
poles (ﬁcdsp), and Eg5- (F'9%) or HSET- (FHSET) derived forces at interpolar MT over-
lap regions (Fig. 7 B,C (1)-(v)). Since exact amounts and distributions of motor proteins
throughout the spindle have not been experimentally determined, and modeling individual

molecular motors is computationally intensive, we use a simplified approach that has been
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used previously to capture the effective overall force by motor proteins on each centro-
some [142, ].

The fluid dynamics inside of a single cell occurs at low Reynold’s number, where vis-
cous forces dominate [187, ]. Reynold’s number is calculated as the ratio between

intertial and viscous forces, and is given by

Re = —, ey

where wu is the velocity, [ is the length, and p is the kinematic viscosity of the fluid. Here,
we assume that the kinematic viscosity of the cytoplasm within the cell is similar to that
of water at 37°C, ;1 = 7x10% um?/sec. If we consider the movement of a centrosome
surrounded by a dense network of MTs with average length 3 ym (having an average aster
diameter 6 pm), and observe that the centrosome moves within the fluid at a velocity of
u =~ 0.5 ym/sec, the Reynold’s number is approximately 4x10~¢. Given this condition of
low Reynold’s number, we consider the following force-balance equation for the movement

of centrosome c in the overdamped limit:

6 — F;dan‘ + ﬁgsp + ﬁfllp _|_ ﬁfgS _'_ FCHSET + F_‘Z‘cent + 5'0:;7 (2)

where ﬁg cent prevents two centrosomes from occupying the same space (Eq. (14)). We
solve a system of ¢ equations for the velocity of each centrosome, v, and use the velocity to
determine the new location of each centrosome. Due to MT dynamics and stochastic force
generation, a new set of forces in Eq.(2) are calculated at every time point, determining the
corresponding centrosome velocity. The velocity is scaled by a constant drag coefficient,
&, to account for the viscosity of the cytoplasm within the cell. The drag is calculated as
§ = p/\/7, where p is the viscosity and + is the permeability, approximated using the

volume fraction of MTs in the system (Table 1) [151].
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2.2.3 Cortical forces

Dynein is a minus-end directed motor that is localized at the cell cortex (cor) during mitosis
where it binds to MT plus-ends, generates a pulling force on the MT, and contributes to a
net force that drives the centrosome closer to the boundary [49, , , , , ,

], as illustrated in Fig. 7 C(iv). Cortical dynein is assumed to be uniformly distributed
along the boundary and each MT plus-end within a distance D,_, to the boundary has a
probability P, of binding to dynein. Binding to dynein will occur if ngy < P, , where
ng € U[0, 1]. The pulling force generated by cortical dynein on the i MT nucleated from

the ¢! centrosome follows a standard linear force-velocity relationship [237]:

Up + MYy
fieor = foq (1 — ) : 3)

Vo,d

where fj 4 is the stall force of dynein, vy 4 is the walking velocity of dynein, ¥, is the
velocity of centrosome ¢, and m; is the unit vector in the direction of MT i. The total

pulling force by cortical dynein on the ¢ centrosome in the direction of the i MT is,

Ne

. ,deor gz
Feor= 3 —nijexp <_Kd )

i=1

fleer, 4)

where N4, is the total number of MTs on centrosome c that bind to cortical dynein,

; is the length of MT 4, d.,,. is the minimal distance between centrosome ¢ and the cell
cortex, and K is a scaling factor. This force will pull the centrosome in the direction of 7,
towards the cell cortex. MTs will stay bound to cortical dynein until the end of the MT is
greater than a distance D, . from the cell cortex, at which time it begins depolymerizing
at velocity vs. The exponential term accounts for a higher drag due to MT length, density,
and proximity to the cell boundary (see details in Section 2.4).

Alternatively, if the random number, n4, is greater than the probability of binding to
dynein, Py

the MT instead continues to grow and slips along the boundary [23, 133]

cor?
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(Fig.7 C(v)). For simplicity, we do not allow a MT to be bound to cortical dynein and

grow/slip against the cortex simultaneously. The pushing force is described as:

02

7

sli . 77211
filp:mln (fstalla) ) (5)

where f; is the stall force of a MT and « is the bending rigidity of the MT. This force
is also dependent on MT length, ¢;, such that longer MTs are more likely to buckle than

shorter MTs. The pushing force felt back on the ¢ centrosome by Ne s1ip MTs is then:

Nc,slip

Fr =3 [, ©)
i=1

We note that this force already accounts for length-dependence, and long MTs are unlikely
to generate significant force because they are more likely to buckle. Therefore, we do not
consider the additional exponential scaling in forces derived by MT pushing against the cell
boundary. Pushing MTs also experience a slight angle change of ¢ and the corresponding
unit direction vector 1m; and angle «; are then updated. A MT will stop pushing against
the cell cortex if the end of the MT is greater than a distance D,_,, from the cell cortex.
and the end of the MT is within Dy

Alternatively, if ngy < Py from the cell cortex, a

cor cor

pushing MT can then bind to cortical dynein.

2.2.4 Interpolar forces

Interpolar MTs can experience pushing or pulling forces by being bound to opposing MTs
by either Kinesin-5 (Eg5, plus-end directed) or Kinesin-14 (HSET, minus-end directed),
respectively (Fig. 7 B(1),C(ii1)). Specifically, we define interpolar MTs as any MT having
an angle within 7/2 of the vector between the centrosomes, regardless of whether it is
growing, shrinking, or bound to other motor proteins (Fig. 9 A). Forces from Eg5 are
necessary for centrosome separation early in mitosis, as loss of Eg5 prevents centrosome

separation and results in monopolar spindles [1 15, 156, 162,219]. HSET is localized along
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A Interpolar MT Region B Interpolar MT Interaction

Figure 9: Interpolar MTs. (A) Schematic of interpolar MT region. Black dashed line
indicates the vector between the centrosomes (‘zent). Interpolar MTs are those that lie
within the blue shaded regions. (B) Schematic of interpolar MT interaction. MTs ¢, j are
nucleated from centrosomes c, k, respectively. Figure modified from Mercadante, et al.
(2021) [167].

interpolar MTs and is involved in both antiparallel MT sliding and parallel MT bundling
[220]. However, since we do not explicitly model crosslinking activity by motors or passive
crosslinker proteins, we consider only HSET activity on antiparallel MTs. HSET that is
bound to antiparallel MTs is antagonistic to Eg5 and contributes to spindle maintenance
during mitosis [26, , ].

Interpolar MTs 7, j nucleated from centrosomes c, k, that are within a distance Dpgy5 or
Dy ser will have a probability of binding to Eg5 (Pg) and/or HSET (Py) and generating
force. Using a Monte Carlo Method, if a random number n g5, ngser is less than Pg, Py,
binding of Eg5 and/or HSET occurs, respectively. We allow each MT from centrosome ¢
to generate force on up to two MTs from centrosome k. MT interactions are considered
to be those that intersect or are antiparallel and colinear within an angle 6 € [0, 7/36).
We determine a point of intersection, P, of line segments P, = P1 + ¢(P2 — P1) and
P, = P3 + u(P4 — P3) by solving for the point where P, = Py, (Fig. 10). That is,
solving x1 + t(xg — 1) = x3+u(rs — 23) and y; +u(y2 — y1) = y3 + u(ys — y3). Solving

for ¢t and v as
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Intersection Between Two Line Segments Figure 10: Point of intersection between
10 two line segments. Two line segments in two

8l / | dimensions, defined by points P1 = (x1, 1),
S P2 = (22,92), P3 = (x3,93), P4 =

61 e ] (4,94). The intersection point, P = (x,y),

is represented by a black “*’.
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we can substitute these values solve for the coordinates (x, y) of point P. Therefore,
l’:l’l—i‘t(l’g—xl), (9)
y =y +uy2 — ). (10)

If0 <t < 1land 0 < uw < 1, a point of intersection exists. If MTs do not intersect, but
are close to antiparallel, they can also have motors bind and generate force. In this case,
t = 1,u = 1 in the above calculations.

The force on each MT by either Eg5 or HSET follows Eq. 3 with stall forces fo ggs,
fo,mser and walking velocities v gg5, Vo, mseT, respectively. As MTs nucleated from both
centrosomes are bound, we consider the net velocity of each centrosome in the force-
velocity equation. The net velocity of centrosome c is therefore calculated as v, = U,¢ — vy
where 7., is the relative velocity between centrosomes c and k, and vy is the poleward flux,
the constant depolymerization of MT minus-ends on interpolar MTs [173,260]. The force

felt on centrosome c due to Eg5 and HSET motors bound to MTs ¢ and j from centrosomes
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c and k, respectively, is

—_ Ne,Bgs ~ Lz Eqgs5
FPP— Y —iiva(l+ 0y)Coexp (—or— ) S5 (i
1=1 cent
. Ne,user L
FPSET = N~ nija(1+ 0;5)C exp (—Kdl > SISET (12)
cent

i=1
L; is the distance between the centrosome c to the point where the motor binds to the ith MT,
dcent 18 the distance between centrosomes c and k, and C' is a constant scaling factor to ac-
count for both passive crosslinkers at antiparallel MT overlap regions and motor-dependent
crosslinking activity by HSET and Eg5 [61, , , , , ]. The sensitivity of
the model (defined by bipolar spindle length) to parameter C' is shown in the Appendix
(Chapter 9), Table 12. If the angle of intersection between MTs i and j, ¢; ; € [90°,120°],
then a = 1 and if ¢; ; > 120°, then a = 2; this allows interpolar MTs that are closer to
antiparallel to generate more force. O; ; is the overlap distance of interpolar MTs ¢ and j
and is calculated as the minimum of ¢;, {;, or n; ;, calculated as the law of cosines between
the two MTs (Fig. 9 B ). For each interpolar interaction, the same equations are solved
to calculate the force on centrosome £, using L; in the exponential scaling term and 17,
the unit direction vector of MT 3, to determine the direction of the force. We determine
the 2 MTs on centrosome k that MT ¢ from centrosome c interacts with by the two largest
exponential scaling factors within Eqs.(11,12). In Fig. 13 (C) in Section 2.4 we plot the re-
lationship between L; and the exponential scaling term, showing a decrease in force scaling

with increased distance from the centrosome to motor-derived force.

2.2.5 Spindle-pole dynein

In addition to its localization at the cell cortex, dynein is highly localized to spindle poles
(sp) during mitosis (Fig.7 B(ii)), where it is necessary for the maintenance of MT minus-

end focusing and spindle pole integrity [78,91,241]. We allow MTs nucleated from centro-
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some c to have a probability P, of binding to dynein anchored to MTs near centrosome k
if they get within a distance, Dy, from the center of centrosome k. The force fid °* by each
interaction of MT ¢ with dynein localized at spindle poles is the same as Eq.(3). The force

on centrosome c by dynein localized at spindle poles is calculated by:

N

d
— ! Sp él
Fer = 2 mmiew <_Kd )
cent

i=1

fil (13)

where fids” is calculated using Eq.(3) and is scaled to account for MT length, density, and
proximity to the other centrosome (see details in Section 2.4). For each MT 7 bound to

dynein from centrosome c, an equal and opposite force is felt on centrosome k.

2.2.6 Repulsive force

We consider a repulsive force between centrosomes to be activated if the distance between
centrosomes, d..,; < D, (Table 1). The force applied to centrosome c if this distance

argument is achieved is:

—

‘/centR
(1 + dcent) ’

—.\r .
cen —_—
Fleent =

(14)

where ‘7cent is the unit vector between centrosomes ¢ and k (Fig. 9), dc.,; is the distance

between both centrosomes and R is a scaling factor.

2.3 Model Initialization and Algorithm

The model is initialized (at time ¢ = 0) with 300 MTs with random lengths between 0 and
0.5 pm. MTs are randomly distributed amongst the centrosomes. MT angles are random
between 0 and 27. Initial centrosome position is random within 7.5 pym from the cell
center (see Section 2.7 for details). Calculations are performed to determine the proximity
of the MT end to the cell boundary and MT interactions at interpolar regions. Distance and

probability arguments described in previous sections determine if a MT changes state or
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Figure 11: Algorithm to determine stochastic MT dynamics, force generation, and
centrosome positioning We initialize intracellular structures (MTs, centrosomes) at time
t = 0. We nucleate new MTs from each centrosome at a rate M7,,.. We update MT state
and determine motor interactions based on stochastic and deterministic rules as described
in Fig. 8. We calculate forces based on equations described previously and the position of
each centrosome by Eq.(2). MT lengths and angles are updated based on their state. We
iterate on time until £ = ¢ ¢;5,4;.

generates force (Fig. 8). Force generated by MTs is calculated and summed to determine
the total force on each centrosome. Centrosome position is updated by Eq. (2). MT lengths
are updated based on their state, as described in Section 2.2.1. MT angles are additionally
updated for MTs pushing against the cell boundary. We check the time ¢, if ¢t = 1, We
complete the simulation, if ¢ < ty;,,; we move to step ¢ = ¢ + 1 and generate new MTs.

This procedure is summarized in the schematic in Fig. 11.

2.4 Exponential Length Scaling on Forces Captures Increased Drag

While the force by each motor population, dynein, Eg5, and HSET, is consistent on every

MT they are bound to, we carefully consider how each force is felt by the centrosome
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center, and therefore contributes to centrosome movement. Stoke’s Law states that the drag
on a spherical object is dependent on the viscosity of the fluid and the radius of the sphere
when in free space. However, it is well established that the drag on a sphere increases when
it is centered inside a larger sphere [99]. In this model, however, rather than a sphere, we
have a centrosome with an attached radial array of MTs that are asymmetrically distributed
and changing over time (Fig. 12 B). Our system is dynamic, with changing MT number,
MT lengths, and centrosome position at every time step. Studies have explored the drag on
a symmetric and centered MT aster, where drag was an increasing function of MT volume
fraction [184]. However, they do not consider multiple asters, or how asters interact with
each other. Further theoretical studies reveal that confinement and proximity to a boundary
increases drag, but does not explore drag on non-solid objects [3]. While these studies do
not capture the effective drag on two asymmetric asters interacting with each other within a
cell, they do provide insight into how forces should be scaled to account for this geometry.

We account for dynamic changes in drag by scaling motor-derived forces exponentially,
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Figure 13: Exponential length scaling on forces captures increased drag due to MT
length and MT density (A) Scatter plot of a dynamic drag coefficient (§;) (Eq.(15)) versus
MT density (aster volume) and MT length from a single simulation of spindle formation
up to t = 5 min. (B) Scatter plot of a dynamic drag coefficient (¢;) (Eq. 15) versus
centrosome distance to the cell cortex. (C) Scatter plot of the exponential length scaling
of motor-derived interpolar forces &, (Eq.(16)) and the distance from the centrosome to
the point of force application for all MTs bound to Eg5 and/or HSET (L;). Figure from
Mercadante, et al. (2021) [167].

with a strong dependence on the proximity of the centrosome to the point where the force is
applied. We confirm that this scaling is appropriate by comparing it directly to previously
described hydrodynamic drag terms [3, 1 84]. We define a dynamic drag term, benchmarked
on previously published results [3, 184], which is dependent on MT aster size, MT density,

and location within the cell. This term is calculated as:

67 prw
()

where 1 is the viscosity of the cytoplasm (Table 1), r. is the effective radius of the MT

&a (15)

aster, calculated as the average length of MTs nucleated from centrosome c, w is the vol-
ume fraction of MTs nucleated from centrosome ¢, d,,, is the minimal distance from the
centrosome center to the cell cortex, and r is the radius of the cell (Table 1). We show that
this drag coefficient increases as MT length and MT aster volume (MT density) increase
(Fig. 13 A). Furthermore, £, increases as the centrosome distance to the cell cortex de-

creases (Fig. 13 B). Since MTs and forces are dynamic in our model, rather than applying
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a uniform drag coefficient on the centrosome, we define an exponential scaling term that is

specific to each MT-motor interaction. We define this term as:

l
& — cap (m) , (16)

which considers ¢, the distance from the centrosome center to the point where the force is
applied, and d, the distance between the centrosome center and the object it is interacting
with (either the cell boundary or the opposing centrosome). These terms account for the
dynamic changes in drag described previously. /K is a constant parameter that was chosen
to match experimental results of bipolar spindle length, and model sensitivity (defined by
bipolar spindle length) to this parameter is in the Appendix (Chapter 9, Table 12). To
observe how this term impacts how force is felt by the centrosome center, we plot L;, the
distance from the centrosome to the point where Eg5 and/or HSET bind, with .. We see
that forces generated when L; is large are scaled significantly by a small £., while when L;
is small, i.e. when the centrosome is close to where the force is being applied, £, approaches
1 (Fig. 13 C). d_.,:, the distance between centrosomes, ranges from 4-15 ym. Overall, this
exponential term accounts for the increased drag that the centrosome experiences as MTs

become longer and more dense during mitotic progression.

2.5 Centrosome Centering During Interphase is Driven By MT-Cortex

Derived Forces

Centrosomes have important roles throughout the cell cycle. Proper centrosome position-
ing in both interphase and mitosis is critical for its function. It has been well documented
that the centrosome is localized in the center of the cell during interphase; the time between
successive mitotic divisions when only one centrosome is present. This phenomenon has
been largely attributed to MT arrangement, MT dynamics, dynein-dependent forces, ac-

tomyosin contractility, and external cues [23, , ]. Researchers have used in vitro
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Table 1: Parameter values for model results presented in Chapters 2, 3. All parameter

values without reference are approximated to match biological results.

Parameter Value Description Reference
Microtubules
Vg 0.183 ums~!  MT growth velocity (+ ends) [195,274]
Vg 0.3 pms™! MT shrinking velocity (+ ends) [274]
vp 0.057 pms—!  MT shrinking velocity (+ ends)
bound to cortical dynein [133]
ky 0.167 s~ 1 Rescue frequency [125,274]
K 10 pNpm? Bending rigidity [120, 133,
Jstal 5pN Stall force of MTs [152]
MT,ue 25! MT nucleation rate [196]
per centrosome
0 107/180 Slipping MT angle change
M 6000 pm Maximum sum of MT lengths
Motor Proteins
Dynein
foa 3.6 pN Stall force of dynein [62]
V0,d 0.86 ums ™! Walking velocity of dynein [62,250]
door 0.5 Probability of binding to
cortical dynein
Py, 0.1 Probability of binding to
spindle pole dynein
Dy 4vg(dt) pm  Distance required for binding
to dynein
Dy,, 1 pm Distance required for binding
to dynein at spindle poles
Kinesin-5 (Eg5)
fo,Eg5 1.5 pN Stall force of Eg5 [221]
V0, Eg5 0.2 yums~! Walking velocity of Eg5 [141]
Pr 0.5 Probability of binding to Eg5
Kinesin-14 (HSET)
fo,HSET 1.1 pN Stall force of HSET [210]
V0,HSET 0.2 ,U,Il'lS_l Walking velocity of HSET [141]
Py 0.5 Probability of binding to HSET
DEgs,HSET vgdt pm Distance required for binding
to Eg5 or HSET
Other
r 15 pm Radius of the cell
Cr 0.3 pm Radius of a centrosome
D, 2 pm Distance for repulsive forces
K 0.25 MT length-dependent scaling factor
C 0.1 Antiparallel crosslinking scaling factor
S 0.15 ym~! Scaling for catastrophe frequency
R 1 pym Scaling for repulsive forces
I 0.7 pNsum~2  Viscosity of the cytoplasm [151]
13 20.6 pNs Drag coefficient
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approaches that mimic the confined geometry of a cell to study centrosome positioning
during interphase. For example, Laan et. al. [133] use a microfabricated chamber with a
centrosome and discretely localized dynein motors bound to the chamber to analyze the
impact of dynein-derived forces on centrosome movement. This system simulates an in-
terphase cell with a single centrosome, where MT dynamics and dynein-dependent forces
have been shown to largely be responsible for centrosome centering within a cell [133].

To confirm that our model captures appropriate centrosome dynamics in interphase, we
observed centrosome movement over time in 50 independent simulations of a single cen-
trosome with varying concentrations of cortical dynein, as has been experimentally tested
in vitro [133]. The initial number of MTs and the length distribution of MTs was similar
in all simulations. Initially, centrosomes were randomly positioned with z,y € [0, 15].
We find that a centrosome efficiently centers with our “intermediate” dynein concentra-
tion (P, = 0.5); centering 85% of the time (Fig. 14 (B)). Centering is defined by the
centrosome achieving a distance of at least 4 ym from the center of the cell.

Altering cortical dynein concentration also impacts centrosome centering efficiency.
Increasing dynein concentrations (F,_ . = 0.75) prevents centrosome centering since there
is an increase in pulling force towards the cell boundary (Fig.14 C). Additionally, high
cortical dynein increases the average centrosome velocity. Alternatively, preventing MT
binding to cortical dynein (F,;,, = 0) improved centering efficiency, with centrosomes
centering 100% of the time (Fig. 14 A). Additionally, both the maximum centrosome
velocity and the average centrosome velocity is increased compared to the intermediate
dynein case (Fig.14 B,D). These results are consistent with [133], who show that, with
moderate MT lengths, MT centering is most efficient with no dynein and least efficient
with high dynein. Together these results indicate that our model is capturing appropriate

centrosome movement and velocity driven by MT-cortex derived forces.
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2.6 Spindle Formation Occurs Independently of Stable Microtubule

Interactions with Chromosomes

Proper formation of the mitotic spindle is required for accurate chromosome segregation.

While the molecular regulation of segregation onset is dependent on stable MT attachments
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Figure 14: MT interactions with the cell cortex regulate centrosome movement and
positioning. (A,B,C) Centrosome movement traces from independent simulations of a
single centrosome over time from ¢ = 0 to ¢ = 30 min (colorbar) with no MT binding to
cortical dynein (F,,,. = 0), intermediate cortical dynein (F;,,, = 0.5), and high cortical
dynein (F,,,, = 0.75), respectively. Bar plots represent the fraction of simulations with
the centrosome centered at the final time point where the dark gray bar represents centered
centrosomes and the light gray bar represents un-centered centrosomes. The red ‘X’ is the
initial centrosome position in the simulation and the black asterisk is the final centrosome
position. (D) Table showing the average maximum and mean centrosome velocities in the
three represented conditions. All averages were calculated from 50 simulations.

cor
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to chromosomes [280], chromosomes are dispensable for early bipolar spindle assembly
[26, 52, ]. Hence, we develop a minimal computational model to analyze centrosome

movement and mammalian mitotic spindle formation in the absence of chromosomes.
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Figure 15: Stable end-on kinetochore attachments are not required for bipolar spin-
dle formation. (A) Fixed-cell imaging of RPE cells stained for DAPI (DNA), Tubulin
(MTs), and Hecl (Ndc80 complex) in the control (siScr) and knockdown (siNuf2) condi-
tion. (B) Quantification of the average DAPI area in the control (siScr) and knockdown
(siNuf2) condition. (C) Quantification of the average spindle length in the control (siScr)
and knockdown (siNuf2) condition. (D) Quantification of the average fraction of cells with
bipolar, monopolar, or disorganized spindles. All averages calculated from at least 30 cells
from 3 biological replicates. Error bars are standard deviation. *p<0.05 indicates statisti-
cal significance. Figure from Mercadante, et al. (2021) [167].

To inform our model and better define the extent to which stable microtubule attach-
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ments to chromosomes are dispensable for bipolar spindle structure, we use immunoflu-
orescence imaging approaches to observe cells depleted of Nuf2 (siNuf2), a component
of the Ndc80 complex which is responsible for MT attachments to kinetochores (Fig.15
A) [249, , ]. While it has been established that a bipolar spindle can form in the
absence of stable MT attachments to kinetochores [52, 157], performing these experiments
in house provides valuable data that can be used to inform and validate our model. We use
RPE cells for mitotic analysis, which are a well characterized, diploid, immortalized mam-
malian cell line. We stained mitotic cells with DAPI to label chromatin and «-tubulin to
label MTs. We used siRNA sequences to specifically target Nuf2 to prevent protein trans-
lation and then assessed mitotic spindle structure; Nuf2 depletion was confirmed by qPCR
(Fig.20 C). We further confirm loss of Nuf2 through immunofluorescent imaging of Hecl, a
co-subunit of the Ndc80 complex. Consistent with previously described work [26,52, 157],
we find that Nuf2 depletion leads to a marked decrease in Hecl localization at kineto-
chores, dispersion of chromosomes throughout the cell, and an increase in spindle length
(centrosome-to-centrosome distance) compared to the control condition, indicating failure
to form stable MT attachments to kinetochores (Fig.15 B,C). Despite these differences,
spindle morphology remains largely bipolar in the Nuf2 depleted condition, with more
than 90% of cells achieving bipolarity (Fig.15 D). Spindle morphology was characterized
as bipolar, monopolar, or disorganized, where monopolar spindles were characterized by
spindle length being less than half the average bipolar spindle length, and disorganized
spindles had indistinguishable spindle poles. These data confirm that kinetochores and

kinetochore-derived forces are not required for bipolar spindle formation and maintenance.

2.7 A Biophysical Model Captures Bipolar Spindle Formation and

Maintenance

The positioning of the two mitotic centrosomes is essential for proper and error-free cell di-

vision. To confirm that our model captures bipolar spindle formation and maintenance, and
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Figure 16: Stochastic force-balance model captures centrosome movement and bipo-
lar spindle formation. (A) Still frames from live-cell imaging of RPE cells expressing
tubulin-EGFP from the time point before nuclear envelope breakdown (NEB) at ¢ = 0 min
in (i) to spindle bipolarity at ¢ = 10 min in (iii). (B) Still frames from a single simulation
showing initial centrosome positioning at ¢ = 0 min in (1) to spindle bipolarity at t = 10
min in (ii1). The corresponding simulation is shown in Movie M1 in the Supporting Ma-
terial. (C) Distributions of initial distance between spindle poles from live-cell imaging
(Data) and simulations (Sim). (D) Plot of the fraction of cells (Data) and simulations (Sim)
that achieve bipolarity by 5 and 10 min. (E) Plot of the spindle length over time from live-
cell imaging (Data) and simulations (Sim). Error bars are standard deviation. Biological
data are captured at 5 min increments; a cubic spline is used to generate the curve. All
averages for (C)-(E) calculated from at least 40 cells and 30 simulations. (F) Still frames
from live-cell imaging of RPE cells expressing GFP-centrin. (G) (i) Experimental traces of
centrosome movement from the movie shown in (F), where color denotes time (min). (G)
(i1) Traces of centrosome movement from a single simulation, where the two lines corre-
spond to the two centrosomes, and color denotes time (min). Red ‘X’ is initial centrosome
position, black asterisk is final centrosome position. (H) (i) Centrosome velocities over
time from movie shown in (F). (H) (ii) Centrosome velocities over time from simulation
shown in (G)(ii). Each line is a centrosome. Figure from Mercadante, et al. (2021) [167].
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to validate model outputs, we performed live-cell imaging of RPE cells stably expressing an
a-tubulin-EGFP transgene (Fig.16 A) or a GFP-tagged centrosome marker (GFP-centrin)
(Fig.16 F). Spindle MTs are anchored at centrosomes by crosslinking and motor proteins
to form spindle poles, allowing analyses of either spindle pole or centrosome position to
be used to quantify centrosome movement in space and time. We used RPE cells express-
ing a-tubulin-EGFP to inform initial conditions of the model (Fig.16 A). We quantified
intracentrosomal distance just prior to nuclear envelope breakdown (NEB), defined as the
first point in time at which GFP-tubulin is no longer visibly excluded from the nuclear re-
gion. This analysis reveals a wide distribution, with initial centrosome distances ranging
between 3.9 and 16.6 um (Fig.16 C). To mirror this distribution of centrosome positions in
our model, we initialize centrosomes to be randomly placed at least 7.5 pm from the center
of the cell, achieving a range of distances between 4.2 and 14.75 pm (Fig.16 C).

Live-cell imaging was used to monitor centrosome movement and spindle bipolarity,
capturing centrosome separation at early time points (Fig.16 E,F,G(i)) until an eventual
bipolar spindle is achieved and maintained at an average spindle length of 12 ym (Fig.16
E). Image analyses further reveal that 40% of cells achieve spindle bipolarity by 5 min and
96% by 10 min (Fig.16 D). Quantification of bipolar spindle length from live-cell imag-
ing is consistent with fixed-cell image analysis of RPE cells with stable MT-chromosome
attachments in Fig.15. By tracking individual centrosome positions in time, we calculate
that centrosome velocity is less that 0.1 pm/sec (Fig.16 H(i)). While mitotic progression
has been well characterized, performing this analysis provides data to directly integrate and
compare with our model.

We have parameterized our model such that mitotic timing, bipolar spindle length, and
centrosome velocity closely match our experimental measurements. Where available we
used parameters that have been well established (summarized in Table 1), and where neces-
sary we have defined and optimized new parameters to closely capture biological phenom-

ena (see Appendix (Chapter 9), Tables 12,13). Centrosomes are initialized within a 7.5um
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radius from the cell center to capture the distribution of centrosome positioning at mitotic
entry in cells (Fig. 16 C). Late time points of our model resemble a bipolar spindle with
asymmetrically distributed MTs, with an increased density towards the center of the spindle
structure (Fig.16 B(iii), Fig.12 D). MTs in the interpolar region (the region between poles)
are interacting and generating force (Eqgs.(11),(12)), allowing the maintenance of this bipo-
lar configuration. Model analysis shows that 35% of simulations achieve spindle bipolarity
by 5 min and 95% by 10 min (Fig.16 D). Furthermore, an average bipolar spindle length of
17 pm is achieved (Fig.16 E). While this is a longer spindle length than that seen in control
RPE cells, it is consistent with measured spindle lengths from RPE cells depleted of Nuf2
which, like our model, lack kinetochore-driven forces (Fig.15 C). Centrosome movement
and velocity, quantified by centrosome movement from simulations, similarly resembles
biological results in single cells (Fig.16 G,H). These results suggest that our parameterized
model closely captures the dynamics of mitotic progression, which we use as our base case

for results discussed in Chapter 3.
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3 Modeling Reveals Cortical Dynein-Dependent Fluctua-

tions in Bipolar Spindle Length

3.1 Introduction

Discerning the distinct role(s) of motor-dependent forces on mitotic progression has been
challenging as some mitotic motors have two or more regions of localization and/or func-
tions that are independently regulated in the cell [200,220]. Dynein, for example, is local-
ized to and interacts with MTs at spindle poles, kinetochores, and the cell cortex (expanded
upon in Section 1.3) [200]. Cell biological approaches can be limited in their ability to
selectively perturb one localization or function of this important motor. In the biophysical
model described in Section 2.2, we consider cortical- and spindle pole-localized dynein
independently, allowing us to assess the force generation of each population separately.
The model also explores temporal changes in motor-dependent forces and their impact of
spindle dynamics. Analysis of such forces through mitotic progression allows us to answer
outstanding questions regarding the balance of forces during cell division.

Using a combined experimental-modeling approach, we explore the impact of cortical
dynein activity on spindle bipolarity and test how force perturbations impact bipolar spindle
length in the absence of cortical dynein. Experimentally, we use siRNA-mediated gene
silencing to directly target the localization of dynein at the cell cortex, then used fixed and
live-cell imaging to elucidate the impact of cortical dynein activity on spindle dynamics.
We directly compare our experimental results to novel predictions made by our model

regarding the forces required for spindle dynamics.

3.2 Motor Protein Perturbations Alter Spindle Bipolarity

The mitotic spindle has been extensively studied, and our understanding of the force re-

quirements for spindle bipolarity has been determined primarily through experimental ma-
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Figure 17: Motor perturbations impact spindle bipolarity. (A) Still frame from a sim-
ulation at t=10 min with: (i) no Eg5 binding, (ii) high HSET binding, or (iii) no cortical
dynein binding. Colors indicate the force generated by each MT, defined in the legend. (B)
Plot of the average percent of MTs in each force-generating state over time with: (i) no Eg5
binding, (ii) high HSET binding, or (iii) no cortical dynein binding, and (C) the base case.
(D) Plot of the average distance between spindle poles over time for the base case and each
single force perturbation. (E) Plot of the average length of MTs over time. All averages
are of 10 simulations and error bars shown correspond to standard deviation. Figure from
Mercadante, et al. (2021) [167].

nipulation of force-generating motor proteins. While informative, biological assays can in-
duce potential off-target effects and impact multiple cellular processes. In contrast, mathe-

matical and computational modeling allows for the specific modulation of individual motor
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populations and affords temporal control of such perturbations to defined stages of mitosis.
Therefore, to determine how motor proteins considered in our model (described in Chapter
2.2) impact spindle bipolarity, we independently perturbed motor function of Eg5, HSET,
and cortical dynein. We accurately reflect perturbed motor activity by altering the binding
probability of the motor 3 from the base case of Ps = 0.5 (Table 1). All other parameters
remain unchanged from the base case, allowing us to specifically determine the impact of
altered motor activity on spindle bipolarity.

Biological data indicates that loss of Eg5 activity results in failed centrosome separa-
tion and the formation of a monopolar spindle [ 115, , , , ]. To determine if our
model is able to capture this phenomenon, we simulate loss of Eg5 activity by setting the
probability of Eg5 binding to MTs (Pg) to zero. Our simulations with loss of Eg5 activity
result in failure to establish a bipolar spindle (Fig.17 A(1),D), and maintained spindle col-
lapse through the duration of the simulation. Consistent with the requirement of Eg5 for
centrosome separation and early bipolar spindle formation in cells, our simulations with no
Eg5 activity show that centrosomes collapse to a monopolar spindle is immediate, with a
monopolar spindle being formed in less than 2 min (Fig.17 D). Analysis of the fraction of
MTs bound to motor proteins over time reveals that HSET activity remains unchanged from
the base condition (Fig.17 B(i),C). However, spindle pole-localized dynein becomes rele-
vant with loss of Eg5, where it helps to maintain close proximity of centrosomes following
spindle pole collapse (Fig.17 B(1),C).

Biological results also show that high HSET activity increases the frequency of monopo-
lar spindles [222,277,278]. To test that our model accurately reflects this role of HSET
activity, we mimic HSET overexpression by setting the probability of binding to MTs (Py)
equal to one. Consistent with published biological data, our model captures monopolar
spindle formation with high HSET activity (Fig.17 A(ii),D). We observe that monopolar
spindle formation occurs almost immediately, with all simulations having a fully collapsed

spindle by t=5 min (Fig.17 D). Similar to the condition with no Eg5, the fraction of MTs
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Figure 18: Forces are dynamic over time, enabling the formation and maintenance of
a bipolar spindle. (A) Still frames from a simulation from initial centrosome positioning
(1) to spindle bipolarity (ii1). MT color represents its “state”, defining the force that it
generates. (B,C) Force plots of centrosome “1” and centrosome “2” in the direction of the
vector between the two centrosomes, where a positive force brings centrosomes together
and negative force pushes centrosomes apart. Black solid line shows spindle length over
time and black dashed line shows the absolute minimum centrosome distance to the cell
cortex over time. Figure from Mercadante, et al. (2021) [167].

bound to spindle pole-localized dynein is increased with high HSET activity compared to
the base condition (Fig.17 B(i1),C). These results suggest that spindle pole dynein is simi-
larly important in maintaining a monopolar spindle when HSET activity is high.

Due to the multiple functions of dynein at spindle poles, kinetochores, and the cell
cortex [78,91, 122, 128], biological approaches have been unable to discern the specific
role of cortical dynein in bipolar spindle formation. To address this limitation, cortical

dynein activity was depleted in our model by setting the probability of binding to MTs
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(P;) to zero. Our simulations indicate that specific loss of cortical dynein results in shorter
bipolar spindles, decreased from 17 pym in the base case to 10 pm (Fig.17 A(iii),D). We
additionally see a greater than 2-fold increase in MTs bound to Eg5 and/or HSET when
cortical dynein activity is absent compared to the base case, where the percent of MTs
bound to both Eg5 and HSET increases from 6% in the base case to 15% in the absence of
cortical dynein (Fig.17 B(iii),C).

None of the single motor protein perturbations described have a significant impact on
average MT length compared to the base condition (Fig.17 E). As such, the changes in bipo-
lar spindle length following perturbations to motor activity are strictly a result of altered
forces on the centrosomes and not a consequence of limitations imposed by altered MT
lengths. Combined, these results indicate that our model both captures known changes in
bipolar spindle length following loss of Eg5 or overexpression of HSET, and demonstrates

a decrease steady-state spindle length following loss of cortical dynein.

3.3 Cortical Dynein is a Primary Regulator of Bipolar Spindle Length

Our biophysical model used to describe and explore the dynamics of bipolar spindle forma-
tion and maintenance has the benefit of discretely defined MTs, each of which can generate
force depending on its length and position relative to other intracellular components (de-
tailed in Chapter 2.2, Fig.18 A). To explore how the magnitude and direction of forces on
centrosomes change during spindle formation, we assessed each component of the force
over time with respect to Vcent, the unit vector between centrosomes (Fig.9 A) (using the
projection of the total forces in the direction of ant). We considered a positive force to
be one that increases spindle length (i.e. Eg5/cortical dynein) and a negative force to be
one that decreases spindle length (i.e. HSET/dynein at spindle poles/pushing on the cell
cortex).

To visualize how forces contribute to spindle dynamics, force plots for each centrosome

were overlaid with curves for spindle length and the minimal centrosome distance to the

50



cell cortex over time (Fig.18 B(i)-(i1)). In our base case, where we have no perturbed mo-
tor activity, we find dynamic and reproducible force-dependent changes in spindle length.
Our analysis shows that forces driving centrosome movement are dominated by Eg5 at
early time points (t<5 min), consistent with the known biological role of Eg5 in mito-
sis [113, ,242]. While averaging over many simulations of the base case show that
a stable bipolar spindle length of 17um is achieved (Fig. 16 E, Fig. 43 B in the Section
9), analysis of individual simulations indicate that this is a quasi steady-state, where rather
than remaining constant, fluctuations in bipolar spindle length occur. Observing how forces
change over time reveals that these fluctuations coincide with increased cortical dynein-
derived force (Fig. 18 B). These data implicate cortical dynein in orchestrating dynamic

changes to bipolar spindle length during mitosis.

3.4 Cortical Dynein Drives Fluctuations in Spindle Length After Spin-

dle Bipolarity is Achieved

To define the forces required for fluctuations in bipolar spindle length we explored the
consequences of perturbing cortical dynein pulling forces. To mimic loss of cortical dynein
activity we altered P, , the probability of MTs binding to dynein at the cell cortex. As
P, is reduced, bipolar spindle length decreases from 17.9 ym when P, = 0.5 to 15.6
pm when P, = 0.3, and 10.3 pum when P, = 0 (Fig. 19 A), implicating cortical dynein

cor cor

in the regulation of steady-state bipolar spindle length.

To define a time-dependent relationship between bipolar spindle length and cortical
dynein binding and pulling forces, we performed quantitative time-series analyses. The
data is represented as a kymograph, a graphical representation of position over time, where
the y-axis represents time (Fig. 19 B). In each plot, x = 0 is the center of the cell and
x = —15, x = 15 are the cell boundaries. Red asterisks indicate centrosome position at 20
sec time intervals. We used peak prominence [ 16 1], defined as the vertical distance between

the height of a peak and its lowest contour line, as a readout of significant changes in
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Figure 19: Cortical dynein regulates spindle length and bipolar spindle dynamics. (A)
Curves of spindle length over time for 10 simulations with a dynein binding probability of
0.5 in (1), 0.3 in (i1), and O in (ii1). (B) Representative kymograph of a single simulation
with dynein binding probability 0.5 in (i), 0.3 in (ii), and O in (iii) from 5 to 25 minutes. Red
asterisks are centrosome position plotted every 20 seconds, gray bars indicate prominent
peaks in spindle length. (C) Plot of the number of peaks per minute from 10 simulations
with dynein binding probability 0.5, 0.3, and 0. Each dot is a simulation, error bars are
mean and SD. ****p<(.0001, ns indicates not significant. (D) Table showing average
number of peaks per minute, average peak prominence, and average peak width over 10
simulations for each condition with dynein binding probability 0.5, 0.3, or 0. Significance
was determined by a one-way ANOVA with Dunnett’s test for multiple comparisons

(****<0.001, ns indicates not significant). Figure from Mercadante, et al. (2021) [167].

spindle length. Peaks identified as significant had a prominence greater than the minimum

average standard deviation within spindle length traces between the conditions £, = 0.5,

cor
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P,;. = 0.3, and P, = 0. As shown in Fig. 19 B, C, D, we find that fluctuations in

cor cor

bipolar spindle length have both decreased frequency (peaks/min), decreased amplitude
(prominence), and increased duration (width) when cortical dynein activity is decreased.
Specifically, we see a 14% and 43% decrease in the number of peaks per minute from
the base condition when P, = 0.3, and P, . = 0, respectively. Furthermore, we see

a 32% decrease in peak prominence when P, = 0, although we see no change when

Py,,. = 0.3, and a 24% and 92% increase in peak width when P, = 0.3, and F;,, = 0,
respectively. Together, this data suggests that reduced cortical dynein activity reduces the

frequency, amplitude, and duration of bipolar spindle length fluctuations.

3.5 Loss of Cortical Dynein Activity Disrupts Spindle Dynamics in
Vivo

To determine if cortical dynein activity similarly impacts bipolar spindle length in cells we
performed fixed-cell imaging and analysis of pole-to-pole distance in RPE cells depleted
of Nuf2. We disrupted cortical dynein activity via short-term chemical inhibition (Dynar-
restin) or siRNA-mediated depletion of Afadin, a protein involved in localizing NuMA-
dynein complexes to the cell cortex [28, 107]. Duration and concentration of Dynarrestin
treatment was optimized to preferentially impair cortical dynein activity as previously de-
scribed [107]. Afadin depletion was validated by qPCR (Fig.20 D) and disruption of corti-
cal dynein localization was confirmed by reduced cortical NuMA staining intensity (Fig.20
A,B).

Consistent with our modeling results, fixed-cell imaging reveals that average bipolar
spindle length is reduced from 13 ym to 11.1 pm and 9.6 pm in Nuf2 depleted cells fol-
lowing disruption of cortical dynein activity by Afadin depletion or Dynarrestin treatment,
respectively (Fig. 21 A,B). Similar results were observed in control cells with functional
kinetochore attachments following treatment with Dynarrestin, with a reduction from 11.05

pm to 8.9 um (Fig. 22 A,B). While spindle length with Afadin depletion alone remains
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Figure 20: Loss of Afadin disrupts cortical NuMA localization during mitosis. (A)
Immunofluorescent imaging of RPE cells following knockdown of Nuf2 and/or Afadin by
siRNA. (B) Relative fluorescent intensity (RFU) of cortical-to-cytoplasmic NuMA. At least
20 cells were quantified for each condition from 3 independent replicates. (C) Quantifica-
tion of Nuf2 RNA expression by qPCR. (D) Quantification of Afadin RNA expression by
gPCR. Each condition was normalized to a control (siScr) and data is averaged over 3 in-
dependent replicates. Error bars are standard deviation. Significance was determined by a
one-way ANOVA with Dunnett’s test for multiple comparisons
(*<0.05, ****<0.001, ns indicates not significant). Figure from Mercadante, et al.
(2021) [167].

comparable to the control (siScr), depletion of Afadin in the absence of Nuf2 shows a de-

crease in spindle length that is not statistically different than what is seen following Dynar-
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(1), siNuf2+siAfadin (i1), and siNuf2+Dynarresetin (iii) conditions. Red asterisks represent
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Significance was determined by a one-way ANOVA with Dunnett’s test for multiple com-
parisons 55
(*p<0.05, **p<0.01, ***p<0.001, ns indicates not significant). Figure modified from
Mercadante, et al. (2021) [167].
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Figure 22: Fixed and live-cell imaging captures dynein-dependent changes in bipo-
lar spindle length and spindle dynamics. (A) Fixed cell imaging of RPE cells stained
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narrestin conditions. (B) Quantification of bipolar spindle length in siScr, siAfadin, and
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cate is represented by a triangle of the same color. (C) Traces of spindle length over time
of individual RPE cells expressing a GFP-centrin tag for siScr (i), siAfadin (ii), and Dy-
narresetin (iii) conditions. Red asterisks represent significant peaks for the curve shown in
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Dynarrestin conditions. Significance determined by one-way ANOVA. (E) Table showing
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restin treatment (Fig. 21 B), (Fig. 22 A,B). These data raise the possibility that kinetochore
MT attachments may stabilize spindle length in the absence of Afadin, thereby limiting the
impact of decreased cortical dynein on bipolar spindle length.

To test whether fluctuations in bipolar spindle length could be observed in cells, we next
performed live-cell imaging of RPE cells expressing GFP-centrin. Similar to the analysis
performed on simulations, significant peaks were determined by peak prominence. In our
analysis, prominent peaks were those having a prominence greater than the minimum aver-
age standard deviation within spindle length traces from the following six conditions: siScr,
siAfadin, Dynarrestin treated, siNuf2, siNuf2 + siAfadin, siNuf2 + Dynarrestin treated.
Consistent with our simulations, we observe an average of 0.36 peaks/min in control cells
(siScr) and 0.46 peaks/min in cells depleted of Nuf2 (siNuf2) that lack stable chromosome
attachments (Fig.21 C,D,E, Fig.22 C,D,E). We used Afadin depletion (siAfadin) or Dy-
narrestin treatment, as described previously, to determine if loss of cortical dynein activity
impacts spindle length fluctuations. In Nuf2 depleted cells, we see a significant 41% and
50% decrease in the average number of peaks per minute with Afadin depletion and Dy-
narrestin treatment, respectively (Fig.21 C,D,E). We also see a significant 44% decrease
in the number of peaks per minute in the absence of Afadin alone (Fig.22 C,D,E). These
results are consistent with our model, where loss of cortical dynein decreases the number of
peaks per minute by 43% (Fig.19 C,D). However, we do not see a significant decrease with
Dynarrestin treatment, indicating a possibility of drug-induced alterations to spindle struc-
ture or stability following extended treatment through the duration of imaging. Together,
model predictions and biological results implicate cortical dynein activity in spindle length

fluctuations during mitosis.
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Figure 23: High Eg5 activity rescues spindle length fluctuations in the absence of cor-
tical dynein. (A) Bar graph of final spindle length from 10 simulations for each condition:
(1) P, =05, Pgp =05,12) P, =05, Pp =0.7,3) P, =05 Pg=1,4)
P, =0,Pg=0505)F,, =0, Pg=0.71(0)F,, =0,FPy=1. (B) Quantifica-
tion of the number of peaks per minute from 10 simulations for each condition. Each dot
is a simulation. (C/D) Representative kymographs of varied Eg5 binding probabilities, in
the presence (C) or absence (D) of cortical dynein. Gray bars indicate prominent peaks in
spindle length. (E) Table of the average number of prominent peaks, peak prominence, and
peak width for each condition. All data averaged over 10 simulations. All error bars are
SD. Significance was determined by a one-way ANOVA with Dunnett’s test for multiple
comparisons 58
(**p<0.01, ***p<0.001, ****p<0.0001, ns indicates not significant). Figure from
Mercadante, et al. (2021) [167].
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3.6 Modeling Reveals That High Eg5 Activity Rescues Spindle Length

Fluctuations in the Absence of Cortical Dynein

To further define the relationship between MT-derived forces and the maintenance of spin-
dle bipolarity in the presence or absence of cortical dynein, we increased Eg5 activity
thereby increasing the outward force on each centrosome (i.e. pushing away from each
other). We find that increasing Eg5 activity, by increasing the binding probability of Eg5 to
MTs (Pg), significantly increases bipolar spindle length, regardless of cortical dynein ac-
tivity (Fig. 23 A). However, reduced spindle length seen in the absence of cortical dynein
is not restored with high Eg5 activity (Fig. 23 A(1),(6)), suggesting that cortical dynein
pulling force, independent of Eg5 activity, is important in establishing and maintaining
bipolar spindle length.

To determine if Eg5 activity impacts spindle fluctuations in bipolar spindle length, we
quantified the number of peaks per minute in simulations with increased Eg5 activity with
and without cortical dynein. We find that in simulations with cortical dynein activity, in-
creased Eg5 activity, either at intermediate (Pr = 0.7) or high (P = 1) levels, does not
significantly impact the number of peaks per minute (Fig. 23 B,C,E). However, in the ab-
sence of cortical dynein activity, increased Eg5 activity rescues spindle length fluctuations
to levels that are not significantly varied from the base condition (Fig. 23 B,D,E). Increased
Eg5 activity does not, however, restore reduced peak prominence nor increased peak width
in the absence of cortical dynein (Fig. 23 E). These results suggest that Eg5 activity coop-

erates with cortical dynein-derived forces to maintain fluctuations in bipolar spindle length.

3.7 Cortical Dynein is Required for Spindle Bipolarity When HSET
Activity is High

HSET overexpression is prominent in many cancer contexts where its expression corre-

sponds with increased cell proliferation [123, 192]. This relationship with proliferation is
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Figure 24: High cortical dynein activity promotes spindle bipolarity in the presence of
high HSET. (A) Fraction of simulations that form a bipolar spindle with varying levels of
HSET F,_,, = 0.5. (B) Fraction of simulations that form a bipolar spindle in the presence
of high HSET (Py = 0.8) with varying levels of cortical dynein. (C) Plots of spindle
length over time of simulations with high HSET (P = 0.8) and varying levels of cortical
dynein that have simulations that form a bipolar spindle (0.3 < F;_,, < 1). Red line is the

average initial distance of centrosomes that separate (9.95 pym) and black line is the average
initial distance of centrosomes that collapse (5.4 pm). Data from 20 simulations for each
condition. Figure from Mercadante, et al. (2021) [167].

independent of centrosome number, though in cancer contexts where centrosome number is
amplified, HSET is additionally required to cluster extra spindle poles into a bipolar struc-
ture [34,79,81, 131,183, 199]. We have confirmed that our model captures spindle-pole
collapse in the context of high HSET activity (Fig. 17 A (i1), D). We then sought to further
understand the sensitivity of spindle bipolarity to HSET activity. To test this, we incremen-
tally increased the HSET binding probability in our model from its base level of Py = 0.5.
Our simulations indicate that spindle bipolarity is sensitive to HSET activity, such that the
incidence of spindle pole collapse increases with high HSET activity, with only 40% of
simulations forming a bipolar spindle when Py = 0.8 and 0% when Py = 0.9 or Py =1
(Fig. 24 A). To determine the force requirements for bipolar spindle formation in the pres-
ence of high HSET (Py = 0.8), we explored a range of increasing cortical dynein activity
and found that spindle bipolarity is rescued by cortical dynein activity in a concentration-
dependent manner, with 90% of simulations forming a bipolar spindle when P, = 0.9 or

Py... =1 (Fig. 24 B).
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Work from other groups indicates that HSET-dependent motor activity is a dominant
force in centrosome clustering once centrosomes reach a critical distance of 7-8 ym from
each other, whereas centrosome pairs are not impacted by HSET activity when they are
11-12 pm apart [207]. Consistent with this, we find that centrosomes collapse when they
are, on average, initially 5.4 pym apart, and instead form a bipolar spindle when initial
centrosome distance is, on average, 9.95 um apart. Together, these results indicate that
high cortical dynein activity and/or a large initial centrosome distance promotes bipolar

spindle formation in the presence of high HSET.
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4 Cortical Dynein Drives Centrosome Clustering and Bipo-

lar Divisions in Cells with Supernumerary Centrosomes

4.1 Introduction

Alterations to spindle structure, such as those resulting from aberrations to centrosome
number, impact the ability of chromosomes to segregate properly [I, 34]. Importantly,
aberrations to centrosome number is a hallmark of cancer, and the continued proliferation
of cancer cells with centrosome amplification (CA), defined as having more than the nor-
mal complement of two centrosomes, contributes to tumor heterogeneity, drug resistance,
and cancer progression [8 1,89, 160]. Cancer cells with CA divide efficiently by clustering
their extra centrosomes into a functional bipolar spindle [131, 137, 183, 199,207]. There-
fore, targeting centrosome clustering to promote multipolar divisions resulting in nonviable
daughter cells is a promising therapy for cancers with a high frequency of CA [81]. The
motor protein HSET, along with proteins involved in cell-cell junctions, cortical contrac-
tility, and kinetochore-MT interactions have been characterized as potential targets to limit
centrosome clustering in cancer cells [ 102, , , ].

Based on the known roles of cortical dynein in spindle positioning and orientation,
and our previous finding that dynein activity impacts spindle dynamics, we hypothesize
that cortical dynein activity may contribute to centrosome clustering in cells with CA.
Here, we use a combined experimental-modeling approach to explore the impact of cor-
tical dynein on centrosome clustering. Modeling results suggest that uniformly distributed
cortical dynein localization, similar to that considered in Chapters 2 and 3, is not sufficient
to cluster centrosomes. By observing the localization of cortical NuMA in fixed cells with
CA, we determine that cortical NuMA/dynein localizes asymemtrically, similar to cells
with two centrosomes [ | 22]. From this finding we hypothesize that asymmetric localization

of dynein contributes to centrosome clustering by pulling centrosomes close together. By
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allowing MTs to bind to cortical dynein in only a quadrant of the cell boundary in simula-
tions, we find that centrosome movement is responsive to dynein activity, and centrosomes
cluster toward the region of active cortical dynein. Additionally, we show that asymmetric
dynein localization that is dynamic in time aids centrosome clustering but is insufficient
to maintain clustering. Simulations further reveal a decrease in clustering efficiency in the
absence of cortical dynein activity. Immunofluorescent imaging and spindle assessment in
cells with CA confirms this model prediction, where loss of cortical dynein significantly
disrupts centrosome clustering. Together, the results presented in this Chapter suggest that
targeting cortical dynein localization and activity may be an appealing approach to prevent

centrosome clustering.

4.2 Uniformly Distributed Cortical Dynein Activity Reduces Centro-

some Clustering

To assess the dynamics and force requirements of centrosome clustering in cells with CA,
we optimized and expanded our previously published model of bipolar spindle formation
and function to have four centrosomes [167]. Updated parameter values were chosen to
match experimental results and are listed in Table 2; all other parameters remain unchanged
from those listed in Table 1. Our previous model assumed uniformly distributed cortical
dynein localization, where MTs had an equal probability of binding to dynein anywhere on
the cell boundary (Fig. 25 A,B) [167]. By visualizing where MTs bind to cortical dynein,
we confirm that they bind everywhere on the cell boundary (Fig. 25 C). By assessing cen-
trosome movement and spindle morphology in simulations with four centrosomes, we find
that no centrosomes cluster under this condition (Fig. 25 D). By visualizing and quantifying
the distance between centrosome pairs for each simulation, we find that centrosomes sepa-
rate and remain at a distance greater than 5 ym for the entirety of the simulation (Fig. 25 E).
This phenotype is consistent across 10 simulations with four centrosomes and uniformly

distributed cortical dynein activity, where 0% of simulations form a clustered bipolar spin-
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Figure 25: Uniformly distributed cortical dynein localization disrupts centrosome
clustering. (A) Still frame of the initial time point (t=0 min) from a simulation with four
centrosomes with cortical dynein localized uniformly on the cell boundary. Pink circle
represents region of dynein activity. (B) Still frame of the final time point (t=30 min) from
a simulation with four centrosomes with cortical dynein localized uniformly on the cell
boundary. Pink circle represents region of dynein activity. (C) Plot of MTs binding to
cortical dynein on the boundary of the cell ([—, 7]) from the simulation shown in A/B/C.
Each dot is a MT binding to dynein. Time is on the y-axis, starting at time ¢ = 0 at y = 0.
(D) Traces of centrosome movement over time from the simulation shown in A/B. Red ‘x’
is initial centrosome position, black ‘*’ is the final centrosome position, colorbar is time
(min). (E) Heat map representing the distance between each centrosome pair over time
from the simulation shown in A/B/C/D. Colorbar is distance (pm). (F) Still frames of fi-
nal centrosome position (represented by black “**) from 9 simulations. Clustered spindles
are represented with a red square. (G) Quantification of the percent of mitotic cells with
clustered spindles in tetraploid RPE p53-/- cells with and without treatment with RO-3306.
Quantification performed on at least 50 cells per condition from 3 biological replicates,
errors bars are SD. Significance was determined by student’s t-test (*p<0.05).
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dle (Fig. 25 F).

Cortical dynein localization and activity is regulated by kinase-dependent phosphory-
lation of NuMA, such that inhibition of the kinases Cdk1 or Plk1 increase cortical NuMA
localization in mitotic cells [127, , ]. To test the impact of increased NuMA localiza-
tion in cells with extra centrosomes, we performed fixed-cell imaging and analysis in cells
with CA. To induced CA in cells, we inhibited cytokinesis via treatment with the actin as-
sembly inhibitor dihydrocytochalasin B (DCB) in RPE cells lacking p53 (p53-/-), resulting
in tetraploid cells with four centrosomes (Fig. 33 C). By assessing the percent of mitotic
cells with clustered spindles, we see a significant decrease in clustering efficiency follow-
ing treatment with the Cdk1 inhibitor RO-3306 (Fig. 25 G). Together, these data suggest
that uniformly distributed cortical dynein localization is insufficient to cluster centrosomes

and reduces clustering efficiency in cells.

4.3 Cortical Dynein Localizes Asymmetrically in Cells with Supernu-

merary Centrosomes

To determine the localization of cortical dynein in cells with CA, we assessed the local-
ization of its binding partner NuMA using fixed-cell imaging and analysis. We found that
50% of mitotic cells have visible cortical NuMA (data not shown), and cells with visible
or non-visible cortical NuMA was were easily identified. As such, we only assessed cells
with visible cortical NuMA, similar to previous approaches [216]. By analyzing NuMA
localization in fixed RPE cells with two centrosomes, we find that cortical NuMA localizes
asymmetrically, consistent with previous findings [122,216]. We found that nearly 90%
of mitotic cells with visible cortical NuMA with two centrosomes (-DCB) have increased
cortical NuMA localization behind 1 pole (Fig. 26 A,B). To determine the localization of
cortical dynein in cells with CA, we assessed mitotic cells with visible cortical NuMA in
tetraploid RPE p53-/- cells with four centrosomes (+DCB) (Fig. 26 C). We find that 95%

of mitotic cells with clustered spindles, those having two spindle poles with one or more
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Figure 26: Cortical dynein localizes asymmetrically in cells with CA. (A) Fixed-cell im-
ages of RPE cells with two centrosomes (-DCB) in mitosis. (B) Quantification of NuMA
localization in mitotic RPE cells with two centrosomes (-DCB) with visible cortical NuMA.
(C) Fixed-cell images of tetraploid RPE p53-/- cells with four centrosomes (+DCB) in
mitosis with clustered or unclustered spindles. (D) Quantification of NuMA localization
in mitotic tetraploid RPE p53/- cells with four centrosomes (+DCB) with visible cortical
NuMA. All scale bars are 5 m. White arrows indicate visible cortical NuMA. All quantifi-
cation was performed on at least 50 cells per condition from 3 biological replicates. Error
bars are SD.

centrosome at each pole, have increased NuMA localization behind 1 spindle pole (Fig. 26
D). Similarly, the majority (65%) of mitotic cells with unclustered spindles, those having
more than two spindle poles with one or more centrosome at each pole, have increased
cortical NuMA localization behind 1 pole. The remaining mitotic cells with unclustered
spindles have increased localization behind more than 1 or between spindle poles (Fig. 26

D). These results suggest that, similar to normal cells, cortical NuMA localization is largely
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asymmetric in cells with CA.

4.4 Centrosome Movement is Responsive to Cortical Dynein Activity

To determine if cortical dynein localization contributes to centrosome movement and clus-
tering, we leveraged the strength of our model to specify a region of cortical dynein on the
cell boundary. Here we assume that localization and activity are synonymous, allowing us
to modulate the region to which MTs can bind to cortical dynein to simulate asymmetric
localization in cells. We allowed MTs to bind to cortical dynein, with probability F;_ , in
the upper right quadrant of the cell (Fig. 27 A,B; Fig. 28 A,B). We set a small probability
(P, = 0.01) of binding everywhere else on the cell boundary under the assumption that
cortical dynein is unlikely to be entirely absent from this region. Since dynein localizes
asymmetrically in cells with two centrosomes, we verified that a bipolar spindle still forms
and is maintained with this defined region of asymmetric dynein in our simulations (Fig. 27
A,B). By assessing the region on the boundary where MTs bind to cortical dynein, we con-
firm that they primarily bind within the region [0, pi/2] (Fig. 27 D; Fig. 28 D). Indeed, we
confirm that a bipolar spindle forms with asymmetric dynein localization in simulations
with 2 centrosomes (Fig. 27 C,E,F). Furthermore, fluctuations in bipolar spindle length,
as described in Chapter 3, are still observed (Fig. 27 E). We find that the spindle orients
along the axis where dynein is localized, consistent with previous findings that cortical
dynein regulates bipolar spindle orientation (Fig. 27 D). This trend is consistent across 5
simulations with unique initial positions (Fig. 27 F).

To understand the impact of asymmetric cortical dynein localization on centrosome
movement and centrosome clustering, we ran simulations with four centrosomes (Fig. 28
A.,B). Under the condition of asymmetric dynein localization, we find that centrosomes
cluster toward the region of the cell boundary where cortical dynein is localized (Fig. 28
B,C). Once again we confirm that MTs are primarily binding to the region where the prob-

ability of binding to dynein is highest, within [0, pi /2] on the cell boundary (Fig. 28 D). By
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Figure 27: Asymmetric dynein guides spindle orientation. (A) Still frame of the initial
time point (t=0 min) from a simulation with two centrosomes with cortical dynein localized
asymmetrically on the cell boundary. Pink arc represents region of dynein activity. (B)
Still frame of the final time point (t=30 min) from a simulation with two centrosomes with
cortical dynein localized asymmetrically on the cell boundary. Pink arc represents region of
dynein activity. (C) Plot of intercentrosomal distance (spindle length) from 5 simulations
with two centrosomes. Each line is a simulation. (D) Still frames of final centrosome
position (represented by black ‘*’) from 5 simulations.

visualizing and quantifying the distance between centrosome pairs for each simulation, we
find that once two centrosomes cluster together (achieve a distance less than 5 pm), they
remain clustered (Fig. 28 E, Fig. 30 A). By assessing the final distance between centro-
some pairs from 10 simulations, we find that 60% of simulations formed clustered bipolar
spindles, where clustered spindles achieved a distance of less than 5 ym between at least
two centrosome pairs (Fig. 28 F). In the remaining 40% of simulations, the spindle remains
multipolar. However, in these simulations, two centrosomes cluster together toward the re-
gion of active cortical dynein while the other two centrosomes remain unclustered (Fig. 28

F). Together these results suggest that centrosome movement and clustering is responsive
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to cortical dynein activity.
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Figure 28: Centrosome movement and clustering is responsive to cortical dynein ac-
tivity. (A) Still frame of the initial time point (t=0 min) from a simulation with four cen-
trosomes with cortical dynein localized asymmetrically on the cell boundary. Pink arc
represents region of dynein activity. (B) Still frame of the final time point (t=30 min) from
a simulation with four centrosomes with cortical dynein localized asymmetrically on the
cell boundary. Pink arc represents region of dynein activity. (C) Traces of centrosome
movement over time from the simulation shown in A/B. Red ‘x’ is initial centrosome po-
sition, black ‘*’ is the final centrosome position, colorbar is time (min). (D) Plot of MTs
binding to cortical dynein on the boundary of the cell ([—, ]) from the simulation shown
in A/B/C. Each dot is a MT binding to dynein. The region represented in pink in A and
B is [0,7/2]. Time is on the y-axis, starting at time ¢ = 0 at y = 0. (E) Heat map rep-
resenting the distance between each centrosome pair over time from the simulation shown
in A/B/C/D. Colorbar is distance (um). (F) Still frames of final centrosome position (rep-
resented by black “*”) from 9 simulations. Clustered spindles are represented with a red
square.
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Figure 29: Dynamic dynein aids centrosome clustering. (A) Still frame of three time
points (¢t = 0,1.67, 3.34) from a simulation with four centrosomes with dynamic and asym-
metric cortical dynein with dynein oscillations occurring with period 7' = 1.67 min. Pink
arc represents region of dynein activity. (B) Plot of MTs binding to cortical dynein on the
boundary of the cell ([—, 7]) from the simulation shown in A. Each dot is a MT binding to
dynein. The regions represented in pink in A are [0, 7/2]| and [—7, —7/2]. (C) Still frames
of final centrosome position (represented by black ‘*’) from 9 simulations. Clustered spin-
dles are represented with a red square.

4.5 Dynamic Cortical Dynein Localization Aids Centrosome Cluster-
ing

Asymmetric cortical dynein localization is dynamic in human cells with two centrosomes

[122]. To recapitulate this characteristic in our model, and determine its impact (if any)

on centrosome clustering, we make asymmetric cortical dynein activity dynamic in time.

Specifically, we allow MTs to bind to cortical dynein on one quadrant of the cell boundary

(with probability P, ) for a set period of time (defined by period value 7T') (Fig. 29 A).

cor

Then, the region of dynein activity shifts to the opposing quadrant for an equal period of
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time, 7' (Fig. 29 A). We set a small probability (F,_, = 0.01) of binding everywhere else

on the cell boundary. These oscillations in dynein activity continue with a period 7" until
the final time points ({ = 30 min) is achieved. By assessing the region on the boundary
where MTs bind to cortical dynein, we confirm that they primarily bind within the region
with active cortical dynein and that this region changes in time with period 7" (Fig. 29 B).
We find that when 7" = 1.67 min, 70% (7/10) simulations form clustered bipolar spindles,
1.e. two centrosome pairs achieve a distance of less than 5 pm during the simulation.

To determine if clustering is sensitive to the parameter 7', we tested varying values
and assessed centrosome movement and intercentrosomal distances (Fig. 30, Fig. 31). We
tested varying periods of dynein oscillations by changing the parameter 7" (1" = 1.67, 3.33,
5,10, 15 min) to determine if an optimal period contributes to centrosome clustering. With
a low period (1" = 1.67 min), corresponding to short, rapid oscillations in dynein activity,
we find that 70% of simulations form a clustered bipolar spindle (Fig. 29 C, Fig. 30 B).
By observing the intercentrosomal distances over time under this condition, we see rapid
oscillations in the distance between centrosomes (Fig. 30 B (bottom)). These oscillations
correspond with changes in dynein localization (indicated by alternating black/gray lines).
Specifically, we see that when dynein is active in a region, centrosomes near that region
move closer together. Similarly, when dynein is removed from that region, centrosomes
move apart from each other. This trend is consistent in all conditions with dynamic dynein
localization, and the duration of centrosome clustering corresponds with the defined period
parameter, T' (Fig. 30 B,C, Fig. 31). Importantly, this is not seen when asymmetric dynein
localization is static in one region (Fig. 30 A), suggesting that intercentrosomal distance is
dependent on cortical dynein activity.

Previously published work suggests that cortical dynein oscillations occur on the order
of 5-10 minutes in cells with two centrosomes [122]. We see a drastic increase to 100%
of simulations achieving centrosome clustering when 7' = 5 min or 7' = 10 min. By

observing intercentrosomal distances over the entirety of the simulation, we see that all
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simulations in these conditions have time frames in which they achieve clustering, indicated
by two pairs of centrosomes achieving a distance of 5 um (Fig. 31 A,B). However, this
clustering is not maintained and becomes disrupted once cortical dynein activity is removed
(shifts positions) (Fig. 31 A,B). This characteristic is also seen when 7" = 15 min (Fig. 31
C). Together, these results suggest that dynamic and asymmetric cortical dynein contributes
to centrosome clustering but is not sufficient to maintain clustering. Other physical and
mechanical characteristics within the spindle, such as MT attachments to kinetochores or
non-motor crosslinking activity, may be required to maintain centrosome clustering in the

absence of cortical dynein.

Table 2: Updated parameter values for model results presented in Chapter 4. All
parameters are approximated to match biological results.

Parameter Value Description
Py, 0.3 Probability of binding to
spindle pole dynein
Py 0.7 Probability of binding to HSET
D, 2 pm Distance for repulsive forces
K 0.35 MT length-dependent scaling factor
C 0.01 Antiparallel crosslinking scaling factor
S 0.075 pm~1 Scaling for catastrophe frequency
R 1 pm Scaling for repulsive forces
13 41.2 pNs Drag coefficient

4.6 Loss of Cortical Dynein Disrupts Centrosome Clustering

To determine if centrosome clustering is dependent on cortical dynein activity, we remove
dynein activity within the model by setting the probability of binding, ;. = 0 (Fig. 32
A,B). By visualizing centrosome movement in simulations with no cortical dynein, we see
an increased distance between the centrosomes and the cell boundary compared to Fig. 25
D and Fig. 28 C (Fig. 32 C). This is indicative of a lack of pulling forces toward the cell
boundary. Additionally, by quantifying the distance between centrosome pairs over time,

we find that in the absence of cortical dynein, centrosomes never cluster (Fig. 32 D). Out of
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Figure 30: Asymmetric and static dynein sustains centrosome clustering. Traces of
centrosome movement (top) and heat map of intercentrosomal distances (bottom) over time
from 5 simulations with static asymmetric dynein (A), or dynamic asymmetric dynein that
oscillates with period 7' = 1.67 min (B) or 7" = 3.33 min (C). In centrosome movement
traces, the red ‘x’ indicates initial centrosome position and the black ‘*’ indicates the final
centrosome position. Above the intercentrosomal distance heat map, the black and gray
bars indicate changes in dynein positioning. Black indicates dynein localization in the top
right quadrant while gray indicates dynein localization in the bottom left quadrant. Clus-
tered spindles were characterized as those having a final intercentrosomal distance of 5 ym
or less between two pairs of centrosomes at the final time point. Percent clustered spindles
per condition based off of 10 simulations with unique initial centrosome positioning.
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Figure 31: Dynamic dynein activity is not sufficient to sustain centrosome clustering.
Traces of centrosome movement (top) and heat map of intercentrosomal distances (bottom)
over time from 5 simulations with dynamic asymmetric dynein that oscillates with period
T =5min (A), T"= 10 min (B), or 7" = 15 min (C). In centrosome movement traces, the
red ‘x’ indicates initial centrosome position and the black ‘*’ indicates the final centrosome
position. Above the intercentrosomal distance heat map, the black and gray bars indicate
changes in dynein positioning. Black indicates dynein localization in the top right quadrant
while gray indicates dynein localization in the bottom left quadrant. Clustered spindles
were characterized as those achieving an intercentrosomal distance of 5 pm during the
simulation. Percent clustered spindles per condition is based off of 10 simulations with
unique initial centrosome positioning.
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Figure 32: Centrosome clustering efficiency is reduced following loss of cortical
dynein. (A) Still frame of the initial time point (t=0 min) from a simulation with four cen-
trosomes with no cortical dynein. (B) Still frame of the final time point (t=30 min) from a
simulation with four centrosomes with no cortical dynein. (C) Traces of centrosome move-
ment over time from the simulation shown in A/B. Red ‘x’ is initial centrosome position,
black ‘*’ is the final centrosome position, colorbar is time (min). (D) Heat map repre-
senting the distance between each centrosome pair over time from the simulation shown in
A/B/C/D. Colorbar is distance (um). (F) Still frames of final centrosome position (repre-
sented by black ‘*’) from 9 simulations.

D

10 simulations, none achieve a clustered bipolar spindle, as defined by achieving a distance
of less than 5 sm between at least two centrosome pairs (Fig. 32 E). These results suggest
that cortical dynein activity contributes to centrosome clustering.

We sought to confirm the prediction by our model that cortical dynein contributes to
centrosome clustering in cells. To do this, we analyzed spindle morphology in a panel of
cell lines that have either chemically induced or naturally arising CA. To induce CA we
used two distinct mechanisms. First, we use an RPE cell line expressing a doxycyline-
regulated construct that causes overexpression of Polo-like kinase 4 (Plk4ind) (Fig. 33 A).
Overexpression of Plk4 leads to centriole over-duplication, resulting in cells with more than

the normal complement of two mitotic centrosomes (Fig. 33 A). Second, as described pre-
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Figure 33: Experimental systems and validation of knockdown. (A) Schematic of ex-
perimental mechanism to induce centrosome amplification in RPE PLK4ind cells. (B)
Quantification of gene expression following 48 h siRNA-mediated knockdown of Afadin
or LGN in RPE PLK4ind cells. (C) Schemitic of experimental mechanism to induce centro-
some amplification and tetraploidy in RPE p53-/- cells. (D) Quantification of gene expres-
sion following 72 h siRNA-mediated knockdown of Afadin or LGN in RPE p53-/- cells.
(E) Schematic of experimental setup in MDA-MB-231 cells with centrosome amplifica-
tion. (F) Quantification of the percent of cells with 4 or >4 centrioles. (G) Quantification
of gene expression following 72 h or 48 h siRNA-mediated gene silencing of Afadin or
LGN, respectively. Quantification from 3 biological replicates, errors bars are SD. Signifi-
cance was determined by student’s t-test (***p<0.001,****p<0.0001).
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viously, we induce cytokinesis failure in RPE p53-/- cells, resulting in tetraploid cells with
four centrosomes (Fig. 33 C). Finally, we use MDA-MB-231 cells, a well characterized
breast cancer cell line with CA. Indeed, we find that nearly 50% of mitotic MDA-MB-231

cells have CA (have >4 centrioles) (Fig. 33 E,F).
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Figure 34: Loss of cortical dynein disrupts centrosome clustering. (A) Fixed-cell im-
ages of RPE PLK4ind cells following short-term dynein inhibition with dynarrestin or loss
of Afadin or LGN. (B) Quantification of the percent of mitotic cells with clustered spin-
dles in RPE Plk4ind cells. (C) Fixed-cell images of RPE p53-/- cells following loss of
Afadin or LGN. (D) Quantification of the percent of mitotic cells with clustered spindles in
RPE p53-/- cells. (E) Fixed-cell images of MDA-MB-231 cells following loss of Afadin.
(F) Quantification of the percent of mitotic cells with clustered spindles in MDA-MB-231
cells. All scale bars are 5 ym. All quantification was performed on at least 50 cells per
condition from 3 biological replicates. Error bars are SD. Significance was determined by
student’s t-test when comparing two conditions and a one-way ANOVA with Dunnett’s test
for multiple comparisons when comparing multiple conditions to one control
(*p<0.05,**p<0.01).

To determine the impact of cortical dynein activity on centrosome clustering in cells
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with CA, we disrupted cortical dynein localization via short-term dynein inhibition or
siRNA-mediated depletion of Afadin or LGN in RPE Plk4ind cells (Fig. 33 B,D,G). Short-
term treatment with the dynein inhibitor Dynarrestin (Dyn) has been shown to disrupt cor-
tical dynein localization while maintaining its localization at spindle poles, allowing it to
maintain its function in spindle formation and maintenance [107, ]. Dynein inhibi-
tion results in a drastic decrease in clustered spindles, with 50% of spindles clustering
in the control condition (siCtl) and 20% in the dynein inhibited condition (Fig. 34 A,B).
However, short-term dynein inhibition with Dynarrestin has been shown to additionally
disrupt dynein’s localization and function at kinetochores, impacting chromosome move-
ment and alignment [ 107]. To ensure that the unclustered phenotype that we see following
dynein inhibition is not a result of disruption to kinetochore-derived forces that contribute
to clustering, we specifically impacted cortical dynein localization via depletion of Afadin
or LGN using siRNA specific to either gene. Both of these proteins have known roles
in recruiting and anchoring the NuMA/dynein/dynactin complex to the actin cytoskeleton
during mitosis, and loss of either one of these proteins efficiently disrupts mitotic cortical
NuMA/dynein localization and activity [28, 53, 56, , ]. We find that loss of cortical
dynein via Afadin (siAfa) or LGN (siLGN) knockdown results in a similar spindle phe-
notype to Dynarrestin treatment, with about 50% less clustered spindles than the control
condition (Fig. 34 A,B).

To determine if loss of centrosome clustering is dependent on the number of centrioles
in the cell or DNA content, we perform similar analysis in tetraploid cells with four centro-
somes (RPE p53-/-) and cancer cells with CA (MDA-MB-231). We find that loss of cortical
dynein has a similar impact in each of these cell lines, with a significant decrease in clus-
tered spindles following siAfa or siLGN treatment (Fig. 34 C,D,E,F). These results suggest
that cortical dynein contributes to centrosome clustering, and this activity is independent

of centrosome number in cells with CA or DNA content.
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4.7 Cortical Dynein Suppresses Multipolar Divisions in Cells with Su-

pernumerary Centrosomes

Prolonged mitosis following treatment with the proteosome inhibitor MG132 improves
centrosome clustering efficiency [207]. To determine if cortical dynein-independent mech-
anisms are sufficient to cluster centrosomes in the absence of cortical dynein, we arrest RPE
Plk4ind cells in mitosis via MG132 treatment following siAfa or siLGN treatment. We find
that while the percent of cells with clustered spindles significantly increases in the control
condition (siCtl) following 30 minutes or 1 hour of MG132 treatment, mitotic arrest does
not impact the ability for centrosomes to cluster in the absence of cortical dynein (Fig. 35
A,B). These data suggest that dynein-independent mechanisms are not sufficient to cluster
centrosomes during prolonged mitosis.

To assess the fate of mitotic cells following loss of cortical dynein activity, we per-
formed time-lapse live-cell imaging in RPE Plk4ind cells stably expressing fluorescently-
tagged tubulin (EGFP-tub) (Fig. 35 C) [166]. Analysis of single cells progressing through
mitosis reveals that loss of cortical dynein via LGN depletion does not significantly impact
the duration of mitosis in cells with extra centrosomes (Fig. 35 D). Analysis of mitotic
fate, characterized as bipolar or multipolar cytokinesis, reveals that the vast majority of
cells with CA undergo a bipolar division after forming a functional bipolar mitotic spindle
(Fig. 35 E). However, loss of cortical dynein reduces the ability of cells undergo a bipolar
division by 50%, where the majority of cells instead undergo a multipolar division and re-
sult in 3 or more daughter cells (Fig. 35 C,E). Fixed-cell analysis of tetraploid cells with
four centrosomes (RPE p53-/-) reveals similar results, with a significant decrease in bipolar
anaphase or telophase cells (Fig. 35 F,G). Together these results suggest that cortical dynein

promotes centrosome clustering and bipolar divisions in cells with CA.
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Figure 35: Cortical dynein suppresses multipolar divisions in cells with supernumer-
ary centrosomes. (A) Fixed-cell images of RPE Plk4ind cells treated with MG132 for 1
h. (B) Quantification of the percent of mitotic cells with clustered spindle in RPE Plk4ind
cells following treatment with MG132 for 30 min or 1 h. The Unt. condition is the same
data shown in Fig. 34 B. (C) Still frames from live-cell imaging of RPE Plk4ind cells ex-
pressing EGFP-tubulin. (D) Quantification of mitotic duration, each dot is a cell. t=0 is
the time point just prior to nuclear envelope breakdown, characterized by loss of EGFP
exclusion from the nucleus. The final time point was characterized by rapid elongation of
the spindle in anaphase B. (E) Quantification from live-cell imaging of the percent of RPE
Plk4ind cells that undergo a bipolar division. (F) Fixed-cell images of RPE p53-/- cells in
telophase. (G) Quantification from fixed-cell imaging of the percent of cells undergoing a
bipolar division in RPE p53-/- cells. Mitotic fate (bipolar vs. multipolar) was character-
ized by the number of cytokinetic furrows. All scale bars are 5 pm. All quantification was
performed on at least 50 cells per condition from 3 biological replicates. Error bars are
SD. Significance was determined by student’s t-test when comparing two conditions or a
one-way ANOVA with Dunnett’s test for multiple comparisons when comparing multiple
conditions to one control
(*p<0.05, **p<0.01, ****p<0.§)(g)l, ns indicates not significant).



5 Cortical Dynein Influences Chromosome Alignment and

Segregation

5.1 Introduction

Building the mitotic spindle is required for chromosome alignment and segregation. Align-
ment is largely dependent of MT binding and force generation at kinetochores. The MT-
kinetochore interface is incredibly complex, but MT attachment is dependent on the Ndc80
complex [38—40]. However, it is well established that a bipolar spindle can form in the ab-
sence of MT attachments to kinetochores, although this significantly disrupts chromosome
alignment and segregation [26, 52, 157]. Furthermore, defects in chromosome alignment
impact the localization of the dynein/NuMA/LGN complex to the cell cortex, where close
proximity of chromosomes to the cell boundary prevents binding [122,239]. Our analysis
of spindle dynamics following loss of cortical dynein in cells shows a more robust impact
on spindle length fluctuations in cells lacking Nuf2 than in cells with robust MT attach-
ments (Fig. 21 B,D,E, Fig. 22 B,D,E). We find also that short term dynarrestin treatment,
which has been shown to partially disrupt kinetochore attachments [107], has a similar
impact on cells regardless of Nuf2 activity (Fig. 21 B,D,E, Fig. 22 B,D,E).

Additionally, we find that asymmetric and dynamic cortical dynein is insufficient to
maintain centrosome clustering in cells with CA, suggesting that other force-derived mech-
anisms may be important for sustained clustering. As the major force-generating compo-
nent within the spindle, MT attachments to kinetochores are an appealing candidate for this
activity. Together, these results suggest a complex force-balance relationship between cor-
tical and chromosome-derived forces and provide motivation for modeling chromosomes
and MT-chromosome interactions.

To explore these forces further, the model described in Section 2.2 can be extended to

include chromosomes. In this chapter, we present biological results exploring the impact
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Figure 36: Loss of cortical dynein promotes chromosome alignment and anaphase
onset in the absence of Nuf2. (A) Fixed-cell images of RPE cells in mitosis. (B) Quan-
tification of mitotic plate width in RPE cells. Each dot is a cell with the color representing
a biological replicate; squares are the average from the respective replicate. (C) Fixed-cell
images of RPE cells in different stages of mitosis. (D) Quantification of the percent of mi-
totic cells in each stage of mitosis. Scale bars are 5 pm. All quantification was performed
on at least 50 cells per condition from 3 biological replicates. Error bars are SD. Figure
modified from Kylie Belanger’s MQP (2022).

of loss of cortical dynein on cells lacking MT attachments to kinetochores and preliminary
modeling approaches to simulate chromosomes. The biological results presented in this
chapter were completed by Kylie Belanger as part of her Major Qualifying Project (MQP),
and the modeling work was performed in collaboration with Samantha Mora as a summer

Research Experience for Undergraduates (REU).

5.2 Loss of Cortical Dynein Improves Chromosome Alignment and

Segregation in the Absence of Nuf2

To explore the impact of cortical dynein-derived forces on chromosome alignment and

segregation in the absence of Nuf2, we performed fixed-cell imaging and analysis of cells
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A Single Chromosome with 10 Points B Single Chromosome with 50 Points

Figure 37: Chromosomes are defined by a number of n points. (A) Image of a single
chromosome created by 10 points. (B) Image of a single chromosome created by 50 points.
The black circle represents the kinetochore.

lacking cortical dynein and/or Nuf2 (Fig. 36 A). To quantify chromosome alignment, we
measure the mitotic plate width in cells. This was calculated as the distance between the
farthest kinetochores on each side of the spindle midzone. We found that chromosome
dispersion following loss of Nuf2 (siNuf2) was partially rescued with the additional loss
of cortical dynein (siNuf2/siLGN), with a decrease in metaphase plate width from 12.26
to 9.29 pm, respectively (Fig. 36 B). To determine if improved chromosome alignment
following loss of cortical dynein in the absence of Nuf2 impacts chromosome segregation,
we assessed the percent of cells progressing through anaphase in each of these conditions
(Fig. 36 C,D). Quantification of the percent of mitotic cells in anaphase significantly in-
creased following loss of cortical dynein in the absence of Nuf2 (Fig. 36 D). Together,
these data suggest that loss of cortical dynein impacts chromosome alignment and segre-
gation in the absence of stable end-on attachments to kinetochores. These results further
suggest that modeling chromosomes may elucidate force-related mechanisms involved in

chromosome alignment with and without cortical dynein.

5.3 Modeling Chromosomes as Rigid Polygons

In addition to biological experimentation, modeling approaches can be leveraged to assess

the impact of cortical dynein on MT attachments to chromosomes and chromosome dy-
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namics. The model described in Chapter 2.2 can be extended to include chromosomes
or chromosome-like structures and their associated forces. As described previously in
Chapter 2.2, fluid dynamics within the cell are characterized by a low Reynold’s number
[187,198]. This property is maintained when considering chromosomes and chromosome-
derived forces, with an approximated Reynold’s number of 5x107%. This is calculated
using Eq. 1 with a chromosome diameter [ = 1.4um and velocity v = 0.1um/sec.
Since this Reynold’s number is on the same order of magnitude as that calculated for cen-
trosome movement, all model parameters match those listed in Table 1 with additional
chromosome-related parameters listed in Table 3. Our preliminary approach to modeling
chromosomes and MT-chromosome interactions considered chromosomes as rigid blobs
(to simulate compact chromosomes in mitosis) with a circular kinetochore region in the
center of each blob (Fig. 37). The chromosome shape and structure was defined by a num-
ber of n points having random distance d € [1,2] pm from the center of the structure.
While calculations are performed in two dimensions, we assume a thin slice in the third
dimension to allow MTs to interact with the chromosomes without spatial restrictions. The
kinetochore is defined as a circular region with a radius of 0.3 um located in the center of
each chromosome. We identified MTs interacting with the chromosome using the MAT-
LAB function “inpolygon", which determines if a set of points is inside or on the edge of a
defined region. We allowed only MTs whose end point falls on the boundary or within the
polygonal region to generate force, since we are only considering end-on MT attachments
(Fig. 38).

MTs that interact with the chromosome can either bind and generate force, simulat-
ing MT binding to chromokinesins, or push against the chromosome if binding does not
occur. Binding to chromokinesins is determined by MT intersection with the polygonal
chromosome and a binding probability (F,.,), similar to MT-motor interactions described

in Section 2.2. The force by each chromokinesin is calculated as:
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Figure 38:  Identifica-
tion of MTs Intersect-
ing with Chromosomes.
Image of MTs nucleated
from a single centrosome
interacting with a sin-
gle chromosome (purple
structure). The end of the
<= MT that interacts with
the chromosome is la-
beled with a blue “*’.
The black circle repre-
sents the kinetochore.

15

£ = fo o (1 S e mi) , (17)

Vo,chr
where fj .5, 18 the stall force of chromokinesin, vy .5, is the walking velocity of chromoki-
nesin, v, is the velocity of centrosome c¢ that MT i is nucleated from, and 77i; is the unit
vector in the direction of MT . The total force by MTs nucleated from centrosome c

binding to chromokinesins on the & chromosome in the direction of the i** MT is,

N cnr
ﬁchr _ kz,:h m ex o gl chr 18
k - 7 p Kd i fz ) ( )

=1
where Ny, o4, 1s the total number of MTs on centrosome c that bind to chromokinesins on
chromosome k, ¢; is the length of MT i, d., is the minimal distance between centrosome
¢ and the chromosome &, and K is a scaling factor (Table 1). This force will push the cen-
trosome in the opposite direction of m;, away from the chromosome. MTs will stay bound
to chromokinesins and continue to grow at a velocity v, until the MT either undergoes
catastrophe and begins shrinking or the end of the MT end is no longer inside the polygo-
nal chromosome, at which time it will unbind. As described earlier, the exponential term
accounts for a higher drag due to MT length, density, and proximity between centrosome ¢

and chromosome £ (see details in Section 2.4).
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A slipping force, F,f“p , similar to the cortical slipping force described in Section 2.2,
is applied to MTs that interact with the chromosome but do not bind. The force-balance

equation for the movement of chromosome £ in the overdamped limit is:

0= FEM 4 S5 4 et 4 Fev 4 €, (19)

where ﬁ,:’ prevents two chromosomes from occupying the same space and ﬁ,:t is a
repulsive force between chromosome £ and centrosome ¢, similar to that described between
centrosomes in Section 2.2. We solve a system of k equations for the velocity of each
chromosome, ¥, and use the velocity to determine the new location of each chromosome.
An equal and opposite force is applied to the centrosome from which MT i is nucleated
and the chromosome on which it binds, and the associated centrosome-chromosome forces
are added to Eq. 2.

In addition to translational movement, chromosomes experience a rotational force that
is dependent on the angle at which MT ¢ interacts with the chromosome. For each MT ¢
bound to chromokinesins on chromosome %, we calculate the rotational velocity as:

. Ni,chr
R = 3" 7 x i, (20)
i=1
where 77; is the normal vector from the end of the MT to the center of chromosome k. We
solve a similar equation for MTs slipping on chromosome £:
Ni stip
R = 5" 7 ox £, 21)
i=1

We solve for the rotational velocity, @y of each chromosome £ by:

0= R + R 4 (aj, (22)

where ( is the rotational drag on chromosome £.
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Table 3: Chromosome-related model parameters. All parameters without reference were
approximated to match biological results.

Parameter Value Description Reference

fo,chr 1 pN Stall force of chromokinesin (kid) [19]

V0, chr 0.063 um/s Walking velocity of chromokinesin (kid) [19]

Py 0.5 Probability of binding to Approximated
chromokinesin

¢ 10 pNs Rotational drag coefficient Approximated

5.4 Chromosomes Become Positioned Near the Boundary of the Cell

Without Kinetochore Interactions
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Figure 39: Chromosomes become positioned near the cell boundary in the absence of
kinetochore attachments. (A) Traces of centrosome movement (left) and chromosome
movement (right) over time from a single simulation. (B) Traces of centrosome movement
(left) and chromosome movement (right) over time from a single simulation. Red ‘x’ rep-
resents initial centrosome or chromosome position, black ‘*” represents final centrosome
or chromosome position. Colorbar is time (min).
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Chromosome alignment is dependent on MT attachments to kinetochores, as loss of
kinetochore attachments result in misalignment and a wide distribution of chromosomes
throughout the cell during mitosis (Fig. 15 A,B). The inability of chromosomes to align in
the absence of kinetochore attachments prevents satisfaction of the SAC and progression
into anaphase. By modeling chromosomes and MT interactions with chromosome arms,
but not kinetochores, we find a similar result (Fig. 39). Specifically, we find that chromo-
somes become distributed away from the center of the cell and become oriented towards
the cell boundary (Fig. 39). Furthermore, we find that chromosomes become positioned
away from centrosomes within the cell in the absence of kinetochore attachments, suggest-
ing that centrosome positioning dictates chromosome movement and positioning (Fig. 39).
Together, these results provide insight into centrosome-dependent chromosome position-
ing in the absence of kinetochore attachments. In the future, this model can be used to test
the impact of cortical dynein-derived forces on chromosome alignment in the absence of

kinetochore attachments.
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6 Discussion and Future Directions

By leveraging our knowledge of the mitotic spindle, in combination with mathematics and
the laws of physics, we have built a model to simulate the formation and function of the
spindle. Our model has both validated experimental findings and made novel predictions
about spindle dynamics, proving it to be a valuable and cost-effective approach to studying

the dynamic process of mitosis.

6.1 Cortical Dynein Impacts Spindle Dynamics
6.1.1 Cortical dynein activity regulates bipolar spindle length and spindle dynamics

Cortical dynein has well established roles in spindle orientation and positioning (detailed in
Section 1.3). Complete loss or inhibition of dynein during mitosis results in splayed spindle
poles and failure to complete mitosis [60,91]. As such, mechanisms to specifically target
cortical localization of dynein during mitosis, while leaving dynein localized to spindle
poles and kinetochores unaltered, has been challenging. Mathematical and computational
modeling is an appealing approach to overcome this challenge, since protein activity and
force generation can be directly modulated. We use this approach to make novel predic-
tions about the impact of cortical dynein force generation on spindle dynamics. By directly
comparing biological results from fixed and live-cell imaging approaches, we optimized
model parameters and validated model behavior. Importantly, the model achieves a bipolar
“steady-state" spindle length, characteristic of a mitotic cell in metaphase (Fig. 16). Alter-
ing motor-dependent forces provides further confidence in model outputs, as loss of Eg5
and HSET overexpression results in spindle collapse and loss of cortical dynein reduces
bipolar spindle length, consistent with the well-established biological functions of these
proteins (Fig. 17 A,B) [107,115,156,162,181,219,222,277,278].

While examining spindle length, defined as the distance between centrosomes, over

time in simulations, we found that rather than maintaining a balanced “steady-state", spin-
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dle length was instead dynamic over time (Fig. 18). We found that drastic peaks in spindle
length corresponded with increases in force by cortical dynein. To test the impact of corti-
cal dynein activity on spindle length, we reduced its activity within the model. We found
that loss of cortical dynein not only reduces bipolar spindle length, but it also nearly re-
moves dynamic fluctuations in spindle length (Fig. 19). These results suggest that cortical
dynein is a primary regulator of both bipolar spindle length and spindle dynamics.

One strength of our model is the ability to selectively perturb motor protein popula-
tions. However, biological approaches have also succeeded in modulating cortical dynein
localization and activity. Specifically, dynein activity can be perturbed by targeting pro-
teins responsible for anchoring dynein to the actin cell cortex [53, 50, ]. Proteins, such
as Afadin and LGN, are required for cortical dynein localization and do not impact other
mitotic functions [28, 53, 56]. As such, loss of either of these proteins disrupts cortical
dynein localization while maintaining mitotic spindle structure and function. To test the
model prediction that cortical dynein activity induces fluctuations in bipolar spindle length,
we performed live-cell imaging of cells expressing fluorescently tagged centrosomes. By
tracking cells progressing through mitosis, we assessed spindle length in cells with and
without cortical dynein. Similar to our model prediction, we found that loss of cortical
dynein reduces fluctuations in spindle length over time (Fig. 21,22). These results confirm
our model prediction and validate the novel prediction that cortical dynein regulates bipolar
spindle dynamics.

This finding extends the body of work implicating cortical dynein in mitotic spindle for-
mation, orientation, positioning, length, and dynamics [25,78,122,190,191]. However, how
dynein regulates changes in metaphase spindle length remains elusive. Dynein is known to
localize dynamically to the cell cortex during mitosis, where its transient localization and
activity is dependent on Plk1 phosphorylation of NuMA [122]. This phosphorylation activ-
ity is dependent on the proximity of the spindle pole to the cell cortex where dynein is lo-

cated. Rather than being dynamic, our model considers dynein to be uniformly distributed
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around the cell boundary, with all MTs having an equal probability of binding to dynein.
To determine whether changes in spindle length are a consequence of uniformly distributed
dynein localization in our model, we can instead make dynein localization dynamic in time
or space to better capture its activity in cells. Additionally, dynein activity alters MT dy-
namics by inducing MT depolymerization through cargo adaptors [62, 64, 129,133, 179],
and astral MT dynamics are known to impact spindle orientation, positioning, and dynam-
ics [16,213,245]. To determine if astral MT dynamics impact metaphase spindle length
changes in mitosis, one could stabilize MT dynamics, either experimentally or within the
model. This work would further elucidate the mechanism by which dynein regulates fluc-

tuations in bipolar spindle length.

6.1.2 High EgS activity rescues spindle length and dynamics in the absence of corti-

cal dynein

The mitotic spindle is formed and maintained through a dynamic balance of forces [59]. A
combination of motor-dependent forces at the cell cortex and spindle midzone are responsi-
ble for spindle formation and maintenance. Disruption to this balance of forces can impact
the ability for cells to form a spindle or divide [35, , 155, 162]. Eg5 overexpression
is common in cancer and is associated with genomic instability, tumor progression, and
poor patient prognosis [30, 111,217]. Eg5 and cortical dynein activity are thought to act
synergistically to initiate and maintain centrosome separation in mitosis and overexpres-
sion of Eg5 results in an imbalance of forces, disrupting spindle structure [30, 59]. Results
from our model, however, suggest that high Eg5 activity may be important in regulating
spindle length and dynamics in the absence of cortical dynein. Specifically, we find that
high Eg5 activity can partially rescue both steady-state spindle length and spindle dynam-
ics following loss of cortical dynein (Fig.23). These data suggest that high Eg5 activity
may be beneficial to cells lacking cortical dynein. Experiments performed in cancer cells

with Eg5 overexpression, or in cells with experimentally induced Eg5 overexpression, with
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and without cortical dynein activity can further explore this hypothesis and determine the

extent to which Eg5 activity regulates spindle length and dynamics.

6.1.3 High cortical dynein activity is required for spindle formation when HSET

activity is high

Overexpression of HSET is common in cancer and is associated with poor patient prog-
nosis [74, 126, 146,192, 235]. High HSET activity is traditionally thought to aid cancer
progression by clustering supernumerary centrosomes in cancer cells with CA, promoting
bipolar spindle formation and continued cell proliferation [34, 79,81, , , , ].
However, clustering-independent mechanisms of HSET overexpression in cancer progres-
sion have more recently been found, making HSET a promising target for cancers indepen-
dent of centrosome number [123, 192,273]. By increasing HSET activity in our model, we
can assess the force requirements for spindle formation in the presence of high HSET. We
find that high cortical dynein activity is required for bipolar spindle formation in contexts
with high HSET activity, whereas spindles collapse with moderate dynein activity under
this condition (Fig. 17 A(ii),B(ii),D, Fig. 24). While it has been shown that a bipolar spin-
dle can form in the presence of HSET overexpression in cells, dynein activity has not been
implicated in this process [26]. From our results, we speculate that cancer cells having high
levels of HSET, regardless of centrosome number, may be dependent on cortical dynein for
bipolar spindle formation and accurate cell division. If true, therapeutic approaches to
inhibit or reduce cortical dynein activity may be particularly effective at limiting mitotic

progression in contexts of HSET overexpression, independent of centrosome number.

6.2 Cortical Dynein Drives Centrosome Clustering in Cancer Cells

with CA

Centrosome amplification is a hallmark of cancer and is associated with drug resistance,

tumor progression, and poor patient prognosis [51,75, 175]. Targeting centrosome cluster-
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ing to prevent cancer cell proliferation in cells with CA is a promising approach for tumors
with a high frequency of CA [131, , , ]. The primary motor-dependent force
implicated in centrosome clustering is HSET [131,207]. HSET is often overexpressed in
cancers with CA, and HSET activity is required for centrosome clustering in this context.
While the protein dynein has been implicated in centrosome clustering, this has exclusively
been associated with its function at spindle poles [199]. Our findings that cortical dynein
activity drives both fluctuations in spindle length and bipolar spindle formation when HSET
activity is high led us to hypothesize that cortical dynein influences centrosome clustering

in cells with supernumerary centrosomes.

6.2.1 Cortical Dynein Localizes Asymmetrically in Cells with CA

Cortical NuMA/dynein localizes asymmetrically in cells with two centrosomes [122,216].
To determine the localization of cortical NuMA in cells with CA, we used fixed-cell imag-
ing and found that NuMA localizes asymmetrically on the cell boundary in cells with CA,
with most mitotic cells having increased localization behind 1 spindle pole (Fig. 26 C,D).
This characteristic was independent of spindle morphology, where both clustered and un-
clustered spindles showed asymmetric cortical NuMA localization (Fig. 26 C,D). Using the
model described in Section 2.2, extended to have 4 centrosomes, we simulate asymmetric
dynein localization by allowing MTs to only bind to cortical dynein on one specific region
of the boundary (Fig. 28 A,B). In doing this, we found that centrosomes cluster toward the
region where MTs bind to dynein and a clustered bipolar spindle forms at a high frequency
(Fig. 28 B,C,F). These data suggest that centrosome clustering is responsive to cortical
dynein activity.

To biologically test the model prediction that centrosome movement and clustering is
responsive to dynein activity, one could use optogenetic manipulation of cortical NuMA
to specifically target NuMA/dynein to regions of the cell boundary in cells with CA.

In 2018, Okumura, et al. used this technique in cells with two centrosomes following
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loss of NuMA/dynein/dynactin complex through siRNA-mediated gene silencing of LGN
[191]. The authors found that light-induced targeting of NuMA was sufficient to recruit
dynein/dynactin to the cell cortex and generate force. Pairing this approach with our model
would further inform the extent to which centrosome clustering relies of cortical dynein

activity.

6.2.2 Dynamic dynein localization may assist centrosome clustering

Asymmetric dynein localization is dynamic in cells with two centrosomes [122]. To reca-
pitulate this, we make asymmetric dynein localization dynamic in time, where oscillations
in dynein localization occur at a set frequency 7. We find that nearly all simulations with
dynamic dynein, regardless of the value of the parameter 7°, cluster centrosomes (Fig. 30,
Fig. 31). However, we find that while dynamic and asymmetric dynein is sufficient to
cluster centrosomes, it is not sufficient to sustain clustering (Fig. 30, Fig. 31). This is in
contrast to asymmetric and statically localized cortical dynein, where clustering is main-
tained (Fig. 28, Fig. 30 A). When dynein is dynamic, we find that dynein-dependent forces
pull centrosomes together toward the region on the cell boundary where it is active, and
the removal of dynein causes centrosomes to begin moving apart (Fig. 30, Fig. 31). These
results suggest that other force-derived mechanisms likely contribute to the maintenance of
centrosome clustering in cells with CA.

Importantly, motor-independent mechanisms, such as non-motor protein activity and k-
fiber tension are implicated in centrosome clustering [69, 1 37]. Specifically, sufficient MT
tension through interactions with kinetochores is required for centrosome clustering, such
that loss of tension disrupts clustering [137]. Additionally, centrosomal proteins TACC3
and ch-TOG influence centrosome clustering, likely through their regulation of MT nucle-
ation and dynamics [7,55,69]. Our results suggest that these motor-independent forces may
specifically be involved in the maintenance of centrosome clustering. Exploring the rela-

tionship between kinetochore, non-motor, and cortical dynein-derived forces, both compu-
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tationally and experimentally, would be valuable in elucidating the mechanism(s) required
for sustained centrosome clustering in cells with CA.

It has been previously established in cells with two centrosomes that cortical dynein
localization and activity is dependent on the phosphorylation of NuMA by Cdk1 and Plk1
localized at the spindle poles [122]. Kiyomitsu & Cheeseman (2012) found that as the
spindle pole nears the cell cortex where dynein is localized, Plk1-dependent phosphoryla-
tion of NuMA induces the unbinding of dynein/dynactin from NuMA. Dynein localization
then shifts to the opposing side of the cell, initiating pulling forces to shift the entire spin-
dle structure within the cell. This spatially-dependent cortical dynein localization causes
oscillations of the spindle structure within the cell during mitosis [122]. From our model-
ing results, we propose a similar mechanism in cells with CA. Specifically, we propose that
asymmetric cortical dynein drives initial centrosome clustering and pulls centrosomes close
to the cortex (Fig. 40). Once close to the cell boundary, kinase-dependent phosphorylation
of cortical NuMA removes dynein from the cell boundary (Fig. 40). Once cortical dynein is
moved, in the absence of chromosomes, centrosomes decluster (Fig. 40 A). Alternatively,
in the presence of chromosomes and chromosome-derived forces, kinetochore-mediated
tension aids the maintenance of clustered centrosomes once cortical dynein is re-localized
(Fig. 40 B). We hypothesize that this dynamic localization of cortical dynein assists cen-
trosome clustering and the continued proliferation of cancer cells with CA.

Extension of our model to include spatially-dependent dynein localization, rather than
temporally-dependent, may make further predictions about the dynamics of dynein-dependent

centrosome clustering.

6.2.3 Loss of cortical dynein disrupts centrosome clustering

To determine the extent to which cortical dynein contributes to centrosome clustering, we
prevent MT binding to dynein anywhere on the cell boundary in our model. In doing this,

we found that loss of cortical dynein activity disrupts centrosome clustering (Fig. 32). To
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Figure 40: Proposed model of dynein-dependent centrosome clustering. (A) Schematic
of a cell with three centrosomes with no chromosomes in mitosis. Cortical dynein localizes
asymmetrically on the cell boundary (pink arc). Cortical dynein activity pulls centrosomes
together towards the region of dynein localization until kinase-dependent phosphorylation
of NuMA induces unbinding of dynein. Dynein localizaton oscillates to the opposing side
of the cell while centrosomes that were clustered by cortical dynein activity decluster. (B)
Schematic of cell with three centrosomes with chromosomes in mitosis. Asymmetric corti-
cal dynein pulls centrosomes together toward the region of dynein localization until kinase-
dependent phosphorylation of NuMA induces unbinding of dynein. Dynein localization
oscillates to the opposing side of the cell while clustered centrosomes are reinforced by
non-motor and/or k-fiber tension-dependent mechanisms.

validate this model prediction, we used using fixed and live-cell imaging approaches in cells
with CA with and without cortical dynein. Biological results were consistent with model
results, with a significant reduction in clustered spindles and an increase in multipolar
divisions following loss of cortical dynein (Fig. 34, Fig. 35). Furthermore, this finding
was consistent across cell lines, suggesting that dynein’s role in centrosome clustering is
independent of centrosome number (>2) and DNA content (Fig. 34). Together, these data
suggest that cortical dynein contributes to centrosome clustering in cells with CA. Work
from our lab previously showed that inhibition of the kinase Aurora A disrupts centrosome

clustering [183]. NuMA is a target of Aurora A phosphorylation, and inhibition of Aurora
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A induces an accumulation of NuMA at spindle poles while simultaneously reducing its
localization at the cell cortex [80]. Based on our results suggesting that loss of cortical
dynein disrupts clustering, it is tempting to speculate that Aurora A’s phosphorylation of
cortical NuMA is the mechanism by which it aids centrosome clustering. Future work
further exploring this relationship in cells with CA could further elucidate mechanisms by

which Aurora A and cortical dynein assists in centrosome clustering.

6.2.4 Actin and dynein act independently to cluster centrosomes

While cortical dynein has not been previously implicated in centrosome clustering, other
proteins associated with the cell cortex have. These proteins include the actin cytoskeleton,
E-cadherin, and the ERM complex [102,131,207]. All of these components are complexly
linked to dynein localization and activity at the cell cortex. Dynein is directly linked to the
actin cell cortex through astral MTs and a complex including NuMA, LGN, and Gai [53].
Previous work has established that cortical dynein and the actin cell cortex act through
independent mechanisms to orient the spindle in cells with two centrosomes [216]. Con-
sistent with these previously published results, we find no disruption to cortical NuMA
localization upon loss of actin-dependent cortical contractility via treatment the myosin II
inhibitor Blebbistatin (Fig. 41 C,D) [232]. To determine if actin and dynein act through
independent mechanisms to aid centrosome clustering, we assessed spindles in tetraploid
RPE p53-/- cells with four centrosomes following Blebbistatin treatment with and without
cortical dynein. We found that Blebbistatin treatment in cells with CA with normal cor-
tical dynein activity (siCtl) impairs centrosome clustering, with a 20% decrease in cells
with clustered spindles following Blebbistatin treatment (Fig. 41 A,B). These data suggest
that cortical contractility contributes to clustering, consistent with the previous finding that
actin is implicated in centrosome clustering [ 13 1]. In cells lacking cortical dynein (siLGN),
however, we see no further disruption in centrosome clustering, with no significant differ-

ence in Blebbistatin treated cells with and without cortical dynein (Fig. 41 A,B). These
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data suggest that the actin-dependent forces and cortical dynein-derived forces act through
independent mechanisms to cluster centrosomes in cells with CA.

Loss of E-cadherin has been shown to disrupt centrosome clustering by reducing corti-
cal contractility [207]. In epithelial tissues, however, E-cadherin binds to LGN to direct the
localization of NuMA to cell-cell junctions [¢7]. Furthermore, in non-dividing cells, dynein
co-localizes with E-cadherin and [-catenin at cell-cell junctions [145]. These findings, in
combination with our results, suggest that loss of E-cadherin may also disrupt centrosome
clustering through loss of cortical dynein localization and force-generation. Further explo-
ration of the localization of dynein in cells with and without E-cadherin would be necessary
to inform this hypothesis.

The cell cortex is not the only region of actin localization during mitosis. In addition
to its well established role in cortical rigidity, actin filaments form an amorphous rotating
cloud during mitotic progression [174]. The unconventional myosin motor, myosin X,
which is able to bind to both MTs and actin filaments, has been shown to directly interact
with this cloud of actin to orient the spindle [&, , ]. Previous findings show that
loss of LGN and myosin X have a synergistic disruption to spindle orientation, where loss
of both have a more significant impact on orientation than loss of either one alone [132].
These findings suggest that the mechanism by which MT/myosin X/actin orients the spindle
is independent of the MT/dynein/NuMA/LGN/actin mechanism. Additionally, a human
myosin X ortholog has been implicated in centrosome clustering in drosophila, however
this has not been explored in human cells [131]. Therefore, astral MT interactions with
myosin X may additionally contribute to centrosome clustering in the absence of cortical
dynein. Experiments exploring centrosome clustering efficiency with and without myosin
X activity, in combination with loss of cortial dynein, would be necessary to explore this

hypothesis.
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6.2.5 Merlin/ERM-dependent centrosome clustering may be driven by dynein activ-
ity
ERM proteins have been implicated in spindle orientation and positioning through direct
modulation of LGN/NuMA localization and astral MT dynamics [153, ]. Loss of the
tumor suppressor protein Merlin disrupts localization of ERM proteins to the cell cortex and
impacts spindle positioning and orientation [ 102]. Furthermore, disruption of cortical Ezrin
localization through loss of Merlin prevents centrosome clustering [102]. It is therefore
tempting to speculate that the Merlin-dependent decrease in centrosome clustering is a
result of loss of cortical dynein and force generation. Exploring the impact of loss of Merlin
on centrosome clustering in the absence of cortical dynein could link the mechanisms by

which loss of each of these proteins disrupts clustering.

6.3 Loss of Cortical Dynein Influences Chromosome Alignment and

Segregation Following Loss of MT-Kinetochore Attachments

MT interactions with kinetochores are the major force-generating component driving chro-
mosome movement and alignment during mitosis. In the absence of kinetochore attach-
ments, via loss of MT binding to the Ndc80 complex, chromosomes become widely dis-
persed throughout the cell (Fig. 15 A,B). We found that following loss of cortical dynein
activity chromosome alignment is partially rescued in the absence of Nuf2, a critical com-
ponent of the Ndc80 complex (Fig. 36 B). These results suggest that either MT attachments
to kinetochores are being rescued in the absence of Nuf2 when cortical dynein is lost, or
mechanism(s), such as lateral MT attachments or polar ejection forces are compensating
for disrupted forces within the spindle to align and segregate chromosomes. To deter-
mine if end-on MT attachments to kinetochores are being rescued following loss of cortical
dynein in the absence of Nuf2, we assessed the localization of astrin, a protein that local-

izes along MTs, at spindle poles, and at kinetochores where it acts to stabilize kinetochore
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Figure 41: Cortical contractility and dynein act independently to aid centrosome clus-
tering. (A) Fixed-cell images of tetraploid RPE p53-/- cells with or without Blebbistatin
treatment. (B) Quantification of the percent of mitotic cells with clustered spindles in
tetraploid RPE p53-/- cells with and without cortical dynein and Blebbistatin treatment.
(C) Fixed RPE cells stained for NuMA with and without Blebbistatin treatment. (D) Quan-
tification of the percent of mitotic RPE cells with visible cortical NuMA with and without
Blebbistatin treatment. All scale bars are 5 ym. All quantification was performed on at
least 50 cells per condition from 3 biological replicates. Error bars are SD.

MT attachments and promotes chromosome alignment [ 159]. Preliminary results from this
analysis suggest that end-on attachments are not being rescued in the absence of cortical
dynein (data not shown; incomplete replicates performed by Kylie Belanger). Therefore, a
Ndc80-independent mechanism is aiding chromosome alignment in the absence of cortical
dynein. Future work could explore key force regulators involved in this process, including
chromoskinesin-derived forces and lateral attachments to the kinetochore by k-fibers.

Additionally, we found that more cells progress into anaphase when they lack both Nuf2
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and cortical dynein compared to Nuf2 alone (Fig. 36 C,D). The ability of cells to progress
through to anaphase following loss of Nuf2 and cortical dynein suggests that components
of the SAC may be compromised. The SAC is required to prevent premature chromosome
segregation prior to the establishment of stable bi-oriented kinetochores (attached to MTs
from both spindle poles) and components of the SAC are regulated by the Ndc80 complex
[65,95, 164, 182,262]. Our results suggest that disruption to SAC signaling following loss
of Nuf2 may be rescued in the absence of cortical dynein. Future work should explore

localization and activity of SAC components in cells lacking Nuf2 and/or cortical dynein.

6.3.1 Modeling chromosomes and kinetochores can inform force requirements for

chromosome alignment and centrosome clustering

The purpose of the mitotic spindle is to separate the genetic material in the cell evenly
to form two new daughter cells. Therefore, understanding how the mitotic spindle and
chromosomes interact to allow this process to take place is essential. In this work, I de-
scribe a mathematical and computational model to simulate the formation and function of
the mitotic spindle in the absence of chromosomes and chromosome-derived forces. We
have additionally described an approach to model chromosomes and MT interactions with
chromosome arms (see Section 5.3). We find that with chromokinesin and MT pushing
forces on the chromosomes alone, chromosomes become positioned near the boundary of
the cell (Fig. 39). This phenotype is similar to the chromatin dispersion seen following loss
of end-on MT attachments to kinetochores following loss of Nuf2 (Fig. 15 A,B).

Both chromosomes and centrosomes move in response to forces generated by these MT
interactions. While chromokinesin-derived forces are essential for chromosome alignment,
they are not the major component of force generation on the chromosome [”?]. Instead,
MT interactions with kinetochores dominate chromosome movement, alignment, and seg-
regation [203]. Consisting of over 100 proteins, the kinetochore is an incredibly complex

region [38]. MT interactions with the kinetochore are equally complex, and there are many
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components that should be carefully considered when modeling MT-kinetochore interac-
tions and force generation. First, rather than individual MTs, 15-30 MTs bundle to form
a k-fiber that interacts with the kinetochore region of the chromosome [243]. The number
of MTs in the k-fiber bundle increases during mitotic progression, and the bundling activ-
ity is dependent on non-motor crosslinking activity by a protein complex of TACC3-ch-
TOG-clathrin [15,41]. While tools like Cytosim would be particularly useful in modeling
crosslinking-dependent MT bundling and k-fiber binding and dynamics, using a minimal-
istic modeling approach to capture kinetochore dynamics can accurately capture biological
phenomena while reducing computational complexity [5]. The model described in this
work could be extended to allow MT bundling and k-fiber interactions with kinetochores.
Alternatively, since the force generation at kinetochores is well characterized, an approach
directly simulating force generation, rather than simulating individual MTs and MT inter-
actions, could be used [203]. Upon successfully capturing kinetochore-dependent forces in
our model, we can make novel predictions about the force requirements for proper chro-

mosome alignment and centrosome clustering.

6.4 Non-Motor Proteins are Essential for Spindle Formation and Func-
tion

Throughout this work I have discussed the role of motor-dependent forces on mitotic spin-
dle formation and function. However, equally important components of the spindle are non-
motor proteins. Non-motor proteins have essential roles in MT dynamics, spindle pole in-
tegrity, chromosome alignment, and chromosome segregation [!58]. Additionally, models
in yeast have shown that a stable bipolar spindle can form in the presence of non-motor pro-
teins alone through dynamic binding and unbinding activity [135]. Yeast undergo a closed
mitosis, with spindle poles remaining embedded in the nuclear envelope, and have a simple
spindle structure, with only 14 MTs per spindle pole. This makes yeast an appealing model

organism to use for modeling the mitotic spindle [1 1,61, , ]. However, to understand
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the implications of mitotic spindle function or disruption on human disease development
and progression, modeling the mammalian mitotic spindle is essential. Experimentally
testing whether non-motor-dependent activity is sufficient to form a spindle in mammalian
cells is impossible due to the complexity of the cell. Through extending our model to either
consider individual non-motor/crosslinking proteins or simulating crosslinking activity, we
could explore the impact of non-motor activity on spindle formation, function, and centro-
some clustering. Furthermore, by removing motor-dependent forces we could determine if
crosslinking activity is sufficient to form a spindle in mammalian cells or maintain centro-

some clustering in cells with CA.
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7 Conclusions

Overall, this work described novel mechanisms by which cortical dynein-derived forces
impact spindle dynamics and centrosome clustering. We defined a mathematical model
that captures bipolar spindle formation and function by considering dynamic MT interac-
tions with the motor proteins Eg5, HSET, and dynein. Using this model, we found that
cortical dynein drives dynamic fluctuations in spindle length over time in cells with two
centrosomes (described in Chapter 3). By extending the model to have extra centrosomes,
we found that cortical dynein-dependent pulling forces drive centrosome clustering in cells
with CA. This finding has important implications in cancer where CA results in cancer
progression and poor patient prognosis. Together, this work highlights the strength of us-
ing mathematical modeling alongside biological experimentation to make novel predictions
about dynamic biological processes and reveals new insight into potential mechanisms to

suppress centrosome clustering in cancers with CA.
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8 Methods

8.1 Biological Approaches
8.1.1 Cell Culture

All cell lines were maintained at 37°C with 5% CO,. hTERT-immortalized Retinal Pigment
Epithelial (RPE) cells expressing the tet-inducible Plk4 or GFP-centrin construct (provided
by Neil Ganem, Boston University) and MDA-MB-231 (provided by Catherine Whitting-
ton, Worcester Polytechnic Institute) cells were maintained in Dulbecco’s Modified Essen-
tial Medium (DMEM) while RPE p53 deficient cells (provided by Meng-Fu Bryan Tsou,
Memorial Sloan Kettering Cancer Center) were maintained in DMEM F-12. All cell cul-
ture medium was supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin

and Streptomycin.

8.1.2 Lentiviral Vectors

RPE cells stably expressing the tet-inducible Plk4 construct were previously described
[89,207] and generously provided by Neil Ganem. RPE cells stably expressing L.304-
EGFP-Tubulin (Addgene #64060) were generated by lentiviral transduction and placed un-
der 10 pm/mL Puromycin selection for 5-7 days. Expression of the tagged constructs was
confirmed by immunofluorescent imaging [166]. RPE cells stably expressing GFP-centrin

were previously described [197] and generously provided by Neil Ganem.

8.1.3 siRNA and qPCR

Depletion of Nuf2, Afadin, and LGN was achieved by transient transfection of a pool of
four siRNA constructs (Nuf2 target sequences: 5’-gaacgaguaaccacaauua-3’, 5’-uagcugagauugugauuca-
3’, 5’-ggauugcaauaaaguucaa-3’, 5’-aaacgauagugcugcaaga-3’; Afadin target sequences: 5’-
ugagaaaccucua guugua-3’, 5’-ccaaaugguuuacaagaau-3’, 5’-guuaagggcccaagacaua-3’, 5’-

acuugagcggcaucgaaua-3’, LGN target sequences: 5’-gaacuaacagcacgacuua-3’, 5’-cuucagggaugcaguuaua-
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3’, 5’-acagugaaauucuugcuaa-3’, 5’-ugaaggguucuuugacuua-3’) at 50 nM using RNAIMAX
transfection reagent according to manufacturer’s instructions. Knockdwon conditions were
performed alongside a scrambled control (siScr/siCtl) with a pool of four non-specific se-
quences (5’-ugguuuacaugucgacuaa-3’, 5’-ugguuuacaugu

uguguga-3’, 5’-ugguuuacauguuuucuga-3’, 5’-gguuuacauguuuuccua-3’).

Cells were collected in Trizol either 48 or 72 hours after transfection for gene expression
analysis via qPCR. Phase separation and RNA isolation was performed according to man-
ufacturer’s instructions. cDNA was synthesized according to manufacturer’s instructions.
Depletion was confirmed by qPCR with primers for Nuf2 (F:5’-taccattcagcaatttagttact-3’,
R:5’-tagaatatcagcagtctcaaag-3’), Afadin (F:5’-gtgggacagcattaccgaca-3’, R:5’tcatcggcttcaccattcc-
3’), LGN (F:5’-gtgaccacccgtctgtcg-3’, R:5’-ttcagcaacatttctcccge-3’), and GAPDH (F:5°-
ctagctggeecgatttctee-3’, R:5’-cgeccaatacgaccaaatce
aga-3’) as a control. Media with transfection reagents was removed from cells at least 4

hours after transfection and replaced with fresh complete medium.

8.1.4 Chemicals

Table 4: Chemicals Used in Biological Experiments

Chemical Stock Treatment Treatment Manufacturer
Concentration Concentration Duration
Blebbistatin 17 mM 50 pm 4h Sigma-Aldrich
Dihydrocytochalasin B 1.5mg/mL 1.5 pug/mL 24 h Sigma-Aldrich
Doxycycline 2mg/mL 2 pg/mL 48 h,72h Acros Organics
MG132 20 mM 20 uM 30 min, 1 h Fisher (Tocris)
RO-3306 10 mM 9 ym 5 min Sigma-Aldrich

8.1.5 Immunofluorescence Imaging

Cells were captured with a Zyla sSCMOS (Oxford Instruments, Belfast, UK) camera mounted
on a Nikon Ti-E microscope (Nikon, Tokyo, Japan). A 60x Plan Apo oil immersion ob-

jective was used for fixed-cell imaging and live-cell imaging of RPE cells expressing GFP-
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centrin to visualize centrosomes [81], and a 20x CFI Plan Fluor objective was used for
live-cell imaging of RPE cells expressing GFP-tubulin [166]. Representative images of

RPE cells expressing GFP-tubulin were captured with a 40x Plan Apo objective.

8.1.6 Fixed-Cell Imaging and Analysis

Cells seeded onto glass coverslips that were stained for NuMA were rinsed briefly in phos-
phate buffered saline (PBS) and placed in PHEM buffer with 0.3% Triton X-100 (TX-100)
for 5 min. Cells were fixed in warmed 3.7% paraformaldehyde supplemented with 30
mM sucrose for 15 min and then permeabilized in 0.1% TX-100 in PBS for 5 min. Cells
were blocked in 3% PBS-BSA with 0.05% Tween-20 for 15 min. Primary antibodies (anti-
NuMA (1:100; Abcam ab109262, Cambridge, UK)) were diluted in blocking solution and
cells were incubated in a humid chamber for 1 h. Cells were washed briefly in blocking
solution. Secondary antibodies were diluted 1:1000 in blocking solution and cells were
incubated in a humid chamber in the dark for 1 h. Cells were washed briefly in blocking
solution. Cells were post-stained with TBS-BSA + 0.2 ug/mL DAPI for 20 min.

Cells stained for all other antibodies were rinsed briefly in phosphate buffered saline
(PBS) and placed in ice cold methanol for 10 minutes at -20°C. Coverslips were washed
briefly with PBS and blocked in TBS-BSA (10 mM Tris at pH 7.5, 150 mM NaCl, 1%
bovine serum albumin (BSA)) for 10 minutes. Cells were incubated with primary anti-
bodies diluted in TBS-BSA (anti-a-tubulin (1:1500; Abcam ab18251, Cambridge, UK),
anti-Ndc80 (1:500; Novus Biologicals, Littleton, CO), anti-Centrin (1:1000; Millipore 04-
1624, Burlington, MA), for 1 hour in a humid chamber. Cells were washed in TBS-BSA for
10 minutes then incubated with fluorophore-conjugated secondary antibodies (Invitrogen,
Carlsbad, CA) diluted 1:1000 in TBS-BSA + 0.2 pg/mL DAPI for 45 minutes.

Fixed and live-cell image analysis was performed in NIS Elements. In Chapter 2.6,
fixed cell analysis of DNA area was quantified by gating a region of interest by DAPI

fluorescence intensity. In Chapter 3, spindle length was quantified by performing line
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scans along the long axis of the mitotic spindle and considering the spindle poles to be
the two highest peaks in fluorescence intensity. All analysis performed and all represen-
tative images are of a single focal plane. Background was subtracted by the rolling-ball
algorithm [31] and contrast was adjusted in ImageJ to prepare fixed-cell images and GFP-
centrin live-cell images for publication. Statistical analysis between two conditions was
performed in Excel; two-tailed Student’s #-test was used for comparisons between two
groups. To assess multiple comparisons, a one-way ANOVA was performed with Dun-
nett’s test post-hoc for simultaneous comparison between each test condition and a control.

In Chapter 4, spindle morphology was characterized as clustered or unclustered. Clus-
tered spindles were those with < 4 ;sm between adjacent centrosomes. NuMA localization
was determined to be present or not present, as described previously [216]. Cells with
NuMA present were further characterized by location with respect to spindle poles, with
NuMA localized behind 1, behind >1, or between spindle poles, as determined by in-

creased cortical localization in those regions.

8.1.7 Live-Cell Imaging and Analysis

RPE cells stably expressing a-tubulin-EGFP were seeded onto a 6-well plate. NIS ele-
ments HCA jobs software was used to enable multi-coordinate, multi-well imaging in a
single z-stack (0.67 pm per pixel) [166]. Images were captured every 5 minutes for 16
hours in Chapter 2.7 or every 2.5 min for 12 hours in Chapter 4. Analysis was performed
on at least 50 mitotic cells. Mitotic duration was quantified as the time between nuclear en-
velope breakdown, determined by loss of GFP exclusion from the nucleus, to anaphase B,
determined by rapid elongation of the spindle. Mitotic fate was determined by the number
of cytokinetic furrows (bipolar: 2 cytokinetic furrows, multipolar: >2 cytokinetic furrows).

RPE cells stably expressing GFP-centrin were seeded onto glass coverslips and placed
in a sealed chamber slide with 100 u1 of media. Single cells entering mitosis were captured

at 60x in a single z-stack (0.11 pm per pixel) every fifteen seconds for the duration of
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mitosis or until centrosomes were no longer in the same plane. Spindle length fluctuations
were quantified as the average number of peaks per minute, rather than the total number of

peaks per trace to account for changes in movie duration.

8.2 Modeling Approaches
8.2.1 Model and Data Generation

All computational modeling and model analysis was performed in MATLAB. Due to the
benefit of running many parallel operations simultaneously, the code was written to run on
a graphics processing unit (GPU). We leveraged the parallelism of GPUs to perform every
calculation on every MT at each time step. While it seems counterintuitive to perform
thousands of unnecessary computations, this structure runs 93% faster than an iterative
method on a CPU (simulations completed in 24h on a CPU take 1.5h on GPU).

We create a file that defines the parameters within the model and one that initializes
the components that define the physical structures within the model (centrosome position,
MT characteristics, etc.) and force vectors. These files are called into the main file, after
which the time loop is defined. To define our MTs, we establish a parameter U that is equal
to the maximum number of MTs allowed in the system. We then create vectors for each
characteristic that defines MTs (MT length, MT angle, MT coordinates, the centrosome it
is attached to, etc.). Each of these vectors has length U, where the entries are non-zero if
the MT exists. At time ¢ = 0, 300 entries are non-zero. As MTs are nucleated over time,
more entries become non-zero.

Similarly, each force is initialized as a vector of zeros with length U. If the probability
and distance requirements for force generation are not satisfied (Fig. 8), entries remain non-
zero. Alternatively, forces will be calculated by equations described in Chapter 2.2. Forces
are calculated in individual function files to which the necessary information to calculate
the force is passed in. Within each force function file, we use the MATLAB function

“arrayfun", which applies a function to each element of an array. This allows us to loop on
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MTs while maintaining the speed of GPU computation. Within each “arrayfun", the force
on individual MTs is calculated. This force vector is updated based on these calculations
then called back out to the function file for the respective force. The total force is then
calculated based on Egs. (4),(6),(11),(12),(13). Updated forces within the function files are
called back out into the main file. These forces are then summed by Eq. (2) to calculate
the net force on each centrosome, then the position of the centrosome is updated based on
these forces.

Data was generated using a high-performance computing system acquired through NSF
MRI grant DMS-1227943 to WPI. Data was averaged over at least 10 simulations for each

condition. Additional model details and analysis in the Appendix.
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9 Appendix

9.1 Existing Models of Mitosis

Mathematical modeling of mitotic progression has been a valuable tool in making novel

predictions and better understanding the dynamic process. Below I summarize existing

models of early spindle elongation (Table 5), spindle assembly (Table 6), spindle pole

organization (Table 7), the regulation of interpolar MT overlap regions (Table 8), spindle

movement and positioning (Table 9), the regulation of spindle length and structure (Table

10), and centrosome clustering (Table 11).

Table 5: Early Spindle Elongation

Species Model Outcome Limitations

Drosophila Cortical dynein balances Ncd | Omits MT dynamics and MT-
(HSET in humans) to regulate | dependent forces, such as polymer-
centrosome separation in prophase. | ization against the cell cortex. [49]

Drosophila Force produced by nuclear elasticity | Omits MAPs and other regulators of
is synergistic to Ncd-derived forces | MT dynamics. [50]
during centrosome separation dur-
ing prophase.

Table 6: Spindle Assembly

Species Model Outcome Limitations

Xenopus Proposes the existence of motor | Omits motor-independent forces
proteins with plus and minus-end- | and protein-dependent regulation
directed activity at the interpolar re- | of MT stability. Does not include
gion of the spindle. chromosomes. [185]

Xenopus Characterize optimal parameters for | Omits inward forces by kinesin-14

spindle formation via Eg5 and
chromokinesin-derived forces.
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Xenopus

General

Xenopus

Human

S. pombe

S. pombe

S. pombe

S. pombe

Propose a model for anastral (lack-
ing asters) spindle assembly where
MTs nucleated near chromosomes
slide outward and cluster to form
functional spindle poles, which de-
pends on two distinct classes of
molecular motors.

Spatial regulation of MT catastro-
phe parameters can lead to better
spindle morphology and longer an-
tiparallel MT overlap.

NuMA/dynein-dependent transport
of the MT depolymerizing agents
kinesin-13 and MCAK are required
for spindle formation.

Spindle assembly is sensitive to
kinetochore size and architecture.

MT bundling by crosslinking pro-
teins and sliding by kinesin-14 is
sufficient to generate a bipolar spin-
dle.

A bipolar spindle can form in
the presence of passive crosslinkers
alone.

Define the required characteristics
of passive crosslinkers to form and
maintain a bipolar mitotic spindle.

Define the requirements of chromo-
some biorientation and bipolar spin-
dle formation and maintenance.

Considers general plus and minus-
end-directed motors rather than spe-
cific motor proteins (dynein versus
kinesin-14), and non-dynamic MT
plus ends. [24]

Considers only motor proteins with
heterocomplexes, those with motor
heads that move in opposite direc-
tions. [30]

Omits kinesin-14 derived forces.

[149]

Does not consider motor proteins.

[154]

Only considers a static crosslinker
and kinesin-14, omits activity by

other motor proteins including
kinesin-5. [109]
Omits chromosomes and

chromosome-derived forces. [11]

No motor protein-derived forces in-
cluded or tested. [135]

S. pombe have simplified spindles
with a set number of MTs, and spin-
dle pole bodies embedded in the nu-
clear envelope. Relevant applica-
tions to metazoans is unclear. [61]

Table 7: Spindle Pole Organization

| Species

\ Model Outcome

\ Limitations
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Human (cell-
free)

Human (cell-
free)

MT organization at the spindle poles
requires both motor and non-motor
forces.

Dynein activity promotes MT orga-
nization and aster formation.

No MT-cortex interactions or forces
considered; HSET and dynein only
bound to parallel MTs. [33]

Prevent continuous motor-
dependent transport and does
not reproduce experimentally estab-
lished results of aster centering. [48]

Table 8: Regulation of Interpolar MT Overlaps

Species

Model Outcome

Limitations

General

S. cerevisiae

Passive cross-linkers have a dy-
namic role in regulating interpolar
MT overlap length in the spindle.

Minus-end-directed motility by
kinesin-14 aligns MTs along the
spindle axis, allowing kinesin-5
to modulate spindle length at
antiparallel MT overlaps.

Omits MT dynamics. [112]

Omits MT dynamics and considers
only the simple spindle structure of
budding yeast. [104]

Table 9: Spindle Movement and Positioning

Species Model Outcome Limitations
C. elegans Cooperative cortical force genera- | One-dimensional model. [94]
tion contributes to spindle oscilla-
tions during asymmetric cell divi-
sion.
C. elegans MT dynamics impact spindle posi- | Considers only cortical force gener-
tioning and oscillations. ators. [129]
C. elegans The asymmetric distribution of cor- | Only a single MT aster is consid-
tical dynein contributes to asymmet- | ered. [152]
ric spindle positioning within the
cell.
General Spindle positioning and orientation | Assume both dynein and kinesin

is dependent on cell shape and size.
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tex; considers kinesin to always
be plus-end-directed (omits kinesin-

14). [142]




General

Interpolar and astral MT length dif-
ferences, inducing geometric asym-
metry within the spindle, induce an
upper limit of spindle length.

Assume both dynein and kinesin
generate force at the cell cor-
tex; considers kinesin to always
be plus-end-directed (omits kinesin-

14). [143]

General Tricellular junctions competes with | Omits cell rounding when testing
cell size to be the dominant factor | the impact of tricellular junctions on
regulating spindle orientation in tis- | spindle orientation; omits kinesin-5-
sues. derived forces. [141]

Table 10: Regulation of Spindle Length and Structure

Species Model Outcome Limitations

Xenopus Katanin-dependent MT stabilization | Omits kinesin-14 derived forces.
impacts spindle length. Simulated with Cytosim, limiting

the available components for testing
and validation. [150]

Drosophila Reverse engineering of experimen- | Composes a  simplistic  one-
tal data reveals essential biophysi- | dimensional, symmetric spindle
cal properties of the mitotic spin- | with a homogeneous distribution of
dle, and implicate opposing forces | motor proteins. [267]
by Eg5 and k-fibers in the mainte-
nance of the spindle.

Drosophila A balance between MT depolymer- | Omits astral MT interactions with
ization and MT sliding regulates | the cell cortex and chromokinesins.
metaphase spindle length. [O1]

Drosophila The lamin-B spindle envelope sup- | Omits chromosomes and
plements kinesin-5 and kinesin-14 | chromosome-associated forces
forces balance at the spindle mid- | and cortex-associated forces. [44]
zone in prometaphase.

Human Torque within the spindle con- | Omits motor-dependent forces and
tributes to its chirality. considers only established, static

MT bundles. [189]
Table 11: Centrosome Clustering
| Species | Model Outcome Limitations
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Drosophila Chromosomes are a barrier that pre- | Omits cortex and kinesin-5-derived
vents centrosome clustering in poly- | forces. [92]
ploid cells.

General Define attractive and repulsive | Does not explicitly model MTs (MT
forces required for centrosome clus- | dynamics and forces omitted). [37]
tering; centrosome attraction to the
cell cortex (cortical dynein force)
offsets centrosome-centrosome
attraction (kinesin-14 force).

General MT-derived torque on chromo- | Omits cortex-derived forces. [170]
some arms, in combination with
centrosome-centrosome  attraction
promotes centrosome clustering.

9.2 Model Analysis

Two Centrosomes

While many parameters in our model have been well established by biological, biophysical,
or mathematical studies, we define novel parameters in our model that we have optimized
to reflect accurate spindle formation and maintenance. We explore the sensitivity of our
model, as a readout of bipolar spindle length at ¢ = 10 min, with values above and below
our selected parameters. While manipulating a parameter, all other parameters remain
unchanged from the base case.

The parameter C accounts for crosslinking proteins within the spindle, and dampen Eg5
and HSET-derived forces at the interpolar region. We find that decreasing C' reduces spindle
length, while increasing C' increases spindle length (Table 12). We find similar results when
we manipulate the parameter /K, which scales forces in a MT length-dependent manner
(Table 12).

The parameter s scales MT catastrophe frequency. We find that if we decrease s, allow-
ing MTs to become longer, the average spindle length increases (Table 13). Alternatively, if

we increase s such that MTs have a shorter average length, spindle length decreases (Table
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Figure 42: Increasing the constant drag coefficient alters the length and dynamics
of the bipolar spindle. Curves of spindle length over time with the base parameter (A,
¢ = 20.6) and the high drag parameter (B, £ = 103).

13). This is likely due to the fact that MTs are not long enough to reach the cell boundary
or interact with each other to generate force.

The parameter ¢ is the constant drag parameter that dampens centrosome movement.
This parameter accounts for the viscous cytoplasm within the cell. We find that if we
increase &, spindle length decreases and spindle dynamics are significantly impacted (Table
13, Fig.42).

To understand how model outcomes such as spindle length vary due to stochasticity by
MT dynamics and MT-motor protein binding and unbinding, we performed an increasing
number of simulations with the same initial centrosome positioning. Traces of centrosome
movement over time show different trajectories (Fig.43 A), but the distance between cen-

trosomes at ¢ = 25 min (spindle length) are similar (Fig.43 B).
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Table 12: Sensitivity analysis to crossklinking parameter C' and force/drag scaling param-
eter K. Base case corresponds to C' = 0.1 and K = 0.25. Results are averaged over 10
simulations at ¢ = 10 min.

C 0.025 005 01 0.15 02

Spindle Length (um) | 5.09 14.8 16.5 1731 17.67

K 0.1 0.2 0.25 0.3 0.4

Spindle Length (um) | 11.43 14.88 16.5 18.42 20.35

Table 13: Sensitivity analysis to MT catastrophe rate scaling s and constant drag param-
eter £. Base case corresponds to s = (.15 and £ = 20.6. Results are averaged over 10
simulations at ¢ = 10 min.

s 005 015 03

Spindle Length (um) | 18.93 16.5 12.9

3 20.6 5¢

Spindle Length (xm) 16.5 13.33
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(A) Centrosome Movement (B)

# of sims Avg length (um)
5 17.79
=
5 10 17.53
=) 15 17.56
20 17.65

Figure 43: Multiple simulations with the same initial centrosome positioning reveal
variations due to model stochasticity. (A) Traces of centrosome movement over time for
10 simulations with the same initial centrosome positions. Red ‘x’ is initial position, black
asterisk is final position. (B) Table of the average spindle length at ¢ = 25 min for 5, 10,

15, and 20 simulations with the same initial centrosome positions.
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