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1. INTRODUCTION

1.1. The cell cycle

The cell cycle in eukaryotes has a main function of dividing genetic material into two daughter
cells. It is composed of two major phases, interphase, and M phase, that can further be di-
vided. Interphase consists of G1 (gap 1) phase, S (synthesis) phase and G2 (gap 2) phase
(Figure 1). Phases of cell cycle are temporally controlled and have checkpoints where pro-
ceeding to the next phase is approved (Alberts et al., 2002).

In G1 phase cells grow and synthesize proteins required for DNA replication, and it is
the longest phase of the cell cycle. Also, it is decided if the conditions are favorable to continue
to the next phase. In S phase DNA is duplicated, and it is followed by G2 phase, where cells
are preparing for division. After interphase cells go into M phase, the shortest phase of the cell
cycle. M phase has two main stages: mitosis, where genetic material is divided, and cytokine-
sis, where the cytoplasm and organelles are distributed to each new cell (Alberts et al., 2002)
(Figure 1).

The cell cycle is regulated by various intracellular and extracellular signals. If condi-
tions are unfavorable or a phase cannot be completed, the regulatory system will halt the
cycle. Transitions between cell cycle phases are controlled by the cell cycle control system,
which activates and monitors processes like DNA replication, mitosis, and cytokinesis based
on the.cells’ conditions and.environment (Alberts et al., 2002).

Cells that are actively growing and dividing are also called proliferative cells. Various
extracellular and intracellular signals will regulate cell proliferation. If conditions are not favor-
able for cell division, cells will enter resting phase, GO (gap 0), in which they can spend various
amount of time, ranging from days to years, before re-entering the cell cycle (Figure 1). Re-
versible cell cycle arrest is called quiescence, and irreversible is called senescence (Alberts
et al., 2002).
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Figure 1. The cell cycle. The cell cycle is divided into interphase, consisting of G1, S and G2
phase, and M phase, consisting of mitosis and cytokinesis. In interphase cells grow, replicate
its genetic material, and prepare for division. In M phase cells undergo nuclear division, where
chromosomes are equally divided, and each daughter cell gets two copies of each chromo-
some. In cytokinesis, cytoplasm divides, resulting in the formation of two daughter cells.
Adapted from (Alberts et al., 2002).

1.2. Mitosis

Mitosis is a multi-stage process that is vital for growth and tissue repair in multicellular organ-
isms. It is important for precise distribution of genetic material to daughter cells, ensuring ge-
nomic stability. Mitosis is subdivided into prophase, prometaphase, metaphase, anaphase,
and telophase (Figure 2). During prophase, before nuclear envelope breakdown (NEBD),
chromatin, consisting of DNA molecules and histone proteins, condenses to form chromo-
somes, each composed of two sister chromatids joined at the centromere (Mcintosh et al.,
2012). The mitotic spindle, composed of microtubules and various proteins, starts to form be-
tween two centrosomes outside the nucleus. Prometaphase starts with NEBD and formation
of mitotic spindle. Chromosomes are attaching to the microtubules via kinetochores, complex
protein structures on the centromeric region of chromosomes, (Musacchio & Desai, 2017).
Chromosomes start to congress to the future equatorial plane, where chromosomes are
properly aligned in metaphase. Once all chromosomes are aligned in the metaphase plate,
with sister chromatids attached to the microtubules from the opposite spindle pole, anaphase
can start (Maiato et al., 2017).



Anaphase can be divided into anaphase A and anaphase B. In anaphase A sister chro-
matids start to segregate to the opposite poles by shortening of microtubules. It is followed
with anaphase B, where centrosomes separate and spindle elongates, which further segre-
gates the chromosomes (Vukusi¢ et al., 2019). In telophase, the two chromosome masses are
fully separated, chromosomes start to decondense, the nuclear envelope starts to form around
each set of chromosomes, and mitotic spindle disassembles. Cytokinesis begins concurrently
with anaphase, with the formation of contractile actomyosin ring in_the equatorial plane that
constrict the cell membrane and cytoplasm resulting in the formation of two daughter cells
(Alberts et al., 2002).

Interphase Prophase Prometaphase

;o RN

Telophase Metaphase

™~ =~

Anaphase B Anaphase A

Figure 2. The phases of mitosis. Mitosis can be divided into five subphases: prophase,
prometaphase, metaphase, anaphase, and telophase. In'prophase, chromosomes condense,
and in prometaphase mitotic spindle starts to form. Chromosomes attach to the microtubules
and start to congress towards the spindle equator. When chromosomes are properly aligned
in'metaphase, anaphase starts; and chromosomes separate to the opposite sides. In ana-
phase A chromosomes move towards the spindle poles, and in anaphase B spindle elongates,
further separating two chromosome mases. In telophase, chromosomes are fully separated
and start to decondense. Two daughter cells are being formed. Adapted from (Walczak et al.,
2010).



1.3. Mitotic spindle architecture

Mitotic spindle is a complex and dynamic structure that enables precise division of chromo-
somes into two daughter cells. It has the same function in all species, but its structure and
components can change. In most somatic animal cells mitotic spindle is composed of micro-
tubules and proteins that perform various functions. Spindles normally have two spindle poles
and are called bipolar spindles (Alberts et al., 2002). In some cases, spindles can form more
than two spindle poles and are called multipolar. These spindles<can be tripolar; tetrapolar,
pentapolar etc (Manchester, 1995).

Microtubules are protein tubes made from a- and B-tubulin subunits; that make heter-
odimers. Each microtubule is built from thirteen protofilaments, making a hollow cylindrical
structure, that has a polarity, with a-tubulin on minus end and B-tubulin on plus end. Polymer-
ization happens on the plus end, and depolymerization on the-minus end. In the mitotic spin-
dle, microtubules are organized in a way that their minus ends are anchored at the spindle
poles, while their plus ends grow outward from the poles (Alberts et al., 2002). Tubulin subunits
constantly move along the microtubules. Microtubule poleward flux is a constant poleward
movement of tubulin subunits in the microtubules, coordinated with addition of tubulin subunits
at the plus end, where microtubules polymerize, and removal of tubulin subunits at the minus
end, where microtubules depolymerize. In that way the shape and. size of spindle in meta-
phase remains constant (Mitchison, 1989).

Microtubules can be divided into several categories in respect to their function and
localization, and individual microtubules can form microtubule bundles (Alberts et al., 2002).
If microtubule ends at the kinetochore, it is called kinetochore microtubule, and they form par-
allel bundles called kinetochore fibers or k~fibers. Non-kinetochore microtubules can be indi-
vidual, or they can form parallel and antiparallel bundles. Non-kinetochore microtubules can
be divided on astral, polar and interpolar or overlap microtubules. Astral microtubules grow
from the spindle pole towards cell cortex, and they have a role in positioning of the spindle to
the cell cortex (Dumont & Mitchison, 2009). Polar microtubules are the ones that grow toward
the spindle equator and have a free end. Overlap microtubules grow from each side of the
spindle and form an antiparallel overlap'in the center of the spindle (Alberts et al., 2002; Tolic,
2018) (Figure 3A).

Overlap microtubules can also form bridging fibers. These are overlap microtubule
bundles that form during metaphase and early anaphase that are laterally attached to a pair
of sister k-fibers, looking like a bridge between them, which is the reason why they are called
bridging fibers (Kajtez et al., 2016; Vukusic et al., 2017) (Figure 3B). Their role is to balance
the tension between sister kinetochores and maintain the curved shape of the spindle (Kajtez
et al., 2016; Polak et al., 2017; Toli¢, 2018; Toli¢ & and Pavin, 2016).
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Figure 3. Mitotic spindle architecture. A) Microtubules in mitotic spindle can be divided into
kinetochore (magenta) and non-kinetochore microtubules (grey). Kinetochore microtubules
attach to chromosomes via protein complexes, kinetochores, and connect them to the spindle
pole. Non-kinetochore microtubules can be divided into overlap, polar and astral microtubules.
Overlap microtubules grow from the opposite sides of the spindle and form an antiparallel
overlap. Polar microtubules grow toward the spindle equator and have the free end. Astral
microtubules grow from the spindle pole towards the cell cortex. Spindle pole has a protein
organelle, centrosome, that is a microtubule nucleation center. In addition to microtubules,
mitotic spindle has various motor and passive crosslinking proteins, which help to maintain
proper structure and functions of the spindle. B) Overlap microtubules are laterally attached
to a pair of sister k-fibers and form an overlap that resembles a bridge, which is why they are
called bridging fibers. Adapted from (Alberts et al., 2002; Toli¢, 2018).



1.4. Centrosomes

Each spindle pole is focused around protein organelle centrosome, that consists of a pair of
centrioles, surrounded with a matrix of pericentriolar material (PCM) (Figure 3A). In G1 phase
of the cell cycle, each cell has one centrosome. Centrosome duplicates in the S phase, the
same as DNA. Cell will enter mitosis with a pair of centrosomes, that will separate during
mitosis, and each daughter cell will inherit one centrosome (Alberts et al., 2002).

PCM contains many signaling molecules, cell cycle regulators and proteins that nucle-
ate and organize microtubules, so it is one of the most important microtubule-organizing cen-
ters (MTOCs). The amount of PCM significantly increases when cells prepare to enter mitosis,
which is called centrosome maturation. During centrosome maturation y-tubulin ring com-
plexes (y-TuRCs) are recruited to the PCM (Conduit et al.; 2015). y -TuRCs serve as a tem-
plate to nucleate new microtubules, and they contain y-tubulin protein and two accessory pro-
teins that bind directly to it (Alberts et al., 2002).

1.5. Importance of proper kinetochore attachments to microtubules

To ensure correct and faithful- segregation of all chromosomes during mitosis, it is important
that all chromosomes are properly attached to spindle microtubules. Chromosomes are at-
tached to the microtubules through a specific recognition site, with the help of kinetochores.
This recognition site is localized within a specific region of the chromosome, called the cen-
tromere. This region.contains a variant of histone H3, centromere protein A (CENPA), which
plays a crucial role in defining the centromere and enabling kinetochore binding (McKinley et
al., 2015).

Kinetochore proteins are organized into inner and outer kinetochore, where inner ki-
netochore interacts with chromosomes, and outer kinetochore binds to microtubules. The in-
ner kinetochore contains a 16-subunit constitutive centromere-associated network (CCAN),
which binds directly to CENPA, and other inner kinetochore components assemble to CCAN-
CENPA complex (McKinley et al., 2015; Prosser & Pelletier, 2017). The outer kinetochore con-
tains the KMN network, composed of Knl1, Mis12 and Ndc80 subcomplexes, and it is a mi-
crotubule binding site (Cheeseman et al., 2006) (Figure 4A).

For a proper chromosome attachment, the kinetochore on each sister chromatid must
be connected to a k-fiber originating from the opposite spindle pole. This type of attachment
is called amphitelic. Sister kinetochores that are properly attached to both spindle poles are
called bioriented. If only one sister kinetochore is attached to a k-fiber, the attachment is
monotelic. Syntelic attachment occurs when both sister kinetochores are attached to k-fibers

from the same spindle pole. Finally, in merotelic attachments, one kinetochore is attached to



a k-fiber from one spindle pole, while other is attached to k-fibers from both spindle poles
(Prosser & Pelletier, 2017) (Figure 4B).

Kinetochores have an error correction mechanism that is mediated by Aurora B kinase,
which senses the tension at centromeres with incorrect attachments (Godek et al., 2015;
Trivedi & Stukenberg, 2016). In addition, the spindle assembly checkpoint (SAC) also regu-
lates kinetochore attachments (Lara-Gonzalez et al., 2021). SAC remains active until all ki-
netochores are correctly attached to the microtubules. However, it can fail to detect merotelic
attachments, which can lead to chromosome segregation errors. Once the correct attach-
ments are established, the SAC is silenced, allowing activation of the anaphase-promoting
complex (APC/C), which triggers the onset of anaphase (Cimini et al., 2001; Prosser &
Pelletier, 2017).

A
Inner kinetochore Outer kinetochore
(containing CCAN) (containing KMN)
\\ / Microtubule crosslinker
k fiber
L ]
Kinetochore
Centromeric chromatin
B
Amphitelic Monotelic
Syntelic Merotelic

Figure 4. Caption on the following page.



Figure 4. Different types of kinetochore-microtubule attachments. A) Chromosomes con-
nect to microtubules via kinetochores, a protein complex located on the centromeric region of
each sister chromatid. The kinetochore complex consists of inner and outer kinetochore. B)
Kinetochores can form different types of attachments with microtubules: amphitelic — the cor-
rect attachment, sister kinetochores are attached to the opposite poles, monotelic —only one
kinetochore is attached, syntelic — sister kinetochores are attached to the same pole and-mer-

otelic — one kinetochore is attached to both poles. Adapted from (Prosser & Pelletier, 2017).

In some cases, chromosomes fail to align properly at the metaphase plate or form
erroneous attachments, which can lead to mitotic errors. During prometaphase, cells may
have unaligned chromosomes that remain behind the spindle poles or misaligned chromo-
somes located between the spindle poles and the metaphase plate. If they do not align cor-
rectly before the anaphase onset, further mis-segregation errors in anaphase can occur
(Tucker et al., 2023; Vukusi¢ & Toli¢, 2022). Anaphase errors include lagging chromosomes,
which are found between two segregating chromosome masses, and chromosome bridges,
which occur when sister chromatids fail to separate properly and form a chromosome bridge
between chromosome masses (Cimini et al., 2001; Ford & Correll, 2011). Lagging chromo-
somes often fail to integrate into the newly formed nucleus and instead form micronuclei
(Potapova & Gorbsky, 2017), and chromosome bridges may persist into cytokinesis (Hong et
al., 2021).

1.6. Microtubule-associated proteins

Microtubule-assaciated proteins (MAPs) are crucial for assembly and proper functioning of
mitotic spindle. These large number of proteins are precisely coordinated, and they have di-
verse activities throughout the cell cycle. They can be divided into four groups depending on
their function: crosslinking proteins that stabilize and organize microtubules; plus-end tracking
proteins that regulate microtubule growth or connect them to the other structures; proteins that
control microtubule destabilization; and motor proteins that move with respect to the microtu-
bules (Alfaro-Aco & Petry, 2015; Lodish, 2008) (Figure 5).
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Figure 5. Microtubule-associated proteins. MAPs have different functions such as: micro-
tubules polymerization and depolymerization, nucleation of microtubules; minus-end focusing,
stabilization, severing, cross-linking, transport of microtubules, and transport of cargo. MAPs
can attach to the minus-end and to the plus-end of the microtubules. Adapted from (Alfaro-
Aco & Petry, 2015).

Mator proteins are a group of MAPs that transport cargo and play key roles in the
assembly. of mitotic spindle, influencing the stability of microtubules, and they can mediate the
cross-linking and sliding apart of neighboring microtubules. In general, motor proteins can bind
ATP and hydrolyze it to ADP, which means they are ATPases. During ATP hydrolysis energy
releases and causes conformational change in the motor domain, enabling them to switch
from bound and unbound state, in other word to “walk” along microtubules, using “hand-over-
hand” motion. Motor proteins have preferable directionality of the movement with respect to
the microtubules plus and minus-ends (Alberts et al., 2002) (Figure 6).

Motor proteins can be divided into kinesins and dyneins. Kinesins are a large ATP-
dependent protein superfamily that have a motor domain in common (Alberts et al., 2002;
Kapitein & Peterman, 2009). In humans, 41 different kinesin-like proteins have been described
so far (Dagenbach & Endow, 2004). Kinesin family members have various roles during mitosis:
kinesin-4, kinesin-8 and kinesin-14 can regulate growth and shrinkage of microtubules; kine-
sin-5, kinesin-6 and kinesin-13 can generate microtubule arrays that are polarity specific, and
kinesin-7 can mediate interactions between chromosomes and microtubules (Kapitein &
Peterman, 2009).



Most of the kinesins walks towards the plus-end of microtubules, but some of them can
walk towards the minus-end, or they can walk in both directions (Alberts et al., 2002; Kapitein
& Peterman, 2009). One of the main focuses of this thesis will be a member of kinesin-8 family,
KIF18A protein, which will be described in more details.

Coiled-coil

Lagging head Leading head

Figure 6. Caption on the following page.
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Figure 6. Kinesins walking mechanism. Kinesin motor protein can bind ATP and hydrolyze
it to ADP. Hydrolysis happens in the lagging domain, and energy release causes confronta-
tional changes in the motor domain, so lagging head switches to a leading head and vice
versa. The switch from bound to unbound state enables them to “walk” on the microtubules,

using “hand-over-hand” motion. Adapted from (Alberts et al., 2002).

1.7. KIF18A regulates spindle length and chromosome alignment

Motor protein KIF18A is a member of the kinesin-8 protein family that has important roles in
maintaining spindle architecture and chromosome alignment. It localizes on plus-end tips of
k-fibers, distal to the outer kinetochore (Mayr et al., 2007; L..N. Weaver et al., 2011) (Figure
7). KIF18A depletion experiments show a delay in mitosis mediated by SAC activation, spindle
elongation, and chromosome alignment defects (Janssen et al., 2018; Mayr et al., 2007;
Stumpff et al., 2008; L. N. Weaver et al., 2011; Zhu et al., 2005).

Both in vitro and in vivo studies.showed that kinesin-8 proteins, including KIF18A, are
plus-end directed motor proteins that can depolymerize stable microtubules in a length-de-
pendent manner, indicating that they directly regulate microtubule dynamics and length (Gupta
et al., 2006; Mayr et al., 2007; Stumpff et al;, 2008; Varga et al;, 2006). KIF18A uses a combi-
nation of length-dependent accumulation and concentration-dependent regulation of k-fiber
plus-end dynamics to control chromosome alignment (Stumpff.et.al., 2008). More KIF18A pro-
teins will accumulate on longer microtubules, and they dissociate @s the microtubule shortens
(Mayr et al., 2007; Stumpff et al., 2008).
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Figure 7. KIF18A protein. A) KIF18A is a motor protein with a plus-end directed movements.
It localizes on the plus-end tips of the microtubules (MT). B) KIF18A consists of two microtu-
bule-binding domains, catalytic domain is ATP-dependent, while tail domain is ATP-independ-
ent. They both consist of two heads, and they are separated by the stalk and the neck. Adapted
from (L. N. Weaver et al., 2011).
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During congression, both aligned and unaligned chromosomes move at a constant
velocity. These movements are oscillatory because chromosomes abruptly change the direc-
tion of movement. In other words, they constantly move back and forth around the spindle
equator (Rieder & Salmon, 1994; Skibbens et al., 1993). KIF18A limits the persistent move-
ments of bioriented kinetochores in a motor-dependent manner and reduces the amplitude of
oscillations (Stumpff et al., 2008). Kinetochores located at the periphery of the spindle exhibit
reduced oscillations compared to those closer to the long spindle axis. When KIF18A is de-
pleted, all kinetochores have increased movements, regardless of their position in the spindle
(Stumpff et al., 2008).

Previous study showed that KIF18A is also localized on the bridging fibers. After the
acute removal of the Protein Regulator of Cytokinesis 1 (PRC1) from antiparallel overlap,
which leads to longer overlaps, KIF18A was alsolost. The reduction of KIF18A on the bridging
fibers following PRC1 removal was a consequence of reduced number of microtubules in the
bridging fibers. KIF18A localization on k-fibers remained unaffected by PRC1 removal. It was
additionally shown that overlap regions become longer after KIF18A depletion. According to
this evidence, KIF18A regulates the overlap length of bridging microtubules (Jagri¢ et al.,
2021).

1.8. KIF18A prevents mis-segregation errors

A model has been proposed to explain the link between KIF18A loss and chromosome segre-
gation‘errors. After KIF18A depletion cells have problems with-.chromosome alignment due to
increased chromosome oscillations. This prolongs mitotic duration, which is driven by SAC
activation, and can ultimately result in unsuccessful mitosis. In this scenario, SAC is activated
even though kinetochore-microtubule attachments are already formed, because the tension
between sister kinetochores is insufficient. Lack of tension may be caused by chromosome
hyperoscillations (Janssen et al., 2018) (Figure 8A).

Another model has been proposed to explain the link between KIF18A and mis-segre-
gation errors, which is based on poleward flux-driven centering of kinetochores in metaphase
plate, which helps to prevent lagging chromosomes and micronuclei formation (Risteski et al.,
2022, 2024). KIF18A contributes to centering, because it is measuring microtubule length by
binding on the microtubule lattice and walking toward the plus-end tips where it regulates the
microtubule dynamics in a length-dependent manner (Varga et al., 2006).Centering mecha-
nism is based on length-dependent pulling forces exerted by k-fibers onto the kinetochores.
These forces pull kinetochores poleward, and they are generated at the plus-end tips (Risteski
et al., 2022).
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Misaligned sister kinetochores have a longer and shorter k-fiber, and the longer one
has faster poleward flux, it pulls the kinetochores in the direction of his fiber, toward the spindle
center, so that kinetochores align properly. Pulling forces increase with the increase in overlap
length between bridging and k-fibers. Forces from the bridging fiber are transmitted to the k-
fiber in a manner dependent on the coupling between them. Kinetochores are better centered
in the spindle center when the overlaps between bridging and k-fibers are shorter, and the k-
fiber flux is slower than the bridging fiber flux (Risteski et al., 2022) (Figure 8B).

To test whether poleward flux could prevent mis-segregation errors by centering ki-
netochores into metaphase plate, three approaches were used. KIF18A depletion led to faster
k-fibers flux, longer antiparallel overlaps, and kinetochores were misaligned (Risteski et al.,
2022, 2024). The mis-segregation errors were rescued by low-dose taxol treatment or co-
depletion of HAUS8 or Nuclear Mitotic Apparatus protein (NuMA) in KIF18A depleted cells.
Taxol stabilizes microtubules dynamics, HAUS8 depletion rescues chromosome misalign-
ment, and NuMA depletion regulates the poleward flux of k-fibers. The treatments rescued
errors in KIF18A depleted cells by shortening the antiparallel overlaps, slowing down the flux
and the growth rate of kinetochore microtubules, thereby improving alignment, rather than by

slowing microtubule growth in-general (Risteski et al., 2024).
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Figure 8. Loss of KIF18A activates the SAC response. A) KIF18A reduces chromosomes
oscillations when they are properly aligned in metaphase, stabilizes kinetochore-microtubule
attachments, and has a role in tension generation. Chromosomes are segregated without er-
rors (upper panel). KIF18A-deficient cells have increased oscillatory movements, resulting in
tension defects and SAC activation, which ultimately leads to mitotic arrest and cell death
(middle panel). SAC deficiency rescues the lethal effect caused by KIF18Aloss (lower panel).
Adapted from (Janssen et al., 2018). B) Misaligned kinetochores have a longer and shorter k-
fiber. Longer k-fiber has a faster flux, while shorter k-fiber has a slower flux, and microtubule
growth is increased. Overlap between bridging fiber is longer. Misalignment will result in mis-
segregation errors in anaphase (upper panel). When sister kinetochores are properly aligned
sister k-fibers are the same length. They have slow flux, and slow microtubule growth. Cell will

divide without errors in anaphase (lower panel). Adapted from (Risteski et al., 2022, 2024).

1.9. Hallmarks of cancer

In multicellular organisms, homeostasis depends on the communication and collaboration of
all cells, that are divided in tissues and organs, depending on the complexity of organism.
Extracellular signals will give the information to each cell if it is supposed to grow; divide,
differentiate, rest, or undergo apoptosis or cell death. When homeostasis is disturbed, a single
cell may gain a selective advantage and starts to grow and divide more rapidly than the neigh-
boring cells, which can'lead to the formation of cancer cells. In other words, cancer cells are
the ones that can grow and reproduce without control, and they invade and colonize other
tissues. These cells can form a tumor or neoplasm, which.is considered malignant when it can
invade surrounding tissues. Tumor cells can separate from the primary tumor, invade other
tissues, and form secondary tumors called metastases (Alberts et al., 2002).

Over the years the field of cancer research significantly expanded, and many charac-
teristics of cancers have been described, and new ones are being found with the advancement
of science. The principles that describe genotypic and phenotypic variabilities of cancers are
called hallmarks of cancer (Figure 9). The hallmarks of cancer comprise of genome instability
and mutations, cell death resistance and replicative immortality, deregulation of cellular me-
tabolism, altered proliferative signaling, evading growth suppressors, avoiding immune de-
struction, tumor-promoting inflammation, invasion and metastasis and vascularization. Re-
cently, additional enabling characteristics of tumors have been added to this list, such as phe-
notypic plasticity, non-mutational epigenetic reprogramming, a polymorphic microbiome and

the role of senescent cells (Hanahan, 2022; Milane, 2022).
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This work focuses on tetraploidy, as a part of genome instability. Other focus of this
thesis is a specific three-dimensional (3D) architecture and microenvironment of mitotic cells

in the tumors.
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Figure 9. The hallmarks of can hallmarks of cancer represent the common set of

traits or features that are acquired during tumorigenesis. Adapted from (Milane, 2022).
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1.10. The connection between aneuploidy, polyploidy, and chromosomal instability

Genome instability refers to genetic alterations in cell that are often passed on to daughter
cells during division. In small amounts it can promote diversity and evolution of organisms, but
it is also frequently associated with pathological conditions, and it is classified-as a hallmark
of cancer. It can occur because of replication errors and DNA damage, or because of chromo-
some rearrangements, and these events are classified as micro- and minisatellite instability
(Aguilera & Gomez-Gonzalez, 2008).

Another form of genome instability is chromosomal instability (CIN), that occurs be-
cause of changes in chromosome number (Aguilera & Goémez-Gonzalez, 2008). In other
words, CIN is defined as a constantly elevated rate of chromosome gains and losses. It is
often found in solid tumors, contributes to tumor heterogeneity, and is associated with poor
patient prognosis (Burrell et al., 2013; Thompson et al., 2010).

Based on chromosome number, which depends on the success of chromosome seg-
regation during mitosis, cells can be classified into three categories: euploid, aneuploid and
polyploid. Cells that inherit two copies of each chromosome are euploid, representing a nor-
mal, successful division (Alberts et al.,2002). Cells with variations in chromosome numbers,
due to segregation errors in mitosis are aneuploid (Orr et al., 2015). It is important to empha-
size that aneuploidy refers to the karyotype of cells, while CIN is a persistent mis-segregation
of chromosomes (Thompson et al., 2010). Cells that have more than two sets of chromosomes
are polyploid. The most common form of polyploidy in human cells is tetraploidy, where cells
have four sets of chromosomes, although higher ploidy levels can also occur (Davoli & de
Lange, 2011).

In' some cases, polyploidy is important for normal development and differentiation. Pla-
cental cells, trophoblasts, can reach ploidy as high as 64N (Ullah et al., 2008). Megakaryo-
cytes become polyploid during endomitosis (Ravid et al., 2002), and hepatocytes in adult hu-
mans can become tetraploid or octoploid due to cytokinesis failure (Watanabe et al., 1978).
Polyploidy is often observed in tumor cells, whose karyotypes may range from hypodiploid to
hypertetraploid, indicating the presence of both aneuploidy and polyploidy in tumors (Davoli &
de Lange, 2011).

Because of polyploidy, cells can have an increased volume (Otto, 2007). A study in
yeast showed that mRNA and protein abundance scale allometrically with ploidy, due to re-
duced rRNA and ribosomal proteins abundance. Tetraploids had only a threefold increase in
protein abundance compared to isogenic haploids. Downregulation of ribosomal proteins was
also observed in near-tetraploid cell lines derived from colon cancer cell line HCT116 and
RPE1. The authors hypothesize that reduced translation is a cellular response to increased
ploidy (Yahya et al., 2022).
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Polyploidy in yeast has also been shown to alter spindle geometry. The length of ana-
phase spindle and the size of kinetochores remained unchanged, while the spindle pole body
was larger. This imbalance can cause syntelic attachments, that can result in chromosome
mis-segregation (Storchova et al., 2006). Recent work described how spindle adapts to vary-
ing genome sizes among the species to conserve its function. In polyploid cells, a greater
number of chromosomes creates a stronger interchromosomal pushing forces, which results

in longer metaphase plates and wider spindles (Gudlin et al., 2025).

1.11. Development and characteristics of tetraploid cells

There are a few different ways how polyploid cells can be generated. The first one is cell
fusion, which can occur spontaneously in cell culture, during the development of skeletal mus-
cles (Taylor, 2002), or it can be induced by viruses. Next, cells can undergo endoreplication,
where DNA is replicated, but mitosis is skipped. This cycle where cell goes through S phase
but doesn’t proceed to mitosis can be repeated several times. The third mechanism is an
abortive cell cycle which refers to multiple defects during the cell cycle, such as problems with
DNA replication, the mitotic spindle, and separation of sister chromatids. In‘these cases, cells
can go into mitotic arrest or apoptosis. When defects happen during cytokinesis, forming
daughter cells often fail to divide resulting in cytokinesis failure (Storchova & Pellman, 2004).

Tetraploid cells can have different cell fates. They can arrest at the G1 tetraploidy
checkpoint, which can be followed by senescence or apoptosis. The G1 tetraploidy checkpoint
is mediated by p53.and pRb, that can inhibit the G1 to S transition by binding E2F, the main

activator of genes regulating this transition (Kirsch-Volders et al., 2025).

1.12. Post-tetraploid cell lines in polyploidy research

A model for studying tetraploidy in vitro was developed. One of the main challenges during
model development was that p53 activation often impairs further cell proliferation. Cells would
either fail to divide or stop dividing after the first tetraploid division, which is frequently accom-
panied by numerous mis-segregation errors. Kuznetsova and colleagues successfully devel-
oped a model to study long-term effects of tetraploidy on a p53 proficient cell lines (Kuznetsova
et al., 2015) (Figure 10). They used chromosomally stable, near diploid, non-polyposis cancer
cell line HCT116 and the diploid retinal pigment epithelium cell line RPE1. Tetraploid cells were
generated by inducing cytokinesis failure through inhibition of the actomyosin ring using the
actin depolymerizing drug cytochalasin D. The treatment induced tetraploidization of approxi-
mately 60% of cells. After the treatment, cells were seeded as single cells and expanded for
six weeks. Clones that had a DNA content near tetraploid were selected. Established clones
were HCT116 post-tetraploid (HPT) and RPE1 post-tetraploid (RPT) (Kuznetsova et al., 2015).
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In this thesis the focus will be on two post-tetraploid (PT) RPE1 clones — RPT1 and
RPT3, that were used to conduct a part of this research. Characterization of RPT1 and RPT3
revealed some interesting findings. PT clones had a slight increase in mitotic duration and a
bit slower proliferation than the parental cell line, and they have a variability in chromosome
number. The parental RPE1 cell line has 45 to 46 chromosomes with a modal number of 46.
While it would be expected that PT clones have double the chromosome number, their chro-
mosome counts varied between cells. The RPT1 clone has a range of $3-112 chromosomes
and the RPT3 clone has a range of 38-95, with a modal number of 80 (Kuznetsova et al.,
2015). This variability indicates that, after tetraploidization, cells undergo chromosome gains
and losses in subsequent mitoses, which can lead to CIN (Storchova & Pellman, 2004).

Furthermore, RPT3 exhibited CIN, while RPT1 didn’t show significant changes com-
pared to the parental line. Differences in karyotypic heterogeneity between PT clones and CIN
were induced by tetraploidization since such variability was not observed in the parental lines
even after multiple generations. RPT3 showed a higher percentage of mitotic errors, but nei-
ther one of the clones didn’t have an‘increase in centrosome number, suggesting that mitotic

errors didn’t come from multipolar divisions (Kuznetsova et al., 2015).
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Figure 10. Generation of post-tetraploid cell lines. Tetraploidy is generated in diploid cells
by inducing cytokinesis failure. Cells are seeded as single clones, and after six weeks stable,

post-tetraploid clones are isolated. Adapted from (Kuznetsova et al., 2015).

1.13. Tetraploid non-tumor precursor cells

Research on cancer hallmarks such as CIN and tetraploidy has been extensive, yet numerous
uncertainties persist regarding the mechanisms of mitotic events and their role in tumorigen-
esis. Multiple models have been proposed to explain the onset of tumorigenesis. These mod-
els focused on gene mutations, genetic instability, environmental factors, epigenetic and tissue
organization. Also, there were models that combined these factors (Kirsch-Volders et al.,
2024).
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Initially, it was believed that the accumulation of mutations in oncogenes and tumor
suppressor genes drives tumorigenesis, and increased aneuploidy was considered a conse-
quence of tumor development. However, there were multiple evidence that would support the
opposite mechanism, in which tetraploid non-tumor precursor cells can trigger tumorigenesis
(Davoli & de Lange, 2011; Kirsch-Volders et al., 2024, 2025; Storchova & Kuffer, 2008;
Storchova & Pellman, 2004), a hypothesis explored further in this work (Figure 11).

Studies on breast and colorectal cancer showed that tumor karyotypes are highly het-
erogeneous. Although tumors accumulate many mutations, only @ subset appears to contrib-
ute directly to tumorigenesis (Sjoblom et al., 2006). Analysis of somatic copy-number altera-
tions showed that around 37% of cancer undergone whole genome duplication (WGD) at
some point in tumorigenesis (Quinton et al., 2021; Zack et al;, 2013). Tetraploid cells are often
found in early stages of tumor development, and it would be difficult to generate such a high
number of chromosomes through consecutive aneuploidies (Storchova & Kuffer, 2008). In ad-
dition, tumor karyotypes can vary between hypodiploid to hypertetraploid. This diversity can
be achieved through tetraploidization followed with aneuploidies and potentially elevated CIN
rates (Ganem et al., 2009; Kuznetsova et al., 2015; Storchova & Pellman, 2004).

Fujiwara and colleagues . gave direct evidence that supports the‘hypothesis that tetra-
ploid cells can evolve into tumorigenic aneuploid cells (Fujiwara et al., 2005). Through cytoki-
nesis failure they created tetraploid p53” mouse mammary epithelial cells that initiate tumor
formation when transplanted into nude mice, whereas the isogenic diploid cells did not initiate
tumor formation. Cells in newly formed tumors were near-tetraploid and had increased rates
of mis-segregation errors (Fujiwara et al., 2005).

An increase in aneuploidy is also observed. in a study by comparing high numbers of
clinical tumor samples that had undergone WGD (WGD+) and tumors that did not go through
WGD (WGD-). WGD+ tumors showed higher CIN rates and, correspondingly, more frequent
aneuploidy, contributing to increased heterogeneity. These tumors also had more chromoso-
mal losses, suggesting that genome doubling may act as a “buffer” against the harmful effects
of DNA loss. Furthermore, WGD+ tumors had a greater number of whole-chromosome aneu-
ploidies than the WGD- tumors (Prasad & Ben-David, 2023).

The hypothesis that tumorigenesis begins from a tetraploid intermediate is also sup-
ported by the fact that tumor cells frequently have multiple centrosomes (Storchova & Kuffer,
2008), which is observed in breast (Lingle et al., 1998), pancreatic (N. Sato et al., 1999), pros-
tate (Pihan et al., 2001), lung and colon cancer (Pihan et al., 1998). It is important to empha-
size that supernumerary centrosome can also arise from abnormal centriole biogenesis due
to centriole overduplication and de novo assembly (Mittal et al., 2021), meaning they are not

always the result of tetraploidization.
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Baudoin and colleagues studied populations of newly formed tetraploid colorectal can-
cer cell line DLD1 and RPE1 cell lines, generated through cytokinesis failure (Baudoin et al.,
2020). They observed that the first few divisions following tetraploidization were often multipo-
lar, but highly aneuploid cells resulting from these divisions quickly disappeared from the pop-
ulation (Baudoin et al., 2020). Consequently, the rate of multipolar divisions declined over time.
Also, cells with supernumerary centrosomes quickly disappeared from the population. This
decline was attributed to asymmetric centrosome clustering, although some cells exhibited
symmetric clustering and proceeded with bipolar division (Baudoin et al., 2020). Some WGD+
tumor cells also carry a mutation in PPP2R1A gene, which promotes centrosome clustering
(Quinton et al., 2021). Multiple centrosomes that don’t cluster during mitosis will cause the
formation of multipolar spindles. In multipolar spindles many merotelic attachments are being
formed which increases the probability of lagging chromosomes and the probability of unsuc-
cessful mitosis (Ganem et al., 2009).

The evidence presented here Indicates that polyploidy is frequently followed with an-
euploidy and elevated CIN rates. Spontaneously occurring tetraploid cells that may initiate
tumorigenesis are defined as transient intermediates between diploidy and aneuploidy (Davoli
& de Lange, 2011; Kirsch-Volders et al., 2024, 2025; Storchova & Kuffer, 2008; Storchova &
Pellman, 2004).
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Figure 11. Tetraploid non-tumor precursor cell model. Stress-induced polyploidization
usually leads to p53 stabilization and cell cycle arrest, followed by senescence or apoptosis.
If tetraploid cells escape the G1-tetraploidy checkpoint it can lead to uncontrolled proliferation
that results in micronuclei formation, aneuploidy and diploidization. Micronuclei induce inflam-
mation which can lead to additional tetraploidization. The combined effect of genetic and epi-
genetic changes leads to oncogene expression and to the onset of tumorigenesis. Polyploid
cells represent an intermediate state between diploids and cancer cells. Adapted from (Kirsch-
Volders et al., 2024).

1.14. Highly aneuploid cells show increased sensitivity to KIF18A depletion

Despite ongoing advancements in the development of anti-cancer drugs, the mission to suc-
cessfully battle cancer is ongoing. Some of these drugs specifically target mitotic cells, as
tumor cells are highly proliferative, but they have not proven to be the most successful, as
they also affect healthy cells. New strategies for treating tumors are being developed with a
focus on selectively targeting aneuploid tumor cells (Ben-David & Amon, 2020).

Several studies have analyzed the differences between diploid and polyploid cancer
and non-cancer cell lines. The cell lines were also compared based on their CIN levels.Cohen-
Sharir and colleagues compared around 1000 human cancer cell lines and categorized them
based on their aneuploidy levels (Cohen-Sharir et al., 2021)..They identified genes that are
essential for highly aneuploid cancer cells. Those were SAC components MAD2 and BUB1B
(Cohen-Sharir et al., 2021). This was also confirmed in another research, where it was shown
that depletion of these genes increased mis-segregation errors (Quinton et al., 2021). Short-
term effect of SAC inhibition was bigger on diploid cells, with.low aneuploidy rates, but highly
aneuploid cells had a greater long-term effect. These cells more rapidly escaped mitotic arrest
after SAC was inhibited, but their divisions were often multipolar, followed with mis-segrega-
tion errors and micronuclei formation. This led to the accumulation of even more aneuploid
and highly sensitive cells, and ultimately to increased cell death (Cohen-Sharir et al., 2021).

Cells with increased CIN. and WGD+ cells also showed heightened sensitivity to
KIF18A perturbations, which correlated with aneuploidy levels (Cohen-Sharir et al., 2021;
Quinton et al., 2021). Both HPT and RPT cells had altered spindle geometry and decreased
kinetochore-microtubule stability following siRNA-mediated KIF18A knockdown, compared to
their parental cell lines. HPT cells also demonstrated a higher incidence of multipolar divisions.
Interestingly, overexpression of KIF18A was able to restore their response to SAC inhibition
(Cohen-Sharir et al., 2021). In WGD+ cells, mis-segregation and mitotic delay can also be
triggered by altered spindle architecture. KIF18A depletion further increased spindle length

and chromosome oscillation amplitude in tetraploids compared to diploids. Hyperoscillating
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chromosomes often lose the attachments with microtubules, which activates SAC and causes
prolonged mitosis. Chromosomes that do not have the proper attachments can also mis-seg-
regate in anaphase (Quinton et al., 2021).

Marquis and colleagues further tested the effect that KIF1A KD has on cells with in-
creased CIN (Marquis et al., 2021). CIN cells are characterized by elevated microtubule
polymerization rates and increased turnover at kinetochore-microtubule < attachments
(Bakhoum et al., 2009). KIF18A reduces microtubule polymerization.in CIN cells, which ex-
plains why it is essential for CIN cell viability. The loss of KIF18A leads to prolonged mitotic
arrest and multipolar spindle formation (Cohen-Sharir et al., 2021; Marquis et al., 2021;
Quinton et al., 2021).

To determine the origin of multipolarity, they examined centrosomes and spindle poles.
In MDA-MB-231 cells, KIF18A knockdown did not cause centrosome amplification, as most
cells retained four centrioles. However, around 60% of multipolar KIF18A KD cells exhibited
y-tubulin-containing MTOCs without centrioles, which was also confirmed in HT29 cells. Also,
cells entered mitosis as bipolar, and during mitosis spindles became multipolar. These data
suggest that KIF18A KD leads to multipolar spindles formation by inducing PCM fragmentation
in CIN cells. They proposed-a-model in which the combined effect of increased microtubule
growth in CIN cells and.the absence of KIF18A-mediated suppression creates imbalanced
forces within the spindle, leading to weakened centrosome integrity and eventual fragmenta-
tion (Marquis et al., 2021) (Figure 12).

Consistent with Cohen-Sharir’s findings, KIF18A knockdown also induced mis-segre-
gation and micronuclei formation in a subsetof CIN<cells (Cohen-Sharir et al., 2021; Marquis
et al.;2021). Paclitaxel gave the similar phenotype as KIF18A KD, but its mechanism of action
is opposite to. KIF18A KD, as it increases microtubule dynamics. This suggests that any
changes in microtubule dynamics in CIN cells can compromise spindle integrity. Also, it was
shown that CIN cells show only dependency to KIF18A, but not to other kinesins, which makes
it a suitable target to reduce cancer cells connected with CIN or aneuploidy (Marquis et al.,
2021).
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Figure 12. CIN cells show increased sensitivity to KIF18A loss. In near-diploid cells with
low CIN levels, KIF18A loss causes minor chromosome alignment defects and prolongation
of mitosis. The percentage of micronuclei formation is low (left panel). Cells with high CIN
exhibit severe chromosome alignment defects due to increased microtubule polymerization
and heightened chromosome number. A fraction of cells has centrosomes fragmentation and
mitotic arrest that result in cell death, while other group has a mitotic delay and an increased

frequency of micronuclei formation (right panel). Adapted from (Marquis et al., 2021).

1:15. KIF18A inhibitor as a potential anti-tumor drug

Previous findings demonstrate that KIF18A is essential for the survival of highly aneuploid
cells (Cohen-Sharir et al., 2021; Marquis et al., 2021; Quinton et al., 2021), making it an ex-
cellent target for anti-tumor drugs that affect only mitotic tumor cells. This has encouraged the
development of small-molecule KIF18A inhibitors. Several KIF18A inhibitors have been de-
scribed; AM-0277, AM-1882, AM-5308, AM-9022 (Gliech et al., 2024; Payton et al., 2024), and
Sovilnesib AM-650 (Volastra - Short Circuiting Cancer’s Chaos, 2025), inhibitor that was used
in this study.
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These inhibitors act on the motor domain of KIF18A and prevent its “walking” along
microtubules. The inhibitors have a lower risk of neurotoxicity compared to agents like
paclitaxel, as they do not directly affect microtubule dynamics. Since the inhibited protein can
no longer move along microtubules but still binds to them, it accumulates at the spindle poles
due to microtubule poleward flux, as demonstrated in live-cell imaging of HelLa cells (Payton
et al., 2024).

Payton and colleagues showed that protein inhibition has the same effect on the cells
as depletion (Payton et al., 2024). CIN cell lines showed preferential sensitivity to inhibition of
KIF18A, leading to SAC activation and prolonged mitosis, PCM fragmentation followed with
multipolar spindle formation and apoptosis (Payton et al;, 2024).

In a recent study, it was shown that some cell lines are maore sensitive to KIF18A inhi-
bition than others. Cell lines that were insensitive include HCT116, DLD1, RPE1, MCF10A,
and MCF7, while sensitive cell lines include OVCAR-3, OVCAR-8, HeLa, HCC1806, and
MDA-MB-157. The study demonstrated that in addition to SAC activation, APC/C also plays a
role in sensitivity to KIF18A inhibition. KIF18A inhibition causes a modest increase in SAC
signaling in all cell lines due to elevated chromosome misalignment. SAC signaling increases
with ploidy level, and its intensity determines whether cells will proceed to anaphase. Sensitive
cells may have weakened APC/C activity, which further prolongs mitotic delay (Gliech et al.,
2024) (Figure 13).

In summary, persistent SAC signaling, which increases with ploidy levels, combined
with weakened APC/C, which prevents the anaphase onset, drives sensitivity to KIF18A inhi-
bition (Gliech et al., 2024). To support this model, it was shown that reducing SAC signaling
decreases sensitivity to KIF18A inhibition (Gliech et al., 2024), and that MAD2 knockout in-
creases cell viability after KIF18A depletion (Janssen et al., 2018). Similarly, increased basal
APC/C activity reduces sensitivity to the inhibition (Gliech et al., 2024).
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Figure 13. Factors that determine the sensitivity to KIF18A inhibition. Mitotic arrest after
KIF18A inhibition depends on following factors: elevated SAC activity, ploidy levels and basal
activity of the APC/C. The amount of elevated SAC activity increases with ploidy levels, while
basal activity of the APC/C will reduce the sensitivity to inhibition. Insensitive cell lines go
through a minor prolongation of mitosis, while sensitive cells.do not tolerate mitotic delay.
Adapted from (Gliech etal., 2024).

1.16. The emerging need for three-dimensional cell culture models

Numerous traits of both healthy and tumor cells have been unveiled through research in cell
cultures, where cells typically adhere to a surface and grow in two dimensions (2D) as a mon-
olayer. However, this research system neglects the structure and microenvironment complex-
ity found within healthy tissues and tumors. To provide a more faithful representation of in vivo
events, methods for cultivating cells in three-dimensional (3D) cultures have been developed
(Langhans, 2018).

The development of anti-tumor drugs has highlighted the need for improved testing
systems, as studies showing promising results in monolayers often failed in clinical trials. This
has driven the emergence of various types of 3D cell cultures that revolutionized the fields of
tumor biology, tissue engineering and developmental biology (Breslin & O’Driscoll, 2013;
Desoize & Jardillier, 2000; Langhans, 2018). 3D cultures have also become a valuable tool
for mitosis studies. Traditional monolayers often fail to capture the full complexity of mitosis as
it occurs in the 3D environment of living tissues, because interactions of mitotic cell with its
microenvironment and spatial constraint are not considered (Cosié & Petelinec, 2024; Desoize
& Jardillier, 2000).
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1.17. Monolayers

Cells grown as monolayers are widely used model in cell biology, especially adherent cells,
which easily attach to the surface of a culture flask or a petri dish. (Breslin & O’Driscoll, 2013).
The surface is coated with ECM proteins, such as collagen or fibronectin, or-with synthetic
polymers, such as poly-L-lysine, which enable easy attachment (Hynes & Naba, 2012; Klimek
& Ginalska, 2020; Langhans, 2018). This makes them the simplest and most convenient re-
search model. They typically require low maintenance and allow fast production of big number
of cells and experiment replicates. Monolayers are also more financially accessible in com-
parison with some types of 3D cultures and animal models:

Despite their practicality, cells grown in monolayers lack proper cell-cell interactions,
tissue architecture and forces distribution, as well @s molecule gradients (Figure 14A). Also,
the production of extracellular matrix can differ between monolayers and tissues. Isolation
from the tissue and transfer to a 2D environment alters both cell morphology and the mode of
cell division (Kapatczynska et al., 2018; Langhans, 2018; Pampaloni et al., 2007; A. G. Souza
etal., 2018). In monolayers, cell polarity is artificial and imposed by the substrate. Cells adhere
to the substrate through focal adhesions, while their upper side is exposed.to the medium
(Cukierman et al., 2001).

Monolayered cell cultures can be generated using either primary cells isolated directly
from a donor, or established cell lines from bioresource centers such as the American Type
Culture Collection (ATCC). Primary cells closely mimic the genetic features of the donor tissue
but can be difficult to isolate and have a limited lifespan. In contrast, established cell lines are
more uniform, which reduces the variability among replicates and-experiments, and they can

be cultured for extended period (Kapatczynska et al., 2018).

1.18. 3D cell cultures

The first 3D cultures were developed by Boiron in 1968, marking the beginning of their role in
cell culture research (Boiron et al., 1968). 3D cell cultures are in vitro systems that grow in
three dimensions, aiming to mimic tissue - morphology and functionality by simulating the tissue
microenvironment (Ovsianikov et al., 2012; Taubenberger et al., 2019).

There are various types of 3D cell cultures. Based on the usage of scaffold or gels, 3D
cultures can be scaffold-based, scaffold free in which case cells are cultured in the cell culture
medium or cultured with hydrogels such as collagen and Matrigel that imitate ECM
(Kyriakopoulou et al., 2023). Scaffold-based culturing methods produce more complex cul-
tures, whereas scaffold-free methods allow cells to spontaneously form aggregates that vary
in size and density, depending on cell number (Chen & Wang, 2020). Scaffold-free culturing

methods include the hanging drop method, low adhesion plates, rotating bioreactors, and
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magnetic cell levitation method (Chen & Wang, 2020; Kyriakopoulou et al., 2023; Lin & Chang,
2008; G. R. Souza et al., 2010). Next, cells within 3D cultures can be heterogeneous regarding
to cell type, polarity, proliferation status and availability of nutrients (Kyriakopoulou et al., 2023)
(Figure 14B). An interesting type of 3D cultures are organoids, miniaturized and simplified
versions of organs, designed to mimic key structural and functional aspects. These structures
originate from different type of stem cells that will self-organize in vitro into the different cell
types comprising an organ (Clevers, 2016; Eiraku & Sasai, 2012; M. A. Lancaster & Knoblich,
2014). Organoids of various organs including brain, liver, kidneys, lungs, small intestine, colon,
etc. have been developed (Cherry & Daley, 2012; Chin et al., 2014; Clevers, 2016; T. Sato et
al., 2009). For example, intestinal organoids can be generated from Lgrb+ stem cells, showing
key features of the native intestine, such as villus-like structures, functional crypts, and a cen-
tral lumen (T. Sato et al., 2009) (Figure 14C). Organoids have an important role in personalized
medicine since the establishment of patient-derived tumor organoids that can serve as a per-
sonalized models for investigating individual treatment responses and developing therapeutic
strategies (Clevers, 2016; M. A. Lancaster & Knoblich, 2014; T. Sato et al., 2011).
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Figure 14. Caption on the following page.
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Figure 14. Different types of cell cultures. A) Two-dimensional cell culture where cells grow
as a monolayer and adhere to the surface. Cells are homogeneous with the same availability
of nutrients and oxygen. B) Multicellular spheroid where cells grow in three dimensions. Sphe-
roids have a proliferative, quiescent, and necrotic zone. Smaller spheroids may lack a necrotic
zone. Cells in spheroids are heterogeneous based on their proliferation status and nutrients
gradient. C) Three-dimensional architecture of a small intestine organoid. Organoids have a
tissue structure, including a villus-like domain with differentiated cells, a crypt-like domain with
dividing stem cells, and a central lumen. Cell polarity is defined by an apical side, facing the
lumen, basal side, facing the basement membrane, and lateral sides that are in contact with

neighboring cells. Taken from (Cosi¢ & Petelinec, 2024).

1.19. Multicellular Spheroids

Multicellular spheroids are a widely used type of 3D cultures, especially as a model for solid
tumors (Hirschhaeuser et al., 2010; Molla et al., 2017; Nunes et al., 2019). Spheroids can be
generated using scaffold free techniques such as hanging drop, low adhesion plates and mag-
netic cell levitation (Chen & Wang, 2020; Haisler et al., 2013; Kyriakopoulou et al., 2023; Lin
& Chang, 2008; G. R. Souza et al., 2010).

Spheroids are often formed from a single cell line but display heterogeneous cellular
arrangements. As in-tumors, spheroids can be divided into several layers that consist of pro-
liferative cells on the periphery, quiescent cells in the middle, and necrotic cells at the core
(Desoize & Jardillier, 2000; Hirschhaeuser et al., 2010; Laurent et al., 2013; Lin & Chang,
2008; Sutherland, 1988). The thickness of these layers depends on the spheroid’s size (G. R.
Souza et al., 2010), various treatments, and mechanical stress (Dolega et al., 2017). Smaller
spheroids may lack a necrotic core, with proliferative cells evenly distributed throughout the
spheroid (Laurent et al., 2013).

Cells in spheroids can have unequal availability of nutrients and metabolic gases. They
have a gradient of availability with outer layers having better access to oxygen, glucose, amino
acids, and other medium components, while in the inner layers the availability is lower. Lactate
and other metabolites can accumulate in inner layers leading to lower pH (Pampaloni et al.,
2007; Sutherland, 1988; Trédan et al., 2007). These conditions can cause hypoxic regions
and necrosis in the spheroid core. As such, spheroids are excellent models for studying mi-

crometastases and non-vascularized tumor regions (Sutherland, 1988).
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It is important to note that in these types of 3D cultures, only tumor cells or non-tumor
cells with inactive p53 protein can divide. Non-tumor cells experience growth arrest due to
contact inhibition, which is triggered by cell-cell interactions, and it also happens in monolayers
when cells become too confluent. The p53 tumor suppressor protein promotes contact inhibi-

tion in response to cell culture density (Meerson et al., 2004).

1.20. Magnetic cell levitation method

One of the methods to generate multicellular spheroids is a scaffold-free, magnetic cell levita-
tion method, that relies on magnetic forces and cell levitation in the medium. Cells are first
grown as monolayers and incubated with a nanoparticle solution that has magnetic properties,
consisting of iron oxide, gold nanoparticles and hydrogel. Magnetic nanoparticles diffuse into
the cell cytoplasm or remain attached to membrane proteins. When a magnet is placed above
the cells in suspension, they begin to float in the media solution meniscus, gradually forming

aggregates and eventually multicellular spheroids (G. R. Souza et al., 2010) (Figure 15).
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Figure 15. Magnetic cell levitation method. Cells cultured as monolayers are incubated with
magnetic nanoparticles, which enter the cells or remain attached to the cell membrane. Cells
in suspension are exposed to the magnet. Under the influence of magnetic forces cells start

to aggregate and eventually form spheroids. Adapted from (G. R. Souza et al., 2010).
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The efficacy of this method was studied by comparing the localization of N-cadherin in
human glioblastoma cells cultured as monolayers, spheroids and human tumor xenografts
implanted in mice. N-cadherin was localized in the cytoplasm and nucleus in monolayers,
while in spheroids and xenografts it was localized in the cytoplasm, on the cell membrane and
at adherens junctions (G. R. Souza et al., 2010). It plays a role in the formation of adherens
junctions where its interactions with ECM components fibronectin, integrins and tensin are
important for junction formation (Lefort et al., 2011), which indicates.that components of the
ECM are present in spheroids. Another study confirmed that N-cadherin is localized on the
cell membrane in spheroids of A549 cells. Additionally, E-cadherin, mucin and cytokeratin-19
were present in spheroids, which implies that cells retained their function and phenotype char-
acteristic for the cell line (Haisler et al., 2013).

An advantage of this method is that cells. can form ECM components in the desired
composition and quantities. 3D cultures generated with hydrogels have ECM of a predeter-
mined composition, which can degrade over time, and the exact composition and compound
concentrations of commercially available hydrogels, such as Matrigel, are often not disclosed
(Kyriakopoulou et al., 2023; G. R. Souzaet al., 2010). Another advantage is.that spheroid size
and shape can be regulated by the size and shape of the magnet, whereas in other methods
for producing multicellular spheroids, only size can be regulated by the number of cells. It was
shown that magnetic nanoparticles are not toxic, do not affect proliferation and cause the in-
flammatory response (G. R. Souza et al., 2010; Tse et al.; 2012). Similar spheroids can be
produced using hanging drop method and low adhesion plates, which are more affordable
compared to. magnetic cell levitation. In this work, the magnetic cell'levitation method will be

used.to generate spheroids of different cell lines.

1.21. Key differences between 2D and 3D cell culture models

Multiple differences between monolayers and 3D cell cultures have been described. The most
significant differences are in culture architecture and cell morphology, production of ECM com-
ponents, cell proliferation and gene expression. All these differences can directly or indirectly
impact division of cells in these systems.

As already mentioned, cells in spheroids are heterogeneous, they have both dividing
and non-dividing cells, distributed in different parts of the spheroid. In contrast, monolayers
are homogeneous, composed mostly of proliferative cells. Opposite to spheroids, cells in mon-
olayers have unlimited access to nutrients and oxygen from the medium, and there is no ac-
cumulation of metabolic gasses and waste in certain areas. In spheroids, due to their tumor-
like architecture, the distribution of nutrients and metabolic gases can be uneven (Chen &
Wang, 2020; Pampaloni et al., 2007).
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It Is important to highlight some key differences between organoids and 2D cultures.
Unlike spheroids, organoids have a rigid tissue architecture with well-defined cell polarity, like
in a healthy tissue. Organoids are composed of various cell types, including stem cells, which
are difficult to maintain in monolayers. Moreover, a mixture of growth factors and supplements
is required to sustain organoids in cell culture, which can affect the research outcomes and
impact cell division (Clevers, 2013, 2016; T. Sato et al., 2009).

Spheroids show lower proliferation rates compared to monolayers. Proliferation rates
in spheroids more closely resemble those in tumors than monolayers (Chignola et al., 2000).
Lower cell proliferation has been shown in multiple cell lines when cultured in 3D compared to
monolayers, such as prostate (Adcock et al., 2015; A. G.Souza et al., 2018), colorectal (Luca
et al., 2013), osteosarcoma and breast cancer cell lines (Fallica et al., 2012). Proliferation in
spheroids is influenced by the composition and.quantity of ECM produced by the cells. For
example, glioma cell lines differ in production of hyaluronic acid. Cell lines that produced more
hyaluronic acid had higher proliferation rates, although this was not correlated with the overall
extent of the ECM (Glimelius et al., 1988).

2D and 3D cell cultures exhibit different levels of gene expression. These differences
are variable, and varying expression levels were observed in three different prostate cancer
cell lines. For example, in/PC-3 and LNCaP spheroids, ANXA1 and CD44 were upregulated,
while in DU145 spheroids, they were downregulated (A. G. Souza et al., 2018). This is inter-
esting because ANXA1 plays a role in apoptosis and proliferation (Shao. et al., 2019), and
CD44 isinvolved in cell-cellinteractions and adhesion (Senbanjo & Chellaiah, 2017). Proteo-
mic analysis of 2D and 3D/neuroblastoma cultures showed overexpression of proteins related
to metabolism, stress response, cytoskeleton components such as tubulin and actin, which
are crucial for.cell-cell interactions (Kumar et al., 2008). The described genes and proteins
that are differently regulated in monolayers and 3D cultures are all involved in cell division,
implying that findings from mitosis research conducted on 2D cultures should not be directly

extrapolated to events in tissues without further research.

1.22. The role of extracellular matrix in 3D cultures

The ECM consists of different matrix proteins (e.g., collagens), glycoproteins (e.g., fibron-
ectin), proteoglycans (e.g., heparan sulfate), cytokines and chemokines. It is a scaffold that
provides a physical support to tissues and regulates cell proliferation. The ECM affects cell
adhesion and migration, and it enables cell communication (Aumailley & Gayraud, 1998;
Hohenester & Engel, 2002; Langhans, 2018; Streuli, 1999). One of the key differences be-
tween 2D and 3D cultures is the difference between ECM components and their localization
(Frantz et al., 2010; Glimelius et al., 1988; Kleinman et al., 2003; Langhans, 2018).
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Integrins are receptors for ECM components that have an important role in forming cell
adhesions. These adhesions can differ between 2D and 3D cultures where they are called 3D-
matrix adhesions (Yamada et al., 2003). Integrins can also influence tumor progression. The
HMT-3522 healthy cells grow in acini and assemble the basement membrane, while tumor
cells lose the tissue structure and grow in irregular colonies. Perturbations of integrins caused
reversions from normal to tumor phenotype and vice versa (Weaver et al., 1997). It was also
shown that depletion of B1 integrin in the PC3 prostate cancer cell lines impaired.their 3D
growth in Matrigel (Howe & Addison, 2012; Schooley et al., 2012).

Cells in monolayers showed increased drug sensitivity compared to spheroids that
produce ECM components (Bulysheva et al., 2013; Desoize & Jardillier, 2000; Dhiman et al.,
2005; Fayad et al., 2011; Langhans, 2018; Molla et al., 2017; A. G. Souza et al., 2018). In-
creased drug resistance is also related to a smaller fraction of proliferative cells, as drugs often
affect dividing cells. Drug distribution in spheroids can be different because diffusion into the
inner parts of spheroids is obstructed by tightly packed cells and ECM. In some cases, outer
layers may be resistant to drugs, while inner layers, with fewer ECM components, may be

more sensitive (Muranen et al., 2012; A..G. Souza et al., 2018).

1.23. Cell division in multicellular spheroids

Monolayers have served as a valuable model for mitosis research, especially in microscopy-
based studies, due to their 2D growth, which is suitable for imaging. However, they often fail
to capture the complexity of the 3D tissue environment (Cosié & Petelinec, 2024; Desoize &
Jardillier, 2000). A few studies have provided new insights into the challenges mitotic cells
face in multicellular spheroids.

Molla‘and colleagues (2017) observed that mitoses in spheroids of three tumor cell
lines, murine p53WT TSA/pc, HEK293, and HelLa, was often unsuccessful (Molla et al., 2017).
The number of binucleated cells, resulting from a cytokinesis failure, increased by 20%. There
were no problems with SAC signaling, so cells could proceed to anaphase. However, problems
occurred in metaphase, where the metaphase plate rotated in all cells, leading to incomplete
chromosome segregation. Additionally, more lagging chromosomes were observed in ana-
phase compared to monolayers. As a control, spheroids were allowed to spread on the surface
overnight, after which cells divided normally. The authors hypothesize that contact with neigh-
boring cells or cytoskeletal disruption might destabilize division axis, causing cytokinesis fail-
ure (Molla et al., 2017).
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Few studies have addressed the impact of confinement and mechanical stress on mi-
totic cells in tumor spheroids, which is relevant because tumor microenvironment can apply
compressive stress on a tumor, limiting its growth (Taubenberger et al., 2019). In HCT116
spheroids, mitotic cells were sensitive to mechanical stress generated by polydimethylsiloxane
(PDMS) microdevice, which restricted spheroid growth (Figure 16). Spheroids adopted a rod-
like shape, and showed altered distribution of proliferative cells, which were distributed
throughout the whole spheroid (Desmaison, Frongia, et al., 2013; Desmaison, Lorenzo, et al.,
2013). In contrast, proliferative cells in freely growing spheroids were mainly localized in the
outer layer, as expected (Laurent et al., 2013; Molla et al., 2017). In the confined spheroids,
mitotic cells accumulated in the inner regions due to mitotic arrest (Desmaison, Frongia, et al.,
2013).

Also, bipolar spindle formation was impaired. Only 63% of mitotic cells formed bipolar
spindles in confined spheroids compared to 89% in freely growing ones. Additionally, 22% of
the spindles were monopolar (Desmaison, Frongia, et al., 2013), which can be caused by
problems with centrosome separation or duplication (Tillement et al., 2009). As cell rounding
was not impaired, mechanical stress is most likely the cause of mitotic arrestin confined sphe-
roids (Desmaison, Frongia, etal., 2013). On the other hand, in the CT26 cell line, an increase
in mechanical force led to a reduction in the number of proliferative cells, which were increas-
ingly restricted to a thinner outer layer (Dolega et al., 2017). These contradictory findings may
be explained by differences in cell lines, stress-induction methods, and exposure durations.
Possibly, CT26 cells‘entered a quiescent state under mechanical stress, as the conditions
were not optimal for cell division.

Additional evidence for the impact of confinement on mitosis in spheroids was pro-
vided. In freely growing HCT116 spheroids cells had elongated nuclei, oriented parallel to the
surface of spheroid, and the division axis was also parallel. When confined with agarose gel,
nuclei were less elongated and less parallel to the spheroids surface. Orientation of division
axis also became less parallel to the surface. Interestingly, these changes were observed only
in‘outer layers of spheroids, which would imply that in inner parts of the spheroid are already
confined by the adjacent cells, making them less sensitive to additional external forces
(Desmaison et al., 2018). Confinement also prolonged prometaphase (Desmaison et al.,
2018), which could explain previous findings that mechanical stress in spheroids causes mi-
totic arrest (Desmaison, Frongia, et al., 2013). These results emphasize the extent to which
different cell lines may behave differently in 3D systems. Consequently, various cell types may
exhibit diverse behaviors in tissues, which must be considered when planning experiments

and interpreting results.
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Figure 16. PDSM microdevice. A) Axonometric view of the PDSM microdevice. Multicellular
tumor spheroids (MCTS) change their shape after six days in confined condition. B) Transmit-
ted-light images of a PDMS microdevice and of a spheroid at zero, three and six days of
growing within the microdevice. C) Differences between spheroid that grows in non-confined
conditions and mechanically confined conditions (oriented for cryosectioning). Taken from

(Desmaison, Frongia, et al., 2013).

1.24. Spindle positioning in spheroids

Even though tissue architecture, polarity, and cell-cell interactions play critical roles in spindle
positioning and the orientation of cell division, most studieson mitotic spindles have been
conducted on monolayers, that lack the tissue complexity’and have an artificial cell polarity
(Cukierman et al., 2001). With the advancement of 3D culture systems and in vivo studies,
interest has shifted toward investigating extrinsic factors, in addition to intrinsic factors, that
influence the orientation of cell division.(Nestor-Bergmann et al., 2014). Intrinsic factors are
polarized cortical signals that interact with plus-end MAPs to align the spindle along a specific
axis (Lu & Johnston, 2013). Extrinsic factors include mechanical forces exerted by the sub-
strate in monolayers, neighboring cells;,.and ECM components (Nestor-Bergmann et al.,
2014).

When unidirectional stretch was applied to HeLa cells-and keratinocytes, the spindles
rotated in the direction of the stretch. Rotation occurred because external forces polarize sub-
cortical actin, which affected spindle orientation (Fink et al.,/2011; Seldin et al., 2013). This
example served as direct evidence how external cues can influence spindle orientation. In
monolayers, the spindle generally aligns<with the long axis of the interphase cell, which is
known as the Hertwig’s rule (Hertwig & Hertwig, 1884). It was demonstrated with HeLa cells,
cultured on.various micropatterns, that they will adjust their shape to the pattern accordingly.
During the subsequent mitosis, the spindle aligns with the long axis of the newly formed shape
(Théry et al., 2005).

Proper cell rounding is essential to ensure bipolar spindle formation and correct spindle
orientation during mitosis. In confined environment, the actin cortex promotes cell rounding by
generating forces that support the pressure increase within cells at the onset of mitosis, which
is not essential in isolated cells (O. M. Lancaster et al., 2013). In HelLa cells cultured as mon-
olayers, mechanical confinement impaired cell rounding and led to aberrant mitosis (O. M.
Lancaster et al., 2013; Tse et al., 2012). In contrast, cell rounding was unaffected by mechan-
ical confinement in HCT116 spheroids (Desmaison et al., 2018). This difference may be due
to cell line-specific responses to mechanical stress. Another explanation could be that in sphe-

roids, forces are distributed among neighboring cells, reducing the impact on individual cells.
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This is another example that emphasize the importance of conducting research in 3D systems,

as the results can be significantly different from the ones obtained in monolayers.

1.25. Mitosis in organoids is highly organized

Organoids have become valuable tools for studying mitosis, as they provide a more accurate
representation of the conditions that closely resemble those in living organisms. Small intes-
tine organoids form structures resembling native tissue. The epithelial layer is composed of
densely packed columnar cells. The cells are polarized, with the apical side facing the lumen,
the basal side facing the basement membrane, and lateral sides are in.contact with neighbor-
ing cells (T. Sato et al., 2009).

During interphase, the nucleus is located on the basal side, and at the onset of mitosis
it migrates apically in a process called interkinetic nuclear migration. The cell stays anchored
to the basement membrane via actin cables, ensuring it returns to its correct position after
mitosis (Carroll et al., 2017). Neighboring.cells expand to fill the basal gap duringmitosis. The
metaphase plate aligns perpendicularly to the apical side, and cells divide symmetrically. After
mitosis, the adjacent cells move apart,;and daughter cells adopt their characteristic columnar
shape (Carroll et al., 2017;McKinley et al.; 2018; Saleh et al.,2023).

In summary, organoids are a great model for studying mitosis due to their capacity to
mimic complex tissue-architecture. In this model for healthy tissue, mitosis is well organized
in space and each dividing cell is well coordinated with neighboring cells to preserve the tissue
functions and integrity. Opposite to that, in multicellular tumor spheroids cells divide in the
random positions. The only spatial regulation presentis due to gradients of nutrients and ox-
ygen in larger spheroids. Moreover, a significant portion of mitotic events in spheroids are
unsuccessful, suggesting that neighboring‘cells.do not assist in division but instead contribute

to.a confined environment.
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2. AIMS OF THE RESEARCH

The aim of this research is to investigate the differences in sensitivity to KIF18A depletion and
inhibition in diploid and post-tetraploid cells. Non-tumor diploid RPE1 cells, and their post-
tetraploid derivatives, that underwent WGD and formed stable cell lines will-be used. A sub-
population of cells which requires KIF18A for proliferation will be described. First hypothesis
is that sensitivity to KIF18A loss increases with aneuploidy levels, so highly aneuploid cells
should show increased sensitivity to KIF18A perturbations. Post-tetraploid cells should have
more problems with chromosome alignment, due to a higher chromosome number, which will
cause increased sensitivity.

The second aim of the research is to describe cell division in 3D cultures, to get insights
into the influence of 3D culture architecture, confinement, and adjacent cells on mitosis of
tumor and non-tumor cell lines. Monolayers and spheroids will be compared to study the dif-
ferences in spindle and cell morphology, as well as the error rates in two models. The hypoth-
esis is that a change of cell shape and confinement will negatively impact different mitotic
patterns in spheroids.
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3. MATERIALS AND METHODS

3.1. Cell culture

To explore differences in sensitivity to KIF18A depletion and inhibition between diploid and
post-tetraploid cell lines following cell lines were used: human diploid hTERT immortalized
retinal pigment epithelial RPE1 cells stably expressing H2B-GFP, green fluorescent protein
(throughout the text these cells will be referred to as RPE1 parental), and their post-tetraploid
clones RPT1 and RPT3 (Kuznetsova et al., 2015), a gift from Zuzana Storchova (RPTU Kai-
serslautern-Landau, Kaiserslautern, Germany), and human diploid hTERT RPE1 cells stably
expressing both CENP-A-GFP and Centrin1-GFP (throughout the text these cells will be re-
ferred to as RPE1 CC) (Magidson et al., 2011), a gift from Alexey Khodjakov (Wadsworth
Center, New York State Department of Health, Albany, NY, USA).

To explore differences between 2D and 3D cell cultures the following cell lines were
used: human hTERT RPE1 cell line'with a p53 knockdown (KD) stably expressing H2B-Den-
dra2 (throughout the text these cells will be referred to as RPE1 pS3KD) (Soto et al., 2018) a
gift from Rene Medema (Netherlands Cancer Institute, Amsterdam, Netherlands), unlabeled
human breast cancer MDA-MB-231 cell line (ATCC Cat. N. HTB-26), a gift from Dragomira
Majhen (Ruder Boskovi¢ Institute, Zagreb, Croatia), unlabeled human osteosarcoma U20S
cell line, a gift from Marin BariSi¢ (Danish Cancer Society Research Center, Copenhagen,
Denmark) and' unlabeled” human high-grade serous ovarian cancer OVSAHO cell line
(JCRB1046 Cell Bank, Tebubio, Le Perray-en-Yvelines, France).

All cell lines, except OVSAHO cells, were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) medium, containing 1 g/L D-glucose, L-glutamine, phenol red and sodium
pyruvate (Gibco, MT, USA). OVSAHO cell line was maintained in RPMI-1640 medium, con-
taining L-glutamine, sodium bicarbonate and phenol red (Sigma-Aldrich, MO, USA). DMEM
and RPMI-1640 medium were supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Sigma-Aldrich, MO, USA) and penicillin (100 1U/mL)/streptomycin (100 mg/mL) solution
(Lonza, Basel, Switzerland). Cells were grown in a Galaxy 170S humidified incubator (Eppen-
dorf, Hamburg, Germany) at 37°C with a 5% CO, atmosphere, and routinely passaged at the
confluence of 70-80%. Cells were regularly tested for mycoplasma contamination with 1 ug/mL
DAPI staining (D9542, Sigma-Aldrich, MO, USA).
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For the experiments in which the difference in KIF18A loss sensitivity was tested cells were
cultured for a maximum of five passages, to ensure that they don’t gain additional mutations
and variability among the clones. For the experiments were differences between monolayers

and spheroids were determined, cells were cultured for a maximum of ten passages.

3.2. Spheroid generation using magnetic cell levitation

Spheroids were made using magnetic cell levitation method developed by Souza and col-
leagues (G. R. Souza et al., 2010).

To cultivate spheroids 6 Well Bio-Assembler™ Kit (Greiner Bio-One GmbH, Kremsmiinster,
Austria) was used. The kit contains 6-well plates with cell-repellent surface, lid with magnets
for each well, a plastic barrier that prevents direct contact between the cell suspension and
the magnets, and a nanoparticles solution NanoShuttle™-PL. Nanoparticles solution contains
iron(Ill) oxide, Fe20O3, water soluble gold nanoparticles stabilized with citrate ion, with a diam-

eter of less than 100 nm, and poly-L-lysine solution.

For generation of spheroids RPE1 p53 KD, MDA-MB-231, U20S and OVSAHO cells
were used. To achieve the optimal confluency of approximately 70% for treatment with nano-
particles solution, 250000 cells were seeded as monolayers in a 6-well plate one day prior to
the addition of 1 uyL/em? of nanoparticles solution. The nanoparticles were incubated with the
cells for approximately 18 hours. If the incubation lasts 24 hours or longer, the nanoparticles
tend to exit the cells and detach from the cell membrane. On the third day, the cells were
detached from the surface, and the cell suspension was transferred into a cell-repellent 6-well

plate with a magnetic lid. Spheroids were incubated for five to seven days before immunostain-

ing.

To investigate cell division‘in 3D cell cultures, 2D cell culture, where RPE1 p53 KD,
MDA-MB-231, U20S and OVSAHO cells were grown as monolayers, were also established
as controls. 150000 cells were seeded on uncoated 18 mm coverslips. When cells were 50-
70% confluent, 1 uL/cm? of nanoparticle solution was added and incubated for approximately
18 hours. Magnetic lid was placed over the wells and cells were incubated for an additional
four hours before immunostaining. Extended incubation with the magnetic lid led to cell de-

tachment from the substrate.
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3.3. KIF18A depletion and inhibition

Small interfering RNA (siRNA) was used for depletion of endogenous KIF18A. RPE1 CC,
RPE1 parental, RPT1 and RPT3 cells were seeded on 35 mm uncoated dishes with 0.17 mm
glass thickness (Ibidi GmbH, Grafeling, Germany) in 1 mL of cell culture medium. 40-50%
confluent cells were transfected with targeting KIF18A siRNA (100 nM, s37882, Ambion,
Thermo Fisher Scientific, MA, USA) or control siRNA ON-TARGETplus Control Pool Non-Tar-
geting pool (100 nM, D-001810-10-20, Dharmacon, Lafayette, CO, USA) constructs, diluted
in Opti-MEM medium (Life Technologies, Waltham, MA, US) and transfection was performed
using Lipofectamine RNAIMAX Reagent (Life Technologies; Waltham, MA, US) according to
the manufacturer’s instructions. Four hours after transfection, the transfection mixture was
replaced with cell culture medium. Cells were incubated 24 hours before live-cell imaging. For
other experiments cells were incubated from 24 hours to seven days before immunostaining,

depending on the experiment.

To inhibit KIF18A protein, small-molecule KIF18A inhibitor Sovilnesib (AMG-650, Med-
ChemExpress, NJ, USA) was used in arange of concentrations on RPE1 CC, RPE1 parental,
RPT1 and RPT3 cells. Inhibitor was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich,
MO, USA) and control cells were treated with equivalent concentrations of DMSO. For live-
cell imaging cells were treated with 250 nM Sovilnesib (and 0.05% DMSO) and incubated 30
minutes prior to‘'imaging. For other experiments a range of concentrations between 10 nM to
500 nM was used (and 0.1% DMSO). Cells were incubated from 24 hours to seven days prior
to immunostaining. To test if Sovilnesib has some non-specific effects, KIF18A was both de-
pleted and inhibited in RPE1 parental andRPT3 cells. Transfection was conducted as already
described, but after the removal of transfection mixture, cell culture medium with 250 nM So-
vilnesib was‘added, and incubated for 24, 48 and.72-hours. Control cells were treated with
control siRNA and 0.05% DMSO.

To determine how different treatments affect the growth of diploid and post-tetraploid
cell lines, RPE1 CC, RPE1 parental, RPT1 and RPT3 cells were seeded at low confluency, 5-
10%, on 35 mm uncoated dishes with 0.17 mm glass thickness (Ibidi GmbH, Grafeling, Ger-
many), and treated with 100 nM KIF18A siRNA, 100 nM control siRNA, 250 nM Sovilnesib or
0.05% DMSO, as already described. Cells were monitored using an inverted phase-contrast
microscope (Optika Microscopy, Ponteranica, Italy) and imaged every 24 hours for up to thir-
teen days. During this period, the cell culture medium was not changed, and no additional
treatments were applied. The percentage of confluency was determined daily from three ran-

domly selected fields of view per sample.
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3.4. Immunofluorescence

3.4.1. KIF18A visualization

To prepare samples for confocal imaging of control KIF18A depleted or inhibited cells, RPE1
CC, RPE1 parental, RPT1 and RPT3 cells were fixed with of ice-cold methanol for 1. min at -
20 °C. Following fixation, cells were washed with PBS three times for 5§ min at aroom temper-
ature. Cells were permeabilized in 0.5% Triton-X-100 for 15 min at-a room temperature. To
block unspecific bindings of antibodies, cells were blocked with 1% normal goat serum (NGS,
Thermo Fisher Scientific, Waltham, MA, USA) for one hour, at a room temperature. Triton-X-
100 and NGS were diluted in PBS.

Cells were incubated with 250 pL of primary antibodies diluted in 1% NGS overnight
at 4 °C. The primary antibodies used were rabbit anti-KIF18A (diluted 1:300, A301-080A,
Bethyl Laboratories) rat anti-tubulin (diluted 1:500, MA1-80017, Invitrogen) rabbit anti-centrin-
3 (diluted 1:300, ab228690, Abcam). After the incubation with primary antibodies, cells were
washed with PBS three times for 5.min at a. room temperature, and then incubated with 250
WL of secondary antibodies diluted in 2% NGS for one hour at a room temperature, in the dark.
Secondary antibodies used were donkey antisrabbit Alexa Fluor.647 (diluted 1:500, ab150075,
Abcam) to visualize KIF18A and centrin-3 and donkey anti-rat Alexa Fluor 568 (diluted 1:1000,
ab175475, Abcam) to visualize tubulin. After incubation cells were washed three times with
PBS, for 5 min at a room temperature.

Although RPE1 parental, RPT1, and RPT3 cells stably express H2B-GFP, all samples
were additionally stained-with 1 ug/mL DAPI for 15 min at a room temperature, to ensure con-
sistent measurement of metaphase plate parameters, Furthermore RPE1 CC stably express
CENP-A-GFPand Centrin1-GFP, were also stained with DAPI to visualize chromosomes and
ensure equal measurements among the cell lines, so CENP-A-GFP and Centrin1-GFP were

not imaged.

3.4.2. Immunofluorescence for STED microscopy

Superresolution stimulated emission depletion (STED) microscopy was used to investigate
spindle architecture after KIF18A depletion in RPE1 parental, RPT1 and RPT3 cells. To re-
move the components of cytoplasm, a cytoplasm extraction buffer containing: 0.5% Triton-X-
100, 0.1 M PIPES, 1 mM EDTA and 1 mM MgCl, was added for 15 sec. Cells were fixed with
3% paraformaldehyde and 0.1% glutaraldehyde solution for 10 min.

Quenching solution, 100 mM glycine in PBS, was added for 7 min and reduction solu-
tion, 0.1% sodium borohydride in PBS, was added for 10 min. Quenching and reduction solu-

tion were added to reduce the background fluorescence. Following, cells were incubated in
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blocking/permeabilization (BP) buffer, containing 2% NGS and 0.5% Triton-X-100 in PBS, for
2 hours at a room temperature.

To visualize microtubules, primary antibody rat anti-tubulin (MA1-80017, Invitrogen)
was diluted in 1:500 ratio in BP buffer and incubated overnight at 4 °C. Cells were washed
with PBS three times for 5 min at a room temperature, and then incubated with secondary
antibody donkey anti-rat Alexa Fluor 568 (ab175475, Abcam) diluted in 1:1000 ratio in BP
buffer, for 1 hour at a room temperature, in the dark. Stably expressed H2B-GFP or/1 pg/mL

DAPI were used to visualize chromosomes.

3.4.3. Immunofluorescence of spheroids

Spheroids of RPE1 p53 KD, MDA-MB-231, U20S‘and OVSAHO cells were formed in 6-well
plates, and prior to fixation were gently transferred by pipetting to 35 mm uncoated dishes with
0.17 mm glass thickness (Ibidi GmbH, Grafelfing, Germany). In all steps of the protocol, 200
uL of solutions were added to keep the spheroid centered in a droplet of liquid, preventing it
from sticking to the edges of the dish and breaking apart. Furthermore, the immunostaining
protocol was optimized to minimize solution changes, as spheroids can easily be damaged

during pipetting.

Samples were fixed with 4% paraformaldehyde, for 20.min at a room temperature.
Spheroids were washed with PBS for 10 min. Next, BP buffer was added and incubated for 1
hour at a room temperature. Primary antibody rat anti-tubulin (MA1-80017, Invitrogen) was
diluted in 1:300 ratio in BP buffer and incubated overnight at 4 °C. On the following day, sphe-
roids were washed with PBS for 10 min and secondary antibody, diluted in 1:500 ratio in BP
buffer, was incubated 1 hour at a room temperature, in the dark. For MDA-MB-231 and U20S
spheroids secondary antibody donkey anti-rat Alexa Fluor 488 (ab150153, Abcam) was used,
and for RPE1 p53 KD and OVSAHO spheroids donkey anti-rat Alexa Fluor 647 (ab150155,
Abcam) was used. Spheroids.were washed with PBS.

MDA-MB-231 and U20S spheroids were stained with 1 ug/mL DAPI and 4 M SiR-
actin dye (Spirochrome, Stein am Rhein, Switzerland), for 20 min at a room temperature, to
visualize chromosomes and cell membrane. RPE1 p53 KD and OVSAHO spheroids were
stained with 1 ug/mL DAPI and 5 pg/mL Wheat Germ Agglutinin, Alexa Fluor™ 594 Conjugate
(Invitrogen, Waltham, MA, SAD) cell membrane dye. After PBS wash, spheroids were
mounted with antifade aqueous embedding media (Abberior, Géttingen, Germany) and cov-

ered with a coverslip.
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Control samples, in which cells were cultured as monolayers, were prepared using the same
protocol. The only difference was that cells were grown on coverslips, so in the final step, the
mounting medium was applied directly onto the coverslip, which was then placed onto a mi-

croscope slide.

3.5. Microscopy

Live-cell imaging of RPE1 CC, RPE1 parental, RPT1 and RPT3 was performed on the Lattice
Lightsheet 7 system (Carl Zeiss, Germany), equipped with an illumination objective lens
13.3%/0.4 (at a 30° angle to cover the glass) with a static phase element and a detection
objective lens 44.83x%/1.0 (at a 60° angle to cover the glass) with an Alvarez manipulator. Au-
tomatic water immersion was applied from the dispenser at intervals of 25 minutes.

The CENP-A-GFP and Centrin1-GFP, as well as H2B-GFP were visualized with the
488-nm diode laser (power output 10 Mw) with laser power set to 2% and 15 ms exposure
time. The detection module consists of.a Hamamatsu ORCA-Fusion sCMOS camera. The
LBF 405/488/561/642 emission filter was used. Cells were kept in a Zeiss stage incubation
chamber system (Carl Zeiss) at 37°C and 5% CO2 atmosphere. The imaging area in the x
dimension was set to 1.5 mm. The image was acquired every two minutes for 24 hoursin ZEN

3.7 software.

Confocal imaging was performed on an Airyscan Zeiss LSM800 confocal laser scan-
ning microscope with the 63x/1.4 Oil DICII objective (Carl Zeiss, Germany) and LSM 800 cam-
era. Laser lines of 405 nm, 488 nm, 561 nm, and 640 nm were used to excite DAPI, Alexa
Fluor 488, 568, 594 and 647 respectively. Forexperiments with KIF18A depletion/inhibition 31
z-slice were imaged for picture. The number of z-slices was adjusted individually for each cell
during spheroid imaging, to capture the whole cell. The z-step size was set to 0.5 pm in all

experiments. Images were acquired in ZEN Blue 3.5 software.

Superresolution imaging of RPE1 parental, RPT1 and RPT3 was performed on Expert
Line easy3D STED microscope system (Abberior Instruments, Géttingen, Germany) using
100x/1.4NA UPLSAPO100x oil objective (Olympus, Tokyo, Japan) and avalanche photodiode
(APD) detector. Depletion of red lines was performed with a STED 775 nm laser line during
superresolution imaging. Line accumulation was set to 1, dwell time to 10 ys and pinhole size
to 1.0 AU (Airy units). The xy pixel size was set to 20 nm the distance between z-planes was
300 nM. To determine the phase of mitosis chromosomes were visualized and with H2B-GFP

or DAPI and imaged in confocal mode. Images were acquired using Imspector software.
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3.6. Image processing and data analysis

All images were analyzed in Fiji/lmaged (National Institutes of Health, Bethesda, MD, USA).
Quantification and statistical analysis were performed in GraphPad Prism (GraphPad Soft-
ware, Boston, MA, USA). No statistical methods were used to predetermine the sample size.
Data are given as mean + SEM (standard error of mean), unless stated otherwise.

The data were tested for normal distribution using Shapiro-Wilk normality test. When
data were normally distributed, an unpaired two-tailed t-test was used to assess differences
between two groups, while one-way ANOVA followed by Tukey’s multiple comparison test was
used for comparisons among multiple groups. If the data wasn’'t normally distributed, two
groups were tested with Mann-Whitney test, while multiple groups were tested with Kruskal-
Wallis test followed with Dunn’s multiple comparison test. Proportions among the groups were
statistically compared with Chi-Square test, or Fisher’s exact test when the proportions of two
outcomes were compared. A p-value < 0.05 was considered statistically significant. Statisti-
cally significant differences are indicated as follows: ns for not significant when p 0.05, * for
0.01 <p <0.05, ** for 0.001 < p <0.01, and *** for p < 0.001. Data analysis was performed in
GraphPad Prism (GraphPad Software, Boston, MA, USA). Figures and schemes were assem-
bled in Adobe lllustrator CS5 and CC (Adobe Systems, Mountain View, CA, USA).

3.7. Measurements of cell and spindle parameters

All theimages from live-cellimaging were analyzed from maximum intensity projections (MIPs)
that were automatically generated by Zen 3.7 software.

To study the effect of KIF18A depletion and inhibition SUM intensity projections of z-
stacks of individual cells were used. Only the spindles that were horizontal relative to the dish
surface were analyzed. To determine KIF18A depletion and inhibition, KIF18A intensity was
measured on the spindle and on the spindle pole. Spindle area was encompassed with the
Polygon selection tool, and mean spindle intensity was measured. Mean intensity on the pole
was measured using a 2x2 Oval selection tool, which was also used to measure the back-
ground intensity in the cytoplasm (Figure 17A). Mean background intensity was subtracted
from the mean spindle intensity and the mean spindle pole intensity. Values were also divided
with the mean background intensity to get normalized values.

Spindle length was measured as a distance between spindle poles, defined by the
microtubule foci. Spindle width was measured in the spindle midzone and defined as the dis-
tance between the outermost microtubule bundles. Metaphase plate length was measured as
the distance between the outermost chromosome ends perpendicular to the spindle axis, and
metaphase plate width parallel to the spindle axis (Figure 17B). Spindles were defined as

multipolar if they had more than two microtubule foci.
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In analysis of mitotic cells in spheroids and monolayers cell dimensions were meas-
ured only when the whole cell was in the field of view. Spindle length and width were measured

if the spindle was horizontal relative to the dish surface.
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Figure 17. Measurement of cell and spindle parameters. A) Schematic view of the area
(grey) that will be measured to determine KIF18A signal intensity onthe spindle (upper), and
on the spindle pole (lower). B) Schematic view of spindle parameters that will be measured,;
spindle length and spindle width (grey), and metaphase plate length and metaphase plate

width (magenta).
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4, RESULTS

In this thesis, two important features of tumors are investigated. The first part compares dif-
ferences between diploid and PT cells, which, according to some theories, are precursors of
tumor cells (Davoli & de Lange, 2011; Kirsch-Volders et al., 2024, 2025; Shackney et al., 1989;
Storchova & Kuffer, 2008). The response of diploid and PT RPE1 cells to the loss of the KIF18A
protein is examined by silencing the protein with siRNA and chemically.inhibiting it using so-
vilnesib.

Tumor cells divide within a specific microenvironment. To date, tumor cell division has
been mostly studied in monolayer cultures, which do not fully replicate the complex environ-
ment surrounding mitotic cells (Cosié & Petelinec, 2024; Desoize & Jardillier, 2000). The sec-
ond part of this thesis investigates how 3D architecture affects cell division by comparing mi-

tosis in cell lines grown as monolayers and as spheroids.

41. KIF18A loss does not affect.cell culture confluency over time

It was shown that KIF18A depletion andinhibition lead to a decrease in proliferation over time.
Although the decrease in proliferation is more significant in sensitive CIN+ cell lines, it was
also detectable in insensitive ones (Cohen-Sharir et al., 2021; Gliech et al., 2024 ). To test the
proliferation rate over time four cell lines were used: RPE1 CC, RPE1 parental, RPT1 and
RPT3. Cells were treated with 100 nM KIF18A siRNA or 250 nM sovilnesib, while control
groups were treated with 100 nM non-targeting siRNA or 0.05% DMSO, respectively. Prolifer-
ation rate was measured by monitoring cell confluency over time.

Cell confluency was determined as the percentage of the surface area covered by cells
in the field of view. Measurements were taken from three random fields of view at various time
points ranging from 24 hours up to 13 days after treatment and are presented as mean values
(Figure 18). Cells were seeded at low confluency, between approximately 5% and 15%, prior
to treatment. Among the cell lines, RPT3 treated with both KIF18A siRNA and non-targeting
siRNA showed the highest increase in proliferation, indicating the greatest growth rate (Figure
18E). In contrast, RPE1 parental cells exhibited the lowest confluency over time (Figure 18C).

Overall, there were no significant differences in confluency between treated and con-
trol groups or among the different cell lines. Most cell lines reached over 90% confluency by
day 8. These results suggest that KIF18A silencing, and inhibition do not affect RPE1 cell

culture confluency over time.
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Figure 18. KIF18A silencing and inhibition do not affect cell culture confluency over
time. RPE1 CC, RPE1 parental, RPT1 and RPT3 cell lines were treated with 100 nM KIF18A
siRNA or 250 nM sovilnesib. Control groups were treated with 100 nM non-targeting siRNA or
0.05% DMSO, respectively. A) Cell culture confluency over time in all cell lines. Legends are
provided in panels B-E, showing confluency changes in RPE1 CC, RPE1 parental, RPT1 and
RPT3, respectively. Data is shown as a mean value. Results were obtained from one experi-
ment for KIF18A depletion, and from two independent experiments for KIF18A inhibition, for

all cell lines.
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4.2. siRNA-mediated KIF18A depletion impairs mitosis for up to 96 hours

To test the efficiency of KIF18A depletion over time, RPE1 parental and RPT3 cells were
treated with 100 nM KIF18A siRNA and incubated for 24, 48, 72 and 96 hours. Depletion was
evaluated by immunostaining, KIF18A and tubulin were labeled, while DNA was. visualized
with DAPI.

In control cells, treated with non-targeting siRNA, KIF18A is localized on the spindle,
mostly on the plus-end tips of microtubules. After KIF18A depletion there is no localization on
the spindle, only the background cytoplasm signal is visible (Figure 19A). To confirm the dis-
tribution of KIF18A signal, line intensity profile was measured from one spindle pole to the
other. Control cells showed two peaks corresponding to'plus-end tips, while these peaks were
absent after depletion (Figure 19B). KIF18A intensity on the spindle was significantly reduced
in both cell lines compared to controls (Figure 20A). Additionally, RPT3 cells displayed a
greater reduction than RPE1 parental cells at 72 and 96 hours, but not at earlier time points.

Spindle length did not differ significantly between RPE1 parental and RPT3 cells (Fig-
ure 20B). However, RPT3 cells showed wider spindles and longer metaphase phases, likely
due to higher ploidy levels, as it was recently shown (Gudlin et al., 2025) (Figures 20C-D).
Both cell lines exhibited a significant increase in metaphase plate width, indicating chromo-
some misalignment and confirming effective KIF18A depletion lasting for at least four days
(Figure 20E).
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Figure 19. KIF18A depletion effect lasts for four days. A) Confocal images of
immunostained RPE1 parental and RPT3 cells, treated with 100 nM KIF18A siRNA for 24, 48,
72 and 96 hours. Control cells were treated with 100 nM non-targeting siRNA and incubated
for 24 hours. Cells were immunostained for KIF18A and tubulin, while DNA was labelled with
DAPI. Upper panels show KIF18A (grey), and lower panels show merged images for KIF18A
(cyan), tubulin (grey) and DNA (magenta) for RPE1 parental and RPT3. Images are shown as
a SUM intensity projections. Scale bars, 5 um. B) Line profile intensity of KIF18A signal on the
spindle, measured from one spindle pole to the other. RPE1 parental and RPT3 cells,

incubated 24 hours, that have been measured are shown in A.
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Figure 20. Caption on the following page.

52



Figure 20. KIF18A depletion affects spindle parameters in RPE1 parental and RPT3 cell
lines. A) KIF18A intensity on the spindle after KIF18A depletion. The percentage of silencing
efficiency in RPE1 parental is following: 24 h — 63.3%, 48 h — 56.2%, 72 h — 74.4% and 96 h
— 64.8%. Silencing efficiency in RPT3 is following: 24 h — 77.2%, 48 h — 66.3%, 72 h — 80.7%
and 96 h — 99.9%. B) Spindle length after KIF18A depletion. C) Spindle width after KIF18A
depletion. D) Metaphase plate length after KIF18A. E) Metaphase plate width after KIF18A
depletion. Error bars represent mean value and SEM. Results were obtained from one exper-
iment. Statistical analysis: Kruskal-Wallis test with post-hoc Dunn’s test was performed on a

total number of cells for each incubation time.

4.2.1. A subpopulation of oversensitive cells occurs after KIF18A perturbations

A fraction of cells with a characteristic phenotype was observed. A subpopulation was charac-
terized by elongated, irregular spindles, which were sometimes narrower, and chromosomes
scattered on the whole spindle, even beside the spindle poles, implying that this fraction of
cells had a severe chromosome alignment defects. This subpopulation of cells was referred
to as oversensitive cells and was found in both diploid and PT cell lines. Also;. it will be men-
tioned in the following results. These cells-could also be multipolar (Figure 21A-B). A small
fraction of multipolar cells without severe chromosome alignment defects. was also observed
(Figure 21B). These cells are referred to as normal multipolar cells and are distinguished from
the oversensitive subpopulation.

Oversensitive cells were not detected in control groups. After KIF18A depletion, ap-
proximately % to 10% of the population consisted of oversensitive cells, peaking at 48 hours
in both RPE1 parental and RPT3 cells (Figure 21C). By 96 hours, this fraction declined, pos-
sibly due to reduced siRNA efficiency or cell detachment during fixation, as these sensitive
cells may have impaired adhesion. No significant differences in phenotype ratios were ob-

served between RPE1 parental and RPT3.
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Figure 21. A subpopulation of oversensitive cells occurs after KIF18A depletion.
Confocal images of immunostained A) RPE1 parental cells and B) RPT3 oversensitive and
multipolar cells. Cells were immunostained for KIF18A (upper panel, cyan), tubulin (middle
panel, grey), while DNA was labelled with DAPI (lower panel, merged image, magenta).
Images are shown as a SUM intensity projections. RPE1 parental multipolar cell is also an
oversensitive cell, it has a minor, extra pole on the left side of the ‘spindle. ' Scale bars, 5 um.
C) Distribution of phenotypes after KIF18A depletion. Results were obtained from one experi-
ment. Statistical analysis: Fisher’s exact test when compared groups had two outcomes, and
Chi-square test if there were more than two outcomes (RPE1 parvs RPT3 - 48 h and RPE1
par vs RPT3 — 72 h). Ratio of outcomes was determined from a total number of cells for each

incubation time.

4.3. Sovilnesib successfully inhibited KIF18A protein in both diploid and PT cell
lines

Previous study showed that KIF18A'inhibitor AM-1882 has a mild effect on diploid and tetra-
ploid RPE1 cell lines, as these cells are‘considered insensitive, compared to sensitive cancer
cell lines (Gliech et al., 2024). To evaluate how small molecule inhibitor sovilnesib affects dip-
loid and PT cells, following cell lines were used: RPE1 CC, RPE1 parental, RPT1and RPT3
cell line. Sovilnesib was tested at 100 nM, 250 nM, and 500 nM concentration to determine
the optimal one. Cells were incubated with the inhibitor for 24 hours prior to fixation and im-
munostaining. Control cells were treated with 0.1% DMSO, corresponding to the amount used
with the highest sovilnesib concentration. Cells were immunostained for KIF18A and tubulin,
while DNA was visualized with DAPI (Figure 22).

In control cells, KIF18A is localized at microtubule plus-end tips, as previously ob-
served. After sovilnesib treatment, KIF18A localization shifted toward the spindle poles (Figure
22). Line intensity profiles confirmed this shift in RPE1 parental and RPT3 cells (Figure 23A),
with quantification showing increased KIF18A signal at the spindle poles in most groups, ex-
cept RPE1 CC and RPT1 treated with 250 nM, where no significant increase was detected
(Figure 23B). Other spindle parameters confirmed KIF18A inhibition (Figure 24), suggesting
these exceptions may be due to microscopy limitations.

Spindle length increased in all cell lines following KIF18A inhibition, and PT cells had
longer spindles than diploid cells (Figure 24A). Spindle width was generally greater in PT cells,
which is associated with increased ploidy (Gudlin et al., 2025) (Figure 24B). Interestingly, spin-
dle width decreased in PT cells after KIF18A inhibition, likely due to the oversensitive subpop-

ulation with altered spindle geometry.
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A similar effect was observed in metaphase plate length (Figure 24C). Metaphase plate width
increased compared to controls across all lines, indicating impaired chromosome alignment,
especially in PT cells (Figure 24D).

Following sovilnesib treatment, the fraction of oversensitive cells was significantly
higher in PT cells than diploids. PT lines also had more oversensitive multipolar cells, and after
500 nM treatment they even had more oversensitive multipolar than bipolar cells. In conclu-
sion, sovilnesib effectively inhibits KIF18A in both diploid and PT cell lines, with PT cells ex-
hibiting greater sensitivity. 250 nM concentration was determined to be optimal for further ex-

periments.
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Figure 22. Confocal images of diploid and PT cells after KIF18A inhibition.
Immunostained RPE1 CC, RPE1 parental, RPT1 and RPT3 cells treated with 100 nM, 250
nM and 500 nM sovilnesib. Control cells were treated with 0.1% DMSO. Cells were fixed 24
hours after the treatment and immunostained for KIF18A and tubulin, while DNA was labelled
with DAPI. Upper panels show KIF18A (grey), and lower panels show merged images of
KIF18A (cyan), tubulin (grey) and DNA (magenta) for RPE1 CC,'RPE1 parental, RPT1 and

RPT3. Images are shown as a SUM intensity projections. Scale bars, 5 pm.
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Figure 23. KIF18A is localized on the spindle poles after sovilnesib treatment. A) Line
profile intensity of KIF18A signal on the spindle, for RPE1 parental and RPT3 cells shown in
Figure 22. B) KIF18A intensity on the spindle pole in RPE1 CC, RPE1 parental, RPT1 and
RPT3 after sovilnesib treatment. Error bars represent mean value and SEM. Results were
obtained from three independent experiments for all cell lines except for RPE1 CC, where one
experiment was done. Statistical analysis: Kruskal-Wallis test with post-hoc Dunn’s test was

performed on a total number of cells for each cell line and sovilnesib.concentration.
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Figure 24. KIF18A inhibition affects spindle parameters. A) Spindle length after sovilnesib
treatment in RPE1 CC, RPE1 parental, RPT1 and RPT3 cell lines. B) Spindle width after so-
vilnesib treatment. C) Metaphase plate length after sovilnesib treatment. D) Metaphase plate
width after sovilnesib treatment.

Error bars represent mean value and SEM. Results were obtained from three independent
experiment for all cell lines except for RPE1 CC, where one experiment was done. Statistical
analysis: Kruskal-Wallis test with post-hoc Dunn’s test was performed on a total number of

cells for each cell line and sovilnesib concentration.
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Figure 25. A subpopulation of oversensitive cells occurs after KIF18A inhibition. A)
Confocal images of immunostained RPE1 CC, RPE1 parental, RPT1 and RPT3 oversensitive
and multipolar cells, treated with 250 nM sovilnesib. Cells were immunostained for KIF18A
and tubulin, while DNA was labelled with DAPI. Left panels show KIF18A (grey), and right
panels show merged images of KIF18A (cyan), tubulin (grey) and DNA (magenta) for RPE1
CC, RPE1 parental, RPT1 and RPT3. Images are shown as a SUM intensity projections. Scale
bars, 5 ym. RPE1 CC is classified as a normal multipolar cell, while other multipolar cells
shown are oversensitive multipolar. B) Distribution of phenotypes after sovilnesib treatment.
Results were obtained from three independent experiments for all cell lines except for RPE1
CC, where one experiment was done. Statistical analysis: Chi-square test was performed.
Ratio of outcomes was determined from a total number of cells for each incubation time for

each cell line and sovilnesib concentration.

4.4. Low concentrations of sovilnesib have minor effects on diploid and PT cells

To determine whether previously used concentrations, 100 nM to 500 nM, were too high, and
if lower doses could still inhibit KIF18A; RPE1 parental and RPT3 cells were treated with 10,
30, 50, and 70 nM sovilnesib and incubated for 24 hours before fixation and immunostaining.
Control cells were treated with 0.014% DMSO, matching the amount used.in the 70 nM sovil-
nesib treatment. Cells.were immunostained for KIF18A and tubulin, while DNA was visualized
with DAPI (Figure 26A). KIF18A localization on the spindle poles was not as clearly observed
after treatment with low concentrations of sovilnesib compared to higher doses (Figure 26A).
Line intensity profiles showed minimal differences between treated and control cells (Figure
26B). The greatest shift of KIF 18A signal intensity toward spindle poles occurred at 50 nM and
70 nM concentrations. Quantification confirmed a slightincrease in KIF 18A intensity on spindle
poles compared to controls (Figure 27B). Differences between RPE1 parental and RPT3 were
observed only at 10 nM and 50 nM, but this could be due to microscopy limitations.

No significant changes in spindle length were observed (Figure 27B). Variations in
spindle width and metaphase plate length reflected differences in ploidy levels (Gudlin et al.,
2025) (Figures 27C-D). Increases in metaphase plate width were minor in both cell lines (Fig-
ure 27E). Low sovilnesib concentrations did not induce oversensitive cells, except a small
fraction of oversensitive multipolar cells in RPT3 after 70 nM treatment (Figure 28). Normal
multipolar cells were present in all RPT3 treatments, potentially due to the sovilnesib. In sum-
mary, low concentrations of sovilnesib caused only minor effects on KIF18A localization and
spindle parameters, with minimal induction of oversensitive cells, suggesting limited effective-

ness at low concentrations.
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Figure 26. Treatment with low doses of sovilnesib. A) Confocal images of immunostained
RPE1 parental and RPT3 cells, treated with 10 nM, 30 nM, 50 nM and 70 nM sovilnesib.
Control cells were treated with 0.014% DMSO. Cells were fixed 24 hours after the treatment
and immunostained for KIF18A and tubulin, while DNA was labelled with DAPI. Upper panels
show KIF18A (grey), and lower panels show merged images of KIF18A (cyan), tubulin (grey)
and DNA (magenta) for RPE1 parental and RPT3. Images are shown as a SUM intensity
projections. Scale bars, 5 um. B) Line profile intensity of KIF18A signal on the spindle, for
RPT3 cells shown in A.
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Figure 27. Caption on the following page.
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Figure 27. Low doses of sovilnesib mildly affect spindle parameters. A) KIF18A intensity
on the spindle pole in RPE1 parental and RPT3 cell lines after low doses sovilnesib treatment.
B) Spindle length after low doses sovilnesib treatment. C) Spindle width after low doses sovil-
nesib treatment. D) Metaphase plate length after low doses sovilnesib treatment. E) Meta-
phase plate width after low doses sovilnesib treatment.

Error bars represent mean value and SEM. Results were obtained from three independent
experiments for RPE1 parental, and from two independent experiments for RPT3. Statistical
analysis: Kruskal-Wallis test with post-hoc Dunn’s test was performed on a total number of
cells for each sovilnesib concentration.
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Figure 28. Most cells retain normal phenotype after low doses sovilnesib treatment.
Distribution of phenotypes in RPE1 parental and RPT3 after low doses sovilnesib treatment.
Results were obtained from three independent experiment for RPE1 parental, and from two
independent experiments for RPT3. Statistical analysis: Fisher’s exact test when compared
groups had two outcomes, and Chi-square test if there were more than two outcomes (RPE1
par vs RPT3 — 70 nM). Ratio of outcomes was determined from a total number of cells for
each sovilnesib concentration.
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4.5. Sovilnesib effectively inhibits Kif18a for a minimum of seven days

Sovilnesib has proven to successfully inhibit KIF18A after 24 hours of treatment. To evaluate
how its effectiveness changes over time, RPE1 parental and RPT3 cells were treated with 250
or 500 nM sovilnesib and incubated for up to seven days. Cells treated with 250 nM were fixed
and immunostained after 24, 48, 72, 96 hours, and seven days, while those treated with 500
nM were fixed after 24, 48, 72 hours, and six days. Control cells received 0.05% and 0.1%
DMSO, corresponding to the respective sovilnesib treatments.

After the treatment, KIF18A remained localized at the spindle poles for up to seven
days in both cell lines (Figure 29, images shown for 250 nM treatment). Line intensity profiles
across the spindle poles were generated for RPT3 cells treated with 250 nM sovilnesib (Figure
30A). The strongest KIF18A signal peak appeared at 24 hours. Smaller peaks persisted at
later time points, though their intensity may vary due to differences in overall cell staining or
microscopy conditions. Quantification of KIF18A intensity at spindle poles showed no signifi-
cant differences between RPE1 parental and RPT3 cells for either treatment, except at 24
hours with 250 nM sovilnesib, when RPE1 parental cells exhibited higher intensity (Figures
30B-C).

Spindle length increased in both cell lines after both treatments, with RPT3 cells dis-
playing generally longerspindles than RPE1 parental (Figures 31A-B). Spindle width and met-
aphase plate length slightly decreased following treatments but remained larger in RPT3 cells,
consistent with their ploidy levels (Gudlin et al., 2025) (Figures 31C-F). Metaphase plate width
increased significantly in RPT3 cells under both treatments, indicating persistent chromosome
alignment defects for up to seven days (Figures 31G-H). An oversensitive subpopulation ap-
peared after treatment with both 250 nM and 500 nM sovilnesib (Figure 32). The proportion of
oversensitive' cells was significantly higher in.RPT3 compared to RPE1 parental. Notably,
oversensitive RPE1 parental cells increased at the higher drug concentration but began to
decline after 72 hours. To conclude, sovilnesib successfully inhibits KIF18A protein for up to
seven days in both cell lines. Inhibition leads to altered spindle morphology and increased

problems with chromosome alignment, which are more evident in PT cells.
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Figure 29. KIF18A inhibition effect lasts for seven days. Confocal images of
immunostained RPE1 parental and RPT3 cells, treated with 250 nM sovilnesib for 24, 48, 72
96 hours and seven days. Control cells were treated with 0.05% DMSO and incubated for 24
hours. Cells were immunostained for KIF18A and tubulin, while DNA was labelled with DAPI.
Left panels show KIF18A (grey), and right panels show merged images for KIF18A (cyan),
tubulin (grey) and DNA (magenta) for RPE1 parental and RPT3 cells. Images are shown as a

SUM intensity projections. Scale bars, 5 um.
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Figure 30. KIF18A remains on the spindle poles for up to seven days following sovil-
nesib treatment. A) Line profile intensity of KIF18A signal on the spindle, for RPT3 cells
shown in Figure 29. B) KIF18A intensity on the spindle pole in RPE1 parental and RPT3 after
250 nM sovilnesib treatment. Results were obtained from one experiment for RPE1 parental,
and from two independent experiments for RPT3. C) KIF18A intensity on the spindle pole in
RPE1 parental and RPT3 after 500 nM sovilnesib treatment. Cells were incubated for 24, 48,
72, hours and six days. Results were obtained from three independent experiments for each
cell line. Error bars represent mean value and SEM. Statistical analysis: Kruskal-Wallis test

with post-hoc Dunn'’s test was performed on a total number of cells for each incubation time.
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Figure 31. Long-term treatment with sovilnesib affects spindle parameters. A) Spindle
length after 250 nM sovilnesib treatment in RPE1 parental and RPT3 cells. B) Spindle length
after 500 nM sovilnesib treatment. C) Spindle width after 250 nM sovilnesib treatment. D)
Spindle width after 500 nM sovilnesib treatment. E) Metaphase plate length after 250 nM so-
vilnesib treatment. F) Metaphase plate length after 500 nM sovilnesib treatment. G) Meta-
phase plate width after 250 nM sovilnesib treatment. H) Metaphase plate width-after 500 nM
sovilnesib treatment.

Error bars represent mean value and SEM. Results for 250 nM sovilnesib. treatment were
obtained from one experiment for RPE1 parental, and from two independent experiments for
RPT3. Results for 500 nM sovilnesib treatment were obtained from three independent exper-
iments for both cell lines. Statistical analysis: Kruskal-Wallis test with post-hoc Dunn’s test was

performed on a total number of cells for each incubation time.
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Figure 32. A subpopulation of oversensitive cells occurs after the long-term sovilnesib
treatment. A) Distribution of phenotypes in RPE1 parental and RPT3 cells after long-term 250
nM sovilnesib treatment. Results were obtained from one experiment for RPE1 parental, and
from two independent experiments for RPT3. B) Distribution of phenotypes in RPE1 parental
and RPT3 cells after long-term 500 nM sovilnesib treatment. Results were obtained from three
independent experiments for each cell line.

Statistical analysis: Fisher’s exact test when compared groups had two outcomes (RPE1 par
— DMSO vs 24 h, 500 nM), and Chi-square test if there were more than two outcomes. Ratio

of outcomes was determined from a total number of cells for each incubation time.
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4.6. Effects of dual KIF18A depletion and inhibition on diploid and PT cell lines

It was unexpected that sovilnesib had such a severe effect on both diploid and PT RPE1 cells,
which are generally considered to be independent on KIF18A for proliferation (Gliech et al.,
2024). This could indicate either a high inhibitor efficiency or potential non-specific effects of
sovilnesib. To investigate this, a double treatment was performed in which RPE1 parental and
RPT3 cells were exposed to both 100 nM KIF18A siRNA and 250 nM sovilnesib. Cells were
incubated for 24, 48, and 72 hours before fixation and immunostaining. Control cells were
treated with 100 nM non-targeting siRNA and 0.05% DMSO and incubated for 24 hours.

After KIF18A was both depleted and inhibited there . was no KIF18A localization on the
spindle in both RPE1 parental and RPT3 (Figure 33A). Line intensity profiles confirmed the
absence of KIF18A signal peaks after double treatment, although total signal intensity varied
in some cases, such as in RPT3 cells shown in the example image, which may be attributed
to variability in immunostaining or microscopy (Figures 33A-B). Quantification revealed a sig-
nificant decrease in KIF18A intensity both across the spindle and at the spindle poles, with no
differences between the cell lines (Figures 33C-D).

Spindle length slightly increased after the treatment, but there was no difference be-
tween the cell lines (Figure 34A). Differences in spindle width-and metaphase plate length
were consistent with variations in ploidy, as observed in previous experiments (Gudlin et al.,
2025) (Figures 34B-C). Metaphase plate width increased as expected but remained similar
between the cell lines (Figure 34D). A subpopulation of ‘oversensitive cells significantly in-
creased in both cell lines following the double treatment, with RPT3 exhibiting a higher pro-
portion of oversensitive-multipolar cells (Figure 35).

Double treatment was also compared to KIF18A depletion alone. No differences were
observed in KIF18A spindle intensity or spindle length between the two treatments at 24 hours
in.either cellline (Figures 36A-B). Metaphase plate width remained the same in both conditions
in RPT3 but was larger in RPE1 parental following double treatment (Figure 36C).

The proportion of oversensitive cells was higher after the double treatment than after KIF18A
depletion alone in both cell lines (Figure 21C, Figure 35B). However, RPT3 cells exhibited a
much greater fraction of oversensitive.cells following treatment with the inhibitor alone (Figure
32A). The combined KIF18A depletion and inhibition treatment results in spindle phenotypes
comparable to the depletion alone (Figure 36). However, the proportion of oversensitive cells
is higher than with the depletion alone, but for PT cells not as high than with the inhibition
alone (Figure 36D). It is not clear whether this is the synergistic effect of siRNA and inhibitor
combined, or the inhibitor itself has some off-target binding sites, but this is yet to be deter-

mined in further studies.
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Figure 33. Caption on the following page.
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Figure 33. KIF18A does not localize on the spindle after the double treatment. A)
Confocal images of immunostained RPE1 parental and RPT3 cells, treated with 100 nM
KIF18A siRNA and 250 nM sovilnesib for 24, 48 and 72 hours. Control cells were treated with
100 nM non-targeting siRNA and 0.05% DMSO and incubated for 24 hours. Cells were
immunostained for KIF18A and tubulin, while DNA was labelled with DAPI. Left panels show
KIF18A (grey), and right panels show merged images for KIF18A (cyan), tubulin (grey)and
DNA (magenta) for RPE1 parental and RPT3 cells. Images are shown as a SUM . intensity
projections. Scale bars, 5 um. B) Line profile intensity of KIF18A signal on the spindle, for
RPE1 parental and RPT3 cells shown in A. C) KIF18A intensity on the spindle after the double
treatment. The percentage of silencing efficiency in RPE1 parental is following: 24 h — 75.2%,
48 h — 84.5% and 72 h — 89.4%. Silencing efficiency in RPT3 is following: 24 h — 53.2%, 48 h
—95.7% and 72 h — 70.5%. D) KIF18A intensity on the spindle pole after the double treatment.
Error bars represent mean value and SEM. Results were obtained from three independent
experiments for RPE1 parental, and for RPT3 cells one experiment was done for control
group, 24 and 48 hours, while two independent experiments were done for 72 hours. Statistical
analysis: Kruskal-Wallis test with post-hoc Dunn’s test was performed on-a total number of

cells for each incubation time:
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Figure 34. Double treatment affects spindle parameters. A) Spindle length after the double
treatment in RPE1 parental and RPT3. B) Spindle width after the double treatment. C)
Metaphase plate length after the double treatment. D) Metaphase plate width after the double
treatment.

Error bars represent mean value and SEM. Results were obtained from three independent
experiments for RPE1 parental, and for RPT3 cells one experiment was done for control
group, 24 and 48 hours, while two independent experiments were done for 72 hours. Statistical

analysis: Kruskal-Wallis test with post-hoc Dunn’s test was performed on a total number of
cells for each incubation time.
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Figure 35. A subpopulation of oversensitive cells occurs after double treatment. A)
Confocal images of immunostained RPE1 parental and RPT3 cells, treated with 100 nM
KIF18A siRNA and 250 nM sovilnesib. Control cells were treated with 100 nM non-targeting
siRNA and 0.05% DMSO. Cells were fixed 24 hours after the treatment and immunostained
for KIF18A and tubulin, while DNA was labelled with DAPI. Left panels show KIF18A (cyan),
middle panel shows tubulin (grey), and right panels show merged images with DNA (magenta)
for RPE1 parental and RPT3. B) Distribution of phenotypes after double treatment.in RPE1
parental and RPT3 cells. Results were obtained from three independent experiments for RPE1
parental, and for RPT3 cell line one experiment was done for control group, 24 and 48 hours,
while two independent experiments were done for 72 hours. Statistical analysis: Chi-square
test was performed. Ratio of outcomes was determined from a total number of cells for each
incubation time.
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Figure 36. Comparison of double treatment with KIF18A depletion. Comparison of RPE1
parental and RPT3 cells treated with 100 nM KIF18A siRNA (Figure 19-20) and with the double
treatment: 100 nM KIF18A siRNA and 250 nM sovilnesib (Figure 33-34) and incubated for 24
hours. A) Comparison of KIF18A intensity on the spindle after KIF18A depletion and double
treatment. B) Comparison of spindle length after KIF18A depletion and double treatment. C)
Comparison of metaphase plate width after KIF18A depletion and double treatment.

Error bars represent mean value and SEM. Results were obtained from one experiment for
KIF18A depletion and from three independent experiments for RPE1 parental and one exper-
iment for RPT3 cells for double treatment. Statistical analysis: Kruskal-Wallis test with post-
hoc Dunn’s test was performed on a total number of cells for each cell line and each treatment.
D) Comparison of phenotypes ratios after KIF18A depletion, double treatment and KIF18A
inhibition in RPE1 parental and RPT3 cells after 24 hours treatment. Numbers of independent
experiments are stated in Figure 21C, Figure 35B and Figure 32A. Statistical analysis: Chi-
square test. Ratio of outcomes was determined from a total number of cells for each cell line

and each treatment.

4.7. Mitosis duration is severely affected with KIF18A depletion and inhibition

It was shown that KIF18A depletion and inhibition cause only-minor mitosis prolongation in
insensitive cells, that does not lead to mitotic arrest or mis-segregation errors (Cohen-Sharir
et al., 2021; Gliech et al., 2024; Marquis et al., 2021; Quinton et al., 2021). Moreover, over-
sensitive cells have not been described in detail so far. A similar phenotype was reported by
Marquis and colleagues, who showed that it results from PCM fragmentation in CIN+ cells,
such as MDA-MB-231 and HT29 (Marquis'et al., 2021). To investigate potential differences in
mitotic duration between diploid and PT cell lines after depletion or inhibition, and to analyze
mitotic behavior of oversensitive cells, live-cell imaging was performed. RPE1 CC, RPE1 pa-
rental, RPT1, and RPT3 cells.were treated with 100 nM KIF18A siRNA or 250 nM sovilnesib.
Control cells were treated with 100 nM non-targeting siRNA or 0.05% DMSO, respectively.
Mitotic cells were classified into three subpopulations: normal cells, cells with ana-
phase errors, and oversensitive cells (Figure 37A). Cells were considered normal only if they
divided into two daughter cells without any anaphase errors or micronuclei formation before
or after mitosis. To ensure accuracy, cells were defined as normal only if all M-phase sub-
phases were imaged, from prophase to cytokinesis, and if the entire cell was within the field
of view. Cells with anaphase errors included those displaying misaligned chromosomes in
anaphase, lagging chromosomes, chromosome bridges, or micronuclei. Normal multipolar

cells were also categorized in this subpopulation. Oversensitive cells included both bipolar
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and multipolar cells characterized by extreme mitotic delay and specific phenotypes, even
when full mitosis was not captured. These cells were characterized by severe chromosome
misalignment and hyperoscillations. Chromosomes are behind spindle poles, and they move
back and forth between spindle pole and spindle midzone, and they often had longer spindle.

Cells for which subpopulation classification was not possible were labeled as “not de-
termined” or N.D. These included cells without a complete progression through mitosis, cells
partially out of frame, or those that were out of focus. The proportion of N.D. cells was approx-
imately 30% to 50% for depletion experiments and 10% to 30% for inhibition experiments.
This percentage was consistent across the groups, and did not affect the statistical analysis,
so these cells were excluded from subpopulation analysis. Mitosis duration was measured
from NEBD to anaphase onset. As many cells with extremely prolonged mitosis were only
partially imaged, and since this influenced the mean mitotic duration, analysis guidelines were
applied: all fully imaged mitoses and partially imaged mitoses that lasted longer than 200
minutes were included. For all mitoses lasting over 200 minutes, whether full or partial, their
duration was set to a maximum of 200 minutes. Oversensitive cells had extremely prolonged
mitosis, that lasted up to 30 hours.

Mitosis duration was-prolonged after' both KIF18A depletion and inhibition in all cell
lines, except for RPT3 cells following KIF18A depletion, which may be due to shorter imaging
(Figure 37B-C). Interestingly, RPE1 parental cells exhibited a significant increase in mitotic
duration after both depletion and inhibition. In a previous study, the mean mitotic duration
following KIF18A inhibition with AM-1882 in diploid RPE1 cells was 55 minutes (Gliech et al.,
2024), whereas in this experiment, treatment with Sovilnesib resulted in a mean duration of
93 minutes for RPE1 parental (Figure 37C). There should be no difference between the two
diploid RPE1 cell lines, but the observed variation in mitotic duration may be due to differences
in the potency of the two KIF18A inhibitors. The increase in mitotic duration following KIF18A
depletion and inhibition was notably smaller in RPE1 CC cells compared to RPE1 parental
cells, which was unexpected, considering that both cell lines are diploid.

After silencing, there was no difference in mitotic duration between RPE1 parental and
PT cell lines, which differs from the results obtained in a previous study, where mitotic duration
was longer in PT cell lines. Also, mitosis lasted shorter in all cell lines compared to the results
obtained in this experiment (Cohen-Sharir et al., 2021) (Figure 37B). In the study by Cohen-
Sharir and colleagues, the same cell lines and KIF18A siRNA from the same manufacturer
were used, but at a lower concentration of 25 nM (Cohen-Sharir et al., 2021), compared to
100 nM siRNA used in this experiment, which could explain the stronger effects observed

here.
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Sovilnesib treatment caused an even greater increase in mitotic duration compared to
depletion (Figure 37C). Notably, the difference between diploid and PT cell lines became more
apparent after inhibition, suggesting that PT cells have increased sensitivity to KIF18A inhibi-
tion, despite being classified as insensitive (Gliech et al., 2024). Interestingly, after KIF18A
depletion fraction of cells with anaphase errors was similar in all cell lines. After sovilnesib
treatment fraction of cells with anaphase errors was higher in diploid cell lines, compared to
PT cell lines, but this is probably because oversensitive subpopulation predominates after
KIF18A inhibition.

After KIF18A depletion, there was no difference in the distribution of mitotic subpopu-
lations among RPE1 parental, RPT1, and RPT3 cells. Similar to results for mitotic timing,
RPE1 CC cells did not follow this pattern, they showed only an increase in the proportion of
cells with anaphase errors, while the fraction of oversensitive cells remained below 5%. In
contrast, KIF18A inhibition revealed a clear distinction between diploid and PT cell lines, with
no significant difference between diploids themselves, as expected. Notably, the oversensitive
subpopulation predominated after inhibition, indicating that these cells are highly sensitive to
KIF18A inhibition with sovilnesib.

Overall, the results show that KIF18A depletion and inhibition both prolonged mitosis
across all cell lines, with sovilnesib having a stronger effect than siRNA. While depletion did
not reveal significant differences between diploid and PT cell lines, inhibition highlighted in-
creased mitotic duration and a higher proportion of oversensitive cells specifically in PT lines.

RPE1 CC cells showed a milder phenotype, compared to RPE1 parental.
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Figure 37. KIF18A depletion and inhibition severely affect mitosis duration. A) Time-
lapse images from lattice lightsheet of RPE1 parental and RPT3 cells stably expressing H2B-
GFP (grey) throughout mitosis. Images show normal cell that divided without mis-segregation
errors (upper panel, RPE1 parental, non-targeting siRNA), cell with anaphase error (middle
panel, RPT3, KIF18A siRNA) and oversensitive cell (lower panel, RPT3, sovilnesib). Images
show maximum intensity projections. Scale bars, 10 ym. B) Mitosis duration.in RPE1 CC,
RPE1 parental, RPT1 and RPT3, treated with 100 nM KIF18A siRNA. Control cells were
treated with 100 nM non-targeting siRNA. Results were obtained from the following number of
independent experiments: RPE1 CC; siNT — two, siKIF18A — four, RPE1 parental; siNT — four,
siKIF18A — five, RPT1; siNT and siKIF18A — eight, RPT3; siNT — seven, siKIF18A — six. C)
Mitosis duration in RPE1 CC, RPE1 parental, RPT1 and RPT3, treated with 250 nM sovilnesib.
Control cells were treated with 0.05% DMSO. Results were obtained from the following
number of independent experiments: RPE1 CC; DMSO and KIF18Ai — two, RPE1 parental;
DMSO - two, KIF18Ai — three, RPT1; DMSO - two, KIF18Ai — three, RPT3 DMSO and
KIF18Ai — three.

Error bars represent mean value and SEM. Statistical analysis: Kruskal-Wallis test with post-

hoc Dunn’s test was performed-on a total number of cells for each cell line and each treatment.
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Figure 38. Live-cell imaging shows that a fraction of oversensitive cells differ after
KIF18A depletion and inhibition. A) Distribution of phenotypes after KIF18A depletion in
RPE1 CC, RPE1 parental, RPT1 and RPT3 cells. Results were obtained from the following
number of independent experiments: RPE1 CC; siNT —two, siKIF18A — four, RPE1 parental;
siNT — four, siKIF18A — five, RPT1; siNT and siKIF18A — eight, RPT3; siNT — seven, siKIF18A
—six. B) Distribution of phenotypes-after KIF18A inhibition in RPE1 CC, RPE1 parental, RPT1
and RPT3 cells. Results were obtained from the following number of independent
experiments: RPE1 CC; DMSO and KIF18Ai — two, RPE1 parental; DMSO — two, KIF18Ai —
three, RPT1; DMSO — two, KIF18Ai — three, RPT3 DMSO and KIF18Ai — three.

C) The same data shown in A, but N.D. is excluded. D) The same data shown in B, but N.D.
is excluded.

Statistical analysis: Chi-square test was performed. Ratio of outcomes was determined from
a total number of cells for each cell line and each treatment.
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4.8. Sovilnesib treatment induces dynamic changes in spindle polarity

Experiments on fixed cells revealed that many oversensitive cells are also multipolar, and their
frequency increased after sovilnesib treatment. Live-cell imaging showed that spindle polarity
changes over time (Figure 39A). Spindles transitioned from bipolar to tripolar, tetrapolar, and
even pentapolar spindles, back and forth (Figure 39B). In some transitions only minor poles
formed (Figure 39A, Cell 2, middle panel), while others exhibited characteristic tripolar or
tetrapolar shape. Although only chromosomes were visible in these images, spindle shape
can be predicted, as in oversensitive cells chromosomes are localized behind. spindle poles.
It has been shown that KIF18A loss can cause multipolar spindles due to PCM fragmentation
in sensitive CIN+ cells (Marquis et al., 2021). This may explain the formation of multipolar

spindles during mitosis rather than at the beginning of mitosis.
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Figure 39. Spindle polarity dynamically changes in oversensitive cells after sovilnesib
treatment. A) Time-lapse images from lattice lightsheet of RPT3 cells stably expressing H2B-
GFP (grey) throughout mitosis. Cell 1 was treated with 100 nM KIF18A siRNA and represents
oversensitive bipolar cell. Cells 2 and 3 were treated with 250 nM sovilnesib and represent
oversensitive multipolar cells with changes in spindle polarity. Images show maximum inten-
sity projections. Scale bars, 10 ym. B) Changes of spindle polarity through time during mitosis
in RPT3 cells.

4.9. Microtubule foci increased in oversensitive RPT3 cells after sovilnesib
treatment

To investigate the relation between spindle polarity, centrosome number, and microtubule foci,
RPE1 parental and RPT3 cells were treated with250 nM sovilnesib and incubated for 72 hours
prior to fixation and immunostaining. Cells were labeled with antibodies for centrin and tubulin
to visualize both centrosomes and microtubule foci, while DNA was visualized with DAPI. This
allowed for the identification of spindle poles with or without associated centrosomes. Since
centrin is not a marker for PCM, additional experiments are required to determine whether
poles lacking centrosomes still contain PCM.components.

Based on spindle morphology and the number of microtubule foci, without considering
centrosome number, oversensitive cells were classified according to their spindle architecture
(Figure 40A). Some bipolar spindles contained the expected two microtubule foci, while others
exhibited a third, indicating'the presence of an additional minor pole, while maintaining overall
bipolar geometry. In the same way, most tripolar spindles had three microtubule foci, though
a subset displayed a fourth, consistent with the formation of another minor pole without a
change in tripolar geometry (Figure 40A).

There was no significant difference in the proportion of bipolar versus multipolar cells
between RPE1 parental and RPT3lines (Figure 40B). However, the two cell lines differed in
centrosome number. The RPT3 cell line had a significantly higher number of oversensitive
cells with more than two centrosomes per cell (Figure 40C), possibly due to centrosome frag-
mentation (Marquis et al., 2021). A similar pattern was observed for microtubule foci, 80% of
oversensitive RPT3 cells had more than two foci, further supporting the presence of additional

minor spindle poles.
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To further explore the relation between spindle polarity and the number of microtubule
foci, bipolar and tripolar spindles were analyzed in both cell lines (Figure 40D). In RPE1 pa-
rental cells, 85% of bipolar spindles contained two foci, while 15% had three, indicating a third
minor pole. All tripolar spindles in this cell line had three microtubule foci. In contrast, only 25%
of bipolar spindles in RPT3 cells had two microtubule foci, the majority had either three or four.
Similarly, only 25% of tripolar spindles in RPT3 had the expected three foci, while the rest of
the cells exhibited an additional fourth pole. These findings indicate that 75% of RPT3 spindles
formed at least one extra minor pole. One tetrapolar RPT3 cell with four microtubule foci was
identified but excluded from quantification due to the low sample size. Further studies will be
necessary to determine whether the additional microtubule foci in RPT3 cells arise from PCM

fragmentation or altered microtubule dynamics.
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Figure 40. Number of microtubule foci increases in oversensitive cells after sovilnesib
treatment in RPT3. A) Schematic representation of spindle polarity and number of microtu-
bule (MT) foci in oversensitive RPT3 cells with corresponding images. Confocal images of
immunostained RPT3 cells, treated with 250 nM sovilnesib. Cells were fixed 72 hours after
the treatment and immunostained for centrin and tubulin, while DNA was labelled with DAPI.
Upper panels show centrin and tubulin (cyan and grey, respectively), and lower panels show
merged images with DNA (magenta). Spindle poles are encircled on merged images. Images
are shown as a SUM intensity projections. Scale bars, 5 ym. B) Spindle polarity in oversensi-
tive RPE1 parental and RPT3 cells. C) Centrosome number in oversensitive cells. D) Number
of microtubule foci in oversensitive cells. E) Number of microtubule foci based on spindle po-
larity in oversensitive cells.

Results were obtained from three independent experiments for RPE1 parental, and from four
independent experiments for RPT3. Statistical analysis: Fisher’s exact test when compared
groups had two outcomes, and Chi-square test if there were more than two outcomes. Ratio

of outcomes was determined froma total number-of cells for each group.

4.10. STED imaging reveals altered spindle architecture after KIF18A depletion

To gain a more detailed understanding of spindle organization after KIF18A loss, RPE1
parental, RPT1, and RPT3 cells were imaged using superresolution STED microscopy. This
approach overcomes the resolution limits of confocal microscopy and allows for the
examination of the relationship between distinct classes of microtubules (Hell & Wichmann,
1994; Klar & Hell, 1999). KIF18A was depleted in RPE1 parental, RPT1 and RPT3 cells with
100 nM KIF18A siRNA, and control cells were treated with 100 nM non-targeting siRNA. Met-
aphase spindles were imaged in control cells, while after KIF18A depletion it is difficult to dis-
tinguish metaphase from later phases of prometaphase, due to chromosome alignment de-
fects, so late prometaphase and metaphase spindles were imaged in these groups.

In control cells k-fibers and overlapping microtubules were clearly distinguishable. K-
fibers in these cells typically terminated near the spindle midzone. In contrast, following
KIF18A depletion, the distinction between k-fibers and overlapping microtubules became less
apparent, especially in oversensitive cells. In these cells, individual microtubule fibers were
harder to resolve, k-fibers were absent, and spindles were instead composed of long,

disorganized fibers (Figure 41).
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Line profile intensity measurements of the tubulin signal, taken along the spindle axis
from pole to pole, supported these observations (Figure 42). In control cells, two prominent
peaks corresponding to k-fiber localization were clearly visible, with a central dip marking the
spindle midzone, where microtubule density is lower. After KIF18A depletion, this signal
pattern became irregular, and in oversensitive cells, the typical spatial organization was
completely lost. Oversensitive spindles also showed a noticeable reduction in astral
microtubules. These observations indicate that KIF18A depletion leads to a severe structural
disruption of the mitotic spindle in oversensitive cells, marked /by the loss of k-fibers and

disorganized microtubules, suggesting impaired spindle integrity and function.
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Figure 41. Spindle architecture changes after KIF18A depletion. STED superresolution
images of RPE1 parental, RPT1 and RPT3 cells after 100 nM KIF18A siRNA treatment. Con-
trol cells were treated with 100 nM non-targeting siRNA. Cells were fixed 24 hours after the
treatment and immunostained for tubulin (grey, upper panels), imaged in superresolution. Con-
focal images of DNA, labelled with DAPI (magenta), are shown in merged imaged (lower pan-
els). Images show maximum intensity projections. Scale bars, 5 ym. Results were obtained

from one experiment.
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Figure 42. KIF18A depletion disrupts k-fibers in oversensitive cells. Line profile intensity
of tubulin signal on the spindle, measured from one spindle pole to the other, for RPE1

parental, RPT1 and RPT3 cells shown in Figure 41.
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In summary, KIF18A depletion and inhibition disrupted mitotic progression and spindle
organization in both diploid and PT RPE1 cell lines. While cell confluency remained largely
unaffected, clear mitotic defects were observed in all lines. This included spindle elongation,
chromosome misalignment, and a higher frequency of oversensitive cells with abnormal spin-
dle geometry and dynamic spindle pole transitions, and these defects were more pronounced
in PT cell lines. Mitosis was significantly prolonged, particularly after sovilnesib treatment, and
STED imaging revealed loss of k-fibers and disorganized spindle structure in oversensitive
cells. These findings suggest that both diploid and PT RPE1 cell lines show some levels of
sensitivity to KIF18A perturbations, although these cell lines are considered insensitive to
KIF18A loss (Gliech et al., 2024).

4.11. Spheroids generation using magnetic.cell levitation method

Spheroids were successfully generated using the magnetic cell levitation method in following
cell lines: RPE1 p53KD, MDA-MB-231,-U20S and OVSAHO. Tumor cell spheroids were in-
cubated for seven days prior to immunostaining, while RPE1 p53KD spheroids were incubated
for five days. In all cell lines and replicates, cells formed a single compact spheroid. Cells
began levitating within 20 minutes of exposure to the magnet. Between first and third day, the
cell aggregates were loosely connected, whereas by day five, they had formed a compact
spheroid. Spheroids exhibited irregular shapes, varying from round to elongated forms (Figure
43A), and they were flattened when viewed in the z dimension (Figure 43B). The spheroids
did not form the perfect spheres, but rather irregular shapes, as shown for RPE p53KD (Figure
43C). Previous studies have also reported irregularly shaped spheroids, with morphology var-

ying between different cell lines (Haisler et al.; 2013; G. R. Souza et al., 2010).

Results for all further analyses were obtained from a following number of independent
experiments for monolayers: RPE1 p53KD — three, MDA-MB-231 — five, U20S - six and
OVSAHO - three. Results were obtained from a following number of generated spheroids:
RPE1 p53KD - 19, MDA-MB-231 — 15, U20S - six and OVSAHO - six.
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Spheroid Magnet

Figure 43. Magnetic cell levitation produces spheroids with variable shapes. A) Sche-
matic representation of irregular spheroid shape viewed in x and y dimensions (left panel).
Spheroids are flattened when viewed in x and z dimension (right panel). B) Confocal image of
whole RPE1 p53KD spheroid. Merged image shows tubulin labelled with immunostaining
(white), DNA labelled with DAPI (magenta) and cell membrane labelled with WGA membrane

dye (cyan). One z-slice is shown. Scale bar, 500 ym.
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4.12. Interphase cell morphology differs between monolayer and spheroid models

Numerous differences between cells cultured in 2D and 3D systems have been described.
These cultures vary in cell shape, cell-cell interactions, proliferation, ECM production, etc. Alt-
hough these factors influence mitosis, cell division is still predominantly studied in. monolayer
cultures (Cosi¢ & Petelinec, 2024; Cukierman et al., 2001; Desoize & Jardillier, 2000; Kapa-
tczynska et al., 2018; Langhans, 2018; Pampaloni et al., 2007; A. G. Souza et al., 2018). To
characterize differences in mitosis between models, cells were cultured both as spheroids and
monolayers.

Cells in monolayers grow attached to a flat surface-and mostly display elongated and
branched shapes, except for the OVSAHO cell line, where cells are round. In spheroids, cells
are predominantly round in all lines except RPE1/p53KD, ' where some cells retain an elon-
gated shape. Monolayer cells have enough space to spread and migrate without spatial or-
ganization, except OVSAHO cells, which grow in clumps. Additionally, cells in spheroids are

smaller than those in monolayers (Figure 44).
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Figure 44. Differences between 2D and 3D cell cultures. Confocal images of
immunostained RPE1 p53KD, MDA-MB-231, U20S and OVSAHO cell lines cultured as
monolayers (left panels) and as spheroids (right panels). Cells were immunostained for tubulin
(grey), DNA was labelled with DAPI (magenta) and cell membrane was stained with SiR-actin
dye in all cell lines, excpet in RPE1 p53KD and OVSAHO monolayers, where it was stained
with WGA membrane dye (cyan). Images show maximum intensity projections for all cell lines,

except MDA-MB-231 and OVSAHO spheroid where one z-slice is shown. Scale bars, 20 pm.

4.13. Mitotic cells are distributed throughout the spheroid

To analyze the distribution of mitotic cells within spheroids, they were divided into three layers
based on the distance of each mitotic cell from the culture edge (Figure 45A-B). This division
is arbitrary and does not correspond to the typical classification of spheroids into proliferative,
quiescent, and necrotic zones (Desoize & Jardillier, 2000; Hirschhaeuser et al., 2010; Laurent
etal., 2013; Lin & Chang, 2008; Sutherland, 1988). Mitotic cells located directly atthe spheroid
edge were assigned to the outer layer. Those with one to three cell layers between them and
the edge were classified as middle layer. Due to the irregular shape of the spheroids, the
distance was determined in at least one direction. Mitotic cells with four or more cells between
them and the spheroid edge were categorized as inner layer.

The proportion.of mitotic cells In each layer varied among cell lines (Figure 45C). For
example, 43% of mitoses in RPE1 p53KD spheroids occurred in-the inner layers, whereas in
OVSAHO spheroids, 44% were in the outer layer. Since the percentages were similar across
layers within each cell line, the distribution of mitotic cells appears random. Furthermore,
mitotic cells were. observed throughout' the whole spheroids, particularly in RPE1 and
OVSAHO, suggesting that these spheroids cannot be classically divided into proliferative,

quiescent,.and necrotic zones, possibly due to their flattened shape.
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Figure 45. Mitotic cells can be found in the whole spheroid. A) Schematic representation
of mitotic cells categorized into outer, middle, and inner layers of the spheroid based on their
distance from the spheroid edge. Cells in outer layer are on the edge of the spheroid, cells in
the middle layer have one to three layers of cells between them and the edge, and cells in
inner layers have four or more layers of cells between them and the edge. B) Confocal image
of OVSAHO spheroid, immunostained for tubulin (grey), while DNA was labelled with DAPI
(magenta), and cell membrane with SiR-actin dye (cyan). Image is shown as a SUM intensity
projection. Scale bar, 20 ym. C) Distribution of mitotic cells in different layers of spheroids.

Statistical analysis: Chi-square test was performed. Ratio of outcomes was determined from

a total number of cells for each cell line.
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4.14. The fraction of prometaphase cells increases in tumor spheroids

A previous study showed that mitotic cells in spheroids can enter prometaphase arrest when
exposed to mechanical stress, suggesting that confinement can interfere with mitotic progres-
sion (Desmaison et al., 2018). To determine whether a similar pattern is presentin these sphe-
roid model, the distribution of mitotic phases was quantified and compared to monolayer cul-
tures. A higher proportion of cells in prometaphase may indicate mitotic arrest associated with
the 3D growth environment.

Mitotic phases were grouped into those occurring before anaphase onset: prophase,
prometaphase, and metaphase, and those occurring after-anaphase onset: anaphase, telo-
phase, and cytokinesis (Figure 46A). In the non-tumor RPE1 p&3KD cell line, there was no
significant difference in the proportion of cells before and after anaphase onset between sphe-
roids and monolayers. In contrast, all tumor cell spheroids had significantly fewer cells that
progressed to anaphase. The largest difference was observed in MDA-MB-231 spheroids,
where only 8% of mitotic cells were in_phases after anaphase onset, compared to 23% in
monolayers, suggesting difficulty progressing.into anaphase.

Further analysis of individual mitotic phases showed that RPE1 p53KD spheroids had
a similar phase distribution to monolayers, with a modest 12% increase in prometaphase cells
(Figure 46B). Tumor spheroids, especially MDA-MB-231 and U20S, showed a substantial
increase in prometaphase cells, with approximately 60% of mitotic cells in this phase. In
OVSAHO spheroids, the distribution was more balanced, with a slight increase in metaphase
and a decrease in the fraction of anaphase cells. A consistentreduction in prophase cells was
observed in all spheroid lines, possibly due to difficulty detecting prophase cells during imag-
ing,as they can resemble interphase cellsand.can be overlooked in crowded 3D environment.
Overall, the elevated percentage of cells in'prometaphase and metaphase in tumor spheroids

suggests a prometaphase arrest likely due to the confinementiin 3D environment.
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Figure 46. Prometaphase accumulation is elevated in tumor spheroids versus mono-
layers. A) Distribution of mitotic cells in phases before and after anaphase onset (AO) in mon-
olayers and spheroids. Statistical analysis: Fisher’s exact test. B) Distribution of mitotic cells
in different phases of mitosis in monolayers and spheroids. Statistical analysis: Chi-square
test. Ratio of outcomes was determined from a total number of cells for each cell line and a

type of cell culture.

4.15. Prometaphase errors increased in RPE1 p53KD and MDA-MB-231 spheroids

Molla et al. reported that mitotic cells in spheroids had a higher occurrence of lagging chro-
mosomes (Molla et al., 2017). Cells in spheroids could have difficulties with chromosome
alignment which leads to prometaphase arrest. When chromosomes are not properly aligned,
mis-segregation errors can happen during anaphase. To evaluate error rates in spheroids,
mitotic errors were divided into prometaphase — unaligned and misaligned chromosomes, an-
aphase — lagging chromosomes and chromosome bridges, and cytokinesis errors — micronu-
clei and chromosomes bridges (Figure 47 and Figure 48A). For this analysis, cells in late
prometaphase and metaphase that had already formed a metaphase plate were examined to
determine the percentage of unaligned and misaligned chromosomes. Only anaphase cells
with sufficiently separated chromosomes were analyzed to identify mis-segregation errors in
anaphase. Cells in telophase and cytokinesis were analyzed to assess cytokinesis errors.
Only RPE1p53KD and MDA-MB-231 spheroids showed an increase in prometaphase
errors (Figure 48B). In RPE1 p53KD, error rates increased by 11%, while in MDA-MB-231
spheroids by 21%. The significant increase-in unaligned and misaligned chromosomes in
MDA-MB-231 spheroids was expected, given that approximately 60% of mitotic cells were in
prometaphase (Figure 46B). Conversely, it was surprising that RPE1 cells showed an increase
in prometaphase errors, while U20S; which also has many cells in prometaphase, did not.
Moreover, none of the.cell lines showed an increase in anaphase or cytokinesis errors
(Figure 48C-D). This could be due to the smaller number of cells analyzed, or it is possible
that cells experiencing prolonged prometaphase and failing to properly align chromosomes
undergo mitotic slippage. Thus, only cells with correct chromosome alignment proceed to an-
aphase and divide without errors. Since the increase in prometaphase cells was not caused
by more unaligned or misaligned chromosomes, cellular and spindle parameters were further

investigated.
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Figure 47. Cells can exhibit prometaphase, anaphase and cytokinesis errors. Schematic
representation of different types of mitotic errors. Prometaphase errors can be unaligned and
misaligned chromosomes (left panel), that can cause further mis-segregation errors in ana-
phase if they do not align properly to the metaphase plate before the anaphase onset. Ana-
phase errors can be lagging chromosomes (middle panel), which are left between two segre-
gating masses, or.chromosome bridges, which form when sister chromatids do not fully sep-
arate. Cytokinesis errors can be micronuclei, often formed from lagging chromosomes or chro-

mosome bridges (right panel).
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Figure 48. Mitotic errors remain low in spheroids. A) Confocal images of immunostained
OVSAHO cells in monolayers and spheroids. Upper panels show DNA labelled with DAPI
(grey), and lower panels show merged images of immunostained tubulin (grey), DNA (ma-
genta), and cell membrane stained with SiR-actin in spheroids and WGA membrane dye in
monolayers (cyan). Images are shown as a SUM intensity projections. Scale bars, 5 um. B)
Frequency of prometaphase errors in monolayers and spheroids. Only cells in late
prometaphase and metaphase were analyzed. C) Frequency of anaphase errors in monolay-
ers and spheroids. Only anaphase cells with sufficiently separated chromosomes were ana-
lyzed. D) Frequency on cytokinesis errors in monolayers and spheroids. Cells in telophase
and cytokinesis were analyzed.

Statistical analysis: Fisher’s exact test when compared groups had two outcomes, and Chi-
square test if there were more than two outcomes. Ratio of outcomes was determined from a

total number of cells for each cell line and a type of cell culture.

4.16. Mitotic cell morphology differs in 3D environment

It was observed that interphase cells change shape when they are cultured as spheroids (Fig-
ure 44). To determine if mitotic cell shape.also changes, mitotic cells in prometaphase, late
prometaphase, metaphase, and anaphase onset, phases in which cells'are rounded and their
shape is stable, were classified into four categories: round, elongated, branched, and irregular
(Figure 49A-B).

OVSAHO mitotic cells showed similar shape distributions in monolayers and sphe-
roids, consistent with their interphase morphology (Figure 49C). RPE1 p53KD cells showed a
minor shift, with-a 20 percent increase in‘round cells and a decrease in branched shapes in
spheroids. INMDA-MB-231 spheroids, 10% of mitotic cells were irregular. U20S cells showed
the most significant shift. While half of the cells in.monolayers were elongated and the rest

were divided between round and branched, over 70% of cells in spheroids were round.
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Figure 49. Caption on the following page.
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Figure 49. Mitotic cell shape differs between monolayers and spheroids. A) Schematic
representation of different cell shapes. Cells can exhibit round, elongated, branched and ir-
regular shapes. B) Confocal images of immunostained OVSAHO cells in monolayers and
spheroids. Merged images show tubulin labelled with immunostaining (white), DNA labelled
with DAPI (magenta), and cell membrane stained with SiR-actin in spheroids and WGA mem-
brane dye in monolayers (cyan). Images are shown as a SUM intensity projections. Scale
bars, 5 um. There were no branched cells in OVSAHO spheroids. C) Frequency of different
cell shapes in monolayers and spheroids. Only mitotic cells entirely in the field of view were
analyzed. Statistical analysis: Chi-square test was performed. Ratio of outcomes was deter-

mined from a total number of cells for each cell line and.a type of cell culture.

4.17. Mitotic cells are smaller in spheroids

Cells in spheroids generally appear smaller compared to monolayers. To quantify this differ-
ence, cell dimensions were measured.along the x and y axes using the same set of mitotic
cells analyzed for cell shape. The longest and shortest dimensions of each cell were measured
at the points where the cell appeared most extended and most narrow, regardless of spindle
orientation. Number of z-planes imaged per cell was similar between spheroids and monolay-
ers, which indicates that cell dimension in z axis remained relatively constant. Therefore, only
the dimensions of cells.in x and y axes were measured (Figure 50A).

A reduction in both the long and short axes was observed in spheroids across all cell
lines (Figure 50B-C). This analysis confirmed that mitotic cells in spheroids are significantly
smaller than those in monolayers (Figure 50D-E).. Scatter plots of individual cells show smaller
values on both axes for spheroids, indicating-a more compact and rounded shape, than in
monolayers. The most pronounced difference in size between 2D and 3D cultures was ob-
served in. U20S cells. In RPE1 p53KD, the reduction'was more prominent in length than in
width.
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Figure 50. Mitotic cells are smaller in spheroids compared to monolayers. A) Schematic
representation of cell dimensions that were measured to determine the cell size. B) Long cell
axis length of cells measured in monolayers and spheroids. C) Short cell axis length of cells
measured in monolayers and spheroids. B-C) Only mitotic cells in prometaphase, metaphase
and anaphase onset, and entirely in the field of view were analyzed. Error bars represent
mean value and SEM. Statistical analysis: Kruskal-Wallis test with post-hoc Dunn’s test was
performed on a total number of cells for each cell line and a type of cell culture. D) Scatter plot
of long versus short cell axis lengths in monolayers and spheroids in all cell lines. Each point
represents a single cell. E) Scatter plots of long versus short cell axis lengths in monolayers

and spheroids shown separately for each cell line.

4.18. Spindle orientation shifts in OVSAHO.and U20S spheroids

Spindles are typically oriented on the long axis of the cell, a principle known as Hertwig’s rule
(Hertwig & Hertwig, 1884). To test whether this rule also applies in spheroids, spindle orienta-
tion was analyzed and compared with monolayers. The same set of mitotic cells used for
shape and size analysis was used here, but only bipolar spindles were included. Spindle ori-
entation was classified as aligned with the long axis, short axis, or tilted (Figure 51A-B).

In RPE1 p53KD and MDA-MB-231, spindle orientation did not differ between mono-
layers and spheroids..However, while most RPE1 p53KD cells:-had spindles oriented on the
long axis, only 40% of MDA-MB-231 cells showed this orientation (Figure 51C). OVSAHO
cells showed a minor shift, with a slight increase in spindles oriented on the short axis in
spheroids. The largest change was seen in U20S cells. In monolayers, 65% of spindles were
oriented on the long axis and 14% on the short axis, while in spheroids, 33% were oriented
on the long axis and 52% on the short axis: Across all groups, tilted spindles ranged from 10%
to 20%.

While spindles are generally positioned centrally, some cells in spheroids displayed an
off-center spindle position, on one side of the cell (Figure 51D-E). This was quantified using
the same set of cells. The greatest increase in off-center spindles between monolayers and
spheroids was seen in RPE1 p53KD and MDA-MB-231, with an approximate 15% increase
(Figure 51F). No difference was observed in U20S, and OVSAHO cells showed only a minor
shift.
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Figure 51. Spindle orientation and positioning differ between monolayers and sphe-
roids. A) Schematic representation of different spindle orientations. Spindles can be oriented
on the long axis of the cell, short axis of the cell or tilted. B, E) Confocal images of im-
munostained MDA-MB-231 cells in monolayers and spheroids. Merged images show tubulin
labelled with immunostaining (white), DNA labelled with DAPI (magenta), and cell membrane
stained with SiR-actin (cyan). Images are shown as a SUM intensity projections. Scale bars,
5 uym. C) Distribution of mitotic cells with different spindle orientation in monolayers and sphe-
roids. Only bipolar prometaphase, metaphase and cells at the anaphase onset were analyzed.
Statistical analysis: Chi-square test. D) Schematic representation of spindle positioning in the
cell. Spindles can be positioned in the middle of the cell,or at one side of the cell. F) Distribu-
tion of mitotic cells with different spindle positioning' in monolayers and spheroids. Only
prometaphase, metaphase and cells at the anaphase onset were analyzed. Multipolar cells
were included in this analysis. Statistical analysis: Fisher’s exact test was performed. Ratio of
outcomes was determined from a total number of cells for each cell line and a type of cell

culture.

4.19. Spindle shape variations in spheroids is cell line dependent

To test how 3D architecture affects the shape of mitotic spindle, spindles were categorized
into following categories: round and elongated, which are normal spindle shapes, irregular and
multipolar spindles (Figure 52 and Figure 53). Spindle shapes were determined in mitotic cells
that were in prometaphase, late prometaphase, metaphase and anaphase onset. Cells in early
prometaphase were excluded from the analysis because spindle formation is not completed.

Spindle shapes changed in all cell lines when comparing monolayers and spheroids
(Figure 54A). The proportion of multipolar spindles increased in spheroids of tumor cell lines,
particularly in MDA-MB-231. Irregular spindles were more frequent in MDA-MB-231 and U20S
spheroids. In contrast, RPE1 p53KD. spheroids showed an increase in round spindles. The
frequency of elongated spindles decreased in all cell lines.

To assess whether spindle shape is influenced by the mitotic cell’s position within the
spheroid, spindle shape distribution was analyzed across the outer, middle, and inner layers.
No significant differences were observed in any of the cell lines (Figure 54B). Spindle shape
varies between spheroids and monolayers in all tested cell lines, but these changes are not

associated with the spatial position of mitotic cells within the spheroid.
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Figure 52. Different spindle shapes observed in RPE1 p53KD and MDA-MB-231 mono-
layers and spheroids. Confocal images of immunostained RPE1 p53KD and MDA-MB-231
cells in monolayers and spheroids. Upper panels show images of immunostained tubulin
(grey), and lower panels show merged images of immunostained tubulin (grey), DNA (ma-
genta), and cell membrane stained with SiR-actin in MDA-MB-231 cells or WGA membrane
dye in RPE p53KD cells (cyan). Images are shown as a SUM intensity projections. Scale bars,

5um.
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Figure 53. Different spindle shapes observed in U20S and OVSAHO monolayers and
spheroids. Confocal images of immunostained U20S and OVSAHO cells in monolayers and
spheroids. Upper panels show images of immunostained tubulin (grey), and lower panels
show merged images of immunostained tubulin (grey), DNA (magenta), and cell membrane
stained with SiR-actin or WGA membrane dye in OVSAHO monolayers (cyan). Images are
shown as a SUM intensity projections. Scale bars, 5 ym.

ILI lﬁl ILI [L| ns ns ns ns
N=130 48 165 245 127 120 212 196 N=12 16 20 96 79 70 .44 56 20 87 56 53
100 = — 100 =
R 1 - | || R 1017 H L ]
@ 807 I - L_| | 3 Round w 80 —HH | IFH B L] = Round
3 A — 3 1 L .
g 60 L [ Elongated :6’ 60 - | — D 1 [ — | 3 Elongated
o 1 T | 3 Multipolar & 1M — u J ] 3 Multipolar
o 404 | S 404 — =
£ | 3 lIrregular 2 L 3 lIrregular
@ 1 @ ]
© 20+ S 204
[ [
o b o 1
0 T | T 1 1 1 | T 0 T T L] T T L] T L] T T T
2D 3D 2D 3D 2D 3D 2D 3D OM I OMI OM I OM I
Q N ) ) o N S o
:{’b ,LO Y\‘z‘ 653: @Q’ 0’1«0 6‘?"2‘
N M) 4“9 N N Y
o ?"@ ) & OY‘ 9)
K © <& N\
Cell lines Cell lines

Figure 54. Cell line-specific variations in spindle shape between monolayers and sphe-
roids. A) Frequency of different spindle shapes in monolayers and spheroids. B) Frequency
of different spindle shapes in different layers of spheroids. Spindle shapes distribution was
determined in outer (O), middle (M) and inner.(I) layers (See Figure 45).

Cells in prometaphase and metaphase are analyzed, but early stages of prometaphase are
excluded from this analysis. Statistical analysis: Chi-square test was performed. Ratio of out-

comes was determined from a total number of cells for each cell line and a type of cell culture.
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4.20. Spindle polarity is altered in tumor spheroids

The proportion of multipolar spindles increased in tumor cell spheroids, so spindle polarity was
examined in more detail. Spindles were classified as monopolar, bipolar, tripolar, and tetrapo-
lar-plus, including spindles that had four or more poles (Figure 55A). Tumor cell lines showed
a higher percentage of multipolar spindles in spheroids, with the most pronounced increase in
MDA-MB-231 cells (Figure 54A and Figure 55B). Notably, a small fraction of monopolar spin-
dles was also detected in tumor spheroids. Although this fraction ranged only from1% to 3%,
it may indicate defects in centrosome separation and challenges in forming a proper bipolar
spindle in spheroids (Tillement et al., 2009). This was also observed in a previous study, where
freely growing HCT116 spheroids showed a small percentage of monopolar spindles, which
increased to 22% under conditions of mechanical stress (Desmaison, Frongia, et al., 2013),

further supporting the hypothesis that confinement affects bipolar spindle formation.
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Figure 55. Fraction of multipolar spindles increases in tumor spheroids. A) Confocal
images of immunostained MDA-MB-231 cells in monolayers and spheroids. Upper panels
show images of immunostained tubulin (grey), and lower panels show merged images of im-
munostained tubulin (grey), DNA (magenta), and cell membrane stained with SiR-actin (cyan).
Images are shown as a SUM intensity projections. Scale bars, 5 ym. B) Frequency of of spin-
dles with different polarity in monolayers and spheroids determined by the number of microtu-
bule foci. Spindles that have four or more spindle poles are labelled as Tetrapolar +: Cells in
prometaphase and metaphase are analyzed, but early stages of prometaphase are excluded
from this analysis. Statistical analysis: Fisher’s exact test when compared groups had two
outcomes (RPE1 2D vs 3D), and Chi-square test if there were more than two outcomes. Ratio
of outcomes was determined from a total number of cells for each cell line and a type of cell

culture.

4.21. Spindle size scales with cell size in spheroids

Some studies have shown that spindle size scales with cell size, as observed in early zebrafish
embryos and Xenopus egg extracts (Rieckhoff et al., 2020). In contrast, other research re-
ported that spindle length does not scale with ploidy levels in«yeast (Storchova et al.; 2006).
Similarly, the first part of this thesis demonstrated that spindle length does not scale with ploidy
in diploid and PT RPE1 cell lines, consistent with previous findings (Bloomfield et al., 2021;
Gudlin et al., 2025). Toinvestigate whether spindle size scales with cell size under 3D culture
conditions,.spindledength and width were measured in metaphase cells (Figure 56A).

A significant reduction in both spindle length and width was observed in all cell lines
cultured as spheroids compared to monolayers, except for spindle width in RPE1 p53KD,
where no significant difference was detected (Figure 56B). The most pronounced difference
was found.in U20S cells, which also showed the greatest reduction in cell size (Figure 50E).

These results indicate that spindle‘dimensions scale with cell size in spheroids.
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Figure 56. Spindles are significantly smaller in spheroids. A) Schematic representation of
spindle dimensions that were measured to determine the spindle size. B) Spindle length of
metaphase cells measured in monolayers and spheroids (left graph). Spindle width of meta-
phase cells measured in monolayers and spheroids (right graph). Only bipolar cells were an-
alyzed. Error bars represent mean value and SEM. Statistical analysis: Kruskal-Wallis test
with post-hoc Dunn’s test was performed on a total number of cells for each cell line and a

type of cell culture.

Multipolar spindles are more frequent in irregularly shaped cells in MDA-MB-231 sphe-
roids. Finally, the relationship between cell shape, spindle shape, and prometaphase errors
was examined in MDA-MB-231 cells. The only clear trend observed was that irregularly
shaped cells had a higher proportion of multipolar spindles compared to round cells (Figure
57A). No significant differences were found between round and elongated cells, or between
elongated and irregular cells. Overall, cell. shape did not influence spindle polarity (Figure
57B). In addition, neither cell shape nor.spindle shape was associated with an increased fre-

quency of unaligned or misaligned chromosomes (Figure 57C-D).
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Figure 57. Irregular cell shape is linked to increased frequencies of multipolar spindles
in MDA-MB-231 spheroids. A) Frequency of different spindle shapes across different cell
shapes in MDA-MB-231. spheroids. B) Frequency of different spindle polarities across different
cell shapes in MDA-MB-231 spheroids. C) Frequency of prometaphase errors across different
cell shapes in MDA-MB-231 spheroids. D).Frequency of prometaphase errors across different
spindle shapes in MDA-MB-231 spheroids.Statistical analysis: Chi-square test was performed.
Ratio of outcomes was determined from a total number of cells for each cell line and a type of
cell culture.

To conclude, this study demonstrates that culturing cells as spheroids induces signifi-
cant changes in spindle organization.and cell morphology compared to conventional 2D mon-
olayers. Mitotic cells in spheroids were smaller and more rounded, with cell line-specific alter-
ations in spindle shape, orientation, and polarity. Spindle size scales with cell size in all cell
lines. While an increased proportion of prometaphase cells was observed in all tumor sphe-
roids, arise in prometaphase errors was observed only in MDA-MB-231, and non-tumor RPE1
p53KD, compared to monolayers. Anaphase error rates did not increase, suggesting that con-
finement in 3D affects early mitotic stages more than chromosome segregation. Overall, the

data shows how 3D organization influences mitotic features in a cell line-dependent manner.
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5. DISCUSSION

This thesis investigates two topics closely related to tumors. In the first part it was explored
how diploid and PT RPE1 cells respond to KIF18A perturbations. Although RPE1 are non-
tumor cells, they are of particular interest, because in some theories non-tumor tetraploid cells
are considered potential precursors of tumorigenesis (Davoli & de Lange, 2011; Kirsch-Volders
et al., 2024, 2025; Storchova & Kuffer, 2008; Storchova & Pellman, 2004). Novel KIF18A in-
hibitors are already being tested in clinical studies conducted by Volastra (Volastra - Short
Circuiting Cancer’s Chaos, 2025), showing promising results for tumor treatment. This study
provides a detailed analysis of how KIF18A depletion and inhibition affect cells that may act

as precursors to tumor development and thus represent a potential threat to the organism.

In the second part, the influence of 3D spatial organization on the mitosis of tumor and
non-tumor cells was investigated. Characteristics of mitotic cells were compared between tra-
ditional 2D monolayer cultures and 3D spheroid cell cultures. This comparison’is. important
because many studies on the mitotic spindle have been conducted in monolayers, which differ
significantly from tissues. These structural differences may influence mitotic. behavior and
spindle architecture, and consequently the efficacy of novel antitumor compounds.targeting

mitotic cells.

5.1. _Evaluation of sensitivity to KIF18A loss in diploid and PT cell lines

The sensitivity of different cell lines to KIF18Aloss has been previously studied from different
perspectives, including comparisons of aneuploid and polyploid, tumor and non-tumor, and
CIN+ and CIN- cell types. It has been shown that tumor cells that have undergone WGD and
exhibit elevated CIN:are particularly sensitive to KIF18A loss due to activation of SAC (Cohen-
Sharir et al., 2021; Marquis et al., 2021; Quinton et al., 2021). Recent work shows that sensi-
tivity is not only linked to SAC activation but also to a weakened APC/C. Cells are considered
sensitive to KIF18A loss if they exhibit persistent SAC signaling, which increases with ploidy,
and weakened APC/C, altogether leading to mitotic arrest (Gliech et al., 2024). These studies
have largely focused on tumor cell lines, but the effect of KIF18A loss on RPE1 cells, which
were classified as insensitive, has also been examined (Gliech et al., 2024). In this thesis,
KIF18A was perturbed by two approaches: siRNA-mediated knockdown and chemical inhibi-
tion using a small molecule inhibitor sovilnesib. Two diploid RPE1 cell lines were used, differ-
ing only in their expression of fluorescently labeled proteins. Also, two PT cell lines, derived

from RPE1 parental, that share the same modal chromosome number were used.
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5.2. KIF18A perturbations do not affect cell confluency

First, to test the impact of KIF18A depletion and inhibition on cell proliferation, changes in cell
confluency over time were measured. In this study, no significant differences in cell confluency
were observed following either depletion or inhibition in any cell line.

Similar results were reported by Gliech and colleagues, who showed a slightly slower
increase in confluency in tetraploid RPE1 cells after KIF18A inhibition (Gliech et al., 2024).
However, after seven days, the inhibited cells reached approximately 90% confluency com-
pared to 100% in controls, which is insignificant difference. A more pronounced growth defect
emerged only when APC/C activity was also inhibited (Gliech et al., 2024). Quinton and col-
leagues showed reduced viability in 4N RPE1 cells after KIF18A depletion (Quinton et al.,
2021), but this cannot be directly compared with confluency since viable cells in the culture
can still divide and increase the confluency. On the other hand, in tumor cells KIF18A depletion
has been associated with reduced proliferation, such as in HPT cells (Cohen-Sharir et al.,
2021) and MDA-MB-231 (Marquis et al., 2021).

5.3. KIF18A depletion exhibits the same effect on diploid and PT cell lines

KIF18A was successfully depleted in both diploid and PT cells for four days. siRNA-mediated
knockdown efficiency varied, particularly in the double treatment experiments, but the protein’s
loss was confirmed through other parameters. Variability in the percentages of siRNA effi-
ciencylikely reflects microscope inconsistencies.affecting signal intensity.

Following depletion, the protein was no longer localized on the spindle, spindle length
increased, and metaphase plate was significantly wider, which indicates chromosome misa-
lignment, as previously reported (Mayr et al., 2007; Stumpffetal., 2008). No consistent differ-
ences in these parameters were observed between diploid and PT cells over time, suggesting
a similar response to KIF18A depletion. In the future, the immunofluorescence experiments
should be repeated to collect bigger amounts of data which would be additional confirmation
of the KIF18A depletion as well as the inhibition. In this study, experiments were performed to
optimize ideal conditions, such as concentrations and incubation time. Also, other methods,
such as Western blot, could be implemented to optimize the effectiveness of the study.

Live-cell imaging showed significantly prolonged mitosis following depletion, but unex-
pectedly, there was no difference between RPE1 parental and PT cell lines. An inconsistency
was observed between the two diploid cell lines, where RPE1 parental had significantly longer
mitosis than RPE1 CC, despite the same mitosis duration in control samples, and both cell
lines have the low levels of CIN. This discrepancy may reflect uncharacterized mutations or
adaptations accumulated over generations. Mitosis duration was longer than reported in a

previous study (Cohen-Sharir et al., 2021), despite using the same protocol and cell lines. The
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only difference was siRNA concentration, in this study 100 nM KIF18A siRNA was used, com-
pared to 25 nM KIF18A siRNA in a previous study, suggesting that higher siRNA concentra-

tions enhance the effect but diminish the difference between diploids and PTs.

5.4. Sovilnesib treatment has a stronger effect on PT cell lines

Novel small molecule KIF18A inhibitors: AM-0277, AM-1882, AM-5308 and AM-9022 have
been described in the literature (Gliech et al., 2024; Payton et al.; 2024). Although the exact
differences between sovilnesib and these other compounds are unknown, they should all have
the same mechanism of action. They inhibit the KIF18A motor domain; preventing its walking
on microtubules and causing protein accumulation at spindle poles (Gliech et al., 2024; Payton
et al., 2024), due to poleward flux (Varga et al., 2006).

The results demonstrate that sovilnesib successfully inhibits KIF18Ain both diploid and
PT RPE1 cell lines, with effects lasting up to seven days. Immunostaining experiments show
that after sovilnesib treatment KIF18A.is.localized on the spindle poles. Concentrations be-
tween 100 nM and 500 nM were most effective, while low concentration showed only minor
effects. 250 nM concentration was chosen as optimal. Protein inhibition had a similar effect on
the mitotic spindle as depletion, with the key difference being that following inhibition, KIF18A
remained localized at the spindle poles, whereas after depletion, the protein was no longer
detectable on the spindle. Spindle length increased, as did metaphase plate width, indicating
problems with chromosome alignment. Unlike depletion, in this‘case a distinction between
diploid and.PT celllines was evident, with PTs showing broader metaphase plates, suggesting
more pronounced chromosome alignment defects. Live-cell imaging confirmed these findings,
with PT cells exhibiting prolonged mitosis:

Mitosis duration in diploids was greater than reported when AM-1882 inhibitor was
used (Gliech et al., 2024), suggesting that sovilnesib.may be more potent. Since different
studies used different inhibitors (Gliech et al., 2024; Payton et al., 2024), it is not possible to
directly compare their effect on mitotic cells, and sovilnesib’s relative potency remains unde-
termined. In future studies sovilnesib should be compared to other inhibitors to precisely eval-
uate its efficiency, and possible differences in mechanism of action. It remains unclear whether
KIF18A accumulation at spindle poles affects microtubules or if KIF18A interacts with proteins
localized at the spindle pole. Sovilnesib inhibits the ATP-dependent motor domain, but the
ATP-independent microtubule-binding domain likely remains intact and could still interact with
other structures and have arole in centrosomes fragmentation. To investigate this, interactome
analysis should be performed, and untreated cells should be compared with cells treated with

sovilnesib.
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5.5. A subpopulation of cells exhibits increased sensitivity to KIF18A loss

Both depletion and inhibition gave rise to a subpopulation of cells with a specific phenotype,
referred to as oversensitive cells. These cells had severe chromosome alignment defects and
hyper-oscillating chromosomes scattered across the spindle. Superresolution STED micros-
copy revealed disrupted spindle architecture and loss of k-fibers. These cells often entered
prolonged mitotic arrest. After depletion, the fraction of oversensitive cells was comparable
between diploid and PT lines. However, after inhibition, PT cells exhibited a significantly higher
fraction of oversensitive cells, as shown by both live-cell imaging and immunostaining. These
findings suggest that KIF18A inhibition uncovers differences in sensitivity between diploid and
PT cells that are not detectable following depletion. Oversensitive cells were further classified
as bipolar or multipolar. PT cell lines had a higher fraction of oversensitive multipolar cells after
both depletion and inhibition, emphasizing another key difference, and indicating that PT cells
are more prone to centrosome fragmentation. Live-cell imaging revealed that some oversen-
sitive cells dynamically change spindle polarity from bipolar to multipolar spindles, back and
forth. No prior reports of this phenomenon were found in the literature. Similar phenotypes
with hyper-oscillating chromosomes, centrosome fragmentation and mitotic arrest lasting for
up to 20 hours, have been noted in tumor cells, but they have not been extensively character-
ized (Marquis et al., 2021; Quinton et al., 2021).

KIF18A regulates microtubule dynamics (Gupta et al., 2006; Mayr et al., 2007; Stumpff
et al., 2008; Varga et al., 2006), and its loss causes increased polymerization and centrosome
fragmentation in CIN+ cells, leading to chromosome alignment defects. Marquis and col-
leagues proposed a model for selective dependance of CIN+ cells to KIF18A. In this model,
increased microtubule polymerization and'chromosome number lead to severe chromosome
alignment defects. One fraction of cells will complete mitosis after a mitotic delay, followed
with mis-segregation errors and micronuclei formation: Other fraction will have further dereg-
ulation of microtubule dynamics which leads to extended mitotic delay and disrupted integrity
of mitotic spindle leading to centrosome fragmentation. The outcome of mitosis for this fraction
is often cell death (Marquis et al.; 2021).

Based on the results from this.thesis, chromosomes hyper-oscillations and loss of k-
fibers could have an important role in centrosome fragmentation. Microtubule stability and
organization are highly disrupted and together with hyper-oscillating chromosomes accumu-
lated behind the spindle pole this could cause centrosome fragmentation and dynamic

changes of spindle polarity (Figure 58).
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Figure 58. Unsuccessful mitosis in oversensitive cell after KIF18A loss. Oversensitive
cells have increased microtubule polymerization and chromosome number, which leads to
the loss of k-fibers and chromosome hyperoscillations. Chromosomes accumulate behind
the spindle pole. Centrosomes fragment, and due to increased microtubule polymerization,
they dynamically change spindle polarity. Mitosis ends unsuccessfully or with severe mis-

segregation errors.
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In the future, the reasons why oversensitive PT cells have more multipolar spindles
than diploids should be determined. This could simply be because of higher chromosome
number, which causes more hyper-oscillations which will have greater impact on microtubule
stability. This could easily be tested by counting chromosome number in diploid and PT over-
sensitive cells. Also, because chromosome number differs in PT cells, chromosome number
between oversensitive bipolar and oversensitive multipolar cells should be compared. In an-
other approach, ploidy levels could be increased to get newly formed tetraploids and octo-
ploids as described in previous study (Gudlin et al., 2025), and fraction of oversensitive cells
after KIF18A loss could be compared among the RPE1 cell lines with different ploidy levels.
Furthermore, microtubule poleward flux should be measured to see if microtubule dynamics
is even more disturbed in oversensitive cells after KIF18A perturbations.

On the other hand, expression levels of proteins that regulate spindle polarity could be
different in oversensitive PTs in comparison with diploids. For example, Aurora A kinase regu-
lates bipolar spindle formation, and its overexpression can lead to centrosomes overgrowth
and multipolar spindle formation (Willems et al., 2018). Also, NuMA is important for spindle
assembly, and its overexpression induces spindle multipolarity (Quintyne etal., 2005). It could
be possible that oversensitive PT cells'have slightly higher expression levels of these proteins,
compared to diploids, which in combination with disrupted microtubules dynamics leads to
multipolarity.

Further studies using live-cell imaging with tubulin label'and PCM markers, such as y
-tubulin, are needed to clarify the exact timing and mechanisms involved in dynamic changes
of spindle‘polarity. Analysis of chromosome number and expression levels of proteins involved
in maintaining spindle polarity would help to clarify why oversensitive PT cells have more mul-

tipolar spindles.

5.6. Combined treatment with KIF18A siRNA and sovilnesib

The strong effect of sovilnesib treatment, compared to siRNA-mediated depletion was unex-
pected. To test if the inhibitor has some non-specific effects, cells were treated with a combi-
nation of KIF18A siRNA and sovilnesib..While spindle parameters were largely like depletion
alone, the proportion of oversensitive cells increased compared to depletion alone. Sovilnesib
is a relatively new inhibitor and available data about its properties remains limited. Whether
this differences between double treatment and depletion alone reflects a synergistic interac-
tion of siRNA and inhibitor, or off-target effects of sovilnesib remains unclear. Further studies
using precise approaches, such as thermal proteome profiling (George et al., 2023; Mateus et

al., 2022) or in vitro binding assays (Takeda et al., 2006), are needed to clarify this.
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In summary, sovilnesib is a novel KIF18A inhibitor which is already used in a phase Ib
clinical trials in patients with high grade serous ovarian cancer (HGSOC) (Volastra - Short
Circuiting Cancer’s Chaos, 2025), so it is important to know its mechanism of action in both
tumor and non-tumor cells. This study demonstrates that KIF18A perturbation, through both
siRNA-mediated depletion and chemical inhibition with sovilnesib, disrupts mitotic spindle or-
ganization and chromosome alignment in both diploid and PT RPE1 cell lines. While both
approaches were efficient, sovilnesib induced more pronounced phenotypes, particularly in
PT cells. A key observation was the emergence of an oversensitive subpopulation, especially
in PT cells, characterized by dynamic changes in spindle polarity during mitosis, a phenome-
non not previously reported. These defects suggest that spindle instability may be a unique

vulnerability of polyploid or highly aneuploid cells.

5.7. Cell shape adaptations in monolayer and spheroid cell cultures

In this study spheroids of three tumor.cell lines: MDA-MB-231, U20S and OVSAHO and a
non-tumor cell line RPE1 p53KD were successfully generated using the magnetic cell levita-
tion method and compared to cells cultured in monolayers. Cell shape changes were observed
between monolayers and spheroids and were specific to each cell line. RPE1 p53KD cells
retained a partially elongated shape, OVSAHO cells showed no notable difference, while
MDA-MB-231 and - U20S cells changed from elongated, branched morphologies to more

rounded shapes in spheroids.

5.8. Increased fraction of prometaphase cells indicates mitotic arrest in tumor
spheroids

Mitotic cells were found in all parts of the spheroids, indicating that in this system there is no
typical division into proliferative, quiescent, and necrotic zones. This is probably because the
spheroids have a flattened and irregular shape, and they are not thick enough for cells in the
inner layers to experience alack of oxygen and nutrients. To obtain spheroids with a regular
shape, other methods for spheroid generation should be used, such as the hanging drop
method.

All tumor spheroids showed an accumulation of cells in prometaphase and metaphase,
with a corresponding decrease in anaphase and telophase cells, suggesting prolonged
prometaphase and possible mitotic arrest due to chromosome alignment defects. Future stud-
ies should investigate whether SAC remains active in these cells, because it prevents pro-
gression into anaphase until all kinetochores are properly attached (Lara-Gonzalez et al.,
2021). This could be tested by determining the levels of the mitotic arrest deficiency 2 (Mad2)

protein or with live-cell imaging of cells with labeled Mad2. This protein is a part of SAC
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complex, it accumulates on unattached kinetochores and prevents anaphase onset until all
kinetochores are properly attached to microtubules.

Live-cell imaging would provide information on mitosis duration and outcomes. So far,
prometaphase arrest has only been reported in spheroids under mechanical stress
(Desmaison et al., 2018). Future experiments should test whether mechanical stress further
increases the fraction of prometaphase cells, which would support the hypothesis that con-
finement in spheroids contributes to mitotic arrest compared to monolayers. In spheroids the
fraction of cells with anaphase errors did not increase, compared to monolayers, but low sam-
ple size could influence this result. In contrary, previous report noted increased frequency of
lagging chromosomes in spheroids (Molla et al., 2017), but this could also be a cell lines-
specific result. It is possible that due to the SAC activation cells in spheroids arrest in
prometaphase until all the faulty attachments are corrected and'chromosomes are properly
aligned in metaphase, so when cells proceed to anaphase there will be no mis-segregation
errors, which would explain high fraction of prometaphase cells, and low fraction of anaphase
cells, that are mostly without mis-segregation errors. Long-term live-cell imaging of a whole

spheroid would confirm this assumption.

5.9. Impact of confinement on cell and spindle morphology in spheroids

In all cell lines, both-mitotic cells and spindles were generally-smaller in spheroids, with ob-
served decrease in both length and width. Also, cells and spindles had different shapes in
spheroids compared to monolayers. Interphase cells also appeared smaller, although this was
not quantified. Changes in spindle shape were cell line-specific and partially mirrored changes
in cell shape. For example, RPE1 p53KD spheroids had more round cells and round spindles,
MDA-MB-231 showed an increase in irregular cells and irregular and multipolar spindles and
U20S had fewer elongated cells and spindles. OVSAHO cells maintained the same cell shape
in‘'monolayers and spheroids but showed altered spindle shape, indicating that other factors
also affect spindle morphology in spheroids.

A decrease in cell size in spheroids most likely occurred due to confined conditions
and mechanical forces exerted by adjacent cells. Confinement also affected cell shape, re-
sulting in more rounded and irregular shapes, because the cells did not have enough space
to spread, and were squashed by neighboring cells, unlike in monolayers, where cells have
enough space to expand. This was especially significant in MDA-MB-231 and U20S sphe-
roids. Spheroid confinement likely compresses cells in all directions, leading both spindle
length and width to scale with reduced cell size. Spindle shape adapts to this confined envi-

ronment.
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Previous research on mechanical stress in spheroids mostly focused on proliferative
cell distribution (Desmaison, Frongia, et al., 2013; Dolega et al., 2017), while spindle proper-
ties remain unexplored. Bipolar spindle formation impairment was reported in both confined
(Desmaison, Frongia, et al., 2013) and freely growing spheroids (Molla et al., 2017), which is
also found in this study, and implies that cells are under mechanical stress in spheroids. Also,
it was shown that multipolar spindles, which were observed in high fraction in MDA-MB-231
spheroids can also be found in breast cancer tissue (Ibrahim et al., 2022).

In a study where MDA-MB-231 cells were injected into mice and formed tumors, his-
tological samples showed that mitotic cells were rounded, but the spacing between neighbor-
ing nuclei appeared larger (Wiebe et al., 2013). This suggests that the cells were larger and
subjected to less mechanical stress from adjacent cells than in the spheroids, indicating that
spheroids are a good model for tumor regions under confined conditions. In some cells, the
metaphase plate was positioned to one side of the cell (Wiebe et al., 2013), which was also
observed in this study, where MDA-MB-231 cells in spheroids showed the highest percentage
of spindles located asymmetrically. Changes of spindle orientation and symmetry in spheroids
indicate that ECM and neighboring cells‘influence. cell cortex and its interaction with spindle,
which should be investigated-in.the future studies, by examining localization and expression
levels of ECM components, and proteins involved in spindle orientation, such as LGN, NuMA
and dynein (McNally, 2013; Zheng et al., 2010).

Previous studies demonstrated that spindle size does not always scale with cell size
or ploidy. For example, spindle width increased by approximately 20% in tetraploid human
cells, but spindle length remained unchanged (Bloomfield et al., 2021). Study on yeast also
showed that spindle length does not scale with ploidy (Storchova et al., 2006). However, these
studies focused on monolayer cultures where cell size changes due to increased ploidy, unlike
this study where spheroid culture conditions cause size changes, independent of ploidy. In a
recent study, spindles were squeezed by compressing them with the agarose gel. The forces
were applied parallel to the surface and to the long axis of spindle, and caused changes in
spindle height, but not in spindle length (Gudlin et al., 2025). In this study cells were confined
from all directions which caused the change of both spindle length and width.

In the future, the level of mechanical stress on cells in spheroids should be explored
using different approaches. Mechanical stress can directly be measured by using micro-beads
(Cheng et al., 2009) or magnetic tweezers (Bonakdar et al., 2014). Also, additional forces can
be applied on the spheroids to see if additional changes of size and shape will occur. In an-
other approach, change of cell size, as an indicator of mechanical stress, could be measured
in time. Cell size could be compared between cells in suspension, in early stages of spheroid
formation and in fully formed spheroids. This approach would show whether mechanical stress

gradually increases or if a certain number of cells is required for confined conditions to
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develop. Other parameters that could influence spindle shape should be explored. It is not
clear if ECM components could influence spindle shape. Also, various MAPs influence spindle
shape, such as KIF18A (Gupta et al., 2006; Mayr et al., 2007; Stumpff et al., 2008; Varga et
al., 2006), HSET (Cai et al., 2009) and Eg5 (Yang et al., 2016). Expression levels of proteins
that regulate spindle length should be compared between monolayers and spheroids; by using
proteomics and immunofluorescence methods, as it was shown that protein expression vary

between monolayers and spheroids (Kumar et al., 2008).

5.10. Differences between tumor and non-tumor cell lines spheroids

Although many of the observed changes were cell line-specific, some consistent differences
emerged between tumor and non-tumor cell lines (Figure 59). In non-tumor cells, there was
no change in the distribution of mitotic phases between monolayers and spheroids. In contrast,
tumor cells spheroids showed a higher fraction of cells in prometaphase and metaphase, sug-
gesting prolonged prometaphase and potential mitotic arrest. Additionally, irregular cell shapes
were observed only in tumor spheroids. Non-tumor spheroids exhibited fewer irregular spindle
shapes, and an insignificant number of multipolar spindles. Furthermore, there were no mono-
polar spindles in non-tumor spheroids. These results emphasize the importance of using 3D
models in tumor research, as the results obtained from spheroids and monolayers significantly
differ.
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Figure 59. Caption on the following page.
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Figure 59. Variability in mitotic patterns between monolayers and spheroids is cell line
specific. The fraction of cells in prometaphase, occurrence of prometaphase errors, changes
in cell shape, spindle orientation, spindle position within the cells, and spindle morphology
were compared between monolayers and spheroids in different cell lines. A check mark de-
notes a change in mitotic pattern between monolayers and spheroids, whereas a cross mark

denotes no observed change for a given cell line.

In summary, significant changes between monolayers and spheroids were observed
in both tumor and non-tumor cell lines, and some of these changes are cell line specific. The
biggest difference in mitotic patterns between spheroids and monolayers was observed in
MDA-MB-231, which showed increased prometaphase fraction, altered cell shape, irregular
and multipolar spindles, spindle positioning changes, and' prometaphase errors. In contrast,
OVSAHO showed fewer differences, limited to increase in metaphase fraction, spindle posi-
tioning, and spindle polarity changes.

This study highlights the importance of choosing appropriate models for research, as
both cell line and culture type can iinfluence the results. Multicellular tumorspheroids display
smaller cell and spindle sizes with altered shapes, indicating confinement. These features
make spheroids a relevant model to study non-vascularized, compressed tumor regions
(Johnson et al., 2025; Sutherland, 1988). Confined conditions and disorganization of cells in
space does not reflect the architecture of a healthy tissue. To study properties of non-tumor
cells, other 3D models such as organoids, are more appropriate. Organoids reflect tissue ar-
chitecture‘with cells strictly organized in space and well-defined cell polarity (Clevers, 2016).

Future research should focus on establishing protocols for long-term live-cell imaging
of whole spheroids, to obtain information about mitosis duration and duration of each mitotic
phase, which would indicate possible mitotic arrest and problems with chromosome alignment,
the spatial distribution of mitotic cells, mitotic index and the rate of mis-segregation errors.
Furthermore, the levels of confinement.and their effect on mitotic cells should be described in
detail. Lastly genomic or proteomic analyses should be conducted to explore the variability in

mitotic patterns in spheroids among the cell lines.
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6. CONCLUSION

In this thesis two topics that are relevant for gaining novel insights on tumor biology were
explored. The first part examined differences in sensitivity to KIF18A depletion and inhibition
in diploid and PT non-tumor cell lines, while the second part investigated the influence of 3D

component in cell cultures on mitosis.

Both KIF18A depletion and inhibition led to prolonged mitasis, spindle elongation, and
chromosome alignment defects. While depletion caused a similar effect in both diploid and PT
cell lines, inhibition had a stronger overall impact, with more pronounced effects in PT cells.
Mitosis prolongation was even longer in PT cells, and chromosome alignment defects were
more severe.

A subpopulation of cells showing increased sensitivity to both depletion and inhibition
was described for the first time in both diploid and PT celllines. These cells were characterized
by severe mitotic arrest, hyperoscillating chromosomes, and spindles that dynamically change
their polarity throughout the mitosis. This.subpopulation significantly increased following inhi-
bition, and it was more prevalent in PT cells than in diploids. To conclude, KIF18A inhibition
with sovilnesib, significantly affects RPE1 cells, even though they were classified as insensi-

tive.

3D tumor and-non-tumor cell cultures were successfully established using the mag-
netic levitation method, and mitotic cells in classical'2D monolayer cultures were compared
with those in spheroids. An increased proportion of cells. in prometaphase was observed in
spheroids, indicating possible mitotic arrest.

In all tested cell lines, both the cells and the spindles were smaller in spheroids. To
some extent, changes in cell shape are followed with‘changes in spindle shape. Considering
that spindle size scales with cell size, and that an increased proportion of irregular shapes was
observed, it can be concluded that cells within spheroids are under confinement, which may
contribute to mitotic arrest. To conclude, this is the first study to characterize spindle differ-
ences between monolayer cultures and spheroids, offering a more realistic picture of cell divi-

sion in confined conditions that resemble tumor architecture.
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8. SUMMARY

Mitosis is a dynamic part of the cell cycle that ensures the proper distribution of genetic mate-
rial into two daughter cells. Chromosomes are accurately segregated by mitotic spindle, a
complex micromachinery composed of microtubules and various proteins. Erfrors during cell
division can lead to aneuploidy, and failure to divide properly can result in polyploid cells. Fre-
quent mitotic errors cause chromosomal instability (CIN). Recent studies have shown that
tetraploid cells with CIN exhibit increased sensitivity to the loss of the motor protein kinesin-
8/KIF18A, although the exact mechanism remains unclear.

The KIF18A protein regulates spindle length and reduces oscillations of properly
aligned kinetochores at the metaphase plate. Loss of KIF18Aiin tumor cell lines dependent on
this protein causes chromosome alignment defects, prolongs mitosis, and reduces prolifera-
tion. Tetraploid cells can form by cytokinesis failure, and in subsequent divisions they lose
some chromosomes and form stable post-tetraploid (PT) clones. Some theories consider them
to be precursors of tumor cells, due to CIN.

Most cell division studies use two-dimensional (2D) cultures, where cells grow as a
monolayer, differing significantly from cells in tissues. In three-dimensional (3D) systems cells
produce an extracellular matrix, have complex cell-cell interactions, limited space; and are
heterogeneous. To more accurately study cellular processes, various 3D cell.culture models
have been developed.

KIF18A protein was perturbed by small interfering RNA (siRNA) or the inhibitor sovil-
nesib, which has shown promising results in clinical trials for cancer treatment. Confocal, su-
per-resolution, and live-cell microscopy revealed that both silencing and inhibition prolonged
mitosis, caused chromosome misalignment, and led to spindle elongation. Silencing had a
similar effect in diploid and PT cells, while inhibition had a stronger effect, especially in PTs.
A subpopulation highly sensitive to KIF18A loss was described, showing prolonged mitosis,
chromosome hyperoscillations, and dynamic changes of spindle polarity during mitosis. This
subpopulation was larger after.inhibition than depletion, and PT cells showed a larger fraction
of this subpopulation after inhibition.

Furthermore, spheroids were successfully generated using magnetic cell levitation
method from tumor cell lines MDA-MB-231, U20S, OVSAHO, and the non-tumor RPE1
p53KD line. For the first time, mitotic cells in monolayers were compared to those in spheroids.
Tumor spheroids had more prometaphase cells, indicating mitotic arrest. Cells and mitotic
spindles were smaller in spheroids in all cell lines, and proportion of irregularly shaped cells
increased, which implies that neighboring cells limit space and compress mitotic cells, which

may contribute to mitotic arrest.
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In conclusion, this work provides a detailed description of the effect of sovilnesib on
mitosis duration and mitotic cell phenotypes in diploid and PT cells, showing their increased
sensitivity compared to depletion, which is of great importance for further research on sovil-
nesib in cancer treatment. Furthermore, this thesis characterizes differences between mitotic
spindles in monolayers and spheroids, providing a more realistic view of mitosis in a system
that mimics tumor regions confined by limited space and pressure from surrounding tissues.
This work highlights the importance of choosing appropriate cell lines and experimental mod-
els, as both influence different mitotic patterns, and ultimately the response to various treat-

ments.
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9. SAZETAK

Mitoza je dinami€an dio staniénog ciklusa koji osigurava pravilnu podjelu genetickog materijala
na dvije stanice kceri. Tijekom mitoze geneticki materijal je u obliku kromosoma, kondenziranih
molekula DNA, koji se pravilno podijele uz pomoc¢ diobenog vretena, kompleksnog sustava
sastavljenog od mikrotubula i raznih proteina.

Pogreske u diobi stanica mogu dovesti do aneuploidije, a ako se stanica ne moze
podijeliti na dvije stanice kceri, Cesto nastaju poliploidne stanice. UCestale mitotske greske
tijekom dioba uzrokuju kromosomsku nestabilnost, koja pripada Sirem pojmu genomske
nestabilnosti, a jedna je od obiljezja tumora. Nedavna istrazivanja pokazala su da tetraploidne
stanice s kromosomskom nestabilnosti imaju vecu osjetljivost na gubitak motornog proteina
kinezina-8/KIF18A, iako jo$ uvijek nije u potpunosti razjadnjeno koje su predispozicije
potrebne za izazivanje osjetljivosti.

Protein KIF18A ima vaznu ulogu u regulaciji duljine diobenog vretena te smanjuje
oscilacije kinetohora koje su pravilno poravnate u metafaznoj plo¢i. Gubitak proteina KIF18A
u tumorskim stani¢nim linijama, koje su<ovisne o proteinu, uzrokuje teSkoc¢e u poravnanju
kromosoma, znacajno produljuje mitozu i smanjuje proliferaciju. Tetraploidne stanice mogu
nastati inhibicijom citokineze, Cime se sprje€ava da se stanica podijeli na dvije stanice kéeri.
U narednim diobama stanice gube dio kromosoma i nastaju stabilni post-tetraploidni klonovi.
Prema nekim teorijama, smatra se da su te stanice zbog kromosomske nestabilnosti
prekursori tumorskih stanica. |z tog razloga bitno je istraziti kako gubitak proteina KIF18A
utje€e na njihovu diobu.

Brojne znacajke tumorskih i ne-tumorskih stanica otkrivene su kroz istrazivanja
provedena na stani¢nim kulturama. Stanice se tradicionalno uzgajaju u 2D staniCnim
kulturama gdje rastu u jednom sloju i prianjaju na podlogu. Njihova obiljezja znacajno se
razlikuju od stanica koje se nalaze u tkivima. Za razliku od 2D sustava, u 3D sustavima stanice
stvaraju izvanstaniéni matriks, imaju kompleksne medustani¢ne interakcije, ogranic¢en prostor
za'rast i diobu i heterogene su. Kako bi se preciznije istrazili procesi koji se dogadaju u tkivima,
razvijeni su razli€iti modeli 3D stani¢nih Kultura.

U ovom radu istrazene su dvije teme bitne za razumijevanje razvoja tumora. U prvom
dijelu istrazen je utjecaj gubitka proteina KIF18A na diploidne i post-tetraploidne ne-tumorske
RPE1 stanice. Drugi dio istrazuje utjecaj 3D arhitekture na diobu stanica, kako bi se dobio bolji
uvid u mitozu u tumorskim tkivima.

Protein KIF18A utiSan je pomocéu male interferiraju¢e RNA ili kemijski inhibiran koristeci
inhibitor sovilnesib, koji je pokazao obecavajue rezultate u kliniCkim istraZivanjima za
ljeCenje tumora. UCinak gubitka proteina KIF18A istrazen je pomocu konfokalne,

superrezolucijske i mikroskopije zivih stanica. Inhibicija i utiSanje proteina KIF18A uzrokovali

158



su produljeno trajanje mitoze, probleme s poravnanjem kromosoma i elongaciju diobenog
vretena. UtiSanje proteina imalo je slican u€inak u diploidnim i post-tetraploidnim stanicama,
dok je inhibicija imala snazniji u€inak, osobito u post-tetraploidnim stanicama. Opisana je i
subpopulacija stanica koja pokazuje iznimnu osjetljivost na gubitak proteina. Takve stanice
imaju znacajno produljeno trajanje mitoze, hiperoscilacije kromosoma i diobeno vreteno koje
dinami¢no mijenja polarnost tijekom mitoze. Ova subpopulacija je bila veéa nakon inhibicije
nego utianja proteina, a post-tetraploidne stanice su nakon inhibicije pokazale vecu frakciju
izrazito osjetljive populacije. Inhibicija proteina KIF18A imala je snazan efekt na stanice i
pokazala da su i RPE1 stanice, osjetljive na gubitak proteina.

U ovom istrazivanju uspjeSno su generirani sferoidi pomoéu metode magnetske
levitacije stanica. Usporedene su tumorske stani¢ne linije MDA-MB-231, U20S i OVSAHO te
ne-tumorska stani¢na linija RPE1 p53KD. Po prvi puta usporedene su mitotske stanice u
klasi¢nim 2D stani¢nim kulturama sa stanicama u sferoidima. Sferoidi tumorskih stanica imali
su veci udio prometafaznih stanica, $to upuéuje na zastoj u mitozi. Stanice i diobena vretena
bili su manjih dimenzija u sferoidima svih stani¢nih linija. Buduéi da su stanice u sferoidima
manjih dimenzija i povecan je udio stanica nepravilnog oblika, moze se zakljuciti da susjedne
stanice ograniavaju prostor.i-pritiScu mitotske stanice, Sto moze pridonijeti zastoju mitoze.

Zaklju¢no, u ovom radu detaljno je opisan utjecaj sovilnesiba na trajanje mitoze i
fenotip mitotskih stanica u diploidnim i post-tetraploidnim RPE1 stanicama i pokazana je
njihova povecana osjetljivost, u usporedbi s utiSanjem proteina, Sto je bitno za daljnja
istrazivanja sovilnesiba u lijeCenju tumora. Nadalje, u ovom radu karakterizirane su razlike
izmedu diobenog vretena u 2D stani¢nim kulturama i‘sferoidima, ¢ime je prikazana realisti¢nija
slika.mitoze u sustavu koji nalikuje na dijelove tumora koji su u ograni¢enom prostoru i okolna
tkiva vrse pritisak na njih. Ovaj rad ukazuje na vaznost odabira prikladne stani¢ne linije i
eksperimentalnog modela, zato Sto i stani¢ne linije i uvjeti'u kojima se stanice uzgajaju mogu

utjecati na tijek mitoze, fenotip mitotskih stanica i na kraju odgovor na razli€ite tretmane.
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