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1. INTRODUCTION

Chromosomes must efficiently make their way (i.e., congress) to the equatorial plane
to ensure mitotic fidelity. Based on their position at the nuclear envelope breakdown (NEBD),
chromosomes undertake different pathways toward the equator, resulting in distinct
congression efficiencies and segregation error rates. Chromosomes behind the spindle poles
are particularly problematic, as they are shielded by the pole and require a multi-step process
to reach the equator (Klaasen et al., 2022; Maiato et al., 2017). After approaching the spindle
pole from the back using the joint activity of nuclear actomyosin and kinetochore dynein that
work alongside polar ejection forces (Almeida and Maiato, 2018; Barisic et al., 2014; Booth
et al.,, 2019; Li et al., 2007; Rieder and Alexander, 1990; Yang et al.,, 2007), these
chromosomes later on travel along the main spindle surface using the joint activity of
centromere-associated protein E (CENP-E) at kinetochores, pulling forces by end-on attached
microtubules and polar ejection forces (Barisic et al., 2014; Cai et al., 2009; Craske and
Welburn, 2020; Kapoor et al., 2006; Klaasen et al., 2022; McEwen et al., 2001; Renda et al.,
2022; Shrestha and Draviam, 2013; Vukusi¢ and Toli¢, 2023). However, none of these steps
explain how they cross the pole and switch sides from the back to the front of the spindle.

The pivoting of microtubules around the spindle pole represents another congression
mechanism in yeast cells (Kalinina et al., 2013). More recently, similar behavior of
microtubules was also observed in mammalian cells following microneedle manipulation
(Suresh et al., 2020). However, limited spatiotemporal resolution and poor visibility of astral
microtubules during standard imaging protocols prevented studies of this mechanism in
untreated human cells. Thus, the existence of pivoting motion and its potential roles in
chromosome congression remain to be examined.

Concurrently with early chromosome congression, the mitotic spindle elongates to its
final length during the first 8 minutes of prometaphase. The spindle elongation gradually
speeds up until reaching the speed corresponding to the sliding of antiparallel microtubules
driven by a kinesin-like protein KIF11, hereafter referred to as Eg5 (Magidson et al., 2011).
In healthy human cells, Eg5 plays an essential role in spindle elongation and subsequent
maintenance of spindle bipolarity (Kapitein et al., 2005; Mcintosh et al., 2012). Accordingly,
the inhibition or mutation of Eg5 prevents spindle elongation and results in the formation of
monopolar spindles, thus confirming its vital role during prometaphase (Mann and
Wadsworth, 2019).



Interestingly, the total displacement of centrosomes associated with the spindle poles
was found to be more prominent than that of chromosomes during their congression in early
mitosis, which was the first indication that the centrosome movement might play an important
role during chromosome congression (Magidson et al., 2011). This was further corroborated
by the finding that most kinetochores form amphitelic attachments at a similar time point
defined by a specific stage of spindle elongation — one where the spindle reaches ~80% of its
maximum length (Renda et al., 2022). Cells that enter prometaphase with centrosomes that
are not entirely separated also have a larger number of polar chromosomes, exhibit a slower
speed of spindle elongation, and ultimately end up with a larger number of segregation errors
(Kaseda et al., 2011). Nevertheless, the mechanistic aspects of the observed interconnection
between chromosome congression and spindle elongation remain relatively unclear.

Chromosomes that remain behind the spindle pole even as the spindle is fully formed
risk stabilization of incorrect attachments, endoplasmic reticulum (ER) ensheatment (i.e.,
capture in several layers of endomembranes), and missegregation in case of the spindle
assembly checkpoint (SAC) weakness, bypass or delayed satisfaction (Dick and Gerlich,
2013; Ferrandiz et al., 2022; Gomes et al., 2022; Kabeche and Compton, 2013; Klaasen et al.,
2022). Recent studies showed that such unaligned (i.e., behind the spindle pole) and
misaligned (i.e., near the pole within the main spindle surface) chromosomes represent an
overlooked source of segregation errors, with the highest probability of ending up in
micronuclei, the strongest correlation with chromosomal instability, and a direct link to
metastatic potential (Gomes et al., 2022; Tucker et al., 2023). Various labs have now
observed mis- and unaligned chromosomes in cancer cell lines, such as ovarian, bone,
colorectal and breast cancer, as well as in patient samples of primary and metastatic breast
cancer (Ertych et al., 2014; Gomes et al., 2022; Tamura et al., 2020; Tucker et al., 2023).
Despite these observations, the mechanisms that precede persistent unalignment remain
elusive.

In this thesis, | applied a unique synergy of stimulated emission depletion (STED),
lattice light-sheet (LLS) and confocal microscopy to overcome optical and spatiotemporal
resolution barriers that prevented studies of polar chromosome dynamics, which occurs
quickly during early prometaphase within a region of the spindle densely populated with
astral microtubules. My main focus was the passage across the spindle pole, which 1
hypothesized requires a specific congression mechanism that is also crucial for preventing

unalignment.



To test the hypothesis, | compared distinct congression steps between the similarly
positioned polar and non-polar chromosomes and created a timeline of polar chromosome
congression. Indeed, the timeline revealed a polar chromosome-specific time gap between the
known congression steps. | then conceptualized possible models of passage across the pole
and tested the contribution of each model. These included motor proteins known to have a
role in polar chromosome congression, pulling forces created by microtubules emanating
from the opposite side of the spindle and microtubule pivoting. | explored if and how the
pivoting motion occurs in human cells and how it relates to spindle elongation. Finally, |
tested the role of efficient spindle elongation and the associated passage across the pole in the
appearance of unaligned chromosomes in perturbed and cancer cells.

These experiments and analyses allowed me to reveal that astral microtubules attached
to polar chromosomes pivot around the spindle pole due to spindle elongation, which
represents a previously overlooked mechanism that polar chromosomes use to escape the
polar region in human cells. | also demonstrated the functional importance of spindle
elongation-driven pivoting in preventing unaligned chromosomes in healthy, perturbed and

cancer cells.

2. RESEARCH OVERVIEW

2.1. Cell Cycle

The cell cycle is a vital multi-step process at the core of life, which consists of several
distinct phases — G1, S, G2 and M phase (Figure 1). During the G1 (gap 1) phase,
representing a gap between the eventful M and S phases, a somatic cell grows and undergoes
extensive protein synthesis to prepare for the S phase. Given that the conditions are favorable,
a cell also commits to cell division after passing the G1 checkpoint. In the following S
(synthesis) phase, a cell duplicates its genetic material in a process of replication. The S phase
is followed by the G2 (gap 2) phase, another gap between the S and M phases, in which a cell
continues with growth and protein synthesis to prepare for the action-packed M phase. When
a cell determines that its DNA was successfully replicated and that the conditions are
favorable, it undergoes the G2/M transition and proceeds to the M phase. During the M

(mitosis and cytokinesis) phase, a cell aligns its chromosomes at the equator. After ensuring



that chromosomes are attached to spindle microtubules, it segregates previously duplicated
chromosomal DNA equally into two daughter cells. Human cells typically require 24 hours to
complete the cell cycle. This includes 23 hours of interphase, composed of the G1, S, and G2
phases, followed by 1 hour of mitosis and cytokinesis, called the M phase (Alberts et al.,
2014).

M PHASE

mitosis

i (nuclear T~
. division) cytokinesis
G, PHASE (cytoplasmic
’ M division) .-~

S PHASE G, PHASE

(DNA replication)

Figure 1. Phases of the cell cycle. The cell cycle consists of two main phases - interphase
and M phase. The interphase includes the G1, S, and G2 phases, during which the cells grow,
duplicate their genetic material and prepare for cell division. The M phase comprises nuclear
and cytoplasmic division, called mitosis and cytokinesis, respectively. Illustration from
Alberts et al. (2014).

2.2. Mitosis

2.1.1. Mitotic phases

The mitosis itself can be further divided into prophase, prometaphase, metaphase,

anaphase and telophase (Figure 2), with an onset marked by chromosome condensation, early



cytoskeleton reorganization, and nuclear envelope breakdown during prophase. The nuclear
envelope breakdown at the end of prophase also marks the beginning of prometaphase, in
which chromosomes attach to microtubules of the assembling mitotic spindle via kinetochores
and start their journey toward the spindle equator. The alignment of chromosomes at the
equatorial plane marks the beginning of metaphase, characterized by the activity of the
mitotic spindle checkpoint. Once the checkpoint ensures that chromosomes are correctly
attached to the spindle microtubules, the cell proceeds to anaphase and undergoes separation
of sister chromatids. During telophase, the final stage of mitosis, separated chromosomes
decondense and become enclosed by the nuclear envelope. At the same time, the contractile
ring divides the cytoplasm during cytokinesis, resulting in the formation of two daughter cells
(Alberts et al., 2014).

PROPHASE PROMETAPHASE METAPHASE ANAPHASE TELOPHASE

Figure 2. Phases of mitosis. Mitosis can be divided into five phases: prophase,

prometaphase, metaphase, anaphase and telophase. The first row shows Walther Flemming's
first drawings of mitotic phases and the second row includes fluorescence micrographs of the
same phases, which were imaged by Julie Canman and Ted Salmon. Illustration adapted from
Flemming (1882) and Alberts et al. (2014). The original drawings from Flemming (1882)
were  approached  via  https://www.milestone-books.de/pages/books/003522/walther-

flemming/zellsubstanz-kern-und-zelltheilung. Last accessed on June 10, 2024.



2.1.2. Mitotic spindle

The main character of mitosis is the mitotic spindle — a molecular micromachine
responsible for the accurate segregation of chromosomes into two daughter cells. The mitotic
spindle is built from microtubules that can be divided into several distinct groups (Figure 3) —
kinetochore microtubules, overlap microtubules and astral microtubules (Petry, 2016; Prosser
and Pelletier, 2017; Toli¢, 2018).

Kinetochore microtubules attach to kinetochores, chromosomal attachment sites in the
centromeric region, and form kinetochore fibers (Mcintosh et al.,, 2002). Overlap
microtubules originate from the opposite sides of the spindle and create an overlap in the
spindle center. Most overlap microtubules form on the surface of existing k-fibers and form a
bridge between them, which is why they were named bridging fibers (Kajtez et al., 2016;
Mastronarde et al., 1993; Pavin and Toli¢, 2016; Polak et al., 2017). The rest form at the
centrosomes, primary microtubule-organizing centers located at the spindle poles, which is
why they were initially named interpolar microtubules (Mastronarde et al., 1993; Prosser and
Pelletier, 2017). Finally, astral microtubules extend from the centrosome towards the cell
cortex, forming an aster-like structure (Urbani and Stearns, 1999).

In addition to microtubules, motors and other microtubule-associated proteins are also
present within the mitotic spindle. These proteins perform various functions - they move
along microtubules, regulate microtubule growth, destabilize, stabilize and crosslink

microtubules, and link them to cellular structures (Alberts et al., 2014).



kinetochore  chromosome motor proteins and
passive crosslinkers

centrosome

spindle
+ pole

overlap
kinetochre _(interpolar or bridging)  astral

microtubules non-kinetochore microtubules

Figure 3. Structure of the mitotic spindle. The mitotic spindle consists of three classes of
microtubules together with various motor proteins and passive crosslinkers. Kinetochore
microtubules attach to kinetochores on chromosomes (magenta) and non-kinetochore
microtubules do not directly attach to kinetochores (green). Non-kinetochore microtubules
can be further divided into astral microtubules that extend from the poles towards the cell
cortex and overlap microtubules that form antiparallel overlaps in the central part of the
spindle. They are defined as interpolar if they emanate from the spindle poles and as bridging
if they extend from sister kinetochore fibers and form a bridge between them. Illustration
adapted from Toli¢ (2018) based on Alberts et al. (2014).



2.2. The main events of prometaphase

2.2.1. Microtubule nucleation and spindle formation

With microtubules being the main building blocks of the mitotic spindle, the
formation of the spindle during prometaphase depends on effective microtubule nucleation
(Prosser and Pelletier, 2017). The process requires y-tubulin ring complexes (yTuRCs) and
dimers of a- and B-tubulin, which are used to grow microtubules (Kollman et al., 2011).
During their lifetime, microtubules constantly polymerize and depolymerize in a process
called dynamic instability, which allows them to probe the space and quickly remodel the
cytoskeleton as required (Mitchison and Kirschner, 1984).

There are three main nucleation pathways for microtubules within the mitotic spindle
(Figure 4) — centrosome-mediated, chromosome/kinetochore-mediated and microtubule-

mediated microtubule nucleation (Petry, 2016; Prosser and Pelletier, 2017).

p \ ¥
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Figure 4. Three main pathways of microtubule nucleation. Microtubules within the
mitotic spindle are nucleated through centrosome-mediated (1), microtubule-mediated and

chromosome/kinetochore-mediated nucleation (3). Adapted from Stimac et al. (2022).

In centrosome-mediated microtubule nucleation, each centrosome nucleates a radial
array of microtubules. These microtubules can ultimately become kinetochore microtubules if
they radiate towards the cell center and encounter a kinetochore, interpolar if they radiate
towards the cell center and become crosslinked with microtubules from the opposite side, or
astral if they radiate towards the cell cortex (Prosser and Pelletier, 2017). While other parts of
the spindle can still form without centrosomes, such as after using the serine/threonine-protein

kinase PLK4 inhibitor centrinone (Wong et al., 2015), centrosomal nucleation proved to be



indispensable for the formation of astral microtubules, which are absent after centrinone
treatment (Chen et al., 2021).

In chromosome/kinetochore-mediated nucleation, chromosomes regulate microtubule
formation either through the activity of the chromosomal passenger complex (CPC) or
through the Ran*GTP gradient. Ran*GTP gradient refers to the selective binding of GTP-
binding nuclear protein Ran to GTP in the proximity of chromosomes, resulting in a localized
high concentration of Ran*GTP in this area (Prosser and Pelletier, 2017). Ran*GTP then binds
to importin-p and causes the release of spindle assembly factors (SAFs), such as targeting
protein for Xklp2, also called TPX2, which ultimately leads to increased microtubule
nucleation in the area surrounding the chromosomes (Clarke and Zhang, 2008; Gruss et al.,
2001). Contrary to Ran*GPT, which promotes nucleation, the CPC activity prevents
microtubule depolymerization by inactivating microtubule destabilizing proteins, such as
kinesin-like protein KIF2C/MCAK (Maresca et al., 2009; Sampath et al., 2004). This
nucleation pathway is considered to primarily nucleate kinetochore microtubules, particularly
during acentrosomal spindle assembly and in early mitosis when short microtubules
emanating from the kinetochores facilitate interaction with other spindle microtubules
(Meunier and Vernos, 2016; Renda et al., 2022; Wu et al., 2023).

In microtubule-mediated nucleation, the augmin complex recruits the gamma-tubulin
ring complex (y-TuRC) to an existing microtubule and promotes the nucleation of a new
branched microtubule from the wall of the existing microtubule (Prosser and Pelletier, 2017).
Microtubule-mediated nucleation overlaps with chromosome-mediated nucleation to a certain
extent, as augmin is directly regulated by Ran*GTP and contributes to the formation of robust
kinetochore fibers (Almeida et al., 2022; Kraus et al., 2023; Zhu et al., 2008). However,
microtubule-mediated nucleation also plays a central role in the formation of bridging fibers,
which are disorganized, reduced by 70%, and even completely absent from 40% of
kinetochore pairs following augmin depletion (Stimac et al., 2022).

While these three pathways work together to create a robust mitotic spindle, they can
also partially substitute one another, as a relatively functional bipolar spindle can still form in
the absence of centrosomes, chromosomes/kinetochores or augmin (O’Connell et al., 2009;
Prosser and Pelletier, 2017; Risteski et al., 2022).



2.2.2. Centrosome separation and spindle elongation

Somatic cells enter mitosis with one of the two possible centrosome configurations
(Figure 5). In the first configuration, centrosomes are located on the opposite sides of the
nucleus at NEBD, as they have already separated during prophase (i.e., prophase pathway). In
the second configuration, centrosomes are located on the same side of the nucleus at NEBD
and have yet to separate during prometaphase (i.e., prometaphase pathway). The two
pathways are sometimes also referred to as the NEBD-independent and NEBD-dependent
pathways (Rattner and Berns, 1976; Rosenblatt et al., 2004; Silkworth et al., 2012; Toso et al.,
2009; Waters et al., 1993; Whitehead et al., 1996).

One of the key players in both pathways of centrosome separation is the motor protein
Eg5, which slides antiparallel microtubules apart by simultaneously moving along and
crosslinking two adjacent microtubules (Blangy et al., 1995; Kapitein et al., 2005; Mclintosh
et al., 2012; Tanenbaum and Medema, 2010). The prometaphase pathway also benefits from
other mechanisms, including those based on pushing forces produced by kinetochores (Toso
et al., 2009) or pulling forces produced by actomyosin (Rosenblatt et al., 2004).

Interestingly, cells that have to separate their centrosomes during prometaphase have
increased segregation error rates, as the separation occurs when the asters of the forming
spindle already attach to the chromosomes that surround them. However, this pathway also
prevents the cells that failed to separate their centrosomes from staying in prophase for too
long, which would subsequently cause prolonged mitosis. Thus, the existence of two
pathways represents a fine balance between ensuring the proper mitotic fidelity and the proper
mitotic timing (Kaseda et al., 2011).
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Figure 5. Two pathways of centrosome separation. The upper panel represents the
prophase pathway, in which the centrosomes separate in prophase and stay on the opposite
sides of the nucleus at nuclear envelope breakdown (NEBD). The lower panel represents the
prometaphase pathway, in which the centrosomes stay at the same side of the nucleus at
NEBD and separate following NEBD in prometaphase. Chromosomes (labeled with
Histone2B-EGFP; EGFP = enhanced green fluorescent protein) are marked in magenta and
tubulin (labeled with mRFP-a-tubulin; mRFP = monomeric red fluorescent protein) is marked
in cyan. Adapted from Kaseda et al. (2011).

Regardless of the initial centrosome configuration, the mitotic spindle elongates
during prometaphase until it reaches its final length approximately 8 minutes after NEBD
(Figure 6A), as measured in hTERT-immortalized retinal pigment epithelial RPE1 cells,
hereafter referred to as RPE1 (Magidson et al., 2011). Besides the established role of spindle
elongation in the formation of a bipolar spindle, a recent study also suggests that it might play
a role in chromosome congression, as most chromosomes connect to both spindle poles at a
specific time point (Figure 6B) when the spindle reaches ~80% of its full length (Renda et al.,
2022).

11



The speed of spindle elongation achieves a value corresponding to the Eg5-mediated
sliding of antiparallel microtubules, which again plays an essential role (Magidson et al.,
2011). In healthy human cells, impaired Eg5 activity leads to monopolar spindles, pointing to
its indispensable role (Mann and Wadsworth, 2019). In cancer cells, a complex consisting of
kinesin-like protein KIF15 and microtubule-associated protein TPX2 can drive spindle
elongation when Eg5 is partially inhibited (Tanenbaum et al., 2009). However, this alternative
mechanism proved to be less efficient, as it includes a transient monopolar-like state (Sturgill
and Ohi, 2013).
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Figure 6. Spindle elongation is one of the main events of prometaphase. (A) Spindle
length over time during prometaphase in RPE1 cells coexpressing Centrinl-GFP (a marker
for centrosomes; GFP = green fluorescent protein) and histone H3-like centromeric protein A-
PAGFP (CENP-A-PA-GFP; PA-GFP = photoactivatable green fluorescent protein). The plot
shows individual trajectories (blue dots), the average value (black line), and the standard
deviation (red lines). Adapted from Magidson et al. (2011). (B) Distribution of biorientation
events in RPEL cells over time normalized to the duration of spindle elongation. Distribution
is depicted with a red line and corresponds to a nearly normal distribution. Adapted from
Renda et al. (2022).
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2.2.3. Chromosome congression

Once the nuclear envelope breaks down, chromosomes that were once situated within
its boundaries start congressing towards the spindle equator, ultimately forming a metaphase
plate. The chosen mechanism of congression primarily depends on the initial chromosomal
position at NEBD, with different mechanisms leading to different times of congression and
segregation error rates (Itoh et al., 2018; Klaasen et al., 2022; Maiato et al., 2017). Based on
their initial position, chromosomes can be roughly divided into three distinct groups (Figure
7A): a) central chromosomes — located between the two spindle poles and within the area of
the future spindle, b) peripheral non-polar chromosomes — located between the two spindle
poles but outside the area of the future spindle and c) peripheral polar chromosomes — located
behind the spindle poles (Klaasen et al., 2022).
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Figure 7. The behavior of three different chromosome classes during prometaphase. (A)
A schematic representation of three classes of chromosomes based on their initial position at
NEBD along with their congression routes. Illustration adapted from Vukusi¢ and Toli¢
(2022). (B) Comparison of alignment times for each chromosome class in RPEL cells stably
expressing CENP-A-GFP (marker for kinetochores) and Centrinl-GFP (marker for
centrosomes). GFP = green fluorescent protein. Values are presented as mean =+ standard
deviation. Taken from Klaasen et al. (2022). (C) Comparison of segregation error rates for
each chromosome class in RPE1 cells stably expressing CENP-A-GFP (marker for
kinetochores) and Centrin1-GFP (marker for centrosomes) following MPS1 kinase inhibition.
GFP = green fluorescent protein. Values are presented as mean + standard deviation. Dots
represent individual experiments. Taken from Klaasen et al. (2022). (A-C) Cen = central,

NPP = Peripheral non-polar, Pol = polar chromosomes/kinetochores.
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Out of the three groups, central chromosomes have the most beneficial position,
resulting in the fastest alignment and the lowest segregation error rates (Figure 7B-C)
(Klaasen et al., 2022). Central chromosomes situated close to the spindle equator almost
immediately achieve biorientation and undergo a direct motor-independent congression,
which is likely enabled by a synchronous formation of sister k-fibers (Maiato et al., 2017;
Roos, 1976, 1973). Other central chromosomes, situated closer to the spindle poles, employ
depolymerization-coupled pulling as the main mechanism of congression (Auckland and
McAinsh, 2015; Maiato et al., 2017). In this case, the sister k-fibers are thought to form
asynchronously (Roos, 1976), with their length subsequently adjusted by mechanisms such as
faster poleward flux of longer Kk-fibers, kinesin-like protein KIF2C/MCAK-mediated
microtubule depolymerization, CLIP-associating proteins/CLASP-mediated microtubule
polymerization and kinesin-like protein KIF18A-mediated microtubule dynamics suppression
at the kinetochores (Du et al., 2010; Kline-Smith et al., 2004; Maiato et al., 2017; Mimori-
Kiyosue et al., 2006; Risteski et al., 2022, 2021; Stumpff et al., 2012; Wordeman et al., 2007).
These chromosomes might also benefit from the activity of polar ejection forces. Yet, because
they are already located within the future spindle contour, their congression requires only a
single step of travel from within the spindle toward the equator (Vukusi¢ and Toli¢, 2022).

In contrast to a single-step congression pathway of central chromosomes, peripheral
non-polar chromosomes require an added step of travel from the nuclear border area towards
the contour of the future spindle (Klaasen et al., 2022). These chromosomes are either
transported directly towards the equatorial plane or first travel polewards only to subsequently
travel towards the equator. Depending on their chosen route, they first require the activity of
nuclear actomyosin or kinetochore dynein and subsequently employ depolymerization-
coupled pulling or motor proteins, now also including CENP-E to a varying extent, to reach
the equator (Vukusi¢ and Toli¢, 2022). Most of these chromosomes ultimately arrive at the
equator alongside central chromosomes (Figure 7B) (Klaasen et al., 2022).

Peripheral polar chromosomes require twice as much time to arrive at the equator
when compared to all other chromosomes and are particularly prone to segregation errors
(Figure 7B-C). They first need to come close to the spindle pole from the back with the help
of nuclear acto-myosin and kinetochore dynein, until reaching a stable distance determined by
the opposing activity of polar ejection forces created by chromokinesins kinesin-like protein
KIF22/Kid and chromosome-associated kinesin KIF4A together with polymerizing astral
microtubules (Almeida and Maiato, 2018; Barisic et al., 2014; Booth et al., 2019; Li et al.,
2007; Rieder and Alexander, 1990; Yang et al., 2007). At a later point, CENP-E, with its

14



various functions, takes over the leading role, working alongside polar ejection forces and
pulling forces created by end-on attachments (Figure 8), as chromosomes move along the
microtubules of the main spindle surface toward the equator (Barisic et al., 2014; Cai et al.,
2009; Craske and Welburn, 2020; Kapoor et al., 2006; McEwen et al., 2001; Renda et al.,
2022; Shrestha and Draviam, 2013; Vukusi¢ and Toli¢, 2023, 2022). While it is known that
the switch from the dominant activity of kinetochore dynein to that of CENP-E requires
differential tyrosination status of astral microtubules and microtubules of the main spindle
surface (Barisic et al., 2015; Barisic and Maiato, 2016; Gundersen and Bulinski, 1986), the
mechanism by which chromosomes move across the pole to be able to make that switch

remains unknown.

)
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MTs MTs

Figure 8. Previously described steps of polar chromosome congression. After the initial
activity of actomyosin, polar chromosomes first approach the spindle pole from the back
along the tyrosinated astral microtubules in a step that involves an interplay between
kinetochore dynein and polar ejection forces. Once on the main spindle surface, they continue
traveling toward the equator along the detyrosinated microtubules in a step that involves a
switch from the dominant activity of kinetochore dynein to the dominant activity of CENP-E
due to differential tyrosination. Once again, CENP-E works alongside polar ejection forces.
MTs = microtubules; PEF = polar ejection forces. Illustration adapted from Vukusi¢ and Toli¢
(2022).
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2.2.4. Formation of kinetochore-microtubule attachments

Simultaneously with the described movement of kinetochores, SAC activity and
silencing occur during prometaphase. During the first few minutes, a marker of unstable
attachment, the mitotic spindle assembly checkpoint protein Madl/Mad2 complex, is
recruited to kinetochores (Sikirzhytski et al., 2018). At this point, most kinetochores form
lateral attachments (Alexander and Rieder, 1991; Magidson et al., 2011; Shrestha and
Draviam, 2013), as they undergo kinetochore dynein- and CENP-E-mediated transport. While
the chromosome travels towards the equator, lateral attachments are gradually replaced by
more stable end-on attachments (Vukusi¢ and Toli¢, 2022).

The kinetochore closer to the spindle pole is the first to start losing the Mad1 signal,
indicative of attachment stabilization. At that point, the kinetochore further away from the
spindle pole usually still forms lateral attachments mediated by CENP-E. While this results in
long-lived tension, it is not sufficient to lose the Mad1 signal. To start losing the Mad1 signal,
the kinetochore further away from the pole also needs to bind an adequate number of end-on
microtubules (Figure 9), ultimately resulting in the formation of a mature Kk-fiber and
satisfaction of the SAC (Kuhn and Dumont, 2019, 2017).

/////m_
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Figure 9. A model of attachment formation and spindle assembly checkpoint (SAC)

silencing for sister Kkinetochores during prometaphase. Both tension and end-on
attachment are required for successful silencing of the SAC. For the kinetochore closer to the
pole (K1), the formation of the end-on attachment precedes tension, which is created upon the
lateral attachment of its sister kinetochore (K2) to the opposite pole. For the kinetochore
further away from the pole (K2), the tension created upon the lateral attachment precedes the
end-on attachment, which forms over time. This results in the closer kinetochore losing the

Mad1 signal before the further kinetochore. Illustration from Kuhn and Dumont (2017).
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In addition to losing the Mad1l/Mad2 signal, the kinetochores attached to mature k-
fibers also lose other checkpoint proteins, such as mitotic checkpoint serine/threonine-protein
kinase BUB1 beta/BUBR1, mitotic checkpoint serine/threonine-protein kinase BUB1 and
dual specificity protein kinase TTK/MPS1, and recruit the sperm-associated antigen 5/Astrin-
small kinetochore-associated protein/SKAP complex (Figure 10). The Astrin-SKAP complex
is a molecular marker for attachments that form successfully and should be maintained until
anaphase onset (Kern et al., 2017; Rosas-Salvans et al., 2022). The lateral to end-on transition
also leads to the separation of Aurora kinase B, one of the main regulators of mitosis, from its
substrates on the outer kinetochores, which is an essential step for the establishment of stable
end-on attachments (Liu et al., 2009; Shrestha et al., 2017; Vukusi¢ and Toli¢, 2022). Even
though incorrect end-on attachments regularly form during prometaphase (Cimini et al., 2006,
2003), they do not recruit Astrin-SKAP, leading to Aurora B-mediated error correction
instead of the detachment of Aurora B from the outer kinetochore substrates. Thus, these steps
work in concert to resolve premature end-on attachments while preserving the mature ones
(Cimini et al., 2006; Knowlton et al., 2006; Vukusi¢ and Toli¢, 2022).

Prometaphase Metaphase

Relative kinetochore localization level

Mitotic Checkpoint
Attached and Aligned Astrin-SKAP Complex

Figure 10. Relative kinetochore localization level of mitotic checkpoint proteins and the
proteins of the Astrin-SKAP complex during prometaphase and metaphase. Mitotic
checkpoint proteins and the Astrin-SKAP complex localize to the kinetochore in an inverse
switch-like manner. Mitotic checkpoint proteins localize to the unattached or misaligned
kinetochores, whereas Astrin-SKAP localizes to the bioriented kinetochores with mature k-
fibers, generally corresponding to prometaphase and metaphase, respectively. Illustration
adapted from Kern et al. (2017).
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2.2.5. Current methods to study prometaphase events

Of all mitotic phases, prometaphase is the longest and the least explored. This phase
includes some of the most important events of mitosis, such as spindle assembly and
chromosome congression (Ferreira and Maiato, 2021; Maiato et al., 2017). However, due to
the fast-changing nature of prometaphase, research in this area has been largely limited until
the development of sophisticated microscopy protocols that enable both high spatiotemporal
resolution and minimal phototoxicity (Magidson et al., 2011; Magidson and Khodjakov,
2013; Maiato et al., 2017).

In the last decade, spinning disk live-cell confocal microscopy (SDCM) combined
with single-color labeling and electron microscopy (EM) have become two ,,gold standard*
methods to study prometaphase (Magidson et al., 2011; Sikirzhytski et al., 2018). However,
since EM is both a high-cost and time-consuming method, scientists have also developed
several indirect approaches. For example, cold treatment was used to analyze whether the
kinetochore attaches to kinetochore or non-kinetochore microtubules (Etemad et al., 2015;
Salmon et al., 2005) and protein markers such as Mad1/2 or Bubl were used to determine the
stability of kinetochore-microtubule attachments (Etemad et al., 2019; Kuhn and Dumont,
2017).

More recently, the arrival of lattice light-sheet (LLS) microscopy (Sen et al., 2021)
and stimulated emission depletion (STED) microscopy (Almeida et al., 2022; Pereira et al.,
2019; Stimac et al., 2022) to the field provided a novel, powerful combination of imaging
methods for studying prometaphase in unprecedented detail and with minimal phototoxicity
(Figure 11).
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Figure 11. Lattice light-sheet (LLS) and stimulated emission depletion (STED)
microscopy as novel methods to study kinetochore movement and kinetochore-
microtubule attachments during mitosis. (A) Z-projections of an RPEL cell in mitosis with
tagged NDCB80-EGFP kinetochore marker (NDC80 = kinetochore protein NDC80 homolog;
EGFP = enhanced green fluorescent protein). Individual kinetochores that transiently lag
behind others are marked with a green arrow. Cells in the images were treated with
dimethylsulfoxide (DMSOQO). Adapted from Sen et al. (2021). (B) The images and
corresponding schematic representations of kinetochore pairs with erroneous attachments in
the metaphase plate of RPE1 cells stably expressing CENP-A-GFP (blue, confocal; GFP =
green fluorescent protein) and immunostained for a-tubulin (gray, STED) without and with
cold treatment. Erroneous attachments depicted in the images appeared due to small
interfering RNA treatment with HAUS augmin-like complex subunit 6/HAUS6 siRNA. Note
that such attachments were previously undetectable within the crowded metaphase plate area.
Adapted from Stimac et al. (2022). (A-B) Scale bars = 2 pm.
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2.3. Polar chromosomes in healthy, manipulated and cancer cells

Polar chromosomes have come into the spotlight after a recent study showed that they
are highly prone to late alignment and missegregation in case of a weakened checkpoint
(Klaasen et al., 2022). Polar chromosomes that fail to escape the polar region before the
spindle fully forms in metaphase (i.e., unaligned chromosomes) are at particular risk from
missegregation. In addition to their already unfavorable position with respect to the equator,
these chromosomes may also suffer from ER ensheatment and stabilization of improper
attachments (Ferrandiz et al., 2022; Kabeche and Compton, 2013).

Interestingly, laser ablation experiments revealed that the gradual nature of the SAC
allows the cells to bypass it and enter anaphase with a small number of unaligned Mad2-
positive kinetochores (Dick and Gerlich, 2013). A recent study in the human osteosarcoma
U20S cell line also identified polar chromosomes that persist throughout metaphase and
anaphase and ultimately satisfy the SAC as a long-overlooked type of segregation error with
the highest probability of ending up in micronuclei (Gomes et al., 2022). In addition to the
osteosarcoma cell line, misalignment issues have also been observed in ovarian cancer,
colorectal cancer, cervical cancer and breast cancer cell lines (Figure 12), as well as in
patient-derived breast cancer organoids and patient samples of primary and metastatic breast
cancer (Ertych et al., 2014; Tamura et al., 2020; Tucker et al., 2023).
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Figure 12. Misaligned chromosomes are a regular occurrence in cancer cell lines. (A) A
confocal image of a misaligned chromosome ensheated in ER in untreated human
papillomavirus-related cervical adenocarcinoma HeLa cell coexpressing GFP-Sec61p (green,
ER; GFP = green fluorescent protein; Sec61p = a subunit of the protein transport protein
Sec61 translocon complex) and histone H2B-mCherry (magenta, DNA; mCherry =
monomeric red fluorescent protein from the mFruits family). Image from Ferrandiz et al.
(2022). Scale bar = 2 um. (B) A time-lapse of micronuclei arising from the misaligned
chromosome in untreated osteosarcoma U20S cell line coexpressing H2B-GFP and mRFP-a-
tubulin. Time = 0 minutes corresponds to anaphase onset. Scale bar = 5 um. Images from
Gomes et al. (2022).

Remarkably, misaligned chromosomes were a predominant type of segregation error
in breast cancer, with their numbers increasing together with an increase in metastatic
potential and showing the strongest correlation with chromosomal instability (Tucker et al.,
2023). Several lines of evidence also indirectly suggest that chromosome 1, whose 1g arm
gain directly leads to cancer development and malignant transformation, might often be
located behind the pole and, thus, at risk from unalignment (Bolzer et al., 2005; Girish et al.,
2023; Klaasen et al., 2022; Tovini and McClelland, 2019). While this implication further
highlights the importance of escaping the polar region on time, the reason why chromosomes

occasionally fail to do so remains elusive.
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2.4. Microtubule pivoting

Microtubule pivoting refers to the angular motion of microtubules around the spindle
pole, where one end of the microtubule moves through the nucleoplasm while the other
remains anchored at the spindle pole (Kalinina et al., 2013). The process and its roles have
been extensively studied in yeast cells. In the fission yeast, random thermal microtubule
pivoting enables lateral exploration of space (Figure 13), leading to kinetochore capture that
is 30 times more efficient compared to the classic “search and capture” model (Kalinina et al.,

2013; Pavin and Toli¢-Nerrelykke, 2014).

Figure 13. Microtubule pivoting facilitates kinetochore capture in fission yeast cells.
Time-lapse images and the corresponding schematic representation of kinetochore capture in
fission yeast with expressed a-tubulin-GFP (green, tubulin; GFP = green fluorescent protein)
and NDC80-tdTomato (magenta, kinetochores; tdTomato = tandem dimer red fluorescent
protein from the mFruits family). In the schematic representation, microtubule and
kinetochore positions from the previous frames are marked with white dashed lines and white
circles, respectively. The time corresponds to the time after relieving cold stress at t = 0

minutes. Scale bar = 1 um. Images from Kalinina et al. (2013).

Moreover, microtubule pivoting in fission yeast contributes to parallel and antiparallel
microtubule bundle formation, as it brings microtubules into close contact and allows for the
subsequent activity of crosslinkers or motor proteins to arrange them into appropriate

configurations (Prelogovi¢ et al., 2019; Winters et al., 2019).
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In budding yeast, microtubule pivoting around the spindle pole body, mediated by
myosin motors, allows them to find cortical anchor sites and contributes to spindle positioning
(Baumgirtner and Toli¢, 2014). Similarly to its role in fission yeast, microtubule pivoting also
promotes the formation of antiparallel bundles and spindle pole body separation in budding
yeast. It does so by enabling the initial contact of microtubules from side-by-side poles,
allowing active force generators to arrange them into antiparallel configuration (Fong et al.,
2021).

The ability of k-fibers to freely pivot around the pole has also been observed in insect
cells following micromanipulation and in mammalian rat kangaroo kidney epithelial PtK2
cells following microneedle manipulation (Begg and Ellis, 1979; Suresh et al., 2022, 2020). In
PtK2 cells, the pivoting of microtubules around the poles (Figure 14), combined with the
resistance to pivoting around the chromosomes, helps maintain the structural integrity of the
spindle (Suresh et al., 2022, 2020).
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Figure 14. Microtubules freely pivot around the pole following microneedle
manipulation in mammalian rat kangaroo kidney epithelial (Ptk2) cells. Time-lapse of a
metaphase spindle expressing GFP-tubulin (grey) during 12 seconds of microneedle
manipulation. The position of the microneedle is marked with white circles. The manipulated
k-fiber can be seen moving freely with respect to the pole. Scale bar = 5 um. Images from
Suresh et al. (2020).

Besides experiments, numerical simulations revealed that microtubule pivoting plays
an important role in centrosome decentering, which depends on microtubule length, rigidity
and number, along with the anchorage stiffness at the centrosome (Letort et al., 2016). Yet,

the existence of pivoting motion and its potential roles in human cells remain unexplored.
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3. MATERIALS AND METHODS

3.1. Cell lines and plasmids

The experiments were performed using the following cell lines: human RPE1
(hTERT-immortalized retinal pigment epithelial) cells stably expressing CENP-A-GFP and
human RPEL cells stably expressing CENP-A-GFP and Centrin1-GFP (CENP-A = histone
H3-like centromeric protein A, kinetochore marker; Centrinl = centrosome marker; GFP =
green fluorescent protein), a gift from Alexey Khodjakov (Magidson et al., 2011; Wadsworth
Center, New York State Department of Health, Albany, NY, USA); human RPE1 cells stably
expressing CENP-A-Cerulean and Mad2-mRuby (Mad2 = mitotic spindle assembly
checkpoint protein, attachment marker; Cerulean = a basic cyan fluorescent protein; mRuby =
a basic red fluorescent protein), a gift from Jonathon Pines (Marcozzi and Pines, 2018;
Institute of Cancer Research, London, UK); human RPE1 cells stably expressing tubulin-
EYFP and H2B-mRFP (H2B = histone H2B, chromosome marker; EYFP = enhanced yellow
fluorescent protein; mRFP = monomeric red fluorescent protein), a gift from Andrew Holland
(Holland et al., 2012; Johns Hopkins University School of Medicine, Baltimore, MD, USA);
human RPEL cells stably expressing EB3-GFP and H2B-RFP, a gift from Will Krek (EB3 =
microtubule-associated protein RP/EB family member 3, microtubule plus end marker; RFP =
red fluorescent protein); human osteosarcoma U20S cells stably expressing EB3-2xGFP and
CENP-A-mCherry (Kajtez et al., 2016; 2xGFP = 2x green fluorescent protein; mCherry =
monomeric red fluorescent protein from the mFruits family), and unlabelled human high-
grade serous ovarian carcinoma OVSAHO cell line (JCRB Cell Bank, Tebubio, Le Perray-en-
Yvelines, France). The pHTN HaloTag-CENP-A plasmid (Castrogiovanni et al., 2022; "a
synthetic cDNA encoding human CENP-A that was subcloned into the pHTN HaloTag CMV-
neo vector (Promega) using EcoRI and Xbal sites™), a gift from Patrick Meraldi (University of
Geneva, Geneva, Switzerland), was used to label the kinetochores in experiments using RPE1
cells stably expressing tubulin-EYFP and H2B-mRFP.
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3.2. Cell culture

All cell lines, excluding the OVSAHO cell line, were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 1 g/l D-glucose, pyruvate and L-glutamine (Gibco),
supplemented with 10% (v/v) heat-inactivated FBS (Sigma Aldrich, St. Louis, MO, USA) and
penicillin (100 1U/ml)/streptomycin (100 mg/ml) solution (Lonza, Basel, Switzerland). The
OVSAHO cell line was maintained in RPMI 1640 medium containing L-glutamine and
sodium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% (v/v)
heat-inactivated FBS (Sigma Aldrich, St. Louis, MO, USA) and penicillin (100
[U/ml)/streptomycin (100 mg/ml) solution (Lonza, Basel, Switzerland). All cells were kept at
37 °C and 5% CO2 in a Galaxy 170 R humidified incubator (Eppendorf, Hamburg, Germany).
All cell lines have been routinely examined for mycoplasma contamination by using SPY -
DNA dyes (dilution 1:100 000, Spirochrome, Stein am Rhein, Switzerland) to check for the
presence of extracellular DNA. All cell lines used in the experiments have been confirmed to
be mycoplasma free.

3.3. RNAI transfection

Cells for RNAI transfection were seeded on 35 mm uncoated dishes with the 0.17 mm
(1.5 coverslip) glass thickness (Ibidi GmbH, Grifeling, Germany) in 1 ml of the previously
described DMEM medium to reach approximately 60% confluence the following day. The
SiRNA constructs were diluted in OPTI-MEM medium (Life Technologies, Waltham, MA,
US) and RNAI treatment was performed using the Lipofectamine RNAIMAX Reagent (Life
Technologies, Waltham, MA, US) according to the instructions provided by the manufacturer.
The siRNA constructs and their final concentrations were as follows: 100 nM CENPE siRNA
(L-003252-000010; Dharmacon, Lafayette, CO, USA), 100 nM SPDL1 siRNA (L-016970-
00-0010, Dharmacon, Lafayette, CO, USA), 100 nM KIF4A siRNA (sc-60888; Santa Cruz
Biotechnology, Dallas, TX, USA), 100 nM KIF22 siRNA (4392420; Ambion, Austin, TX,
USA). These siRNAs will hereafter be referred to as CENP-E, Spindly, KIF4A and Kid
SIRNA, respectively. Cells were incubated for four hours with the transfection mixture
followed by medium replacement into the previously described DMEM medium. All

experiments were performed 24 hours after RNAI transfection.
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3.4. Plasmid transfection

To transiently express CENP-A in an RPEL cell line stably expressing tubulin-EYFP
and H2B-mRFP, 5 pg of pHTN HaloTag-CENP-A plasmid was used for transfection
performed using the Nucleofector Kit R and the Nucleofector 2b Device (Lonza) following
manufacturer’s instructions. The Nucleofactor Y-001 program was used for the transfection of
the RPEL1 cell line. After transfection, around 500 000 cells were seeded on 35 mm uncoated
dishes with the 0.17 mm (1.5 coverslip) glass thickness (Ibidi GmbH, Grifeling, Germany) in
1 ml of the previously described DMEM medium. Imaging was performed 48 hours after

transfection.

3.5. Treatment with inhibitors

The following EQ5 inhibitors were used on a “one cell per dish” principle: S-Trityl-L-
Cysteine (STLC, final concentration 40 uM, 164739, Sigma-Aldrich, St. Louis, MO, USA)
was added approximately 30 seconds before landing to cause spindle shortening; 2-(1-(4-
fluorophenyl)cyclopropyl)-4-(pyridin-4-yl)thiazole (FCPT, final concentration 40 uM, a gift
from Timothy Mitchison) was added at the end of approaching to block the spindle
elongation; monastrol (final concentration 100 pM, HY-101071A, MedChemEXxpress,
Monmouth Junction, USA) was added approximately 30 seconds before landing and then
washed out with a pre-warmed DMEM medium when the spindle stopped shortening. Low-
dose nocodazole that interferes with microtubule dynamics (final concentration 20 nM, HY-
13520, MedChemExpress, Monmouth Junction, USA), MPS1 kinase inhibitor AZ3146 that
leads to a weakened checkpoint (final concentration 3 uM, HY-14710, MedChemExpress,
Monmouth Junction, USA), MPS1 kinase inhibitor Cpd-5 that also leads to a weakened
checkpoint (final concentration 62.5 nM, a gift from R. Medema via G. J. P. L. Kops lab;
(Klaasen et al., 2022; Koch et al., 2016)) and actin polymerization inhibitor latrunculin A that
prevents actin assembly (final concentration 2 uM, 428021, Sigma-Aldrich, St. Louis, MO,
USA) were added 45 minutes prior to imaging and cells within the dish were subsequently
imaged for 4 hours. PLK4 inhibitor centrinone that leads to mitotic spindles with the 1:0
centrosome configuration was added 32 hours prior to imaging (final concentration 300 nM,
LCR-263, MedChemExpress, Monmouth Junction, USA), as previously described (Dudka et
al., 2019).
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3.6. Live-cell dyes

To identify nuclear envelope breakdown in RPEL cells stably expressing CENP-A-
GFP and Centrinl-GFP, the SPY-555 or SPY-595 DNA probe (dilution 1:100 000,
Spirochrome, Stein am Rhein, Switzerland) was added to the cells 45 minutes to 2 hours prior
to imaging. When microtubules were visualized during live-cell imaging in the same cell line,
the SPY-650-tubulin probe (dilution 1:50 000, Spirochrome, Stein am Rhein, Switzerland)
was added to the cells 45 minutes to 2 hours prior to imaging.

For the live-cell imaging of OVSAHO cells, the SPY-555 DNA probe (dilution 1:50
000, Spirochrome, Stein am Rhein, Switzerland) was added to the cells along with the SiR-
tubulin probe (100 nM, Spirochrome, Stein am Rhein, Switzerland; (Lukinavicius et al.,
2014)) 45 minutes prior to imaging. The cells were subsequently imaged for 3-4 hours.

For STED live-cell imaging, the SiR-tubulin probe (100 nM, Spirochrome, Stein am
Rhein, Switzerland; (Lukinavi¢ius et al., 2014)) was added to the cells 15 minutes prior to
imaging and cells were subsequently imaged for 45 minutes.

To avoid efflux of the dyes, a broad-spectrum efflux pump inhibitor verapamil
(Spirochrome, Stein am Rhein, Switzerland) was added at a final concentration of 1 uM to
cells along with tubulin and/or DNA probes.

For the live-cell imaging of RPEL cells stably expressing EYFP-a-tubulin and H2B-
mRFP, cells were incubated for 30 minutes with Janelia Fluor 635 HaloTag ligand (a final
concentration of 20 nM, Promega, Madison, WI, USA) 24 hours before imaging to visualize
the transiently expressed CENP-A-HaloTag.

3.7. Immunofluorescence

To determine the RNAI efficiency, RPE1 cells stably expressing CENP-A-GFP and
Centrin1-GFP were grown on 35 mm uncoated dishes with the 0.17 mm (1.5 coverslip) glass
thickness (Ibidi GmbH, Grifeling, Germany) and fixed by 1 ml of ice-cold methanol for 1
minute at —20 °C, except for immunostaining of Spindly, a kinetochore dynein recruitment
factor (Griffis et al., 2007), where cells were pre-extracted with 0,2% Triton in PHEM buffer
(60 mM PIPES, 10 mM EGTA, 25 mM HEPES, 4 mM MgCl,) for 1 minute and subsequently
fixed with 4% pre-warmed to 37 °C for 10 minutes. Following fixation, cells were washed

three times for 5 minutes with 1 ml of PBS and permeabilized with 0.5% Triton-X-100 in
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PBS for 15 minutes at room temperature. To block unspecific binding, cells were incubated in
1 ml of blocking buffer (1% normal goat serum (NGS, 31872, Thermo Fisher Scientific)) for
1 hour at 4 °C. Cells were then washed three times for 5 minutes with 1 ml of PBS and
incubated with 250 ul of primary antibody solution overnight at 4 °C. The primary antibodies
were used as follows: rabbit anti-CENP-E (dilution 1:100, C7488; Sigma-Aldrich), rabbit
anti-Spindly (dilution 1:1000, A301_354A, Bethyl), mouse anti-KIF4A (dilution 1:100, sc-
365144; Santa Cruz Biotechnology), mouse anti-Kid (dilution 1:100, sc-390640; Santa Cruz
Biotechnology). After the incubation with a primary antibody, cells were washed three times
for 5 minutes with 1 ml of PBS and then incubated with 250 pl of secondary antibody for 1
hour at room temperature. Alexa Fluor 594 (Abcam, ab150108 or ab150076) was used as a
secondary antibody at a 1:250 dilution for CENP-E, Kif4A, and Kid staining and at a 1:1000
dilution for Spindly staining.

To image polar chromosomes in a cancer cell line, OVSAHO cells were fixed with 1
ml of 4% paraformaldehyde pre-warmed to 37 °C for 10 minutes followed by all the
previously described steps for immunostaining. The primary antibodies were used as follows:
rat anti-tubulin (dilution 1:500, MA1-80017, Invitrogen) and human anti-centromere protein
(dilution 1:300, 15-234, Antibodies Incorporated, CA, USA). The secondary antibodies were:
donkey anti-rat Alexa Fluor 488 (dilution 1:1000, Abcam, ab150153) and goat anti-human
DyLight 594 (dilution 1:500, Abcam, ab96909). DAPI (1 pg/ml) was used for chromosome
visualization in all cell lines.

For STED imaging, RPE1 cells stably expressing CENP-A-GFP, RPEL1 cells stably
expressing CENP-A-GFP and Centrinl-GFP and RPE1 cells stably expressing CENP-A-
Cerulean and Mad2-mRuby were grown on 35 mm uncoated dishes with the 0.17 mm (1.5
coverslip) glass thickness (Ibidi GmbH, Gréfeling, Germany). Cell medium was removed and
0.5% Triton in PEM buffer (0.1M PIPES, 1ImM EGTA, 1mM MgCl;) was added for 15
seconds to remove the components of the cytoplasm. Following extraction, cells were fixed in
3% paraformaldehyde and 0.1% glutaraldehyde solution for 10 minutes. To reduce the
background fluorescence, quenching (100 mM glycine in PBS) and reduction (0.1% sodium
borohydride in PBS) solutions were added for 7 and 10 minutes, respectively. To prevent non-
specific binding, cells were incubated in blocking/permeabilization buffer (2% NGS and 0.5%
Triton-X-100 in PBS) for 2 hours at 4 °C. Microtubules were then stained using the rat anti-
tubulin primary antibody (dilution 1:500 in blocking/permeabilization buffer, MA1-80017,
Invitrogen) with a 4 °C overnight incubation. The next day, cells were washed with PBS three

times for 5 minutes. After washing, the secondary antibody donkey anti-rat Alexa Fluor 594
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(dilution 1:1000 in blocking/permeabilization buffer, Abcam, ab150156) or donkey anti-rat
Alexa Fluor 647 (dilution 1:1000 in blocking/permeabilization buffer, Abcam, ab150155) was
added and incubated for 1 hour at room temperature. DAPI (1 pg/ml) or SPY-505-DNA
(dilution 1:10 000, Spirochrome, Stein am Rhein, Switzerland) was added to visualize
chromosomes. The protocol was originally modified for Stimac et al. (2022) based on the

protocols from Ponjavi¢ et al. (2021) and Zhang et al. (2020).

3.8. Microscopy techniques and protocols

STED microscopy of fixed cells, live-cell imaging of pivoting microtubules, live-cell
imaging of EB3 comets and live-cell imaging of cells treated with Cpd-5 or centrinone were
performed using an Expert Line easy3D STED microscope system (Abberior Instruments,
Gottingen, Germany) with the 100 x/1.4NA UPLSAPO100x oil objective (Olympus, Tokio,
Japan) and an avalanche photodiode (APD) detector, as previously described (Stimac et al.,
2022). The 405 nm, 488 nm, 561 nm and 647 nm laser lines were used for the excitation of
Cerulean, GFP, Alexa Fluor 594/mRuby/mCherry and Alexa Fluor 647/Janelia Fluor
635/SiR-tubulin, respectively. The 775 nm laser line was used for the depletion of red and far-
red lines during the STED superresolution imaging. Images were acquired using the
Imspector Image Acquisition & Analysis Software (v16.3.16118, Abberior Instruments
Development Team, Goéttingen, Germany). The xy pixel size for fixed RPE1 cells stably
expressing CENP-A-GFP was 20 nm and 20-30 focal planes were acquired with the 300 nm
distance between them to cover the whole cell. The xy pixel size for fixed RPEL cells stably
expressing CENP-A-Cerulean and Mad2-mRuby was 25 nm and 1 focal plane containing the
kinetochores of polar chromosomes was acquired. For live-cell STED imaging of pivoting
microtubules, the xy pixel size was set to 30 nm and one focal plane was acquired every 60
seconds. For confocal live-cell imaging of pivoting microtubules in RPE1 cells on the same
microscope, the xy pixel size was set to 55 nm and 3 focal planes were acquired, with the 1
pum distance between the planes and 15 seconds time intervals between different time frames.
For confocal live-cell imaging of EB3 comets in RPEL cells, the xy pixel size was set to 80
nm and 3 focal planes were acquired, with the 1 pm distance between the planes and 20
seconds time intervals between different time frames. For confocal live-cell imaging of EB3
comets in U20S cells, the xy pixel size was set to 80 nm and one focal plane was acquired,

with 1 second time intervals between different time frames. For confocal live-cell imaging of
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cells treated with Cpd-5 or centrinone, the 488 nm laser line was used to excite the GFP, the
647 nm laser line was used to excite the SPY-650-tubulin, the xy pixel size was 80 nm and 6-
7 focal planes were acquired, with 1 pm distance between the planes and 20 seconds time
intervals between different time frames, as previously described (Klaasen et al., 2022).

Confocal microscopy of OVSAHO cells and RPEL1 cells immunostained to check the
respective RNAI efficiencies was performed using a previously described microscope setup
(Buda et al., 2017), consisting of a Bruker Opterra Multipoint Scanning Confocal Microscope
(Bruker Nano Surfaces, Middleton, WI, USA), mounted on a Nikon Ti-E inverted microscope
with a Nikon CFI Plan Apo VC 100 x/1.4 numerical aperture oil objective (Nikon, Tokyo,
Japan). To excite DAPI, GFP, Alexa Fluor 594 or DyLight 594, a 405 nm, 488 nm and 561
nm laser lines were used, respectively. Opterra Dichroic and Barrier Filter Set 405/488/561
enabled the separation of excitation light from the emitted fluorescence. Images were
acquired using the Evolve 512 Delta Electron Multiplying Charge Coupled Device (EMCCD)
Camera (Photometrics, Tuscon, AZ, USA), with a camera readout mode of 20 MHz. The xy
pixel size was 83 nm and the slit aperture was 22 um. In all experiments, the whole spindle
stack was imaged. The z-stacks were acquired using the unidirectional xyz scan mode with
the 1 um distance between the planes to cover the entire cell.

Confocal live cell imaging of RPE1 cells stably expressing CENP-A-GFP and
Centrinl-GFP treated with STLC, FCPT, monastrol and AZ3146 was performed on a
Dragonfly spinning disk confocal microscope system (Andor Technology, Belfast, UK) using
the 100x/1.47 HC PL APO oil objective (Nikon, Tokyo, Japan) and Sona 4.2B-6 Back-
illuminated SCMOS camera (acquisition mode set to high speed, Andor Technology) linked
with iXon Life 888 EMCCD Camera (EM gain set to 208, Andor Technology). To
simultaneously image two channels on two independent cameras, the 565 LP image splitter
was used. Images were acquired using the Fusion software (v2.4.0.14, Andor Technology,
Belfast, UK). During imaging, cells were maintained at 37°C and 5% CO2 within the heating
chamber (Okolab, Pozzuoli, NA, Italy). For the excitation of GFP and SPY-650-tubulin, the
488-nm and 637-nm laser lines with corresponding filters were used, respectively. Image
acquisition was done every 0.4 um with 21 focal planes and a time interval of 10 seconds.

The Lattice Lightsheet 7 system (Carl Zeiss, Germany) was used for the live cell
imaging of control RPEL cells expressing CENP-A-GFP and Centrinl-GFP and for the
imaging of cells with CENP-E, Spindly and Kid/KIF4A depletion, inhibition of actin
polymerization or nocodazole addition. The same system was used for live-cell imaging of the
OVSAHO cell line. The system includes an illumination objective lens 13.3%/0.4 (at a 30°
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angle to cover the glass) with a static phase element and a detection objective lens 44.83%/1.0
(at a 60° angle to cover the glass) with an Alvarez manipulator, as previously described
(Vukusi¢ and Toli¢, 2023). For the live-cell imaging of RPE1 cells, the GFP was excited
using the 488-nm diode laser (power output 10 Mw), with the laser power set to 2.5%, LBF
405/488/561/642 emission filter and 12 ms exposure time. The detection module consisted of
a Hamamatsu ORCA-Fusion sSCMOS camera. The width of the imaging area was set to 32-36
um with the x interval of 0.3 um. Images were acquired every 6 seconds. For the live-cell
imaging of OVSAHO cells, the SPY-555-DNA was excited using the 561-nm diode laser,
with the laser power set to 2.0-4.0%. SiR-tubulin was excited using the 561-nm diode laser,
with the laser power set to 1.0-1.5%. The exposure time was 15-20 ms. The width of the
imaging area was set to 36 um with the x interval of 0.5 um. Images were acquired every
minute. During the imaging, cells were kept at 37 °C and at 5% CO2 in a Zeiss stage
incubation chamber system (Carl Zeiss, Germany). All movies were deskewed with the ZEN
Microscopy Software (v3.7, Carl Zeiss, Germany) using the ,Linear Interpolation® and
,Cover Glass Transformation‘ settings. Deconvolution was performed using the ,,Constrained

Iterative* algorithm with automatic normalization and strength set to 4.0.

3.9. Image analysis

In lattice light-sheet and confocal videos, kinetochores as markers for chromosomes
and centrosomes as markers for spindle poles were tracked in a z-stack using the Point Tool in
Fiji/lmageJ (Schindelin et al., 2012; Schneider et al., 2012). When the signal covered several
z-planes, the central z-plane was used for tracking. Spindle length, pivoting angle (i.e., the
angle between the long spindle axis and the line that connects the kinetochore midpoint with
the closer centrosome), cTilt (i.e., the angle between the long spindle axis and the line that
connects sister kinetochores; (Renda et al., 2022)), interkinetochore distance, distance to
closer and further centrosome and distance to centrosome midpoint were subsequently
calculated from the coordinates in 3D using a home-written MatLab (R2022b, MathWorks,
Natick, USA) script. The end of approaching was determined as a time point when the
distance of the kinetochore midpoint to the closer centrosome started varying instead of
continuously becoming smaller. The landing on the main spindle surface was determined as a
time point when the pivoting angle was below 60° and cTilt was below 22.5° (Renda et al.,

2022), symbolizing a moment when kinetochores first align along the microtubules of the
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main spindle surface, even if they experience subsequent detachments. The landing was
additionally checked using visual inspection. The alignment was defined as the moment when
the kinetochore pair was equidistant (£1-2 um) to both poles. The formation of the
prometaphase ring was visually determined as a time point when most kinetochores finish
their approaching. The end of spindle elongation was defined as a time point when spindle
length starts varying and/or decreasing instead of continuously increasing. The anaphase onset
was visually determined as a time point when sister kinetochores first start separating. Polar
chromosomes were defined as those that had a pivoting angle of >90° at NEBD and
subsequently made their first contact with the spindle behind the spindle pole. The position of
the first contact was determined at the end of approaching, when the distance of the
kinetochore pair to the spindle contour was usually < 3 pum. Pivoting was then analyzed
between the end of approaching until after landing. In Eg5-based manipulation experiments,
analysis was taken into account from the first frame when the inhibitor started working, i.e.,
when the spindle length started increasing or decreasing.

Successful passage across the pole was defined as the passage across the 90° mark
within 15 minutes from NEBD, not taking into account any subsequent failures to form stable
attachments to microtubules of the main spindle surface. Misaligned chromosomes were
defined as those located within the two spindle poles and less than 2 pm away from the
centrosome/spindle pole in metaphase. Unaligned chromosomes were defined as those located
behind the spindle pole or, alternatively, in front of the pole but not attached to microtubules
of the main spindle surface in metaphase. Lagging chromosomes were defined as those
located in the central part of the spindle with a stretched kinetochore during anaphase.

When chromosomes were labeled instead of kinetochores, two points were put in the
centromeric region during the tracking, with arm length measured from the centromeric
region (closest to the pole) until the end of the most visible and isolated arm. When poles
were marked with tubulin or EB3 instead of Centrin 1, the point was put in the center of
tubulin/EB3 signal. When astral microtubules were tracked instead of chromosomes or
kinetochores, their movement was tracked by putting two points along the central part of the
microtubule contour and their shape was determined by putting two points at the spindle poles
and subsequent five along the entire microtubule contour. Kinetochore switching between
microtubules was investigated using visual analysis.

The length of long xy-, short xy- and z nuclear axes was measured on maximum
intensity projections of the whole cell just before NEBD using the Line Tool in Imagel. The

long xy axis was defined as the axis with the largest distance between the two opposite sides
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of the nuclear border, the short xy axis was defined as perpendicular to the middle of the long
Xy axis and z axis was defined as the distance from the first focal plane in which the signal
was present until the last. The spindle axis, used to determine the danger zone, was measured
using the Line Tool in ImageJ on maximum intensity projections of the whole cell when the
prometaphase ring formed and most kinetochores finished their approaching. The angle
between the long nuclear xy axis just before NEBD and the long spindle axis in prometaphase
was then calculated to determine which chromosomes are most likely to attach behind the
pole. This angle was also compared to the angle between the long cellular xy axis at NEBD,
determined using the Line Tool in ImageJ, and the long spindle axis in prometaphase.

To determine the position of kinetochore pairs relative to the pole in STED images,
kinetochores and poles were marked in 3D using a Point Tool in ImageJ and the angle that the
line connecting the kinetochore pair midpoint with the closer centrosome forms with the long
spindle axis (i.e., pivoting angle) was subsequently calculated using a home-written MatLab
script. Kinetochore pairs in these images were considered polar if they were located above
90° or, alternatively, were located around the pole but not attached to the microtubules of the
main spindle surface during later stages of prometaphase.

Polar chromosomes were considered as attached to microtubules when there was a
microtubule either directly ending at the kinetochore or in very close proximity to the
kinetochore. Polar chromosomes were considered unattached when there was no microtubule
in their proximity. The type of attachment was determined using visual inspection.
Additionally, for cells with labeled Mad2 and CENP-A, Mad2 and CENP-A levels were
measured using the Polygon Tool in ImageJ. The same polygon was used for measuring the
signal in both channels for the same kinetochore, as well as for the background in both
channels. The final Mad2/CENP-A signal on the kinetochore was calculated using the
formula: Mad2/CENP-A signal = (integrated density of Mad2 on the kinetochore —
(kinetochore area x mean fluorescence of the background))/(integrated density of CENP-A on
the kinetochore — (kinetochore area x mean fluorescence of the background)).

The intensity of microtubules from the opposite side of the spindle, the intensity of
astral microtubules and the accompanying background were measured in a single z-plane
using the 20x20 pixel Square Tool in ImageJ. The final intensity of the microtubules was then
calculated using the formula: Microtubule intensity = mean intensity of the microtubule —
mean intensity of the background.

CENP-E, Spindly, KIF4A and Kid intensities were measured in sum intensity

projections of the entire cell, covering 33 z-planes or 33 um. The total signal of the protein of
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interest within the spindle was marked by using the Polygon Tool in ImageJ. Background in
the cytoplasm was measured using the 25x25 pixel Square Tool. The total intensities were
calculated using the following formula: Protein intensity = integrated density within the
spindle — (area of the spindle x mean fluorescence of the background). The total intensities
were then normalized to the mean total intensity obtained from control cells.

All measurements were performed in ImagelJ/Fiji (National Institutes of Health),
followed by data analysis in MATLAB (MathWorks). The specific statistical tests used for
each analysis are noted in the respective Figure captions. Generally, the Shapiro-Wilk test
was used to determine normality of the sample data. T-test (for two samples) or ANOVA with
post-hoc Tukey test (for more than two samples) were then used for data that followed a
normal distribution, and Mann-Whitney U test (for two samples) or Kruskal-Wallis with post-
hoc Dunn's test (for more than two samples) were used otherwise. To analyze categorical
data, Chi-squared test was used for larger samples (N > 50) and Fisher’s exact test was used
for smaller samples. The result was considered statistically significant when the p-value was
equal to or less than 0.05. Figures and schematic representations were assembled in Adobe
Illustrator CC (Adobe Systems).
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4. RESULTS

Since the initial thesis submission, most of the original results from this thesis were
used and/or modified for a manuscript currently published on bioRxiv (Koprivec et al., 2024).
Additionally, methodological advances related to STED microscopy will be included in the
upcoming Methods in Molecular Biology book series on mitosis (Koprivec et al., accepted for
publication in 2024/2025).

4.1. Polar chromosomes require a distinct congression step to escape the polar region

In order to study the congression of polar chromosomes, it was first necessary to
define these chromosomes and determine their number in human cells. To do that, |1 imaged
RPE1 cells with labeled kinetochores and centrosomes using LLS live-cell imaging (Figure
15A) and analyzed in 3D the number of kinetochore pairs that are located behind the pole at
two different time points. The first time point corresponded to NEBD and the second one to
the end of approaching - a moment when the centripetal movement ends and the distance of
the kinetochore pair to the closer centrosome starts varying instead of continuously reducing.
The end of approaching usually occurred when kinetochores arrived within ~3 um from the
spindle contour. The location at which kinetochores found themselves at the end of
approaching was then used as a proxy for the region where they made their first contact with
the spindle.

At NEBD, an average of ~15 & 2 chromosomes per cell (all data are given as mean +
standard error of the mean (SEM), n = 24 cells) were located behind the spindle poles. Out of
those 15 chromosomes, 7 + 1 were still located behind the spindle pole at the end of
approaching, whereas others had already departed the polar region by then (Figure 15B).
Chromosomes that were able to depart the polar region very early in prometaphase were less
shielded by the pole at NEBD, as shown by the angle that the line connecting their
kinetochore midpoint with the closer centrosome formed with the pole-to-pole axis (Figure
15C). This led to a hypothesis that some chromosomes located behind the pole at NEBD get
passed by the centrosome before forming any attachments to astral microtubules, thus
ultimately starting their congression between the two spindle poles, similar to peripheral non-

polar chromosomes (Figure 15D).
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Figure 15. Approximately half of polar chromosomes located behind the pole at NEBD
end up making their first contact with the spindle behind the spindle pole. (A) Time-
lapse LLS images of RPE1 cells stably expressing CENP-A-GFP and Centrin1-GFP (colorful,
lattice light-sheet). Images show maximum intensity projections of the whole cell. The blue
arrow represents a kinetochore pair that was behind the pole at both NEBD and first contact
and the orange arrow represents a kinetochore pair that was behind the pole at NEBD but
between the two poles during the first contact. Kinetochores are color-coded for depth with
the brgbcmyw look-up table (LUT) in ImageJ throughout 29, 34 and 40 z-planes (4.2-5.8
um), respectively. (B) Univariate scatter plot of the number of chromosomes located behind
the pole at NEBD and at their first contact with the spindle. Each color represents the same
cell at each time point. N = 24 cells from 8 experiments. Statistical analysis: t-test. (C)
Univariate scatter plot of the angle between the long spindle axis (centrosome-centrosome; C-
C) and the line connecting the kinetochore pair midpoint with the closer spindle pole
(kinetochore-centrosome; KC-C) at NEBD for kinetochore pairs that made their first contact
with the spindle behind the spindle pole or between the spindle poles. N = 370 kinetochore
pairs in 24 cells from 8 experiments. Statistical test: Mann-Whitney U test. (D) A time-lapse
of congression for a non-polar kinetochore pair (yellow arrow) originally located at the
nuclear periphery in RPEL cells stably expressing EYFP-tubulin (white, confocal) and H2B-

mMRFP (not imaged) with added HaloTag-CENP-A (blue, confocal). Images show maximum
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intensity projections of 3 central z-planes spanning 3 um. Kinetochores are smoothed with the
0.75-mm-sigma Gaussian blur. (B,C) Boxes represent standard deviation (dark gray), 95%
confidence interval of the mean (light gray) and mean value (black). (A,D) Scale bars = 2 pm.

To test the hypothesis that some chromosomes attach to astral microtubules behind the
pole while others get passed by the centrosome before doing so, | compared the known
congression steps among three different groups of peripheral kinetochore pairs that are all
known to require the same motor proteins for their congression. These included a) polar
kinetochores — located behind the pole at both NEBD and the end of approaching, b) non-
polar kinetochores (1) — located behind the pole at NEBD but between the poles at the end of
approaching and c) non-polar kinetochores (2) — located between the two spindle poles at both
NEBD and the end of approaching (Figure 16A). The kinetochore pairs within the three
groups were selected so that they were equidistant to the midpoint between two centrosomes
at NEBD in each cell (Figure 16B), thus excluding any bias created by their initial distance to
the equator.

In agreement with the hypothesis, chromosomes that were behind the pole at NEBD
but escaped the polar region early on showed congression times directly comparable to
chromosomes that were between the two spindle poles from the beginning. On the contrary,
chromosomes that formed their first contact with the spindle behind the pole and continued
approaching the spindle from the back (i.e., polar chromosomes) showed a delay in landing
on the main spindle surface (Figure 16C) and waited until spindle elongation was nearly over
(86.6 = 3.0% of maximum spindle length) to join other chromosomes (Figure 16D).
Interestingly, polar chromosomes had a significant time gap from the end of approaching until
their arrival at the main spindle surface (Figure 16E). All other steps of their congression,
including approaching and traveling along the main spindle surface, were comparable in
timing to those of non-polar chromosomes (Figure 16F-G).

These results indicate that the observed delay in alignment (Klaasen et al., 2022)
stems from polar chromosomes stalling behind the pole. They also suggest the need for a

distinct congression step to travel across the pole while attached to astral microtubules.
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Figure 16. Polar chromosomes stall behind the pole. (A) Schematic representation of three
groups of chromosomes. Blue kinetochores represent polar chromosomes located behind the
spindle pole at NEBD and at their first contact with the spindle. Orange kinetochores
represent non-polar chromosomes that are located behind the spindle pole at NEBD but
between the two poles when they make their first contact with the spindle. Yellow
kinetochores represent non-polar chromosomes located between the spindle poles at NEBD
and during their first contact with the spindle. (B-G) Univariate scatter plot of the (B) distance
to centrosome center at NEBD, (C) landing time, (D) percentage of maximum spindle length
achieved at landing, (E) time gap from the end of approaching until landing, (F) time from
NEBD to approaching and (G) time from landing to alignment for the three groups of
kinetochores described in (A). Each color represents one equidistant kinetochore pair. N = 11
kinetochore pairs in 10 cells from 7 experiments for each group. Statistical tests: ANOVA
with post-hoc Tukey test. Boxes represent standard deviation (dark gray), 95% confidence
interval of the mean (light gray) and mean value (black).
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To further explore the hypothesis, | imaged RPEL cells with labeled kinetochores
using STED immunofluorescence (Figure 17A). | found that 58.1 + 3.2% of chromosomes
located behind the pole already had microtubules next to their kinetochores at a time close to
NEBD, whereas 41.9 + 3.2% were completely unattached at that point. By the end of
approaching, all kinetochore pairs found behind the pole were attached to microtubules
(Figure 17B). The results obtained from this experiment further support the hypothesis that
some of the chromosomes that were behind the pole at NEBD may have been passed by the
moving centrosome while still unattached, resulting in their first contact with spindle
microtubules between the spindle poles. In contrast, all polar chromosomes, which made the
first contact with microtubules behind the spindle pole, likely remain attached to astral

microtubules during their passage across the pole.
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Figure 17. Approximately half of the chromosomes located behind the pole have no
microtubules near their kinetochores at NEBD. (A) STED superresolution images of
microtubules immunostained for a-tubulin (white) in RPE1 cells stably expressing CENP-A-
GFP (blue, confocal) at NEBD and at the end of approaching. Images show a single z-plane at
NEBD and a maximum intensity projection of 23 z-planes (6.9 um) covering the whole cell at
the end of approaching. Two types of attachments (attached vs. unattached) are shown in
insets from NEBD. Scale bar = 2 um. (B) The fractions of kinetochore pairs next to
microtubules (blue) and without microtubules in their proximity (gray) during NEBD,
approaching and at the end of approaching. N = 241 kinetochore pairs in 15 cells from 6
experiments (NEBD), 73 kinetochore pairs in 4 cells from 3 experiments (approaching), all
kinetochore pairs located behind the pole in 11 cells from 4 experiments (end of

approaching).
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Another experiment that seemed to suggest that the delay in congression observed for
polar chromosomes (Klaasen et al., 2022) arises due to their initial attachment to astral
microtubules behind the pole was the inhibition of PLK4 using the 300 nM centrinone
inhibitor (Wong et al., 2015) in RPEL cells imaged using confocal microscopy (Figure 18A).
After 32 hours, this treatment leads to a 1:0 centrosome configuration (Dudka et al., 2019),
where one spindle pole has one centriole and the other has none, resulting in the presence of
centrosome-associated astral microtubules only on one pole.

In this treatment, peripheral chromosomes located behind the centrosome at NEBD
aligned at a much later point than peripheral chromosomes on the opposite acentrosomal side
of the nucleus (Figure 18A-B). However, a subsequent experiment using STED
immunofluorescence revealed that, similar to what was observed after laser ablation
(Khodjakov et al., 2000), spindles after centrinone inhibition form through a transient
monopolar state and undergo acentrosomal pole assembly at a later point (Figure 18C). Thus,
while these results seemingly support the finding that chromosomes attached to microtubules
behind the pole require more time to congress, the effect observed in this experiment likely
stems from the complete absence of any kind of pole on the acentrosomal side during early
prometaphase, rather than just from the absence of attachment to astral microtubules on the

acentrosomal pole.
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Figure 18. Chromosomes behind the centrosomal pole require more time to align than
those on the side with the acentrosomal pole following centrinone treatment. (A) Time-
lapse images of chromosome congression in an RPE1 cell stably expressing CENP-A-GFP
and Centrin1-GFP (confocal, blue) treated with 300 nM centrinone inhibitor to achieve the
1:0 centrosome configuration. Images are maximum intensity projections of 7 central z-
planes. The centrosome is marked with a white circle and the metaphase plate with a white
line. The orange arrow represents a kinetochore pair located behind the centrosomal pole at
NEBD and the white arrow represents a kinetochore pair located on the opposite side of the
nucleus behind the future acentrosomal pole. (B) Univariate scatter plot of the alignment time
for kinetochore pairs located behind the centrosomal pole at NEBD and kinetochore pairs
located on the opposite side of the nucleus. Boxes represent the standard deviation (dark
gray), 95% confidence interval of the mean (light gray) and mean value (black). N = 11
kinetochore pairs behind the centrosomal pole and 7 kinetochore pairs on the opposite side of
the nucleus in 2 cells from 2 experiments. Statistical test: t-test. (C) STED superresolution
images of microtubules immunostained for a-tubulin (white) in RPE1 cells stably expressing
CENP-A-GFP and Centrinl-GFP (colorful, confocal) in early prometaphase, late
prometaphase and metaphase. Images show maximum intensity projections of the whole cell.
Kinetochores are color-coded for depth with the brgbcmyw LUT in ImageJ throughout 16-21
z-planes, corresponding to 4.8-6.3 um. After going through a transient monopolar state in
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early prometaphase (left), the microtubules start organizing into the acentrosomal pole (white
arrows) on the opposite side during late prometaphase (middle). The acentrosomal pole
ultimately forms with little to no astral microtubules (right). (A,C) Scale bars =2 um.

4.2. Possible models of passage across the pole

After determining that polar chromosomes likely require an additional congression
step to cross the pole, I reconstructed a timeline of polar chromosome congression from
NEBD until alignment (Figure 19A-C). Once the nuclear envelope breaks down (t = 0
minutes), a typical polar chromosome approaches the spindle pole from the back until
reaching a relatively stable distance to the said pole after 3.4 + 0.2 minutes. This timing
approximately corresponds to the emergence of the prometaphase ring — a structure formed by
chromosomes that surround the early spindle (Magidson et al., 2011). Interestingly, a polar
chromosome does not land on the main spindle surface until 7.4 + 0.3 minutes after NEBD,
meaning that there is a 4-minute time gap between the known mechanisms of polar
chromosome congression. During this time gap, the spindle rapidly elongates and other
chromosomes already travel along the microtubules of the main spindle surface towards the
equator. Once a polar chromosome lands on the main spindle surface, it joins other
chromosomes in traveling along the microtubules of the main spindle surface towards the

equator, until finally aligning at 12.3 + 0.3 minutes after NEBD.
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Figure 19. A timeline of polar chromosome congression and mitotic spindle behavior
during prometaphase. (A) STED superresolution images of microtubules immunostained for
a-tubulin (white) in RPE1 cells stably expressing CENP-A-GFP (colorful, confocal). Images
show maximum intensity projections of the whole cell. Kinetochores are color-coded for
depth with the brgbcmyw LUT in ImageJ throughout 8-12 z-planes in prometaphase and 35 z-
planes in metaphase, correspoding to 2.4-3.6 um and 10.5 um, respectively. The images
represent different phases of mitosis (I — nuclear envelope breakdown (NEBD), Il — a spindle

starts forming and kinetochores in the polar region start approaching the spindle pole from the
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back, I1l — a prometaphase ring forms and approaching ends, IV — a spindle rapidly elongates
while kinetochores located at the back of the pole pass the polar region, V — spindle
elongation ends and all kinetochores land onto the spindle surface, VI — a spindle is fully
elongated and kinetochores travel towards the spindle equator). The polar region and the main
spindle surface are denoted in image Il. (B) Time-lapse images of RPE1 cells stably
expressing CENP-A-GFP and Centrin1-GFP (colorful, lattice light-sheet). Images show
maximum intensity projections of the whole cell. Kinetochores are color-coded for depth with
the brgbcmyw LUT in ImageJ throughout 32-40 z-planes, corresponding to 4.6-5.8 um.
Mitotic phases from | to VI correspond to the ones described in (A). The polar region is
denoted as a region behind two dashed lines perpendicular to the long spindle axes.
Centrosomes are denoted with white circles. White arrows represent one polar kinetochore
pair tracked from NEBD until alignment to the spindle equator. (C) Polar chromosome-
centered (upper) and spindle-centered (lower) timelines of prometaphase events. Events are
marked with the Roman numerals that correspond to the ones shown in (A) and (B). The
times are calculated based on 39 kinetochore pairs in 20 cells from 8 experiments. (A-B)

Scale bars =2 pm.

To explain what happens during the observed 4-minute time gap between the end of
approaching and landing on the main spindle surface (Figure 20A), I proposed three different
models of passage across the pole (Figure 20B).

In the first model, motor proteins implicated in the congression of polar chromosomes
(kinetochore dynein, CENP-E, chromokinesins or actomyosin) play another yet undiscovered
role in driving the passage across the pole.

In the second model, spindle elongation drives pivoting of astral microtubules attached
to polar chromosomes from the back of the spindle towards the main spindle surface, thereby
repositioning chromosomes in the same direction.

In the third model, microtubules from the opposite side of the spindle manage to reach
behind the spindle pole while the spindle is still relatively short, attach to the polar

chromosome and pull it in the direction of the main spindle surface.
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Figure 20. Possible models of passage across the pole. (A) Schematic representation of the
first (end of approaching) and the last (landing) known time points between which the time
gap and possible passage across the polar region occur (first row, left). (B) Three possible
models for the passage across the spindle pole. The first model proposes that a motor protein
brings kinetochores of polar chromosomes toward the main spindle surface (first row, right).
The second model proposes that spindle elongation drives the pivoting of astral microtubules,
consequently bringing polar kinetochores that are attached to them in front of the spindle pole
(second row, left). The third model proposes that polar kinetochores attach to microtubules
emanating from the opposite side of the spindle that pull them onto the main spindle surface

(second row, right).

4.3. Polar chromosomes cross the pole independently of motor proteins that play a role
in their congression

To test the first model, in which the motor proteins with known roles in polar
chromosome congression assume Yyet another role in driving the passage across the pole, |
depleted CENP-E (kinesin-7) (Barisic et al., 2014; Cai et al., 2009; Kapoor et al., 2006;
Maiato et al., 2017), Spindly, which leads to kinetochore dynein recruitment during early
mitosis (Griffis et al., 2007), or co-depleted the chromokinesins KIF4A (kinesin-4) and Kid
(kinesin-10) (Mazumdar et al., 2004; Wandke et al., 2012; Yajima et al., 2003) by using small
interfering RNAs (SiRNAs). | also perturbed actomyosin contraction (Booth et al., 2019;
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Plessner et al., 2019) by depolymerizing actin using Latrunculin A, thus including all known
motor-driven mechanisms of polar chromosome congression in the test of the model (Figure
21A).

Even when these motor proteins were depleted or inhibited, which was confirmed by
their absence from the expected location, a decrease in their signal, and the characteristic
phenotype (Figure 21B-C), a vast majority of polar chromosomes successfully traveled
across the pole (Figure 21D). An exception to the rule was a small fraction (~2%) of
chromosomes after Spindly depletion. These chromosomes failed to cross the pole due to
being vigorously ejected away from the pole and outside of the area where the future spindle
forms (Figure 21E). Thus, Spindly depletion results suggest that chromosomes must come
relatively close to the pole to cross it successfully. However, they also reveal that the initial
passage across the pole generally occurs independently of the expanded corona, as the
expansion of the kinetochore fibrous corona requires Spindly (Pereira et al., 2018; Sacristan et
al., 2018).
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Figure 21. Passage across the polar region normally occurs following the
depletion of motor proteins implied in polar chromosome congression. (A) Time-lapse
images of RPEL cells stably expressing CENP-A-GFP and Centrin1-GFP (colorful, lattice
light-sheet) following CENP-E depletion, Spindly depletion, KIF4A/Kid co-depletion and
Latrunculin A treatment. Images show maximum intensity projections of the whole cell.
Kinetochores are color-coded for depth with the brgbcmyw LUT in ImageJ throughout 27-77
z-planes, corresponding to 3.9-11.2 um. White arrows represent unaligned kinetochores after
Spindly depletion. (B) Fixed untreated, CENP-E, Spindly, and KIF4A/Kid siRNA-treated
RPE1 cells stably expressing CENP-A-GFP and Centrinl-GFP (both in orange) and
immunostained for CENP-E, Spindly, KIF4A or Kid (each treatment in green). Chromosomes
were stained with DAPI (blue) to identify the cells in prometaphase. Images are maximum
intensity projections of the whole cell (33 z-planes), corresponding to 16.5 um. (C) The
normalized signal intensity of proteins of interest in untreated (blue) and treated (gray) cells
as in (B). N = 36 control and 36 CENP-E siRNA-treated cells from 3 experiments. N = 32
control and 30 Spindly siRNA-treated cells from 3 experiments. N = 37 control and 35
KIF4A/Kid siRNA-treated cells from 3 experiments stained with the KIF4A antibody. N = 33
control and 30 KIF4A/Kid siRNA-treated cells from 3 experiments stained with the Kid

antibody. Statistical test: Mann-Whitney U test. (D) Fraction of successful passages across the
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spindle pole for polar kinetochores in cells treated with latrunculin A or cells following
Spindly depletion, CENP-E depletion or KIF4A/Kid codepletion. Successful passage was
defined as the passage across the 90° mark with respect to the spindle axis (i.e., pivoting
angle) within 15 minutes from NEBD. N = all polar kinetochore pairs in 11 cells from 3
experiments for CENP-E. N = 188 polar kinetochore pairs in 12 cells from 6 experiments for
Spindly, 4 out of which failed to cross the pole. N = all polar kinetochore pairs in 10 cells
from 3 experiments for KIF4A and Kid. N = all polar kinetochore pairs in 10 cells from 4
experiments for Latrunculin A. (E) Distance of a polar kinetochore pair to the closer
centrosome in time for polar kinetochore pairs in untreated cells (blue), polar kinetochore
pairs that successfully crossed the pole following Spindly depletion (green) and polar
kinetochore pairs that failed to cross the pole following Spindly depletion (orange). Values
are shown as mean (dark line) and SEM (shaded areas). N = 39 polar kinetochore pairs in 20
untreated cells from 8 experiments. N = 4 polar kinetochore pairs that successfully crossed the
pole in 3 Spindly-depleted cells from 2 experiments. N = 4 polar kinetochore pairs that failed
to cross the pole in 3 Spindly-depleted cells from 2 experiments. (A-B) Scale bars = 2 um.

Altogether, the tests of the first model reveal that the passage across the pole occurs
independently of the motor proteins that are known to drive the congression of polar
chromosomes. However, kinetochore dynein likely facilitates the process through its role in

setting the distance of polar chromosomes close to the spindle pole.

4.4. Polar chromosomes attach to astral microtubules and rely upon their pivoting to

reach the main spindle surface

To test the second model, where spindle elongation drives the pivoting of
chromosome-attached astral microtubules around the centrosome and towards the main
spindle surface, | first had to test whether astral microtubules in healthy human cells indeed
pivot during early prometaphase. Since astral microtubules are typically undetectable in
videos of mitosis, | developed a confocal microscopy protocol with adjusted pixel size (See
Methods 3.8) to image RPEL cells stably expressing EYFP-a-tubulin with added HaloTag-
CENP-A. By aligning the images to fix the position of the centrosome, | was able to confirm
the existence of pivoting motion directed towards the main spindle surface for chromosome-

attached astral microtubules during early prometaphase (Figure 22).
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3.25 min

Figure 22. Pivoting motion of chromosome-attached astral microtubules during
prometaphase in healthy cells. (A) Upper panel: time-lapse images of RPE1 cells stably
expressing EYFP-tubulin (white, confocal) and H2B-mRFP (not imaged) with added
HaloTag-CENP-A (blue, confocal). Each image represents a single central z-plane. The
yellow arrow denotes the kinetochore pair attached to the pivoting astral microtubule. Lower
panel: Schematic representation of pivoting based on the images from the upper panel. The

position of the left centrosome is fixed throughout the schemes. Scale bar =2 um.

The pivoting of chromosome-attached astral microtubules within the polar region also
occurred in the U20S cell line with the GFP-tagged microtubule plus-end marker EB3
(Stepanova et al., 2003), suggesting that the mechanism is conserved in healthy and cancer
cells (Figure 23).
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Figure 23. Pivoting motion of chromosome-attached astral microtubules during
prometaphase in cancer cells. Time-lapse images of the region behind the pole in U20S
cells stably expressing EB3-GFP (white, confocal) and CENP-A-mCherry (blue, confocal),
showing astral microtubule attached to the polar kinetochores that pivots over time (left).
Images are temporal maximum intensity projections of a single z-plane over 3-5 sequential
time frames during which the comet was visible. Schematic representation of astral
microtubules pivoting over time (right). Blue, yellow and orange arrows correspond to the

colors of astral microtubules on the scheme to the right. Scale bar =2 um.

In many of the imaged RPEL cells, kinetochores of a polar chromosome stayed
adjacent to a single astral microtubule, or a few in a bundle. One centrosome was positioned
near the nuclear border and, therefore, remained stationary during mitosis. The other
centrosome moved significantly, allowing me to simultaneously explore the astral
microtubule behavior and its connection to centrosome movement. To quantify pivoting, |
measured the pivoting angle - an angle between the centrosome-centrosome axis and the line
connecting the astral microtubule midpoint or the kinetochore pair midpoint with the
centrosome (Figure 24A). | tracked three different types of astral microtubules extending
from the poles: a) microtubules with kinetochores attached to them extending from the
moving pole, b) microtubules without Kinetochores attached to them extending from the
moving pole, and ¢) microtubules without kinetochores attached to them extending from the
stationary pole (Figure 24B). The fourth group - microtubules with kinetochores attached to
them extending from the stationary pole - could not be found, as poles were stationary only
when they were already at the nuclear border at NEBD and, thus, had no polar chromosomes

to begin with.
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Figure 24. Both random and directed pivoting exist in human cells. (A) An image (left) of
an RPE1 cell stably expressing EYFP-tubulin (colorful, confocal) and H2B-mRFP (not
imaged) with added HaloTag-CENP-A (not shown). The image is a temporal maximum
intensity projection of the spindle and centrosome movements over 3 central z-planes (3 pm)
and a time period of 4.5 minutes, color-coded for time with the Spectrum LUT in ImageJ.

RPE1 cell EYFP-tubulin
HaloTag-CENP-A (c

Schematic representation (right) of the measured parameters for polar kinetochores. The
pivoting angle was determined as an angle between the line connecting the midpoint of the
kinetochore pair with the closer spindle pole and the long spindle axis. Spindle length was
determined as the distance between the two spindle poles. (B) Time-lapse images of RPE1
cells stably expressing EYFP-tubulin (white, confocal) and H2B-mRFP (not imaged) with
added HaloTag-CENP-A (blue, confocal). Moving and stagnant spindle poles are denoted in
the first image. The blue arrow represents the microtubule attached to the polar kinetochore
tracked over time. Yellow and orange arrows represent microtubules without attached polar
kinetochores on the moving and stationary spindle poles, respectively. Insets and schematic
representations of the previously described microtubule types are shown below the images of
the whole spindle. Images are maximum intensity projections of 3 central z-planes,

corresponding to 3 um. (A-B) Scale bars =2 um.

51



After analyzing the three classes of microtubules, | found that the chromosome-
attached astral microtubule pivoted around the centrosome in the direction of the spindle
surface, while maintaining its connection to the polar chromosome as the centrosome traveled
outwards (Figure 25A-B). The microtubules were straight rather than bent (Figure 25C),
suggesting that the entire microtubule pivots around the centrosome, as opposed to the plus-
end-proximal segment gliding along the cell cortex. This was also supported by the previous
finding that the passage across the pole remains unaffected after latrunculin A-mediated
disruption of the cortex (Figure 21). In contrast to the directed pivoting of chromosome-
attached astral microtubules, the microtubules that were not attached to a chromosome instead
pivoted around the centrosome in a random manner. Their pivoting was also comparable
when the centrosome they emanated from moved significantly and when it remained
stationary (Figure 25A-B). Whereas chromosome-carrying microtubules, on average, pivoted
by ~36 degrees within 3 minutes, the chromosome-free microtubules changed their angle by
less than ~8 degrees (Figure 25D). Taken together, these findings suggest that random
pivoting of chromosome-free astral microtubules occurs independently of centrosome
movement and chromosome attachment and requires smaller forces. In contrast, directed
pivoting occurs only for astral microtubules simultaneously attached to a chromosome and the

moving centrosome and requires larger forces.
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Figure 25. Directed pivoting of astral microtubules requires both centrosome movement
and attachment to chromosomes. (A) Schematic representation of the spindle pole
movement and pivoting angle for each microtubule from Figure 24 in time (from red to blue).
Note that only the microtubule attached to polar kinetochores (KCs) pivots around the spindle
pole. (B) The pivoting angle of the microtubule attached to the kinetochores on the moving
pole (blue), microtubule without attached kinetochores on the moving pole (yellow) and
microtubule without attached kinetochores on the stagnant pole (orange) in time. Values are
shown as mean (dark line) and SEM (shaded areas). N = 16 microtubules with polar
kinetochores attached to them on the moving pole in 10 cells from 4 experiments. N = 16
microtubules without polar kinetochores attached to them on the moving pole in 10 cells from
4 experiments. N = 14 microtubules without polar kinetochores attached to them on the
stagnant pole in 6 cells from 4 experiments. The fourth group, microtubules with polar
kinetochores attached to them on the stagnant pole could not be found, as poles were stagnant
only when they were already at the nuclear border at NEBD and, therefore, had no polar
chromosomes to begin with. (C) The shape of astral microtubules with attached polar
kinetochores tracked mid-pivoting. The spindle pole is located in (0,0). N = 16 microtubules
in 10 cells from 4 experiments. Values are shown as mean (dark line) and SEM (shaded areas)
and individual microtubules are depicted in colors. (D) Pivoting angle change over a period of
3 minutes from the beginning of pivoting for astral microtubules with polar kinetochores
attached to them on the moving pole (blue), microtubules without polar kinetochores attached

to them on the moving pole (yellow) and microtubules without polar kinetochores attached to
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them on the stagnant pole (orange). N = 13 microtubules with polar kinetochores attached to
them on the moving pole in 9 cells from 4 experiments. N = 16 microtubules without polar
kinetochores attached to them on the moving pole in 10 cells from 4 experiments. N = 14
microtubules without polar kinetochores attached to them on the stagnant pole in 6 cells from
4 experiments. Statistical test: ANOVA with post-hoc Tukey test. Boxes represent the
standard deviation (dark gray), 95% confidence interval of the mean (light gray) and mean
value (black).

A key assumption of the pivoting model is that larger objects show larger resistance to
the movement through the cytoplasm than smaller ones. This implies that, during spindle
elongation, a larger chromosome should move less and, therefore, its astral microtubule
should pivot more than that of a smaller chromosome. Indeed, when | compared a smaller and
a larger chromosome connected to the same pole, as shown in a temporal maximum-intensity
projection of spindles labeled with EB3-GFP and H2B-mCherry, | found that the smaller
chromosome moved together with the centrosome slightly more than the larger one that
remained relatively immobile (Figure 26A-B). This resulted in a faster decrease in the
pivoting angle for larger chromosomes (Figure 26C-D).

At the same time, the centrosome moved significantly more than any of the

chromosomes (Figure 26A), in line with the previous observations (Magidson et al., 2011).
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Figure 26. Centrosomes move more extensively than chromosomes during the passage
across the pole, while the movement of chromosomes depends on their size. (A) Images of
RPE1 cells stably expressing EB3-GFP (colorful, confocal, left image) and H2B-mCherry
(colorful, confocal, middle and right images). The image on the left is a temporal maximum
intensity projection of the centrosome movement over 3 central z-planes (3 um) and a time
period of 3.3 minutes. Images in the middle and on the right are temporal maximum intensity
projections of single z-planes in which the smaller (middle) and larger (right) chromosomes
were located over a time period of 3.3 minutes. Images are color-coded for time with the
Spectrum LUT in ImageJ. The centrosome and chromosomes are depicted with white arrows.
Scale bar = 2 um. (B) Chromosome arm length for larger and smaller chromosomes. Each
color represents one pairing of a larger and a smaller chromosome within the same cell. N = 3
chromosomes in 3 cells from 2 experiments for each group. Statistical test: t-test. Boxes
represent the standard deviation (dark gray), 95% confidence interval of the mean (light gray)
and mean value (black). (C) The pivoting angle in time for smaller (green) and larger (blue)
chromosomes in time. Values are shown as mean (dark line) and SEM (shaded areas). (D)
The pivoting angle for individual smaller (dashed line) and larger (full line) chromosomes in

time. Each color represents one pairing of a larger and a smaller chromosome in one cell.
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To further analyze the relationship between pivoting and centrosome movement, |
tracked in 3D the kinetochores of polar chromosomes and centrosomes in LLS videos, which
allowed me to perform the analysis with high spatiotemporal resolution (Figure 27A). In
agreement with the model, the pivoting angle showed a fast decrease during the period of
rapid spindle elongation and stabilized as the spindle length stabilized (Figure 27B-C). The
pivoting angle was also strongly anti-correlated with the spindle length among individual
kinetochore pairs (Figure 27D-E), supporting the idea that spindle elongation drives pivoting.

In sum, these results support the model in which the spindle elongation drives the
pivoting of astral microtubules attached to stationary polar chromosomes (Figure 27F), thus

changing their relative position with respect to the spindle pole from the back to the front.
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Figure 27. Pivoting is strongly anti-correlated with spindle elongation. (A) Time-lapse
images of RPEL cells stably expressing CENP-A-GFP and Centrin1-GFP (colorful, lattice
light-sheet). Images show maximum intensity projections of the whole cell. Kinetochores are
color-coded for depth with the brgbcmyw LUT in ImageJ throughout 34-38 z-planes,
corresponding to 4.9-5.5 um. White arrows represent one polar kinetochore pair tracked from
the end of approaching until it passed the spindle pole. (B) The pivoting angle of polar
kinetochore pairs and (C) corresponding spindle length in time. The landing of each
kinetochore pair is set to t = 0 minutes. Values are shown as mean (dark line) and SEM
(shaded areas). N = 39 kinetochore pairs in 20 cells from 8 experiments. (D) Anticorrelation
of the pivoting angle and spindle length for the same polar kinetochores as in (B) and (C).
Each color represents one polar kinetochore pair and each dot represents its pivoting angle

and the corresponding spindle length in time. Linear regression. N = 39 kinetochore pairs in
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20 cells from 8 experiments. (E) Anti-correlation between the pivoting angle and the spindle
length for three individual polar kinetochore pairs as in (D). Linear regression. N = 3
randomly chosen polar kinetochore pairs in 3 cells from 3 experiments. (F) Schematic
representation of the centrosome, astral microtubule and chromosome movements during
pivoting. Note that the centrosome moves significantly while microtubules pivot under the

weight of a chromosome which moves only slightly.

4.5. Centrosome movement sets the direction and magnitude of microtubule pivoting

To finally test whether pivoting is indeed driven by centrosome movement, as the
results from untreated cells suggest, | designed a set of manipulations of Eg5, the main motor
protein driving spindle elongation (Kapitein et al., 2005; Kashina et al., 1997), to either
reverse, block or restore spindle elongation (Figure 28A-C). Based on the model, the
predictions were as follows: a) if the spindle elongates, pivoting should be directed from the
back of the spindle toward the main spindle surface, b) if the spindle shortens, pivoting should
reverse its direction, from the main spindle surface towards the back of the spindle c) if the
spindle remains at a constant length, directed pivoting should be negligible, d) if the
previously shortened spindle restores its elongation ability, it should also restore the ability to
direct pivoting from the back of the spindle toward the main spindle surface.

To cause spindle shortening, | used the Eg5 inhibitor STLC (Skoufias et al., 2006). |
monitored the cells from NEBD and added the inhibitor during prometaphase at a point when
the spindle had already formed, and the kinetochores of polar chromosomes arrived close to
the main spindle surface, but had not yet landed and successfully attached to it. After the
addition of STLC, the spindle started shortening, and the kinetochores of the polar
chromosomes that had previously arrived near the main spindle surface started pivoting
towards the back of the spindle (Figure 28B). Accordingly, 3D tracking of kinetochores and
centrosomes and subsequent analysis of pivoting angle and spindle length revealed an
increase in the pivoting angle during spindle shortening in STLC-treated cells, in contrast to
the decrease of the pivoting angle during spindle elongation in control cells (Figure 28D-E).

To block spindle elongation, | added the ATP-competitive Eg5 inhibitor FCPT (Groen
et al., 2008; Rickert et al., 2008), which causes tight binding of Eg5 onto microtubules. As the
spindle length remained constant, kinetochores of polar chromosomes failed to pivot
significantly (Figure 28C-E), which further supported the model.
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Figure 28. Pivoting is directed by centrosome movement. (A-C) Time-lapse images of
RPE1 cells stably expressing CENP-A-GFP and Centrin1-GFP (colorful, confocal) for (A)
control DMSO-, (B) STLC- and (C) FCPT-treated cells. White arrows represent one polar
kinetochore pair over time. White circles represent spindle poles, horizontal dashed lines
represent the long spindle axis and lines perpendicular to it denote the borders of the polar
region. Note that the STLC treatment caused spindle shortening and FCPT treatment blocked
spindle elongation. Kinetochores are color-coded for depth with the brgbcmyw LUT in
ImageJ throughout 14-21 z-planes, corresponding to 5.6-8.4 um. (D) Spindle length and (E)
pivoting angle in time for polar kinetochores in control (gray), STLC (yellow) and FCPT
(blue) treatment. Values are shown as mean (dark line) and SEM (shaded areas). t = 0 minutes
corresponds to inhibitor addition and activity. N = 7 kinetochore pairs in 7 cells from 7
experiments (DMSO), N = 5 kinetochore pairs in 3 cells from 3 experiments (STLC), N =9
kinetochore pairs in 7 cells from 7 experiments (FCPT). (F) Anticorrelation of the pivoting
angle and spindle length for the control, STLC and FCPT treatment. N = 1 kinetochore pair
from 1 cell and 1 experiment for each. Linear regression. (G) Univariate scatter plot of the
pivoting angle before and 5 minutes after the addition of DMSO (left), STLC (middle) and
FCPT (right). Each color represents a different kinetochore pair. If landing occurred less than
5 minutes after the addition of DMSO, it was taken as the final step instead. N = 7
kinetochore pairs in 7 cells from 7 experiments (DMSO), 5 kinetochore pairs in 3 cells from 3
experiments (STLC), 9 kinetochore pairs in 7 cells from 7 experiments (FCPT). Statistical
test: paired t-test. Boxes represent the standard deviation (dark gray), 95% confidence interval

of the mean (light gray) and mean value (black). (A-C) Scale bars = 2 pm.
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Remarkably, the process was reversible, moving back and forth in an experiment
called “the monastrol seesaw” (Figure 29A). In this experiment, | first reversed spindle
elongation into shortening using the inhibitor monastrol (Mayer et al., 1999), only to restore
elongation after the inhibitor washout. Accordingly, kinetochores of polar chromosomes
initially pivoted from the back of the spindle towards the front during the initial elongation
phase. Following the monastrol-induced spindle shortening, they reversed their pivoting
direction towards the back of the spindle. Finally, after restoring spindle elongation with
monastrol washout, kinetochores of polar chromosomes reestablished their initial pivoting
direction and successfully traveled from the back of the spindle toward the main spindle
surface (Figure 29A-C). The shortening was also accompanied by an increase in the overall
number of chromosomes located behind the pole, all of which returned back to the main

spindle surface once the elongation was restored (Figure 29D).
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Figure 29. Centrosome movement affects microtubule pivoting in a reversible manner.
(A) Time-lapse images of RPE1 cells stably expressing CENP-A-GFP and Centrinl-GFP
(colorful, confocal) during the monastrol addition and subsequent washout. White arrows
represent one polar kinetochore pair over time. White circles represent spindle poles,
horizontal dashed lines represent the long spindle axis and lines perpendicular to it denote the
borders of the polar region. Note that the monastrol treatment caused spindle shortening and

the monastrol washout restored spindle elongation. Kinetochores are color-coded for depth
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with the brgbcmyw LUT in ImageJ throughout 14-21 z-planes, corresponding to 5.6-8.4 um.
Scale bar = 2 um. (B) Change of spindle length and (C) pivoting angle in time during the
monastrol washout experiment. Dashed lines denote the time required for the addition or
washout of the inhibitor together with the time required for the spindle length to start
changing. N = 1 kinetochore pair in 1 cell from 1 experiment. (D) Number of polar
chromosomes at nuclear envelope breakdown (NEBD, blue), just before monastrol addition
(orange), just before monastrol washout (yellow) and in late prometaphase following
monastrol washout (dark green). N = all chromosomes located behind the pole at any given

moment in 1 cell from 1 experiment.

Finally, 1 used an orthogonal approach to exclude the possibility that the observed
effects of Eg5 inhibition were due to roles of Eg5 other than driving spindle elongation. This
included adding a low dose of nocodazole (20 nM), which induces mild spindle shortening
after NEBD (Figure 30A), while preserving the attachments of chromosomes to astral
microtubules (Rajendraprasad et al., 2021). In agreement with the results from Eg5 inhibition,
spindle shortening caused an increase in the number of chromosomes located behind the pole
over time. Once the spindle length stabilized, the number of chromosomes located behind the
pole also remained relatively constant (Figure 30B-C). Taken together, these experiments

show that the direction of centrosome movement dictates the direction of pivoting.
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Figure 30. An orthogonal approach using low-dose nocodazole supports findings from
Eg5-based experiments. (A) Time-lapse lattice light-sheet images of RPEL cells stably
expressing CENP-A-GFP and Centrinl-GFP (colorful, confocal) following low-dose
nocodazole treatment (20 nM). Images are maximum intensity projections of the whole cell.
Kinetochores are color-coded for depth with the brgbcmyw LUT in ImageJ throughout 37-52
z-planes, corresponding to 5.4-7.5 um. White circles represent spindle poles, dashed lines
represent the long spindle axis and lines perpendicular to it denote the borders of the polar
region. Scale bar = 2 um. (B) Change of spindle length in time from NEBD for untreated cells
(gray) and cells treated with 20 nM nocodazole (orange). Values are shown as mean (dark
line) and SEM (shaded areas). N = 20 untreated cells from 8 experiments. N = 10 nocodazole-
treated cells from 4 experiments. (C) The number of polar chromosomes at NEBD and 10 and
20 minutes after NEBD for cells treated with 20 nM nocodazole. Each color represents one
cell. N = 10 cells from 4 experiments. Statistical test: repeated measures ANOVA. Boxes
represent the standard deviation (dark gray), 95% confidence interval of the mean (light gray)
and mean value (black).

To quantitatively test the model and investigate whether spindle elongation alone can
drive pivoting, | explored the relationship between the extent of pivoting and the extent of
centrosome movement. Firstly, the strong correlation between the change in spindle length
and the simultaneous change in the pivoting angle across treatments supports this idea

(Figure 27D-E, Figure 28F). Secondly, by using the previously measured distance between
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the centrosome and the kinetochores of polar chromosomes and the starting pivoting angles, |
calculated the expected change in the pivoting angle for a given change in the spindle length,
assuming stationary chromosomes (Figure 31A). The resulting theoretical prediction closely
matched the linear fit of the experimental data (Figure 31B), further supporting the model.
Taken together, these results reveal that spindle elongation is an essential and sufficient driver
of chromosome passage across the spindle pole, which determines both the direction and
extent of pivoting for chromosome-attached astral microtubules (Figure 31C).
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Figure 31. Centrosome movement sets both the direction and the extent of microtubule
pivoting. (A) Schematic representation for calculating the theoretical line in (B). d = distance
between the closer spindle pole and the kinetochore pair, X = distance between the spindle
pole and the orthogonal projection of the kinetochore pair onto the spindle axis, X' = x —
change in spindle length, a = pivoting angle, anew = calculated as the arccos (x'/d). The values
of d and a were obtained from the DMSO and STLC experiments. (B) The experimental
correlation of the pivoting angle change and spindle length change for the untreated cells
(orange), DMSO control (dark green), monastrol washout (light green), FCPT (blue),
monastrol (purple) and STLC (yellow) treatments along with the theoretical curve (dashed)
calculated based on the experimental parameters from DMSO and STLC experiments. Linear
regression. (C) Schematic representation of pivoting direction based on the corresponding

spindle length change.
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4.6. Polar chromosomes form complex attachments yet retain their attachment to the
same microtubule during pivoting

To investigate the types of attachments that kinetochores of polar chromosomes form
with astral microtubules during pivoting, and whether they switch between different
microtubules mid-process, | imaged microtubules within the dense polar region in RPE1 cells
expressing CENP-A-GFP using STED microscopy (Figure 32). The imaging was performed
at various stages between the end of approaching and landing. Remarkably, rather than
primarily observing simple lateral or end-on attachments, | found a wide variety of attachment
types. The observed attachment types included the previously described lateral, monotelic,
and syntelic attachments, together with more complex and previously unidentified attachment
types. | defined them as: 1) bilateral, when two sister kinetochores attach laterally to two
astral microtubules, 2) mono-lateral, when one sister kinetochore has an end-on attachment in
addition to both sisters being laterally attached to the same astral microtubule, 3) mono-
bilateral, a combination of bilateral and one end-on attachment and 4) syn-lateral, a

combination of syntelic and one lateral attachment (Figure 32).
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Figure 32. Polar chromosomes form various complex attachments in the polar region.
STED superresolution images of microtubules immunostained for a-tubulin (white) in RPE1
cells stably expressing CENP-A-GFP (colorful, confocal). Images show maximum intensity
projections of the whole cell. Kinetochores are color-coded for depth with the brgbhcmyw
LUT in ImageJ throughout 8-17 z-planes, corresponding to 2.4-5.1 pum. White arrows
represent a kinetochore pair attached to microtubules shown in insets below the image. Insets
show single z-planes or maximum intensity projections of 2-3 z-planes where the microtubule
of interest is located, smoothed with 0.75-mm-sigma Gaussian blur. The schematic
representations of different attachment types are shown next to the associated insets. Scale bar

=2 um.

Out of the observed attachment types in RPE1 cells with marked CENP-A and tubulin,
mono-lateral attachments were the most frequent, followed by lateral and bilateral ones
(Figure 33A). Comparable results were also obtained in RPE1 cells stably expressing CENP-
A-Cerulean and Mad2-mRuby (Figure 33B), where the information about the Mad2 levels on
the kinetochores (e.g., comparable Mad2 levels on both kinetochores for lateral attachment or

visibly lower Mad2 levels on the closer kinetochore for mono-lateral or monotelic
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attachment) accompanied the visual analysis of kinetochores and microtubules. The analysis
of EB3 comets in U20S cells additionally showed that most comets pass along both
kinetochores (i.e., lateral) or next to each kinetochore (i.e., bilateral), as opposed to stopping
at the closer kinetochore (i.e., end-on). However, the analysis of EB3 comets might be biased
toward lateral attachments, where the comets can be easily detected as they pass along both
kinetochores. This is in contrast to end-on attachments, where it can be difficult to detect
comets stopping at the kinetochore that coexist with those passing along both kinetochores
(Figure 33C).
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Figure 33. (Mono)-lateral attachments are the most frequent attachment type in the
polar region during prometaphase. (A) Fractions of different attachment types for polar
chromosomes between the end of approaching and landing quantified from STED images of
RPEL1 cells stably expressing CENP-A-GFP and Centrin1-GFP. N = 60 kinetochore pairs in
24 cells from 5 experiments. (B) Fractions of different attachment types for polar
chromosomes between the end of approaching and landing quantified from STED images of
RPEL1 cells stably expressing CENP-A-Cerulean and Mad2-mRuby. N = 42 kinetochore pairs
in 29 cells from 3 experiments. (C) Fractions of different attachment types for polar
chromosomes between the end of approaching and landing quantified using EB3 comets in
confocal videos of U20S cells stably expressing EB3-2xGFP and CENP-A-mCherry. N = 25

kinetochore pairs in 12 cells from 3 experiments.

Moreover, the analysis of Mad2 (Figure 34A) showed that the kinetochore further
away from the pole had more Mad2 - a marker of kinetochores with missing or unstable
attachments (Kuhn and Dumont, 2017; Waters et al., 1998) - than its sister (Figure 34B). This
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was aligned with the finding that mono-lateral attachments - where the kinetochore further
away from the pole typically forms a lateral attachment, whereas the closer one forms an end-
on attachment in addition to the lateral one - represent the most frequent attachment type in
the polar region. Mad2 levels at kinetochores with end-on attachments were lower than at
kinetochores with lateral attachments, but higher than those at end-on attached kinetochores
in metaphase (Figure 34C), suggesting that end-on attachments formed during the passage
across the pole remain immature. Thus, these attachments likely represent an early fraction of

the future k-fiber that starts forming even as the kinetochore is still located behind the pole.
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Figure 34. A future k-fiber of the kinetochore closer to the pole already starts forming
behind the pole. (A) STED superresolution images of microtubules immunostained for a-
tubulin (white) in RPE1 cells stably expressing CENP-A-Cerulean (blue) and Mad2-mRuby
(yellow). Images show single z-planes of spindles with laterally (upper panel) or end-on
(lower panel) attached polar kinetochores shown in insets. The insets show a single z-plane,
with kinetochores and microtubules smoothed with the 0.75-mm-sigma Gaussian blur. The
intensities of CENP-A and Mad2 are equally adjusted throughout the images. Scale bar = 2
um. (B) Univariate scatter plot of the relative Mad2/CENP-A signal for closer (blue) and
further (yellow) polar kinetochore. Measurements were done on STED images as from (A). N
= 42 kinetochore pairs in 29 cells from 3 experiments. Statistical test: Mann-Whitney U test.
(C) Univariate scatter plot of the relative Mad2/CENP-A signal for closer polar kinetochore
in metaphase (blue), in prometaphase when the kinetochore makes an end-on attachment
(orange) and in prometaphase when the kinetochore makes a lateral attachment (yellow).

Measurements are done on STED images as from (A). N = 10 kinetochores from 5
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kinetochore pairs in 2 cells from 1 experiment for metaphase, N = 26 end-on attached
kinetochores and 12 laterally attached kinetochores in 29 cells from 3 experiments for
prometaphase. Statistical test: Kruskal-Wallis with post-hoc Dunn's test. (B-C) Boxes
represent the standard deviation (dark gray), 95% confidence interval of the mean (light gray)

and mean value (black).

To explore if chromosomes remain attached to the same microtubule or switch from
one microtubule to another during pivoting, | performed live-cell imaging of RPEL cells
stably expressing EYFP-a-tubulin and H2B-mRFP with the added HaloTag-CENP-A (Figure
35A). | found that 63.1 = 11.1% of polar chromosomes remained attached to a single
microtubule during pivoting, 21.1 £ 9.4% made one change between microtubules, whereas
multiple changes were rare (Figure 35B). Importantly, most of the observed changes included
only a change for the kinetochore further away from the pole, whereas the closer one
remained attached to the same microtubule during the entire process (Figure 35C).
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Figure 35. Polar chromosomes mostly remain attached to the same microtubule during
pivoting. (A) Time-lapse confocal images of RPEL cells stably expressing EYFP-a-tubulin
(white) and H2B-mRFP (not imaged) with added HaloTag-CENP-A (blue). The first row
represents a kinetochore pair that constantly remains attached to the same microtubule during
pivoting. The second row represents a kinetochore pair that changes the attachment of its
further kinetochore during pivoting from lateral to bilateral. The images are maximum
intensity projections of 3 central z-planes spanning 3 pm. Kinetochores are smoothed with the
0.75-mm-sigma Gaussian blur. Scale bar = 2 um. (B) Pie chart for the number of microtubule

changes during pivoting measured in RPEL cells stably expressing EYFP-tubulin with added
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HaloTag-CENP-A. N = 19 kinetochore pairs in 10 cells from 4 experiments. (C) Pie chart for
attachment changes on further (yellow), closer (blue) and both (green) polar kinetochores
measured in the same cells as in (B). N = 13 kinetochore pairs in 5 cells from 3 experiments.

Overall, in a typical case with 7 polar chromosomes, 4 of them remain attached to a
single microtubule during pivoting and 2 change the attachment of the kinetochore further
away from the pole, e.g., from lateral to bilateral. Less than one chromosome, on average,
changes the attachment of the closer kinetochore or both kinetochores, suggesting the role of
the closer kinetochore in retaining the attachment to the same microtubule throughout the
entire process (Figure 36). Thus, polar chromosomes make a variety of attachments with
astral microtubules but typically remain attached to the same microtubules while crossing the

polar region.

~ 63% of polar chromosomes ~ 28% of polar chromosomes ~ 6% of polar chromosomes ~ 3% of polar chromosomes
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Figure 36. Schematic representation of attachment changes that polar kinetochores
undergo during pivoting along with their frequencies. The orange arrows denote which

kinetochore in a pair changes microtubules during pivoting.

4.7. Microtubules from the opposite side of the spindle play a minor role in facilitating
the final part of passage across the pole

While the results from previous chapters reveal microtubule pivoting as the main
mechanism that polar chromosomes use to cross the pole, microtubules extending from the
opposite side of the spindle may still contribute to this process by pulling the chromosomes
toward the main spindle surface (Figure 37A). By using STED microscopy, | found that
between the end of approaching and landing, 30.0 + 5.9% of kinetochore pairs in the polar

region attached to a microtubule extending from the opposite side of the spindle, whereas 70.0
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+ 5.9% had no such microtubule nearby. Attachments to microtubules from the opposite
spindle half were rare behind the pole, observed for only 20.5 + 6.5% of kinetochore pairs,
but were more frequent in the region in front of the pole, where 47.6 + 10.9% of kinetochore
pairs had such attachments before joining the main spindle surface (Figure 37B). These
attachments were predominantly end-on (Figure 37C), and most of the microtubules had
tubulin intensity similar to that of astral microtubules, suggesting they are single microtubules
(Figure 37D).
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Figure 37. Polar chromosomes can attach to microtubules from the opposite side of the
spindle while still in the polar region. (A) STED superresolution images of microtubules
immunostained for a-tubulin (white) in RPEL cells stably expressing CENP-A-GFP (colorful,
confocal). Images show maximum intensity projections of the whole cell. Kinetochores are
color-coded for depth with the brgbcmyw LUT in ImageJ throughout 16 and 9 z-planes,
corresponding to 4.8 and 2.7 um, respectively. White squares represent a polar kinetochore
attached to the microtubule from the opposite side of the spindle. Insets with the associated
schemes are shown next to the image of the whole spindle. White arrows denote the
microtubule coming from the opposite side of the spindle. Insets are maximum intensity
projections of 2 and 3 z-planes where the microtubule of interest is located, smoothed with the
0.75-mm-sigma Gaussian blur. Scale bar = 2 um. (B) Percentages of kinetochores that are

unattached (blue) or attached to the microtubule from the opposite side of the spindle (yellow)
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measured in cells as in (A). The shaded area represents kinetochores located at the angle
above 90° with respect to the long spindle axis. N = 18 kinetochore pairs in 15 cells from 5
experiments. Statistical test: Fisher's exact test. (C) Pie chart representing the percentage of
different attachment types with the microtubule from the opposite side of the spindle. N = 18
kinetochore pairs in 15 cells from 5 experiments. (D) Univariate scatter plot of the tubulin
intensity for microtubules that come from the opposite side of the spindle and attach to polar
kinetochores (blue) and astral microtubules (yellow). Boxes represent the standard deviation
(dark gray), 95% confidence interval of the mean (light gray), and mean value (black). N =
11 opposite microtubules in 10 cells from 4 experiments. N = 22 astral microtubules in the

same 10 cells from 4 experiments. Statistical test: t-test.

If the microtubules from the opposite side of the spindle pull the chromosome across
the pole, this is expected to cause an increase in both the interkinetochore distance and the
distance between the kinetochores and the closer pole. Both changes occurred in LLS videos
during the last minute before landing (Figure 38A-B). This further suggests that the pulling
by microtubules from the opposite side contributes only to the last part of the chromosome
movement toward the spindle surface, when the kinetochores have already passed the 90°
mark and come close to the main spindle surface.

Accordingly, once the microtubule from the opposite side attaches to the kinetochore,
this is expected to lead to a decrease in the distance of the kinetochore pair to the opposite
pole, as the kinetochore pair gets pulled by the microtubule and starts moving toward the
equator. With that in mind, I divided the tracked kinetochore pairs from LLS videos into two
groups (Figure 38C-D): those that started traveling towards the opposite pole before landing
(i.e., attached to a microtubule from the opposite side before landing) and those that started
traveling towards the opposite pole after landing (i.e., attached to microtubules from the
opposite side only after they land on the main spindle surface).

Consistent with the results on the presence of microtubules from the opposite side
obtained from STED microscopy (Figure 37B), 71.8 + 7.2% of polar kinetochore pairs
started traveling towards the opposite pole only after landing, indicating that they landed
without attaching to the microtubule from the opposite side before that moment. Another 20.5
+ 6.5% of polar kinetochore pairs started traveling towards the opposite pole once they passed

the 90° mark. Only 7.7 = 4.3% of polar kinetochore pairs started traveling towards the
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opposite pole before passing the 90° mark, suggesting that microtubules from the opposite
pole rarely reach the area behind the pole (Figure 38E).

The polar kinetochore pairs that started traveling towards the opposite pole before
landing ultimately landed at a significantly larger interkinetochore distance when compared to
those that started traveling towards the opposite pole after landing. Such finding supports the
idea that these kinetochores indeed formed attachments on both kinetochores before joining

the main spindle surface (Figure 38F).
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Figure 38. Microtubules from the opposite side of the spindle mostly attach to polar
chromosomes once they pass the 90° mark. (A) Interkinetochore distance of polar
kinetochores over time from the end of approaching. Values are shown as mean (dark line)
and SEM (shaded area). Different colors of lines correspond to individual kinetochore pairs.
N = 39 kinetochore pairs in 20 cells from 8 experiments. (B) Distance to closer centrosome
over time for polar kinetochores from the end of approaching. Values are shown as mean
(dark line) and SEM (shaded areas). N = 39 kinetochore pairs in 20 cells from 8 experiments.
(C) Lattice light-sheet images of RPE1 cells stably expressing CENP-A-GFP and Centrinl-
GFP (colorful, confocal) depicting the polar kinetochore pair (white arrows) which started
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traveling towards the opposite pole before (left) or after (right) landing. Images are
maximume-intensity projections of the whole cell during landing. Kinetochores are color-
coded for depth with the brgbcmyw LUT in ImageJ throughout 40-41 z-planes, corresponding
t0 5.8-6.0 um. Scale bar =2 pm. (D) Distance to the opposite pole for a polar kinetochore pair
that started traveling towards the opposite pole before landing (left) or after landing (right). N
= 1 kinetochore pair in 1 cell from 1 experiment each. Dashed line represents the moment
when the distance started reducing. (E) Pie chart representing the percentage of polar
kinetochores from LLS videos that initiate their movement towards the opposite pole after
landing (blue), before landing at an angle below 90° (yellow) and before landing at an angle
above 90° (orange), indicative of a force other than pivoting. N = 39 kinetochore pairs in 20
cells from 8 experiments. (F) The interkinetochore distance at landing for kinetochore pairs
that started to travel towards the opposite pole before or after landing. Boxes represent the
standard deviation (dark gray), 95% confidence interval of the mean (light gray), and mean

value (black). N = 39 kinetochore pairs in 20 cells from 8 experiments. Statistical test: t-test.

Additionally, live-cell STED microscopy (Figure 39A) enabled direct visualization of
the process in which polar kinetochores attain end-on attachment to a microtubule from the
opposite spindle side, which was also the most frequent attachment type observed in fixed
cells (Figure 39B). The attachment was followed by an increase in interkinetochore distance
and initiation of movement towards the opposite pole, in accordance with the findings from
LLS videos (Figure 38). Such visualization further supports the idea that microtubules
extending from the opposite side of the spindle can pull the chromosome, especially when it is

already close to the spindle surface.
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Figure 39. Microtubules from the opposite side of the spindle mostly form end-on
attachments with the kinetochore further away from the closer pole. (A) Time-lapse live-
cell STED images of RPE1 cells stably expressing CENP-A-GFP and Centrinl-GFP (blue,
confocal) and stained with 100 nM SiR-tubulin (STED, white). Each image represents a
single z-plane. The orange arrow denotes the microtubule coming from the opposite side of
the spindle. Dashed lines represent the interkinetochore distance at landing. Scale bar = 2 um.
(B) Percentage of different attachment types with microtubules from the opposite side of the
spindle for kinetochores between the end of approaching and landing as measured from STED
images in the areas with the pivoting angle above or below 90°. The attachments
corresponding to the one depicted in (A) are marked with an orange circle. N = 8 kinetochore
pairs in 8 cells from 3 experiments for above 90°. N = 10 kinetochore pairs in 9 cells from 4

experiments for below 90°.

Taken together, in a typical cell with 7 polar chromosomes, 5 of them cross the polar
region and reach the main spindle surface only by pivoting, 1-2 chromosomes get pulled on
by microtubules from the opposite side after the initial pivoting motion, whereas generally
less than 1 chromosome per cell interacts with microtubules from the opposite side before
pivoting (Figure 40). Thus, the contribution of these microtubules to the movement of polar

chromosomes, while possible, remains small.
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Figure 40. Microtubules from the opposite side of the spindle only play a minor role in
the passage across the pole. Schematic representation of percentages of polar chromosomes
that pivot without forming an attachment to the microtubule from the opposite side before
landing (left), that pivot and attach to microtubule from the opposite side once they reach the
angle below 90° (middle) and the ones that attach to microtubule from the opposite side at the
angle above 90° (right).

4.8. Impaired spindle elongation leads to unaligned chromosomes that can be rescued by

improving elongation efficiency

Since efficient spindle elongation has been overlooked as the main driver of polar
chromosome congression, | hypothesized that impaired spindle elongation might also be
overlooked as a major cause of segregation errors, particularly for unaligned chromosomes
that linger behind the pole in metaphase. To test the hypothesis, | used AZ3146 (Figure 41A),
a small-molecule inhibitor of the mitotic kinase Mpsl (Hewitt et al., 2010), to induce
premature anaphase onset. | presumed that the Mps1 kinase inhibition would not only lead to
chromosome segregation errors due to perturbed attachment error correction and the SAC
response, but may also result in incomplete spindle elongation. This should, in turn, lead to
impaired passage of polar chromosomes across the pole, allowing me to explore their
connection to unalignment.

Following AZ3146 treatment, the chromosomes that were located behind the pole at
NEBD missegregated more frequently than non-polar chromosomes, similar to results from
(Klaasen et al., 2022). Whereas the frequency of lagging and misaligned chromosomes was
similar among polar and non-polar chromosomes, there was a stark difference in the
frequency of unaligned chromosomes. Around 20% of polar chromosomes remained
unaligned throughout mitosis, leading to aneuploid daughter cells. In contrast, such cases of

unalignment were absent in the non-polar group (Figure 41B). These results suggest that the
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missegregation bias toward observed for polar chromosomes (Klaasen et al., 2022) largely
stems from their persistent unalignment. Importantly, among the chromosomes with
erroneous segregation, the persistently unaligned chromosomes were the last ones to pass
from the back to the front of the spindle pole (i.e., the 90° mark), with some of them even

entirely failing to do so before anaphase onset (Figure 41C).
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Figure 41. Polar chromosomes suffer from unalignment when the checkpoint is
weakened. (A) Time-lapse images of RPEL cells stably expressing CENP-A-GFP and
Centrin1-GFP (colorful, confocal) and treated with Mps1 inhibitor AZ3146. The images show
maximum intensity projections of the imaged cells. The upper panel represents cells without
unaligned chromosomes and the lower panel represents cells with unaligned chromosomes.
Kinetochores are color-coded for depth with the brgbcmyw LUT in ImageJ throughout 14-21
z-planes, corresponding to 5.6-8.4 um. Scale bar = 2 um. (B) Percentage of polar (left bar) or
non-polar (right bar) kinetochore pairs that segregated normally (no error, light blue) or ended
up as lagging (green), misaligned (purple) or unaligned (yellow) kinetochores. Each group of
kinetochores is depicted on the scheme below the graph. N = 52 polar kinetochore pairs in 7
cells from 4 experiments. N = 54 non-polar kinetochore pairs in 7 cells from 4 experiments.
Statistical test: Fisher's exact test. (C) Fractions of kinetochore pairs that passed the 90° mark
in the first five minutes after NEBD, between 5 to 10 minutes after NEBD, between 10
minutes after NEBD and the anaphase onset and those that failed to pass the 90° mark before
anaphase onset. Kinetochore pairs are classified as no error (blue), lagging (green),
misaligned (purple) and unaligned (yellow). N = 52 kinetochore pairs initially located behind

the pole in 7 cells from 4 experiments.
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As the failure to cross the pole points to impaired microtubule pivoting as the likely
cause of unalignment, | hypothesized that cells with persistently unaligned chromosomes have
less extensive spindle elongation than those without unaligned chromosomes. Indeed, 1 found
that the spindles with persistently unaligned chromosomes elongated more slowly, entering
anaphase at a ~4 pum shorter length than the spindles without such chromosomes (Figure
42A). The shorter timing of anaphase was not the cause of persistent unalignment, as the
spindles with and without unaligned chromosomes entered anaphase at a similar time (17.8 +
2.5 vs. 17.9 = 0.9 minutes). Another Mpsl inhibitor, Cpd-5 (Figure 42B-C), yielded
comparable results. The analysis of Cpd-5-treated cells also showed that the number of errors
correlates with the initial number of chromosomes located behind the pole at NEBD, further
emphasizing the importance of unaligned polar chromosomes as an error type following
checkpoint inhibition (Figure 42D).

Altogether, these results indicate that the missegregation bias toward polar
chromosomes (Klaasen et al.,, 2022) largely originates from their tendency to remain
persistently unaligned, which is higher in cells with more polar chromosomes, slower spindle

elongation and, consequently, slower chromosome passage across the pole.
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Figure 42. Cells with unaligned chromosomes enter anaphase with shorter spindles. (A)
Spindle length in time for cells treated with AZ3146 divided into those that have (yellow) or
do not have (blue) unaligned chromosomes at anaphase onset. Values are shown as mean
(dark line) and SEM (shaded areas). N = 3 cells with unaligned chromosomes from 2
experiments. N = 4 cells without unaligned chromosomes from 2 experiments. (B) Still
images of RPEL cells stably expressing CENP-A-GFP and Centrinl-GFP (colorful, confocal)
and treated with Mpsl inhibitor Cpd-5. Images show maximum intensity projections of the
imaged cells. The left panel represents cells with unaligned chromosomes and the right panel

represents cells without unaligned chromosomes at anaphase onset. Circles depict the spindle
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poles and dashed lines depict the long spindle axis and the boundaries of the polar region.
Kinetochores are color-coded for depth with the Spectrum LUT in ImageJ throughout 4 z-
planes, corresponding to 4 pum. Cells were originally imaged as part of the dataset for
(Klaasen et al., 2022). Scale bar = 2 um. (C) Univariate scatter plot of the spindle length at
anaphase onset for cells without (left) and with (right) unaligned chromosomes at anaphase
onset. Cells are divided based on the treatment, to those treated with AZ3146 (yellow) or
Cpd-5 (orange). Boxes represent the standard deviation (dark gray), 95% confidence interval
of the mean (light gray), and mean value (black). N = 7 cells from 4 experiments for
AZ3146. N = 15 cells from 4 experiments for Cpd-5. Statistical test: t-test. Cells with added
Cpd-5 were originally imaged as part of the dataset for (Klaasen et al., 2022). (D) Correlation
between the number of segregation errors in anaphase and the number of chromosomes
behind the pole at NEBD in cells treated with Cpd-5. N = 15 cells from 4 experiments. Linear
regression. Cells with added Cpd-5 were originally imaged as part of the dataset for (Klaasen
etal., 2022).

To determine which chromosomes might be at an increased risk of unalignment based
on their initial position, | set out to determine the ,,danger zone* — a zone within the
interphase nucleus that would predispose chromosomes to missegregate as persistently
unaligned. | discovered that most of the cells (79.17 + 8.29%) align their centrosomes along
the former long nuclear axis during prometaphase (Figure 43A-B), which in turn is mostly
aligned with the long cellular axis (Figure 43C) (Stiff et al., 2020). While the spindle is
known to rotate concurrently with elongation in RPEL cells (Magidson et al., 2011), the z-axis
covers only a few micrometers compared to the much longer xy axes (Figure 43D). Thus, the
“danger zone” borders mainly depend on the centrosome path within the xy axes, while likely
affecting all chromosomes along the z axis located within the said borders.

Taken together, these results point to a “danger zone” in the nuclear caps, defined as
the most peripheral parts of the nucleus along the long nuclear axis (Figure 43E).
Chromosomes located in these caps in interphase typically end up behind the centrosome in

early mitosis, which puts them at risk of failing to cross the pole and becoming unaligned.
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Figure 43. Chromosomes in the nuclear caps at interphase will most likely attach to the
spindle behind the pole. (A) Time-lapse images of RPE1 cells stably expressing CENP-A-
GFP and Centrinl-GFP (white, lattice light-sheet). Images show maximum intensity
projections of 36 and 42 z-planes covering the whole cell, corresponding to 5.2 um and 6.1
um, respectively. The left image represents the nucleus before NEBD and the middle image
represents the kinetochore and centrosome arrangement at the end of approaching. Dashed
lines denote the borders of the nucleus as outlined before NEBD. The image on the right
denotes the approximate position of the former nucleus in interphase (white dashed circle)
along with the position of the former long nuclear axis in interphase (white dashed line) and
the spindle axis in prometaphase at the end of approaching (blue dashed line). Scale bar = 2
um. (B) Percentage of cells in which the long spindle axis is roughly parallel to the former
long nuclear axis (yellow, below 45°) and cells in which the long spindle axis is roughly
perpendicular to the former long nuclear axis (blue, above 45°). N = 24 cells from 8
experiments. (C) A correlation between the angle that the long nuclear axis in interphase

forms with the spindle axis at the end of the approaching (Angle - nucleus) and the angle that
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the long cellular axis in interphase forms with the spindle axis at the end of the approaching
(Angle - cell). N = 24 cells from 8 experiments. Linear regression. (D) Univariate scatter plot
of the long xy nuclear axis length (left), short xy nuclear axis length (middle) and z nuclear
axis length (right). Each color represents one cell. Boxes represent the standard deviation
(dark gray), 95% confidence interval of the mean (light gray), and mean value (black). N = 24
cells from 8 experiments. Statistical test: ANOVA with post-hoc Tukey test. (E) Schematic
representation of the nuclear danger zone in interphase with respect to the position of the
spindle axis in prometaphase. Chromosomes are located in the danger zone if they are situated

within the 45° angle from the long nuclear axis and relatively close to the nuclear border.

To explore whether the findings from Mpsl inhibition translate to cancer cells, |
searched the literature (Barretina et al., 2012; Cerami et al., 2012; de Bruijn et al., 2023; Gao
et al., 2013; Ghandi et al., 2019; Reinhold et al., 2012) for candidate cell lines that show
frequent unaligned chromosomes and short spindles (Table 1). The hypothesis was that
cancer cells with poor spindle elongation have more unaligned chromosomes, which may be
rescued by increasing spindle elongation. After an extensive literature and database screening,
which also aimed to exclude changes in chromokinesins that might affect the experiment, the

ovarian carcinoma cell line OVSAHO was identified as the most promising candidate.
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Table 1. A screen of cancer cell lines with alignment issues. Cancer cell lines were
screened based on the appearance of chromosomes behind the pole in metaphase, spindle
length and potential mutations or other alterations in chromokinesins.

Cell lines with detected | Chromosomes Short 4 < st
P, 5 . . Chromokinesin status Citations
misalignment issues | behind the pole | spindles
Ovarian cancer
OVSAHO Yes Yes No known alterations Tamura et al., 2020

Risteski et al., 2024
(unpublished data

Cov318 N/A N/A No known alterations from Toli¢ lab)

OVKATE No Yes No known alterations

Breast cancer

retrieved by

KIF4A - homodeletion using cBioportal
MCF7 N/A N/A KID - splice mutation (Cerami et al.,
(unknown significance) 2012; Gao et al,,
Tucker et al., 2023 2013, de Burijn
T47D N/A N/A No known alterations etal., 2023,
; Barretina et al.,
Cal51 N/A N/A No known alterations 2012, Ghandi et
Cervical cancer al., 2019,
Reinhold et al.,
HelLa N/A No No known alterations omesetal, 20-2 2012)

Kletter et al., 2022

Bone cancer

Gomes et al., 2022
U20s Yes No KIF4A - amplification Klaasen et al., 2022
Bird and Hyman, 2008

In contrast to extensive spindle elongation by ~9 pm between NEBD and metaphase
in RPE1 cells, OVSAHO spindles elongated by only ~3 um (Figure 44A-B). This was
accompanied by the failure of polar chromosomes to escape the polar region (Figure 44A).
To increase spindle elongation, | used depletion of KIF4A, which increases the spindle length
in metaphase in HeLa and RPE1 cells (Jagri¢ et al., 2021; Risteski et al., 2022). Although
depletion of KIF18A also increases spindle length, it was excluded due to the high sensitivity
of ovarian cancer cell lines to KIF18A inhibition (Gliech et al., 2024). OVSAHO cells
depleted of KIF4A showed spindle elongation by ~5 um (Figure 44A-B), reaching a final
metaphase length of 12.74 + 0.15 pm, in comparison with 11.19 + 0.11 pm without depletion
(Figure 44C).

Remarkably, I also observed a five-fold decrease in the number of cells with unaligned
chromosomes (i.e., located behind the pole in metaphase), from 15.63 + 2.87% to 3.19 +
1.40% after KIF4A depletion (Figure 44D), in agreement with the hypothesis. At the same

time, the number of misaligned chromosomes (i.e., located near the pole between the two
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spindle poles) remained unchanged (Figure 44D). This suggests that misaligned
chromosomes likely arise due to previously described causes (Vukusi¢ and Toli¢, 2022),
whereas unaligned chromosomes represent a distinct segregation error type caused by
impaired spindle elongation.

Alternatively, the observed rescue of unaligned chromosomes may be due to the
perturbed activity of KIF4A as a chromokinesin that generates polar ejection forces on the
chromosomes (Novais-Cruz et al., 2023). However, several lines of evidence argue against
this possibility: i) unaligned chromosomes were equidistant to the nearest pole in untreated
and KIF4A-depleted cells, indicating no significant difference in polar ejection forces and the
associated attachment stabilization (Figure 44E, (Chong et al., 2024)); ii) KIF4A depletion
resolved unaligned but not misaligned chromosomes (Figure 44D), which are expected to be
equally affected by polar ejection forces, whereas spindle elongation is expected to rescue
only the unaligned ones; iii) OVSAHO had no initial mutations or expression changes in
chromokinesins that would lead to an increase in premature attachment stabilization (Table
1).
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Figure 44. Increasing spindle elongation efficiency rescues unaligned chromosomes in
OVSAHO cells. (A) Left panel: time-lapse images of control (upper) and KIF4A siRNA-
treated (lower) OVSAHO cells stained with SPY-555-DNA (blue) and SiR-tubulin (white)
imaged using lattice light-sheet microscopy. Images show maximum intensity projections of
140 z-planes covering the whole cell, corresponding to 20.3 um. White dashed lines represent
the boundaries of polar regions. The orange arrow represents the chromosome lingering

around the pole 15 minutes after NEBD. Right panel: still images of control (upper) and

81



KIF4A siRNA treated (lower) OVSAHO cells stained with anti-a-tubulin antibody (white),
anti-CREST (orange) and DAPI (blue). The orange arrow represents unaligned chromosomes
in metaphase. Images are maximum intensity projections of the whole cell, covering around
15 z-planes (15 um), depending on the size of the cell. Scale bar = 2 um. (B) Spindle length
in time from NEBD for control RPEL cells (gray), control OVSAHO (yellow), and KIF4A
SsiRNA-treated OVSAHO cells (green). Values are shown as mean (dark line) and SEM
(shaded areas). N = 3 untreated OVSAHO cells from 3 experiments. N = 3 KIF4A siRNA-
treated OVSAHO cells from 3 experiments. N = 20 untreated RPE1 cells from 8 experiments.
(C) Univariate scatter plot of the spindle length in untreated (yellow) and KIF4A siRNA
treated (green) OVSAHO cells. Measurements were done on fixed metaphase spindles as in
(A). N = 160 untreated cells from 3 experiments. N = 157 KIF4A siRNA-treated cells from 3
experiments. Statistical test: t-test. (D) Percentage of cells with alignment issues in untreated
(yellow) and KIF4A siRNA-treated (green) OVSAHO cells. Alignment issues are divided
into cells with unaligned (left) and misaligned (right) chromosomes. N = 160 untreated
OVSAHO cells from 3 experiments. N = 157 KIF4A siRNA-treated cells OVSAHO cells
from 3 experiments. Statistical test: Chi-squared test. (E) Univariate scatter plot of the
distance between the closer centrosome and the kinetochores of unaligned chromosomes for
untreated (yellow) and KIF4A siRNA treated (green) OVSAHO cells. Measurements are done
on fixed metaphase spindles as in (A). N = 39 chromosomes in 25 untreated cells from 3
experiments. N = 7 chromosomes in 6 KIF4A siRNA-treated cells from 2 experiments.
Statistical test: t-test. (C,E) Boxes represent the standard deviation (dark gray), 95%
confidence interval of the mean (light gray), and mean value (black).
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In conclusion, these results show that insufficient spindle elongation, which is known
to lead to poor microtubule pivoting, causes frequent unaligned chromosomes in a cancer cell

line. Conversely, increasing spindle elongation can directly rescue such mitotic errors.

Robust spindle elongation Impaired spindle elongation
¢ %
4 ;i
—— ) < -

Figure 45. An integrated pivoting model. In the case of robust spindle elongation,
microtubule pivoting powered by centrosome movement is sufficient to relocate the polar
chromosomes from the back of the spindle all the way toward the main spindle surface. In the
case of impaired spindle elongation, such as in cancer cells, centrosome movement and the
associated pivoting are insufficient to relocate the polar chromosomes from the back of the
spindle toward the main spindle surface, thus resulting in the appearance of unaligned

chromosomes.
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5. DISCUSSION

5.1. Completing the polar chromosome trajectory

Discovering microtubule pivoting as a missing congression step that allows the
chromosomes to relocate from the back of the spindle pole towards the main spindle surface
enabled the completion of the trajectory for a typical polar chromosome during prometaphase.
Such trajectory first includes rapid centripetal movement caused by actomyosin and
kinetochore dynein activity, which counteracts the polar ejection forces and sets the distance
of the kinetochore pair to the centrosome (Almeida and Maiato, 2018; Barisic et al., 2014;
Booth et al., 2019; Li et al., 2007; Rieder and Alexander, 1990; Yang et al., 2007). When the
distance is set, spindle-elongation-driven pivoting of astral microtubules takes over the main
role in bringing the chromosomes from the back of the spindle toward the main spindle
surface. Once the chromosomes reach the main spindle surface, they move toward the spindle
equator with the help of CENP-E, polar ejection forces and pulling forces generated by end-
on attached microtubule of the nascent kinetochore fibers (Barisic et al., 2014; Cai et al.,
2009; Craske and Welburn, 2020; Kapoor et al., 2006; McEwen et al., 2001; Renda et al.,
2022; Shrestha and Draviam, 2013; Vukusi¢ and Toli¢, 2023). The activity of specific motors
during these steps, namely kinetochore dynein and CENP-E, is further regulated by distinct
tyrosination patterns of astral and spindle surface microtubules (Barisic et al., 2015; Barisic
and Maiato, 2016; Gundersen and Bulinski, 1986).

Even though a simplified model treats the described congression steps as sequential,
they likely overlap to a certain extent. For example, | showed that the passage across the pole
benefits from kinetochore dynein bringing the chromosomes close to the spindle pole (Figure
21E). While the simplified model describes microtubule pivoting as a congression step that
starts once the kinetochore dynein-mediated approaching ends and chromosomes set their
final distance to the spindle pole, it is likely that some chromosome-attached microtubules
start pivoting even as the chromosome is still performing kinetochore dynein-mediated
transport along the astral microtubule.

There is also some overlap between the pivoting and the following congression step of
traveling along the main spindle surface. | showed that single microtubules from the opposite
side of the spindle often form end-on attachments to the kinetochores of polar chromosomes
once they pass the 90° mark (Figure 39). When this occurs before the kinetochores reach the

main spindle surface, the pulling forces already start working mid-pivoting.
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5.2. Astral microtubules in human cells pivot during early prometaphase

The results presented in this thesis propose the spindle elongation-driven microtubule
pivoting directed towards the main spindle surface as a mechanism of congression for polar
chromosomes. However, while likely not essential, such pivoting might also contribute to the
congression of some peripheral non-polar chromosomes. It might even explain how some
peripheral non-polar chromosomes land directly onto the future metaphase plate area
(Magidson et al., 2011; Renda et al., 2022; Vukusi¢ and Toli¢, 2022), presuming that astral
microtubules from the opposite sides of the spindle attach to sister kinetochores,
simultaneously pivot as the spindle elongates and, by doing so, lower the chromosome onto
the main spindle surface.

Pivoting may also play a role in the spindle assembly itself, as most polar
chromosomes that arrive at the spindle surface already have mono-lateral attachments (Figure
33). Whereas the “mono* part of this attachment configuration likely represents an early k-
fiber that joins the growing spindle, the “lateral” part might serve as a basis for the formation
of a future bridging fiber if it overlaps with microtubules from the opposite side. Since
pivoting is known to contribute to both parallel and antiparallel bundle formation in yeast
cells (Prelogovi¢ et al., 2019; Winters et al., 2019), it would be interesting to explore to what
extent this role translates to human cells.

In addition to directed pivoting, the random pivoting | observed for astral
microtubules unattached to chromosomes (Figure 24-25) might also have functions similar to
those in yeast cells, including speeding up the search and capture process at the onset of
mitosis and contributing to spindle positioning (Baumgértner and Toli¢, 2014; Kalinina et al.,
2013).

Interestingly, microtubules have been observed to pivot not only around the
centrosome but also around the kinetochores in Drosophila S2 cells (Maiato et al., 2004). In
mammalian cells, pivoting around the kinetochores and chromosomes is largely restricted
during the later stages of mitosis, when the protein regulator of cytokinesis 1 (PRC1)-
mediated bridging fibers are already formed in the central part of the spindle (Suresh et al.,
2022, 2020). However, it remains to be explored whether pivoting around the kinetochores
plays a role in early mitosis, when microtubule stubs extending from the unattached
kinetochores facilitate the formation of amphitelic attachments (Renda et al., 2022;
Sikirzhytski et al., 2018).
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In sum, while this work revealed the existence of microtubule pivoting in human cells
and described its vital role in the congression of polar chromosomes, all other potential roles
of pivoting in human cells remain to be thoroughly explored.

5.3. Impaired spindle elongation leads to unaligned chromosomes

In this work, | show that impaired spindle elongation, leading to impaired pivoting
(Figure 28-31), leaves polar chromosomes permanently stuck behind the pole and causes
unalignment (Figure 41, 42 and 44). The causes of impaired spindle elongation itself may
vary, from shortened spindles due to altered microtubule dynamics (Lacroix et al., 2018) to
mutations of KIF4A, KIF11 (Eg5) or its regulators, including the frequently mutated tumor
suppressor PTEN - the phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-
specificity protein phosphatase (Fang et al., 2020; He et al., 2016).

However, the malfunction of other congression mechanisms may still predispose
chromosomes to unalignment, even if the spindle efficiently elongates. For example, this
would include the failure of chromosomes to attach to astral microtubules (Li et al., 2007) or
gjection outside the area of the future spindle, such as observed for a small number of
kinetochores following Spindly depletion (Figure 21E). It would also include prematurely
stabilized attachments (Chong et al., 2024; Gomes et al., 2022; Kabeche and Compton, 2013),
issues within the fibrous corona (Huang et al., 2019) or altered (de)tyrosination (Barisic et al.,
2015; Barisic and Maiato, 2016), all of which would prevent the successful transfer of
kinetochores from astral to spindle surface microtubules. This would, in turn, cause the
chromosomes that initially crossed the pole to nevertheless linger in the polar region.

Since unaligned and misaligned chromosomes represent a relatively novel class of
segregation errors, the importance of which has only been discovered in the past few years
(Gomes et al., 2022; Novais-Cruz et al., 2023; Tamura et al., 2020; Tucker et al., 2023), it
remains to be explored how prevalent various origins of unalignment are among different
cancer cell lines, organoids and primary tumors, with potential implications for associated
treatments.

Out of the cancer types included in the initial screen (Table 1), breast cancer seems
like another particularly promising candidate for additional research, given its prevalence
within the population, along with the observed association of misalignment with

chromosomal instability and metastatic potential in this cancer type (Tucker et al., 2023). Yet,
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| presume that misalignment and unalignment might also be widespread among many other
cell lines, in which they were previously simply overlooked. This idea is supported by the fact
that cells without PTEN, the second most frequently mutated tumor suppressor after p53 (Li
etal., 1997; Yin and Shen, 2008), fail to recruit Eg5 to their spindles, resulting in both shorter
spindles and misaligned chromosomes (He et al., 2016). Thus, a PTEN mutation might be one
of the indicators that a particular type of cancer has unaligned chromosomes that stem from
impaired spindle elongation. Conversely, restoring PTEN function might restore spindle
elongation efficiency and resolve unaligned chromosomes in such cancers (Turnham et al.,
2020).

Elevated microtubule plus end assembly rates similar to those in low-dose nocodazole
(Ertych et al., 2014), which also leads to impaired spindle elongation at a 20 nM
concentration (Figure 30), might represent another indicator to look for while identifying
cancer types with mis- and unalignment issues. In this case, sub-nanomolar concentrations of
microtubule-stabilizing agents, such as paclitaxel, might restore spindle elongation and
prevent unalignment by reversing the elevated microtubule assembly rates back to normal
(Ertych et al., 2014).

It is also worth mentioning that chromosome 1, implicated in cancer development and
mostly located at the nuclear periphery, likely has an increased risk of unalignment, as
suggested by the indirect evidence (Bolzer et al., 2005; Girish et al., 2023; Klaasen et al.,
2022; Tovini and McClelland, 2019). If so, taking advantage of genes on an extra copy of this
chromosome in aneuploid cancer cells might represent an effective new therapeutic approach

for cancers with unalignment issues (Girish et al., 2023).

5.4. Directions for future research and limitations of the study

This study revealed a mechanism crucial for polar chromosome congression,
inevitably opening up several research avenues for future studies. As mentioned in the
previous sections, the two most obvious research directions include other roles of microtubule
pivoting in human cells and the prevalence of impaired spindle elongation among cancer cell
lines with unaligned chromosomes.

Additionally, I noticed that in many cells, one centrosome moves significantly, while
the other remains relatively stationary (Figure 24A). This effect might be connected to

various factors, such as the original position within the nucleus, connection to the nuclear
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envelope and centrosome age (Gasic et al., 2015; Salina et al., 2002; Stiff et al., 2020). All of
this would be interesting to explore in a separate study.

By using STED microscopy, | was able to detect mono-lateral attachments as the
primary attachment type in the polar region (Figure 33A). | was also able to point out a time
period when the kinetochore further away from the pole forms its first attachment to the
microtubules from the opposite side of the spindle (Figure 39). How some chromosomes
immediately form end-on attachments on the further kinetochore while the others first attach
to the microtubules of the main spindle surface laterally remains an open question — so does
the effect of each early attachment type on subsequent formation of a mature k-fiber, SAC
silencing (Kuhn and Dumont, 2019, 2017), alignment ability and speed. In addition to
exploring the molecular players and consequences of each attachment type, it might also be
interesting to explore how the initial attachment of the closer kinetochore works with the
newly formed attachment on the further kinetochore to finally give rise to a mature entity
consisting of two sister k-fibers connected by a bridging fiber (Toli¢, 2018).

Another interesting research avenue might include alterations of various parameters
within the cell to explore how they affect pivoting, such as the anchorage stiffness at the
centrosome, cytoplasm viscosity, and the size of microtubules, chromosomes and other
components of the mitotic apparatus (Letort et al., 2016). However, it is worth noting that
many of these experiments remain out of reach due to their detrimental effects on the spindle
during early prometaphase.

For example, while | was able to perform live-cell imaging and tracking of astral
microtubules for the first time (Figure 24), the quality of the videos was still inadequate to
precisely determine the length of the microtubules in question. Yet, any tweaks to the protocol
that would further improve the visibility of astral microtubules caused photodamage in
sensitive prometaphase cells (Magidson and Khodjakov, 2013). Similarly, while laser ablation
(Buda et al., 2017) seemed like a logical tool to alter the size of chromosomes (Chong et al.,
2024) and astral microtubules, or to remove the spindle structures such as centrosomes
altogether (Khodjakov et al., 2000), the power required for successful ablation of these
structures during prometaphase continuously proved to be detrimental for human cells.

Moreover, any changes to the cytoplasmic viscosity lead to accompanying changes in
rates of microtubule polymerization and depolymerization (Betterton, 2022; Molines et al.,
2022). At the same time, any changes to the anchorage stiffness at the centrosome, similar to
those performed via a pericentrin analog in yeast cells (Fong et al., 2021), lead to the

disruption of spindle integrity or loss of astral microtubules in animal cells (Delaval and
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Doxsey, 2010; Purohit et al., 1999; Wang et al., 2013; Zimmerman et al., 2004). All of these
would consequently also alter spindle elongation, making it unfeasible to clearly determine
the cause and effect. The anchorage stiffness at the centrosome in human cells might
alternatively be modified by altering the sub-distal appendage proteins, such as ninein or
centriolin (Bouckson-Castaing et al., 1996; Gromley et al., 2003; Mogensen et al., 2000), but
these proteins have additional roles during cell division (Gromley et al., 2003; Jay et al.,
2015; Salas et al., 2023) and are still relatively unexplored. Generally, any treatment that
would increase the anchorage stiffness at the centrosome is expected to increase the resistance
to microtubule pivoting and dampen it. Conversely, a decrease in the anchorage stiffness is
expected to decrease the resistance to microtubule pivoting and facilitate it (Letort et al.,
2016). However, to confirm this hypothesis, the used treatment should have no accompanying
effects on microtubule growth and spindle elongation.

While the studies of these parameters currently remain out of reach, additional
discoveries and the development of novel methods might eventually make it possible to
perform at least some of the described experiments in human cells.
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6. CONCLUSION

My work suggests a new mechanism of polar chromosome congression in human
cells, where spindle elongation-driven pivoting of astral microtubules relocates chromosomes
from the back of the spindle to the main spindle surface and prevents their unalignment.

By using innovative microscopy techniques, | was able to find the link between the
initial chromosome location in interphase, the mechanism of passage across the pole, and
missegregation. | found that chromosomes located in the nuclear caps during interphase often
attach to the spindle behind the pole. This renders them dependent on efficient spindle
elongation to cause astral microtubule pivoting, which in turn helps them change their relative
position to the spindle pole from the back to the front. Such relocation ensures their timely
escape from the polar region to avoid errors.

In the absence of efficient spindle elongation, as observed in an ovarian cancer cell
line, polar chromosomes do not get the chance to escape the polar region before metaphase.
Instead, they likely become reliant on microtubules from the opposite side of the spindle to
rescue them from behind the pole — a mechanism whose effect was almost negligible in my
experiments. Because of that, many of them become persistently unaligned, which largely
contributes to their missegregation bias (Klaasen et al., 2022).

Overall, this thesis describes a previously overlooked congression mechanism and the
origin of persistent unalignment in human cells. As such, I anticipate it might inspire exciting
new research that will assess the importance of this mechanism across various healthy and
diseased cell types, as well as its potential connection to chromosomal instability (Gomes et
al., 2022; Tucker et al., 2023).
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