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Abstract

Chromosome alignment to the spindle equator is a hallmark of mitosis thought to
promote chromosome segregation fidelity in metazoans. Despite its key role in promoting
mitotic fidelity, chromosome alignment is only indirectly supervised by the spindle assembly
checkpoint (SAC), which monitors the establishment of end-on kinetochore-microtubule
attachments required for chromosome bi-orientation and regulates the metaphase-
anaphase transition. It is therefore widely assumed that cells only enter anaphase once all
chromosomes align and bi-orient. However, chromosome alignment may occur
independently of end-on kinetochore-microtubule attachments and chromosome bi-
orientation, and conditions exist in which vertebrate cells enter anaphase in the presence
of misaligned chromosomes. Thus, understanding how human cells respond to
chromosome alignment defects and determining what happens to an enduring misaligned
chromosome remain fundamental unanswered question with strong clinical implications.
Here we investigated how human cells respond to chromosome alignment defects of distinct
molecular nature by following the fate of live HelLa cells after RNAi-mediated depletion of
125 proteins previously implicated in chromosome alignment. This systematic analysis
revealed that entering anaphase with misaligned chromosomes is a frequent outcome in
cancer cells. Surprisingly, cells with misaligned chromosomes satisfy the SAC. Previous
studies have shown that specific types of erroneous chromosome-microtubule attachments
satisfy the SAC and result in lagging chromosomes during anaphase. This condition is
potentially dangerous, since anaphase lagging chromosomes might result in micronuclei,
recently implicated as key intermediates of massive genomic rearrangements that may
drive rapid tumor evolution and account for acquired drug resistance and oncogene
activation. In this study, we compared the relative contributions of lagging and misaligned
chromosomes, as well as DNA bridges, to micronuclei formation during human cell division.
In-depth analysis of specific molecular perturbations that prevent proper kinetochore-
microtubule attachments revealed that misaligned chromosomes that missegregate
frequently result in micronuclei. Higher-resolution live-cell imaging indicated that, contrary
to most anaphase lagging chromosomes that correct and reintegrate the main nuclei,
misaligned chromosomes are a strong predictor of micronuclei formation in a cancer cell
model of chromosomal instability, but not in normal near-diploid cells. Complementary
experiments suggest that intrinsic differences in kinetochore-microtubule attachment
stability between cancer and non-cancer cells account for this distinct outcome. Thus,
misaligned chromosomes that satisfy the SAC may represent a previously overlooked
mechanism driving chromosomal/genomic instability during cancer cell division, and we

unveil genetic conditions predisposing for these events. Overall, these new findings incite



for an in-depth characterization of the properties and fate of micronuclei of different origins,
while evaluating their respective potential to drive and/or sustain cell transformation.
Because micronuclei formation from misaligned chromosomes appears to be a specific
outcome of cancer cells, it may represent a possible therapeutic opportunity in human
cancers.



Resumo

O alinhamento cromossémico no equador do fuso é uma caracteristica da divisdo celular
gue promove a fidelidade da segregacao cromossémica em metazoarios. Apesar do seu
papel crucial na promoc¢do da fidelidade mitética, o alinhamento cromossémico é
supervisionado indiretamente pelo ponto de controlo ou checkpoint do fuso, que controla o
estabelecimento da ligacdo entre cinetdcoros e microtibulos necessarios para a
biorientacdo cromossdmica e regula a transicdo da metafase para anafase. Portanto, é
amplamente assumido que as células s6 entram em anafase quando todos os
cromossomas se alinham e se biorientam. No entanto, o alinhamento dos cromossomas
pode ocorrer independentemente das ligagdes terminais do cinetécoro e microtibulos e da
biorientacdo dos cromossomas, e existem condi¢des nas quais as células dos vertebrados
entram na anafase na presenca de cromossomas desalinhados. Deste modo, a
compreensdo de como as células humanas respondem a defeitos no alinhamento
cromossomico e determinar o que acontece com um cromossoma desalinhado é uma
questdo fundamental que permanece por esclarecer e com fortes implicagdes clinicas.
Neste estudo, investigamos como as células humanas respondem a problemas no
alinhamento cromossomico de natureza molecular distinta, seguindo o destino de células
HelLa depois da deplecdo mediada por RNAI de 125 proteinas previamente implicadas no
alinhamento cromossémico. Esta analise sistematica revelou que a entrada em anéafase
com cromossomas desalinhados é um resultado frequente em células cancerigenas.
Surpreendentemente, as células com cromossomas desalinhados satisfazem o ponto de
controlo ou checkpoint do fuso. Estudos anteriores mostraram que tipos especificos de
erros nas ligacdes cromossomas-microtubulos satisfazem este checkpoint e resultam em
cromossomas atrasados que ficam para trds durante a anafase. Esta condicdo é
potencialmente perigosa, uma vez que cromossomas atrasados podem resultar em
micronucleos, recentemente implicados como intermediarios chave em rearranjos
gendémicos que podem conduzir a rapida evolucdo do tumor e serem responsaveis pela
resisténcia adquirida a terapias, assim como na ativacdo de oncogenes. Neste estudo,
comparamos as contribuicdes relativas de cromossomas atrasados e desalinhados, bem
como pontes de DNA, para a formacédo de micronucleos durante a divisao celular humana.
A analise aprofundada de perturbacdes moleculares especificas que impedem as ligacdes
adequadas do cinetdcoro aos microttbulos revelou que os cromossomas desalinhados que
se segregam incorretamente frequentemente resultam em micronucleos. Microscopia de
células vivas de alta resolucéo revelou que, ao contrario da maioria dos cromossomas
atrasados durante a anafase que se corrigem e reintegram no ndcleo principal, os

cromossomas desalinhados séo indicadores mais fortes da formacao de micronucleos em



um modelo de células cancerigenas com instabilidade cromoss6mica, mas ndo em células
normais quase dipléides. Experiéncias complementares sugerem que diferencas
intrinsecas na estabilidade da ligacdo cinetécoro-microtubulos entre células cancerigenas
e nao cancerigenas sdo responsaveis por este resultado distinto. Assim, cromossomas
desalinhados crénicos que satisfazem o ponto de controlo ou checkpoint do fuso podem
representar um mecanismo anteriormente negligenciado que conduz a instabilidade
cromossomica/genética durante a divisdo células de células cancerigenas, e revelamos
condicbes genéticas que predispdem a esses eventos. No geral, esta nova descoberta
incita a uma caracterizacdo aprofundada das propriedades e do destino dos micronucleos
de diferentes origens, ao mesmo tempo em que se avalia o respetivo potencial para iniciar
e/ou sustentar a transformacédo celular. Como a formacg&o de micronucleos a partir de
cromossomas desalinhados parece ser um fendmeno especifico de células cancerigenas,

este pode representar uma possivel oportunidade terapéutica em cancros humanos.
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CHAPTER 1

General introduction

1.1. The cell cycle

The cell cycle is a coordinated sequence of periodic events that lead to formation of two
daughter cells, each containing chromosomes identical to those in the parental cells. This
sequence of events is characterized by its tight regulation that ensure the control of each
stage to preserve the chromosome number of the progenitors. The eukaryotic cell cycle
takes typically 24 hours to be completed and can be divided into two fundamental parts: the
longest, called interphase, where cells grow and DNA is replicated, and a shorter stage,
named mitosis (or M phase) where segregation of the replicated genetic material occurs.
Interphase can be further subdivided into three distinct phases: two gap phases (G1 and
G2) and S phase. DNA replication occurs in a specific part of the interphase called S phase
(synthesis phase). S phase is preceded by a gap during which the cell grows in preparation
for DNA replication (G1) and is followed by a gap during which the cell prepared for mitosis
(G2). These gap phases allow cells to continue to grow and serve as important regulatory

periods known as cell cycle transitions (reviewed in (Morgan, D. O., 2007).

1.1.1. Molecular control of the cell cycle

The organization of the cell cycle and its control system are highly conserved among
eukaryotic organisms. Cell cycle progression is driven by the sequential activation, and
subsequent inactivation, of two key classes of regulatory molecules, cyclins and cyclin-
dependent kinases (Cdks). While Cdks are constitutively expressed throughout the cell
cycle, cyclins are synthesized (and destroyed) in specific stages of the cell cycle, which is
often dependent upon various signaling molecules (Darzynkiewicz et al., 1996). Once
activated by cyclins, Cdks phosphorylate specific substrates that drive events of the cell
cycle and cell division. Formation of specific Cdk-Cyclin complexes triggers the switch
between the major phases of the cell cycle, namely, the commitment from G1 into S, the
progression of G2 into M and the metaphase/anaphase transition during cell division
(reviewed in (Morgan, D. O., 2007)). In metazoans, three Cdks that regulate interphase
(Cdk2, Cdk4 and Cdk6), one mitotic Cdk (Cdk1) and a few Cyclins (Cyclins - A, - B, -C, - D

and — E) have been identified and play critical role in the cell cycle (reviewed in (Martinez-

15



Alonso and Malumbres, 2020)). During G1 phase progression, Cyclin D promotes the
activation of Cdk4 and Cdk6 in preparation for DNA replication (Sherr, 1994). The transition
from G1 to S phase is determined by Cyclin E-dependent Cdk2 activation (Ohtsubo et al.,
1995). An increase in Cyclin A levels and its association with Cdk2 allows the progression
through G2 phase (Pagano et al., 1992). Higher levels of Cyclin A mediate the activation of
the Cyclin B-Cdk1l complex, the major regulator of mitotic entry (reviewed in (Alvarez-
Fernandez and Malumbres, 2014)). After nuclear envelope breakdown (NEBD), Cyclin A
starts to be degraded by the Anaphase-Promoting Complex/Cyclossome (APC/C), to
facilitate the initial attachments between chromosomes and mitotic spindle, as cells
progress though mitosis (den Elzen and Pines, 2001; Kabeche and Compton, 2013). The
Cyclin B-Cdkl complex directly regulates mitosis and its levels remain high until all
chromosomes are attached to spindle microtubules. At this point, the APC/C targets Cyclin
B for degradation, leading to Cdk1 inactivation and mitotic exit (reviewed in (Holder et al.,
2019).

Proper progression through the cell cycle is ensured by the existence of multiple cell
cycle checkpoints (reviewed in (Hartwell and Weinert, 1989)) (Figure 1.1). Cell-cycle
checkpoints are responsible for ensuring that each earlier process has been completed
before the cell moves on to the next phase of the cycle. In the presence of errors or stress
stimuli, checkpoints induce a cell cycle delay in order to provide time for error correction
(reviewed in (Morgan, D. O., 2007)). Different checkpoints have been described, namely
the G1/S checkpoint (restriction/Start checkpoint), G2/M checkpoint (DNA damage
checkpoint), spindle assembly checkpoint (M phase checkpoint), chromosome separation
checkpoint and abscission checkpoint (reviewed in (Maiato et al., 2015; Matthews et al.,
2022; Murray, 1994). The G1/S checkpoint is the point at which the cell commits to either
enter the cell cycle or to stay in a quiescent state, known as GO, depending on internal and
external conditions (reviewed in (Peeper et al., 1994)). The G2/M checkpoint prevents cells
to undergo mitosis in the presence of damaged or unreplicated DNA. After nuclear envelope
breakdown (NEBD), the spindle assembly checkpoint (SAC) controls the metaphase-
anaphase transition by monitoring the attachment status between microtubules and a
specialized structured at the chromosomes composed by more than one hundred proteins,
called the kinetochore (reviewed in (Lara-Gonzalez et al., 2021; Musacchio, 2015)) (see
section 1.4 for in-depth characterization). Recently, it was proposed the existence of an
anaphase surveillance mechanism that monitors the efficiency of chromosome separation
and promotes anaphase error correction during cell division. This “Chromosome Separation
Checkpoint” is centered on a constitutive midzone-based Aurora-B phosphorylation
gradient, which monitors and delays chromosome decondensation and nuclear envelope

reformation until effective separation of sister chromatids during anaphase is achieved. This
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decondensation and nuclear envelope reformation delay facilitate the incorporation of
lagging chromosomes into the main nucleus, thereby preventing micronuclei formation from
chromosome segregation errors (Afonso et al., 2014; Maiato et al., 2015; Orr et al., 2021,
Sen et al., 2021). Finally, in cytokinesis, the abscission (NoCut) checkpoint, also dependent
on Aurora B, delays abscission in the presence of chromosome bridges (Amaral et al., 2016;
Néahse et al., 2017; Steigemann et al., 2009).

Spindle Assembly

A DNA damage Checkpoint (SAC)
Checkpoint Metaphase— B
G2-M anaphase

. . Abcission
Mitosis Checkpoint
Cytokinesis

Cyclin A-
CDKI1/CDK2

Interphase

Gl phase S phase G2 phase M phase
Gl phase

GI1-S
Restriction
Checkpoint

Figure 1.1: Overview of cell cycle checkpoints and the regulatory Cyclin-Cdk complexes. A.
The cell cycle is divided in two main stages: mitosis and interphase, further sub-divided in G1, S and
G2 phases. Several checkpoints operate during the cell cycle and control progression through the
different stages: in interphase, entry in mitosis and DNA damage are regulated by the restriction
checkpoint and DNA damage checkpoint, respectively. During mitosis, unattached kinetochores are
monitored by the spindle assembly checkpoint, while the presence of incompletely segregated DNA
is sensed by the abscission checkpoint. B. The oscillatory nature of the cyclins and the complex
network between cyclins and Cdks throughout the cell cycle. Adapted from (Hochegger et al., 2008).

1.2. Mitosis

1.2.1. Overview of mitosis

Mitosis is a fascinating process that distributes equally the replicated genome into two
daughter cells. In eukaryotic cells, mitosis is typically divided into five phases, based in the
gross structural changes that take place: prophase, prometaphase, metaphase, anaphase
and telophase (Figure 1.2). During prophase, the duplicated genetic material undergoes
dramatic morphological changes. The DNA is progressively condensed and individual
chromosomes become discernible. The centrosomes, which are replicated during S-phase
and serve as microtubule-organizing centres in most animal cells, start to move apart to

opposite sides of the nucleus. This process initiates the assembly of a dynamic
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macromolecular machine: the mitotic spindle. At the start of prometaphase, the nuclear
membrane breaks down, the interphase array of microtubules is reorganized, and
microtubule dynamics drastically increase allowing the interactions between microtubules
and kinetochores. Prometaphase continues until all chromosomes become properly
attached and aligned at the spindle equator in a process known as chromosome
congression. After all chromosomes have aligned at the spindle equator, the cell is said to
be in metaphase, and is now ready to segregate the duplicated genome. The sudden
separation of sister chromatids marks the beginning of anaphase, during which the
chromosomes move to opposite poles of the spindle. By telophase, the chromosomes have
reached the spindle pole regions, and the nuclear envelope is reformed around each set of
decondensed chromosomes. Formation of the cleavage furrow ensures the physical
separation of the cytoplasm, giving rise to two identical daughter cells (cytokinesis)
(reviewed in (Morgan, D. O., 2007)).

Figure 1.2: Mitotic phases. Fluorescence micrographs representing the different stages of mitosis
in fixed newt lung cells. Microtubules are shown in green and chromosomes in blue. At prophase (A),
the previously replicated genetic material condenses, and centrosomes start to migrate to opposite
poles. After nuclear envelope breakdown (NEBD), the cell enters in prometaphase (B-D), spindle
microtubules interact and attach to kinetochores. In metaphase (E), chromosomes are aligned on
the spindle equator and all kinetochores are attached to microtubules. In anaphase (F-G), sister
chromatids are separated and moved towards opposing centrosomes, together with spindle
elongation. In telophase (H), the nuclear envelope begins to reform around the two daughter cells,
and the DNA begins to decondense. Finally, the physically separation of the cytoplasm allows the
segregation of the two daughter nuclei into individual cells (cytokinesis, not represented). Adapted
from (Rieder and Khodjakov, 2003).
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1.2.2. The Mitotic Apparatus

Experimental research carried over many years had shown that faithful chromosome
segregation during cell division relies on the assembly and regulation of a highly complex
molecular machine, the mitotic apparatus. This machine is composed of centrosomes,

kinetochores, and a mitotic spindle (Figure 1.3).
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Figure 1.3: Schematic representation of the mitotic apparatus in somatic cells. Microtubules
are shown in gray, centrosomes in green, kinetochores in red, and chromosomes in blue. Positions
of microtubules minus (-) ends versus plus (+) ends are indicated. Adapted from (Kline-Smith and
Walczak, 2004).

1.2.2.1. The centrosomes

The centrosome, which was first described in the late 19" century, is the major
microtubule-organizing center (MTOC) in animal cells. This complex structure plays a
critical role during mitosis and its duplication is tightly regulated throughout the cell cycle
(reviewed in (Bettencourt-Dias and Glover, 2007; Nigg, 2007)). Centrosomes play a crucial
role in the regulation of cell cycle transitions (G1-S, G2-M, and metaphase-anaphase), cell
migration, polarity of cell, mitotic spindle formation, and mitotic spindle orientation (reviewed
in (Bettencourt-Dias and Glover, 2007; Nigg and Raff, 2009)). Centrosomes are complex
structures formed by two centrioles which are surrounded by a mass of proteins forming the
pericentriolar material (PCM) (Figure 1.4a,b) (reviewed in (Conduit et al., 2015)). Each
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centriole is composed of nine triplets of microtubules varying from 150 to 500 nm in length
depending on cell type (reviewed in (Gonczy and Hatzopoulos, 2019)). One of the
components of the pericentriolar material is a type of tubulin called y-tubulin, which, together
with several other proteins, makes up y-tubulin ring complexes (y-TURCS) (reviewed in
(Barenz et al., 2011)). y-tubulin is highly conserved in all eukaryotes and is the main
microtubule nucleation center at the microtubule minus-ends (Moritz et al., 2000, 1995;
Moritz and Agard, 2001). Interestingly, the fact that spindle formation occurs in cellular
systems that lack centrosomes, such as plant cells and female oocytes (Bonaccorsi et al.,
1998; Megraw et al., 2001; Murata et al., 2005; Schuh and Ellenberg, 2007; Wadsworth and
Khodjakov, 2004), or after experimental centrosome inactivation in animal somatic cells
(Hinchcliffe, 2011; Hinchcliffe et al., 2001; Khodjakov et al., 2000), suggests the existence
of redundant MTOCs that contribute to spindle assembly. In support of this theory,
microtubules have been found to nucleate at non-centrosomal sites, even in cells containing
centrosomes (De Brabander et al., 1981; Nicklas and Gordon, 1985; Witt et al., 1980).

In proliferating cells, centrosomes are duplicated in interphase and separated at the
beginning of mitosis (Figure 1.4c). Centriole duplication begins at G1, when they also lose
their orthogonal orientation and split slightly apart. Each old centriole — the mother centriole
— provides a pre-existing template upon which a daughter centriole is build (procentriole).
During S phase, daughter centrioles elongate and form a right angle to the old centrioles.
When cells enter mitosis, the two centrosomes separate and migrate towards opposite
poles of the cell. After mitosis, each daughter cell inherits one centrosome, with a pair of
centrioles, which will be duplicated in the next cell cycle (reviewed in (Bettencourt-Dias and
Glover, 2007)).
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Figure 1.4: Schematic view of the centrosome and its replication cycle within animal cells. A.
schematic organization of the centrosome. The centrosome is composed of a pair of orthogonally
positioned centrioles. Each centriole consists of a structure made of nine microtubules triplets
surrounded by the pericentriolar material (PCM). B. Electron micrograph of the centrosome. The top
inset indicates a cross-section of subdistal appendages; the bottom inset indicates a cross-section
of the proximal part of the centriole. Scale bar: 0.2um. C. Diagram representing the centriole
replication cycle. At mitotic exit-early G1 phase, the centriole disengage and lose the orthogonal
configuration. In the next G1 to S phase the daughter centrioles start to originate from the mother
centrioles, originating two pairs of procentrioles (light green). During G2, the linkage between
centrosomes is disrupted and the maturation/elongation process initiates giving rise to two mature
centrosomes. At G2-M transition, centrosomes further separate from each other, recruit the PCM
and begins to act as the MTOC. Adapted from (Bettencourt-Dias and Glover, 2007).

Accurate control over centrosome number is crucial, as differences in centrosome
numbers can cause severe errors in cell division, promoting chromosomal instability (CIN),
a phenomenon often correlated with human cancer (reviewed in (Levine and Holland,
2018)). Centrosome number aberrations arise from failure in cytokinesis or cell cycle
deregulation (reviewed in (Jusino et al., 2018)). Proper timing of centrosome separation has
been also considered as a potential source of chromosome missegregation (Silkworth et
al., 2012). Centrosome defects are frequently observed in many types of human tumors
including ovaries, breast, lung, head and neck, prostate and liver cancer (reviewed in (Chan,
2011)). In addition, centrosome aberrations may be a promising therapeutic target for

cancer suppression (reviewed in (Rivera-Rivera, 2016)).

1.2.2.2. The Kinetochores

At the onset of mitosis, each chromatid develops a large proteinaceous structure called
kinetochore (from the Greek kinetos=movement and chore=place) at its centromeric region
that forms the major interaction site for spindle microtubules (reviewed in (Cheeseman,
2014)). The improvement of biochemical and super resolution imaging techniques has been
crucial for the mapping and resolution of kinetochore structure and composition.
Kinetochores are very dynamic structures, as they have to assemble and disassemble
every cell cycle. The simplest kinetochore is found in budding yeast and it attaches to only
one microtubule (Winey et al., 1995). In human cells, kinetochores bind to approximately

nine microtubules (Kiewisz et al., 2022) and are composed of more than 100 different
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proteins (reviewed in (Cheeseman and Desai, 2008)). Based on the spatial localization and
function of these proteins, the kinetochore is divided into three core parts: 1) a constitutive
inner network that is involved in tethering the outer kinetochore to chromosomes, 2) a
constitutive outer network that interacts with microtubules, and 3) a dynamic regulatory set
of proteins that control the activities of the kinetochore (Figure 1.5) (reviewed in (Musacchio
and Desai, 2017)). These dynamic components are principally focused on the KMN network
(KNL-1, Mis12 complex and Ndc80 complex), which is responsible for regulating the
kinetochores in two main functions: the physical attachment to microtubules and SAC
activity.

The kinetochore is assembled on a specialized chromatin locus named the centromere,
which is epigenetically defined by the localization of centromere protein CENP-A
(CENtromere Protein-A), a histone H3 variant (reviewed in (Fukagawa and Earnshaw,
2014)). CENP-A is required for the recruitment of a constitutive centromere-associated
protein network (CCAN). The CCAN makes up the core of the kinetochore and is
responsible for the establishment of the outer kinetochore, which in turn constitutes the
microtubule binding interface. CCAN is divided into 5 sub-complexes: CENP-C, the CENP-
L, CENP-N and CENP-M sub-complex (CENP-LNM), the CENP-H, CENP-I and CENP-K
sub-complex (CENP-HIK), the CENP-T, CENP-W, CENP-S, and CENP-X sub-complex
(CENP-TWSX), and the CENP-O, CENP-P, CENP-Q, CENP-U, and CENP-R sub-complex
(CENP-OPQUR) (reviewed in (Perpelescu and Fukagawa, 2011))(Figure 1.5). Moreover,
CENP-A directly binds to CENP-C and the CENP-LNM complex (Weir et al., 2016), which
interacts with the KMN network though the Mis12 complex at the outer kinetochore (Petrovic
et al., 2016). Inner kinetochore proteins are constitutively present throughout the cell cycle.
In contrast, outer kinetochore proteins are recruited to the kinetochore, via the CCAN,
during mitosis (reviewed in (Cheeseman and Desai, 2008)). A key component of the outer
kinetochore is the KMN-network, composed by the Mis12 complex (Mis12, Dsnl, Nnfl, and
NslI1), Knl1l and the Ndc80 complex (Ndc80 (Hecl), Nuf2, Spc24, and Spc25). The Ndc80
complex makes a direct contact with microtubules via Ndc80 and Nuf2, forming an interface
between the kinetochore and microtubules (reviewed in (Cheeseman, 2014)). The Mis12
complex forms the central part of the KMN-network by establishing the interaction between
the NdcB80 complex and Knll (Hara and Fukagawa, 2018; Petrovic et al., 2016). Knll is
required for kinetochore recruitment of checkpoint components such as Bubl and BubR1
and interacts stably with Zwint (reviewed in (Caldas and DeLuca, 2014)). Other regulatory
complexes associate with the outer kinetochore, namely motor proteins and plus-end-
tracking microtubule proteins (reviewed in (Cheeseman and Desai, 2008; Kops and
Gassmann, 2020)).
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Figure 1.5: Schematic representation of the spatial distribution of centromeric and
kinetochore proteins. The kinetochore is a proteinaceous structure that localizes at the centromeric
region of chromosomes and mediated the interaction between chromosomes and spindle
microtubules. Members of the CCAN complex constitute the inner kinetochore (in blue). The CCAN
directs assembly of the KMN network comprising the KNL1, Mis12 and Ndc80 subcomplexes (in
magenta). Adapted from (Perpelescu and Fukagawa, 2011).

1.2.2.3. Mitotic spindle

The mitotic spindle is essential for faithful chromosome segregation during mitosis. The
most abundant component of the mitotic spindle are the microtubules, cytoskeleton straw-
shaped structures organized in three different populations inside the cell, namely astral,
interpolar and kinetochore microtubules. Astral microtubules are nucleated from
centrosomes at the spindle poles towards the cortex and are involved in proper spindle
positioning and centrosome separation during prophase (reviewed in (Rosenblatt, 2005)).
Interpolar microtubules emanate from the spindle pole and extend towards the center of the
spindle, thereby forming an antiparallel overlap at the spindle equator. They are important
for spindle bipolarity and spindle elongation during anaphase (reviewed in (Dumont and
Mitchison, 2009; Prosser and Pelletier, 2017)). Kinetochore microtubules organize into
bundles that attach at the kinetochore region on each chromosome, forming kinetochore
(k)-fibers. These structures are required to maintain chromosome position at the metaphase
plate, as well as for operating the forces necessary for chromosome movement during
anaphase (reviewed in (Godek et al., 2015; Prosser and Pelletier, 2017)).
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Microtubules are dynamic, hollow cylindrical structures typically formed by thirteen
laterally associated protofilaments of a-/B-tubulin heterodimers that interact head-to-tail
(Nogales et al.,, 1999). Since the a-/B- tubulin heterodimer is intrinsically asymmetric,
microtubules are polarized structures with B-tubulin exposed at one end (plus-end) and a-
tubulin at the other end (minus-end) (reviewed in (Desai and Mitchison, 1997)). In addition
to their role in the spindle, microtubules are involved in a number of cellular processes,
including cell shape, cell motility, differentiation and intracellular transport. Microtubules in
living mitotic spindles were initially visualized using polarized light microscopy, which
demonstrated the polymerization/depolymerization dynamics of spindle microtubules. The
development of imaging techniques combined with the use of fluorescently-tagged tubulin
further revealed the dynamics of microtubules in live spindles (Mitchison, 1989; Waterman-
Storer et al., 1999; Waterman-Storer, 1998). Microtubules are dynamic filaments that
undergo successive cycles of growth (rescue) and shrinkage (catrastrophe), behavior
known as dynamic instability (Mitchison and Kirschner, 1984) (Figure 1.6). In interphase,
microtubules are typically long and rarely undergo -catastrophe. During mitosis,
microtubules are much more dynamic, with the less dynamic minus ends near the spindle
poles while the fast growing plus-ends extend to the spindle equator and the cortex of the
cell. Dynamic instability results from GTP hydrolysis within the B-tubulin subunit that occurs
upon assembly and destabilizes the lattice by promoting a conformational change (reviewed
in (Desai and Mitchison, 1997)). Under conditions that favor polymerization, a cap of GTP-
tubulin subunits is maintained at the growing end that holds the microtubule together
(Drechsel and Kirschner, 1994; Schek et al., 2007). However, if GTP hydrolysis catches up
with subunit addition and the terminal subunits are converted to GDP-tubulin, the
microtubule depolymerizes (Nogales et al., 1999).
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Figure 1.6: Microtubule dynamic instability. A. Microtubules consist of polymers of a-/ tubulin
that are aligned in a head-to-tail fashion to form protofilaments. B. Microtubules are hollow tubes
(25nm diameter) typically composed of 13 protofilaments. C. Mechanism of assembly
(polymerization) and disassembly (depolymerization) of microtubules is driven by the binding,
hydrolysis and exchange of a GTP on the 3-tubulin monomer. Polymerization is initiated by a pool of
GTP-loaded tubulin subunits (C1). The GTP-cap on growing microtubules stabilizes the subunits in
straight tubulin conformation within the microtubule lattice. Intermediate metastable blunt-ended
microtubule (C2) may pause, undergo further growth or switch to the depolymerization phase. GTP
hydrolysis changes the conformation of a protofilament from a slightly curved tubulin-GTP to a curved
tubulin-GDP structure and microtubule depolymerization occurs by the outward peeling of
protofilaments (C3). The polymerization-depolymerization cycle is completed by exchanging GDP of
the disassembly products with GTP (C4). Adapted from (Akhmanova and Steinmetz, 2008).

Although microtubules are highly conserved cytoskeleton filaments, many a-tubulin and
B-tubulin isotypes encoded by several different genes have been identified in almost all
organisms (reviewed in (Luduefia, 2013)). The different tubulin isotypes show specific
cellular localization (reviewed in (Janke, 2014)). In addition, a- and B-tubulin isotypes may
undergo multiple post-translational modifications (PTMs), such as phosphorylation,

acetylation, detyrosination, polyglycylation and polyglutamylation. The combination of
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different tubulin isotypes with PTMs generate microtubule diversity or a “tubulin code”, that
controls properties and functions of microtubules in diverse cellular processes (Barisic and
Maiato, 2016; Janke, 2014; Janke and Bulinski, 2011; Janke and Magiera, 2020; Roll-
Mecak, 2020; Yu et al., 2015). In mitosis, spindle microtubules are mostly tyrosinated (a-
tubulin with a tyrosine residue at the C-terminal tail) with high dynamics. The establishment
of end-on kinetochore-microtubule attachments promote the gradual stabilization of spindle
microtubules and they become increasingly detyrosinated (enzymatic removal of the last
tyrosine residue from the a-tubulin C-terminal tail by tubulin carboxypeptidases (TCPs),
including the recently identified Vasohibin 1 (VASH1) and Vasohibin 2 (VASH2) complexes
with their associated Small Vasohibin-Binding Protein (SVBP)) (Janke and Magiera, 2020;
Landskron et al., 2022; Roll-Mecak, 2020). It has been shown that motor proteins have
different affinities to spindle microtubules depending on tubulin PTMs. Importantly, previous
works in neurons revealed that the Kinesin-1 motor protein has a preference for
microtubules with particular tubulin PTMs, namely detyrosination and acetylation (Konishi
and Setou, 2009; Reed et al., 2006). Moreover, the microtubule plus-end-directed motor
CENP-E/kinesin-7 shows higher affinity towards the detyrosinated microtubules, whereas
the minus-end-directed motor dynein/dynactin preferentially binds to tyrosinated
microtubules. Thus, detyrosinated/tyrosinated a-tubulin regulates the activity of opposing
kinetochore motors and functions as a navigation system for chromosome congression to
the spindle equator (Barisic et al., 2015, 2014; Barisic and Maiato, 2016; Lopes and Maiato,
2020) (see section 1.3.3 for in-depth characterization). Additionally, tubulin PTMs are also
involved in spindle orientation/positioning, through tyrosinated astral microtubules and
dynein at the cell cortex (Barbosa et al., 2017; Kotak et al., 2012; Liao et al., 2019).
Recently, it was proposed that the levels of tyrosinated and detyrosinated a-tubulin regulate
mitotic error correction by modulating mitotic centromere-associated kinesin (MCAK)
activity at centromeres/kinetochores (Ferreira et al., 2020). Moreover, several works have
reported an emerging link between alterations of tubulin PTMs and/or associated modifying

enzymes with certain cancers (reviewed in (Lopes and Maiato, 2020)).

1.2.3. Microtubule associated proteins (MAPs) and motor proteins

The establishment of a proper bipolar spindle and chromosome segregation depends on
microtubule-associated proteins (MAPs) and motor proteins. While MAPs directly influence
microtubule dynamics and stability through the interaction with the microtubule lattice and/or
ends, motor proteins use adenosine triphosphate (ATP) hydrolysis to generate forces and

motion (reviewed in (Bodakuntla et al., 2019; Glotzer, 2009)). Among these, microtubule
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plus-end-tracking proteins (+TIPs) are of special interest due to their specific accumulation
at the plus-ends of microtubules (reviewed in (Akhmanova and Steinmetz, 2010, 2008;
Schuyler and Pellman, 2001)) where they promote microtubule growth by catalyzing the
addition of tubulin subunits to microtubule plus-ends (Brouhard et al., 2008), by inducing
rescue (Komarova et al., 2002), or by stabilizing microtubules (Akhmanova et al., 2001;
Mimori-Kiyosue et al., 2005). CLIP-170 was the first +TIP reported (Perez et al., 1999) and
was initially associated with microtubule rescue (Komarova et al., 2002). Functional
inhibition of CLIP-170 during mitosis results in chromosome alignment defects, possibly
associated with defective kinetochore-microtubule attachments (Dujardin et al., 1998;
Tanenbaum et al., 2006). However, CLIP-170 inhibition does not seem to affect kinetochore
microtubule dynamics or stability, possibly because it is stripped from the kinetochore by
Dynein upon the establishment of end-on kinetochore-microtubule attachments (Dujardin
et al., 1998; Tanenbaum et al., 2006). Moreover, phosphorylation of CLIP-170 at S312 by
PIk1 regulates its binding to microtubules and is crucial for chromosome alignment (Kakeno
et al., 2014). CLIP-170 appears to promote kinetochore-microtubule attachments and
chromosome congression by counteracting Dynein/Dynactin (Amin et al., 2015). The
XMAP215/Ch-TOG and CLASP families of +TIPs have also been implicated in spindle
assembly and maintenance. The XMAP215/Ch-TOG proteins act as microtubule
polymerases at microtubule plus-ends and promote microtubule assembly (Bonfils et al.,
2007; Brouhard et al., 2008; Gard and Kirschner, 1987), whereas CLASPs promote
microtubule rescue and suppress catastrophe (Al-Bassam et al.,, 2010; Al-Bassam and
Chang, 2011). Depletion of proteins from the XMAP215/Ch-TOG family results in the
presence of unattached kinetochores and chromosome alignment defects (Gandhi et al.,
2011; Gergely et al.,, 2003; Kitamura et al., 2010; Miller et al., 2016). Moreover,
XMAP215/Ch-TOG contributes to chromosome oscillations (Cassimeris et al., 2009).
Recruitment of CLASPs to microtubule plus-ends requires interactions with CLIP-170 and
EB1 (Akhmanova et al., 2001; Mimori-Kiyosue et al., 2005). Importantly, CLASPs also
localize to kinetochores in a microtubule-independent manner and remain at kinetochores
upon microtubule attachment (Maiato et al., 2003; Pereira et al., 2006). This localization at
the kinetochore-microtubule interface favors a role of CLASPs in the regulation of
microtubule dynamics at the kinetochore (Maffini et al., 2009; Maiato et al., 2005), thereby
contributing to chromosome congression (Maiato et al., 2003). Surprisingly, perturbation of
either CLASPs or XMAP215/Ch-TOG increases the stability of kinetochore-microtubule
attachments (Cassimeris et al., 2009; Maffini et al., 2009). One possibility might be that
during mitosis the activity of these proteins is regulated by phosphorylation and/or binding
to other proteins that promote microtubule depolymerization (Maia et al., 2012; Manning et

al., 2010). Further stabilization of kinetochore-microtubule attachments is thought to be
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mediated by the activity of HURP, which decorates the kinetochore-proximal end of k-fibers
in a Ran (Ras-related nuclear protein)-GTP dependent manner (Silljé et al., 2006) and
promotes chromatin-induced microtubule assembly (Casanova et al., 2008). HURP
depletion impairs k-fiber stability and leads to chromosome congression defects, whereas
its overexpression increases microtubule stability (Silljé et al., 2006; Wong and Fang, 2006).

The members of the Kinesin-13 family Kif2a, Kif2b and Kif2c/MCAK are important
regulators of microtubule dynamics, including at kinetochores (reviewed in (Walczak et al.,
2013)). Kinesin-13 proteins are non-motile but use the energy from ATP hydrolysis to
promote microtubule depolymerization by binding both the plus- and the minus-ends of
microtubules and inducing a conformational change that leads to a catastrophe event
(Desai et al., 1999; Manning et al., 2007; Walczak, 2003). In the context of the mitotic
spindle, Kinesin-13 proteins associate with both spindle poles and kinetochores where they
play distinct roles (Ganem and Compton, 2004; Manning et al., 2007). Kif2b and MCAK
regulate microtubule plus-end dynamics at the kinetochore where they play an important
role in the correction of erroneous microtubule attachments (Bakhoum et al., 2009b; Kline-
Smith and Walczak, 2002; Manning et al., 2007; Walczak et al., 1996; Wordeman et al.,
2007), while Kif2a appears to have a preference for microtubule minus-ends where it plays
an important role in the regulation of spindle microtubule flux (Gaetz and Kapoor, 2004;
Ganem et al., 2005).

Chromokinesins are kinesin-like motor proteins that have DNA-binding properties and
associate with chromosomes during mitosis (Vernos et al., 1995; Wang and Adler, 1995).
The best characterized mammalian chromokinesins are Kif4a and Kid, which belong to two
distinct families: Kinesin-4 and Kinesin-10, respectively (reviewed in (Almeida and Maiato,
2018; Vanneste et al., 2011)). Functional analysis revealed a combined role for Kinesin-4
and Kinesin-10 in chromosome congression, arm-orientation and normal chromosome
oscillations, consistent with an active role of Kinesin-4 and Kinesin-10 in the generation of
polar ejection forces (PEFs) (Antonio et al., 2000; Barisic et al., 2014; Funabiki and Murray,
2000; Goshima and Vale, 2003; Levesque and Compton, 2001; Magidson et al., 2011;
Mazumdar et al., 2004; Theurkauf and Hawley, 1992; Vernos et al., 1995; Wandke et al.,
2012; Zhu et al., 2005).

The microtubule minus-end-directed motor dynein plays a variety of mitotic functions
(reviewed in (Mountain and Compton, 2000)). Dynein was shown to localize at the
kinetochores (Pfarr et al., 1990), cell cortex (Fink et al., 2006) and along spindle
microtubules (Varma et al.,, 2008). Dynein at kinetochores controls SAC silencing by
removing SAC proteins from kinetochores (Gassmann et al., 2010; Wojcik et al., 2001).
Cortical dynein with dynactin is involved in spindle positioning by pulling forces exerted on

astral microtubules (Barbosa et al., 2017; Kotak et al., 2012). Dynein, together with

28



HSET/kinesin-14 (minus end directed motor protein), slides anti-parallel microtubules,
generating an inward force required for spindle pole focusing (Ferenz et al., 2009; Hepperla
et al., 2014; Tanenbaum et al., 2013). Moreover, dynein is also involved in the poleward
movement of chromosomes early in mitosis (Barisic et al., 2014; Maiato et al., 2004).

Different kinesins were shown to be involved in spindle assembly and chromosome
movement. Members of the Kinesin-5 family, such as Eg5, are responsible for the
generation of poleward forces that can drive microtubule sliding and promote pole-to-pole
separation (Gatlin and Bloom, 2010). Kinesin-14 family (HSET in human) are minus-end
directed motors that cross-link microtubules and play key roles during spindle assembly
(Cai et al., 2009). The microtubule plus-end-directed motor CENP-E, a member of the
kinesin-7 protein family, localizes at kinetochores and is essential for chromosome
congression (Kapoor et al., 2006).

The widely conserved Kinesin-8 family has been proposed to function both as plus-end-
directed motors and as microtubule depolymerases (Gupta et al., 2006; Mayr et al., 2007,
Varga et al., 2009, 2006). However, the depolymerase activity of human Kif18A remains
controversial. Although Kif18A was initially proposed as a microtubule depolymerase (Mayr
et al., 2007), further studies suggested that Kifl8A suppresses microtubule growth by
capping the microtubule plus-ends (Du et al., 2010; Stumpff et al., 2011). This would be
consistent with the emerging role of Kinesin-8 motors as negative regulators of microtubule
length, since loss of Kinesin-8 activity generally leads to longer cellular microtubules
(Gandhi et al., 2004; Goshima et al., 2005; Mayr et al., 2007; Rischitor et al., 2004; Straight
et al.,, 1998). Importantly, genetic and siRNA-based studies demonstrate that Kinesin-8
motors are necessary for proper chromosome alignment by suppressing chromosome
oscillations on bi-oriented chromosomes (Gandhi et al., 2004; Goshima and Vale, 2003;
Mayr et al., 2007; Stumpff et al., 2008; West et al., 2002; Zhu et al., 2005). Accordingly, in
the absence of functional Kif18A, kinetochores exhibit an increase in the oscillation
amplitude leading to a deregulation of metaphase plate organization (Stumpff et al., 2008).
Furthermore, loss of Kifl8A leads to a modest increase in spindle size and longer
microtubules (Mayr et al., 2007; Stumpff et al., 2008). In agreement, overexpression of
Kif18A decreases chromosome oscillations, favoring chromosome alignment at the

metaphase plate (Jagaman et al., 2010; Stumpff et al., 2008).
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1.3. Chromosome congression and bi-orientation

1.3.1. What is chromosome congression?

In preparation for cell division, two poles and an equator start to be defined by the mitotic
spindle axis. Precisely at the onset of mitosis, when chromosomes start condensing and
the nuclear envelope breaks down, dispersed chromosomes initiate directed movements
that culminate with their position at the spindle equator before migrating to the poles after
sister chromatid separation. This stochastic motion towards the equator coincides with the
beginning of prometaphase and is known as “chromosome congression” (from the English
“to come together”; terminology first introduced by Darlington (Darlington, C.D., 1937)).
Chromosome congression truly represents the first challenge of mitosis and culminates with
the formation of a metaphase plate, a hallmark of mitosis in metazoans, and occurs in tight
spatiotemporal coordination with the assembly of the mitotic spindle that mediates the

microtubule-chromosome interactions required for chromosome movement.

1.3.2. Why do chromosome congress?

At first glance, it may seem counterintuitive that before chromosomes segregate to the
poles (during anaphase), they first meet at the equator. This likely reflects millions of years
of evolution aiming to improve chromosome segregation fidelity. For instance, if one
imagines a mitotic cell in which chromosomes do not congress, the risk of chromosome
missegregation after sister chromatid separation at anaphase would be too high, unless all
chromatids are extensively moved apart, like in the budding yeast S. cerevisiae, in which
the anaphase spindle elongates about 5-fold relative to the metaphase spindle length
(Straight et al., 1997). In contrast, metazoan spindles only elongate less than 2-fold the
metaphase spindle length (reviewed in (Goshima and Scholey, 2010)) and thus must rely
on different strategies to ensure faithful chromosome segregation during anaphase. One of
these strategies is precisely the formation of a metaphase plate, forcing all chromosomes
to start subsequent poleward motion from the same position relative to the spindle axis, i.e.,
from the equator. The other is to trigger an abrupt cleavage of cohesin by separase-
mediated degradation of securin, leading to the synchronous separation and movement of
sister chromatids towards the pole. This anaphase synchrony has been shown to depend
on the uniform distribution of spindle forces acting on all chromosomes prior to anaphase
(Matos et al., 2009). Aligning chromosomes at the equator also maximizes the chances of

kinetochore capture by microtubules emanating from both spindle poles leading to
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chromosome bi-orientation, which is required to satisfy the spindle assembly checkpoint
(SAC) (reviewed in (Joglekar, 2016)). Finally, chromosome congression is important to
prevent unstable/erroneous kinetochore-microtubule attachments because the proximity to
the poles promotes microtubule destabilization at kinetochores due to high Aurora A kinase
activity that leads to phosphorylation of Ndc80 (among others), thereby reducing its affinity
for microtubules (Barisic et al., 2014; Chmétal et al., 2015; Ye et al., 2015). In addition,
tension generated by opposing pulling forces on aligned bi-oriented chromosomes is

required and sufficient to stabilize correct attachments (King and Nicklas, 2000).

1.3.3. An integrated model of chromosome congression

In mammalian cells, chromosome congression can be explained by two main
mechanisms that operate in parallel (Figure 1.7), meaning that not all chromosomes relie
on the same mechanism to complete congression (reviewed in (Maiato et al., 2017)). A key
aspect that determines which mechanism is used depends essentially on whether
chromosomes establish lateral or end-on attachments at their kinetochores on their way
towards the equator. This is influenced by the position of chromosomes relative to the
spindle poles at NEBD. Those chromosomes that are able to bi-orient soon after NEBD
would use a “direct congression” mechanism in which opposite kinetochore-pulling forces,
resulting from the tight regulation of microtubule dynamics and length at the kinetochores,
in coordination with PEFs along chromosome arms, drive chromosome oscillations until net
force is zero near the equator (Auckland and McAinsh, 2015). A corollary from this model
is that the establishment of stable end-on attachments inhibits the other congression
mechanism relying on lateral interactions between microtubules and kinetochores. The
second mechanism, called “peripheral congression”, would take advantage of the high
processivity of the Dynein/Dynactin motor localized on unattached kinetochores to capture
peripheral chromosomes, which are unable to bi-orient at NEBD and establish stable end-
on kinetochore microtubule attachments (Barisic et al., 2014). The minus-end directed
motion of Dynein/Dynactin along tyrosinated astral microtubules transports peripheral
chromosomes close to one of the spindle poles, where Aurora A activity is highest and
prevents the stabilization of end-on kinetochore-microtubule attachments. This
configuration also imposes a dominance of kinetochore Dynein/Dynactin over the action of
Chromokinesin-mediated PEFs along chromosome arms that would otherwise promote the
premature stabilization of end-on kinetochore-microtubule attachments and lead to errors

resulting in chromosome missegregation. In addition, while travelling along tyrosinated
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astral microtubules, Dynein/Dynactin will be dominant over the other kinetochore motor,
CENP-E, with plus-end-directed motility and a preference for more stable detyrosinated
microtubules (Barisic et al., 2015). Once at the poles, phosphorylation by Aurora A will
activate CENP-E, (while other centrosome kinases, such as Plkl, inactivate
Dynein/Dynactin), favoring the lateral transport of chromosomes by CENP-E along
detyrosinated microtubules (either k-fibers or interpolar microtubule bundles) towards the
equator, where the chances for bi-orientation are maximal (Barisic et al., 2015; Kapoor et
al., 2006). At the equator, Chromokinesins promote the conversion from lateral to end-on
attachments, which further downregulates CENP-E and Dynein, thereby ensuring the
maintenance of chromosome position at the metaphase plate (Almeida and Maiato, 2018;
Cane et al., 2013; Drpic et al., 2015; Wandke et al., 2012). Once aligned and bi-oriented at
the metaphase plate, the coordination between kinetochore-pulling forces and PEFs
continue to determine the amplitude of chromosome oscillations, but maintenance of
chromosome position near the equator will depend on additional factors that mediate the
cross-linking between kinetochore and non-kinetochore microtubules.

Overall, chromosome congression in mammalian cells relies on the concerted action of
motor-dependent and — independent mechanisms, which are determined by the
establishment of end-on or lateral kinetochore-microtubule interactions. Therefore, any
perturbation that introduces alterations of microtubules dynamics or kinetochore function
will likely compromise the congression of at least some chromosomes during mitosis. To
date, more than 100 proteins have been implicated in chromosome alignment (see Table
1), but their exact role in the activities necessary for either congression or maintenance of

alignment remains unknown for > 90% of them.
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Figure 1.7: Integrated model of chromosome congression in human cells. In early
prometaphase, the initial position of the chromosomes in relation to the spindle pole at NEBD dictates
the mechanism by which they are translocated to the equator. Peripheral chromosomes are captured
by dynein, a minus-end directed motor, which transports chromosomes along tyrosinated astral
microtubules towards the spindle poles. This prevents the random ejection of the chromosome by
the action of Chromokinesins on chromosome arms. Once at the pole, high Aurora A activity prevents
the stabilization of end-on kinetochore-microtubule attachments. In parallel, Aurora A-mediated
phosphorylation activates CENP-E at kinetochore. This initiates the lateral transport of chromosomes
along detyrosinated microtubules toward the cell equator, increasing the changes of bi-orientation.
In parallel, minor chromokinesin-mediated polar ejection forces assist chromosome congression by
favoring the plus-end directed movement, thereby promoting the conversion from lateral to end-on
attachments and kinetochore-microtubule attachment stabilization. Adapted from (Maiato et al.,
2017).

1.3.4. Chromosome Congression vs. Maintenance of Alignment

One poorly understood aspect of mitosis is whether the mechanisms that mediate
chromosome congression consist of the same principles that ensure the maintenance of a
bi-oriented chromosome at the equator after completing congression. Clearly, motor-
dependent chromosome congression does not rely on a force balance on a given
kinetochore pair, as chromosome bi-orientation is not required to complete congression
(Kapoor et al., 2006). Moreover, end-on kinetochore-microtubule attachments are not even
required for motor-driven congression to the equator, but are essential to maintain aligned

chromosomes at the metaphase plate (Cai et al., 2009). This is corroborated by

33



microsurgery experiments in which the kinetochore region of a once aligned chromosome
is irradiated with a focused UV or laser microbeam, causing the chromosome to immediately
move towards the direction of the undisturbed kinetochore (lzutsu, 1961, 1959; Takeda et
al., 1960). In contrast, when k-fibers are cut on a bi-oriented chromosome positioned at the
equator, chromosomes either do not shift at all or shift only slightly towards the pole of the
unperturbed k-fiber (Czaban et al., 1993; Elting et al., 2014; Forer, 1965; Inoué, 1964;
lzutsu, K., 1961; Kajtez et al., 2016; Maiato et al., 2004; Nicklas, 1989; Sikirzhytski et al.,
2014; Spurck et al., 1990; Takeda et al., 1960). Interestingly, inter-kinetochore tension in
vertebrate and insect cells is proportional to k-fiber length (Kajtez et al., 2016; Milas et al.,
2016). Overall, these data indicate that while force at kinetochores is proportional to k-fiber
length, maintenance of chromosome position near the equator is not.

Several theoretical and experimental studies have predicted or provided evidence for
mechanical coupling between kinetochore and non-kinetochore (interpolar) microtubules
(Goode, D, 1981; Kajtez et al., 2016; Margolis et al., 1978; Mastronarde et al., 1993; Matos
et al., 2009; Mclntosh et al., 1969; Milas et al., 2016; Nicklas et al., 1982; Pereira and
Maiato, 2012; Shimamoto et al., 2011; Vladimirou et al., 2013), which might account for the
maintenance of chromosome positioning at the equator independently of k-fiber length.
While the molecular nature of this spindle microtubule coupling system remains unknown,
it is likely to involve multiple players that possess the necessary molecular properties to
serve this purpose. These include several MAPs and motors with microtubule cross-linking
properties, such as PRC1, Kinesin-5, Kinesin-15, CLASPs, Clathrin/Ch-TOG/TACC3, Asp,
NuMa, Kinesin-14 and Dynein (Cross and McAinsh, 2014; Maiato et al., 2004; Royle, 2012).
In addition, Chromokinesins, Kif4A in particular, might also work as a coupling element
between k-fibers and interpolar microtubules interacting with chromosome arms (Wandke
et al., 2012).

Interestingly, many loss-of-function studies of Chromokinesins revealed only a very
minor role during chromosome congression, while being critical to maintain chromosomes
aligned at the equator (Barisic et al., 2014; Wandke et al., 2012). These results suggest that
Chromokinesins might additionally contribute to the stabilization of kinetochore-microtubule
attachments of aligned chromosomes, possibly in coordination with the activity of Kinesin-
8 (Stumpff et al., 2012). Indeed, recent works in Drosophila S2 cells have shown that
Chromokinesins promote kinetochore-microtubule stabilization and the conversion from
lateral to end-on attachments, independently of chromosome bi-orientation (Cane et al.,
2013; Drpic et al., 2015), which might be important to maintain chromosomes aligned at the
equator after congression. This implies that CENP-E is no longer dominant over
Chromokinesins once chromosome bi-orientation and equatorial alignment is achieved.

This would be consistent with the finding that CENP-E levels at the kinetochore decrease
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significantly due to Dynein-mediated stripping upon microtubule attachment and
chromosome bi-orientation (Hoffman et al., 2001). However, whether CENP-E plays a role
in maintaining chromosome positioning at the equator after alignment has been
controversial. For instance, CENP-E has been proposed to play a role in stabilizing end-on
kinetochore-microtubule attachments (Cleveland et al., 2003; McEwen et al., 2001; Putkey
et al., 2002). This model is supported by electron microscopy studies after inactivation of
CENP-E function, which showed a reduced microtubule number at kinetochores of aligned
bi-oriented chromosomes, supporting a role for CENP-E after chromosome congression
(McEwen et al., 2001; Putkey et al., 2002). Importantly, the observed differences relative to
controls appear to be attenuated during a prolonged mitosis where the range of microtubule
binding was similar to controls, indicating that CENP-E is not essential for binding of a full
complement of microtubules at kinetochores of bi-oriented chromosomes (McEwen et al.,
2001). Interestingly, original antibody micro-injection experiments in metaphase cells have
indicated that CENP-E is not required for maintenance of chromosome alignment (Yen et
al., 1991). In contrast, treatment of metaphase cells with a CENP-E inhibitor that forces
CENP-E to bind tightly to microtubules (a “rigor” state) caused the displacement of
chromosomes from the equator, supporting a role of CENP-E in maintaining chromosome
alignment after bi-orientation, in addition to mediating chromosome congression
(Gudimchuk et al., 2013). The availability of a second generation of CENP-E inhibitors that
compromise ATPase activity without interfering with microtubule binding (Ohashi et al.,
2015) will be important to clarify the role of CENP-E after chromosome alignment. Finally,
many studies have reported chromosome misalignment problems after functional
perturbation of several proteins (see Table 1). However, since live-cell imaging was not
used in many of these studies, it remains unclear whether it truly reflects a direct role of
these proteins in chromosome congression or in the maintenance of chromosome
alignment. The recent discovery that apparently unrelated experimental perturbations
associated with a metaphase delay often lead to “cohesion fatigue” (i.e., the uncoordinated
loss of sister chromatid cohesion after chromosome congression but prior to anaphase
onset, due to the action of mitotic spindle forces) (Daum et al., 2011; Gorbsky, 2013;
Stevens et al., 2011) incites for a systematic re-evalution of proteins formerly associated

with chromosome alignment using state-of-the-art live-cell imaging techniques.
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1.4. The Spindle Assembly Checkpoint

The ultimate purpose of mitosis is to equally segregate the genetic material to the
daughter cells. To achieve this, the dividing cell must commence the process of cell division
only after each sister kinetochore is correctly attached to spindle microtubules emanating
from opposite spindle poles. Premature anaphase onset in the presence of erroneous
attachments will lead to unequal division of the genetic content and therefore the
emergence of aneuploid cells (reviewed in (Musacchio and Salmon, 2007)). To avoid this
fate, the cell is equipped with a surveillance mechanism, known as the spindle assembly
checkpoint (SAC), which prevents cell division until all chromosomes are attached to the
microtubule spindle apparatus via their kinetochores, favoring bi-orientation at the
metaphase plate.

Spindle assembly checkpoint genes were originally discovered in the budding yeast
Saccharomyces cerevisiae, after screening for mutants that failed to arrest in mitosis in the
presence of microtubule poisons (Hoyt et al., 1991; Li and Murray, 1991). These studies
identified the mitotic-arrest deficient genes (MAD1, MAD2, MAD3 (BUBR1 in humans)), and
the budding uninhibited by benzimidazole genes (BUB1, BUB2 and BUB3) (Hoyt et al.,
1991; Li and Murray, 1991). Subsequently, other SAC components such as Mpsl were
identified (Weiss and Winey, 1996). The SAC machinery is conserved from yeast to
humans, despite the existence of species-specific contributions of SAC proteins to the
checkpoint function (reviewed in (Vleugel et al., 2012)).

SAC signaling involves the concentration of the mitotic checkpoint complex (MCC), a
heterotetramer composed by Cdc20, Mad2, BubR1/Mad3 and Bub3, at unattached
kinetochores (reviewed in (Musacchio, 2015). Initial recruitment of the template composed
of Madl and Mad2 components relies on Mpsl kinase activity that is recruited to
kinetochores through Aurora B phosphorylation of the Ndc80 complex (De Antoni et al.,
2005). Mps1 kinase is also responsible for kinetochore targeting of the SAC components
Bubl, Bub3 and BubR1, through the phosphorylation of Knl1 (reviewed in (Lara-Gonzalez
et al., 2021; Musacchio, 2015). Madl binding to unattached kinetochores recruits an
inactive form of Mad2 (open o-Mad?2), inducing a conformational change into the active
closed form (c-Mad2). c-Mad2 can bind Cdc20 and the c-Mad2-Cdc20 complex interacts
with BubR1 and Bub3 to form the MCC, the major inhibitor of APC/C (De Antoni et al., 2005;
Mapelli et al., 2007; Sironi et al., 2002). When APC/C is inactive, Cyclin B1 and Securin are
not degraded and, consequently, cell cycle progression is blocked. Once all kinetochores
are stably attached to the mitotic spindle the “wait anaphase signal” is shut down and Cdc20
is free to activate the APC/C. APC/C activity then targets Cyclin B1 and Securin for

proteasomal degradation. As a result of Cyclin B1 degradation, Cdk1 is inactivated, while
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Securin degradation activates Separase-mediated cleavage of Sccl, a subunit of the
cohesion complex. Degradation of these substrates triggers anaphase onset and mitotic
exit (reviewed in (Musacchio, 2015) (Figure 1.8).
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Figure 1.8: Spindle assembly checkpoint (SAC). In prometaphase, the SAC surveillance
mechanism senses the unattached kinetochores and facilitates the formation of an inhibitory signal.
The mitotic checkpoint complex (MCC), composed of Ccd20, Mad2, BubR1 and Bub3, inhibits the
APC/C, preventing premature mitotic exit. Once all the chromosomes are aligned with their
kinetochores attached to the spindle (metaphase), generation of the MCC ceases, which allows the
activation of the APC/C by Cdc?20, leading to the ubiquitylation and degradation of Securin and Cyclin
B1. Degradation of Securin releases separase which in turn cleaves Sccl subunit of the cohesion
ring structure allowing the separation of sister chromatids (anaphase). In the meantime, degradation
of Cyclin Bl inactivates Cdk1, leading to mitotic exit. Adapted from (Lara-Gonzalez et al., 2012).

The Aurora B kinase, a member of the Chromosomal Passenger Complex (CPC),
enriched at the inner centromeres, plays a central role in controlling the attachment status
during mitosis. Aurora B kinase destabilizes kinetochore-microtubule attachments by
phosphorylating outer kinetochore proteins (Liu et al., 2009). Once all kinetochore-
microtubule attachments are established, the SAC is satisfied. Until very recently, the
prevailing idea was that SAC proteins are then removed from kinetochores via stripping
mediated by the dynein motor protein (Gassmann et al., 2010; Howell et al., 2001; Wojcik
et al., 2001). However, a recent study proposed that dynein’s role in SAC silencing is
retricted to evicting checkpoint effectors (e.g. Madl and Mad2) from fibrous corona and not

the outer kinetochore (Ide et al., 2023). Moreover, Mps1 kinetochore localization depends
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on Aurora B mediated phosphorylation of its N-terminal TPR (tetratricopeptide repeat)
domain. Phosphorylation of TPR domain, removes its inhibitory effect on Mps1 localization
(Nijenhuis et al., 2013). Additionally, the presence of phosphatases at the outer kinetochore
is essential to revert the SAC-dependent phosphorylation and promote SAC silencing
(Grallert et al., 2015; Lesage et al., 2011).

The incapacity of cells to satisfy the SAC induces a prolonged mitotic delay (up to 20
hours or more in human cells). Several studies have revealed that SAC is not an all-or-
nothing response, but depends on the number of unattached kinetochores that correlates
with the amount of Mad2 at kinetochores (Collin et al., 2013; Dick and Gerlich, 2013).
Importantly, cells cannot maintain this mitotic arrest indefinitely due to the slow degradation
of Cyclin B1, independent of active SAC signaling (Brito and Rieder, 2006). Ultimately, two
major outcomes have been described to follow this mitotic arrest: cells can die in mitosis or
undergo mitotic slippage, returning to G1 as a tetraploid cell (Rieder and Maiato, 2004;
Weaver et al., 2007). The currently accepted model proposes that mitotic cell fate during
chronic arrest is determined by the balance between pro-apoptotic and pro-survival signals
(the competing networks model) (Gascoigne and Taylor, 2008; Topham and Taylor, 2013)
(Figure 1.9). If cyclin B1 levels drop below the threshold necessary to maintain Cdk1 activity
and the mitotic state, cells slip out of mitosis. Conversely, if cells produce enough cell death
signaling up to the point-of-no return from intrinsic apoptosis, cells will die in mitosis. In
support of the competing networks model, delaying mitotic slippage by either Cyclin B1
overexpression, Ccd20 depletion, or APC/C pharmacologic inhibition shifts the fate profile
to death in mitosis, whereas inhibiting caspase activation lays cells more predisposed to
mitotic exit (Gascoigne and Taylor, 2008; Sloss et al., 2016; Zeng et al., 2010). Additionally,
the duration of the mitotic arrest is determined by the presence of multiple Cdc20

proteoforms within the same cell (Tsang and Cheeseman, 2023).
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Figure 1.9: The competing networks model. After a prolonged mitotic arrest, the decision to slip
out of mitosis (right) or to die in mitosis (left) is dictated by two processes during the arrest; a slow,
but progressive loss of cyclin B1 and a slow, but steady rise in cell death activity. Mitotic cell fate is
dictated by which threshold is reached first. Adapted from (Gascoigne and Taylor, 2008).
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1.5. Kinetochore-Microtubule attachments

Faithfull segregation of chromosomes requires that all chromosomes are correctly
attached to spindle microtubules before anaphase onset. The only kinetochore-microtubule
attachment that ensures this principle is an amphitelic attachment, where each sister
kinetochore binds in an “end-on” fashion to microtubules oriented to opposite poles. There
are two models to explain kinetochore-microtubules attachments. According to the “search
and capture” (S&C) model, centrosomes nucleate microtubules in all directions and the
interactions between kinetochores and microtubules relies in the capacity that microtubules
have to dynamically alternate between growing (polymerization) and shrinking
(depolymerization) phases (Kirschner and Mitchison, 1986). Dynamic microtubules explore
(“search”) different directions and once they encounter (“capture”) a kinetochore, they
establish attachments that are selectively stabilized. However, theoretical models predict
that, in order to achieve complete capture of all 46 chromosomes present in a human cell,
the search and capture mechanism by itself is insufficient to explain the typical observed
duration of prometaphase (Wollman et al., 2005). Thus, despite the unquestionable
relevance of the “search and capture” model, its intrinsic limitations suggest the existence
of additional mechanisms that accelerate the formation of kinetochore-microtubule
interactions during prometaphase (reviewed in (Tanaka, 2013)). Furthermore, the search
and capture mechanism cannot explain kinetochore-microtubule attachments in cells
lacking centrosomes, such as in land plants or female oocytes (Khodjakov et al., 2000;
Wadsworth and Khodjakov, 2004), or after experimental centrosome inactivation in animal
somatic cells (Khodjakov et al., 2000). The acentrosomal microtubule formation model relies
on at least three mechanisms: a Ran-GTP gradient and the Chromosomal Passenger
Complex (CPC) promote microtubule nucleation and stabilization in the vicinity of
chromosomes; the second mechanism relies on kinetochore-mediated microtubule growth;
and the last involves microtubule branching from pre-existing spindle microtubules
mediated by the Augmin complex (Almeida et al., 2022; Meunier and Vernos, 2016; Prosser
and Pelletier, 2017; Sikirzhytski et al., 2018, 2014). Recent evidence suggest that both
centrosome-dependent and —independent models contribute for kinetochore-microtubule

attachments (Conway et al., 2022; Kiewisz et al., 2022).

1.6. Microtubule Binding to Kinetochores

An important feature of the kinetochore-microtubule interface is the ability to retain

attachments to dynamic microtubules during chromosome congression and segregation.
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Several studies have proposed the Ndc80 complex as the core of the kinetochore force-
transducing microtubule binding activity (reviewed in (Wimbish and DeLuca, 2020)). The
Ndc80 complex is an outer kinetochore component, conserved from yeast to vertebrates,
and depletion or inactivation of this complex results in a complete failure of end-on
microtubule attachments (reviewed in (Cheeseman and Desai, 2008; Ciferri et al., 2007)),
leading to extensive chromosome missegregation (DelLuca et al., 2002).

In budding yeast, the Dam1 complex, which localizes along mitotic spindle microtubules,
is necessary for stable kinetochore-microtubule attachments (Jones et al., 2001). The Ska
complex (Skal, Ska2 and Ska3/Ramal) has been proposed to be the functional equivalent
of the yeast Daml complex in higher eukaryotes (reviewed in (Guimaraes and Deluca,
2009)). The Ska complex, which localizes to the outer kinetochore and along spindle
microtubules, has also been pointed as an essential protein for stable kinetochore-
microtubule attachments (Daum et al., 2009; Gaitanos et al., 2009; Guimaraes and Deluca,
2009; Hanisch et al., 2006; Raaijmakers et al., 2009; Welburn et al., 2009). Depending on
the severity of depletion, loss of Ska results either in a metaphase-like arrest or in a more
dramatic alignment defect similar in severity to that observed upon Ndc80 depletion (Daum
et al., 2009; Raaijmakers et al., 2009; Sivakumar et al., 2014; Welburn et al., 2009).

1.7. Mechanisms of prometaphase error correction

Stable amphitelic microtubule attachments generate tension at kinetochores, locking the
correct chromatid orientation in place. However, the initial contact between kinetochores
and microtubules is stochastic and consequently erroneous attachments can be formed
during early mitosis (Cimini et al., 2001; Foley and Kapoor, 2013; Thompson and Compton,
2011). These include “monotelic” attachments where only one sister kinetochore is oriented
to a single spindle pole, “syntelic” attachments where both sister kinetochores are oriented
to the same spindle pole, and “merotelic” attachments where one of the sister kinetochores
is oriented to both spindle poles (Figure 1.10A). Monotelic or syntelic attachments are often
corrected due to the loss of tension, providing a new possibility to bi-orient (reviewed in
(Godek et al., 2015)). In contrast, merotelic attachments generate tension and cannot be
detect by the SAC surveillance mechanism. As a result, even when cells have a functional
SAC, merotelic attachments can persist into anaphase and single chromatids might
missegregate (Cimini et al., 2001; Thompson and Compton, 2011). Despite the large
stochasticity, chromosome segregation is remarkably accurate, which implies the presence
of several surveillance mechanisms to ensure error correction before and after anaphase

onset.
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Tension between sister chromatids has been described as the main regulator of
kinetochore-microtubule attachment stability (Biggins and Murray, 2001; Krenn and
Musacchio, 2015; Liu et al., 2009). The importance of tension in mitotic progression was
demonstrated by Bruce Nicklas in classic experiments in grasshopper spermatocytes,
where pulling a synthelically attached bivalent towards the opposite pole, resulted in
kinetochore-microtubule stabilization and meiotic progression (Nicklas and Koch, 1969).
Later, it was found that the establishment of tension was correlated with an increase in the
number of microtubules bound at kinetochores, suggesting that tension decreased the rate
of microtubule detachment (King and Nicklas, 2000).

The regulation of kinetochore-microtubule attachment stability is closely linked to the
activity of Aurora B kinase (Figure 1.10B). By phosphorylating the outer kinetochore protein
Hecl, a component of the conserved Ndc80 complex, Aurora B reduces the affinity of the
Ndc80 complex for microtubules, thereby destabilizing kinetochore-microtubule
attachments. The phosphorylation status of Aurora B substrates depends on their distance
from the kinase. In case of no attachments or erroneous attachments, there will be no
tension between sister kinetochores, and Aurora B is able to phosphorylate outer
kinetochore components. However, at metaphase, pulling forces at kinetochores create
tension, increases interkinetochore distance and leads to physical separation of outer
kinetochore components from Aurora B phosphorylation, promoting their dephosphorylation
and stabilization of attachments (Liu et al., 2009; Wimbish and DelLuca, 2020). Moreover,
Aurora B activity is counteracted by two phosphatases, protein phosphatase 1 (PP1) and
protein phosphatase 2A (PP2A), promoting dephosphorylation of the substrates and
stabilization of attachments (Egloff et al., 1997; D. Liu et al., 2010). Additionally, Aurora A
kinase, localized at centrosomes, mediates the correction of aberrant attachments in the
vicinity of the poles that could be stabilized due to high PEFs on chromosome arms (Barisic
et al., 2014; Barisic and Maiato, 2015; Chmétal et al., 2015; Ye et al., 2015). Additionally,
the dynamic nature of spindle microtubules plays an important role in error correction since
hyperstabilization of microtubules increases the number of lagging chromosomes during
anaphase (reviewed in (Bakhoum and Compton, 2012)). In that respect, the microtubule-
depolymerizing kinesin-13s proteins, including Kif2a, Kif2b and Kif2c/MCAK, appear as
central players in controlling the balance of microtubule dynamics (Manning et al., 2007;
Walczak et al., 2010). During prometaphase, kinetochore localization of Kif2b facilitates the
rapid turnover of kinetochore-microtubule attachments, promoting error correction. On the
other hand, during metaphase, MCAK activity at kinetochore is more relevant in
destabilizing erroneous attachments (Bakhoum et al., 2009b). Knock-down of MCAK or
Kif2b prevents correction of erroneous attachments after monastrol washout, an

experimental treatment that increases the number of aberrant attachments (Bakhoum et al.,
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2009a, 2009b; Lampson et al., 2004). On the other hand, overexpression of MCAK and
Kif2b prevents not only erroneous attachments, but also can significantly suppress the
frequency of chromosome missegregation events (Bakhoum et al., 2009b). Recently, it was
shown that MCAK has different affinity to spindle microtubules depending on certain tubulin
PTMs. Specifically, detyrosinated a-tubulin accumulates on correct and more stable
kinetochore-microtubule attachments impairing MCAK activity, allowing this kinesin to
discriminate between correct and incorrect attachments, thereby promoting mitotic fidelity
(Ferreira et al., 2020).
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Figure 1.10: Kinetochore-microtubule attachments in mitosis. A. Different configurations of the
kinetochore-microtubule attachments: (1) monotelic, (2) syntelic, (3) merotelic and (4) amphitelic. B.
In early mitosis, kinetochore-microtubule attachments errors are common. As mitosis progresses,
low tension and high Aurora B activity at the kinetochores allow the correction of the erroneous
attachments. As kinetochores bi-orient, tension increases, Aurora B activity decreases at the
kinetochores and kinetochore-microtubule stabilize. Adapted from (Wimbish and DelLuca, 2020).

1.8. Mechanism of anaphase error correction

Erroneous kinetochore-microtubule attachments are frequently observed in early
mitosis, but most are corrected before anaphase onset (Cimini et al., 2004, 2003). Previous
studies revealed that the frequency of lagging chromosomes was higher during early
anaphase than during late anaphase, and that most lagging chromosomes were resolved

by telophase, both in normal diploid cells and chromosomally unstable cancer cells (Cimini
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et al., 2004; Orr et al., 2021; Sen et al., 2021). These studies suggested that merotelically
attached kinetochores escape prometaphase error correction more often than originally
expected. Thus, these findings would support the idea of a correction mechanism that
serves as a back-up in anaphase to facilitate the incorporation of the lagging chromosome
into the main nucleus, thereby protecting against micronucleus formation. When cells transit
into anaphase, Aurora B leaves the centromere and is actively transported by the kinesin-
6 MKlp2 towards the spindle midzone (Adriaans et al., 2020; Gruneberg et al., 2004; Orr et
al., 2021), where it generated a phosphorylation gradient (Fuller et al., 2008). Inhibition of
Aurora B kinase activity at anaphase onset increased the frequency of lagging
chromosomes and micronuclei formation. Moreover, knock-down or inhibition of MKLP2,
which disrupts midzone localization of Aurora B, also increased the frequency of lagging
chromosomes that formed micronuclei, suggesting that the midzone-based Aurora B activity
gradient helps to resolve lagging chromosomes during anaphase (Orr et al., 2021; Sen et
al., 2021). Two possible models have been proposed to explain how a midzone-based
Aurora B activity gradient mediates error correction during anaphase. One is based on the
well-established microtubule destabilizing roles of Aurora B at centromeres during early
mitosis (Lampson and Grishchuk, 2017) and proposes that a midzone Aurora B activity
gradient promotes the phosphorylation of kinetochore substrates to destabilize merotelic
kinetochore-microtubule attachments (Sen et al., 2021). The other model favors the idea
that midzone Aurora B activity mediates anaphase error correction of merotelic kinetochore-
microtubule attachments by assisting the mechanical transmission of spindle forces at the
kinetochore-microtubule interface on lagging chromosomes (Orr et al.,, 2021). Indeed,
reducing spindle elongation by Eg5 inhibition increased the number of cells with laggards
and micronuclei (Orr et al., 2021). Therefore, in this model, midzone-localized Aurora B
contributes to the resolution of lagging chromosomes by assisting spindle elongation, and
by stabilizing kinetochore-microtubule attachments to allow mechanical transmission of
these spindle forces. The kinetochore-microtubule stabilizing role for Aurora B during
anaphase is further supported by the evidence that Aurora B can indirectly support
kinetochore-microtubule attachment stability through phosphorylation of the kinetochore
protein Dsnl, which prevents kinetochore disassembly during anaphase (Papini et al.,
2021). Thus, most lagging chromosomes are resolved by late anaphase and incorporated
into the main nucleus by telophase, but the exact mechanism underlying this anaphase
surveillance mechanism is not fully understood.

A midzone-based Aurora B activity gradient on chromosomes was proposed to mediate
a chromosome separation checkpoint that monitors and delays nuclear envelope
reformation (NER) and chromosome decondensation until efficient separation of sister

chromatids during anaphase is achieved (Afonso et al., 2014; Maiato et al., 2015).
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Spatiotemporal control of NER is particularly evident on anaphase lagging chromosomes,
which show a delay in NER relative to normally separating chromosomes in the same cell
(Afonso et al., 2014; de Castro et al., 2018; Liu et al., 2018; Orr et al., 2021). Notably, the
dependence of NER on chromosome separation during anaphase can be experimentally
relieved by inhibiting Aurora B activity at anaphase onset (Afonso et al., 2014, Liu et al.,
2018) or by preventing its association with the spindle midzone, causing all chromosomes
to initiate NER, regardless of chromosome separation (Afonso et al., 2014; Orr et al., 2021).
A chromosome separation checkpoint would provide an opportunity to correct erroneous
kinetochore-microtubule attachments and allow reintegration of lagging chromosomes in
the main nuclei before completion of NER. Thus, spatial control of NER appears to be

important for the fidelity of chromosome segregation.

1.9. Mechanisms of mitotic chromosome missegregation

Multiple mechanisms have been so far proposed to be involved in the generation of
chromosome segregation errors in human cells, such as defective SAC function, incorrect
kinetochore-microtubule attachments, altered microtubule dynamics (e.g., increased
stability of the attachments), mitotic spindle aberrations (e.g. multipolar spindle) and
chromosome cohesion defects (Bakhoum et al., 2009a, 2009b; Barber et al., 2008; Cimini,
2008; Maiato and Logarinho, 2014) (Figure 1.11). Chromosome segregation errors occur
at a very low frequency in healthy tissues (Cimini et al., 2002; Knouse et al., 2014; van den
Bos et al., 2016; Worrall et al., 2018), but they are a common feature in cancer (Bakhoum
et al., 2009a, 2009b).

The most obvious cause of chromosome segregation errors is a compromised SAC
activity that allows chromosome segregation to occur in the presence of unattached or
incorrectly attached chromosomes to the spindle (reviewed in (Lara-Gonzalez et al., 2012))
(Figure 1.11A). In mammals, complete inactivation of the SAC leads to dramatic
chromosome segregation errors, thus, the SAC is necessary for organismal development
and the viability of most mammalian cells (Dobles et al., 2000; Kalitsis et al., 2000; Kops et
al., 2004; Michel et al., 2001). Moreover, weakening SAC function allows for premature cell-
cycle progression into anaphase and dramatically increases the probability of whole
chromosome missegregation leading to aneuploidy (Michel et al., 2001). Although most
cells rely on SAC activity for survival, examples have emerged where the requirement for
the SAC can be bypassed. For example, extending the time for chromosome alignment by

lowering APC/C activity can render the SAC nonessential in cancer cells (Sansregret et al.,

44



2017;Wild et al., 2016). Although mutations in SAC genes are rare in human tumors, altered
expression of SAC genes have been observed in a number of tumors (reviewed in
(Simonetti et al., 2019)). Moreover, germline mutations in the mitotic checkpoint component
BubR1 have been identified in some individuals with mosaic variegated aneuploidy (MVA),
a rare disorder characterized by high levels of mosaic aneuploidy and significantly
increased risk of cancer (Hanks et al., 2004; Matsuura et al., 2006; Suijkerbuijk et al., 2010).
These findings indicate that impairments of the SAC may lead to chromosome
missegregation.

Efficient correction of erroneous kinetochore-microtubule attachments requires the
detachment of microtubules from inappropriately attached kinetochores. Consequently,
diminished kinetochore-microtubule dynamics allows the persistence of erroneous
attachments and increases the frequency of chromosome segregation errors.
Chromosomally unstable tumors exhibit more stable kinetochore-microtubule attachments
relative to normal diploid cells, which increases the frequency of merotelic attachments
(Bakhoum et al., 2009a).

The separation of chromosomes at anaphase relies on the timely loss of sister cohesion.
Cohesion serves to prevent premature chromosome separation during mitosis by tethering
newly synthesized sister chromatids together prior to entry into anaphase. Sister chromatids
are held together by ring-shaped cohesion protein complexes, which comprises four
different subunits including STAG1 or STAG2, RAD21, SMC1 and SMC3, and are loaded
onto the chromosomes during DNA replication. During the initial stages of mitosis (prophase
to metaphase), cohesion is first lost along the length of the chromosome arms but is
maintained at the centromeres through a Shugoshin-dependent mechanism (reviewed in
(Gutiérrez-Caballero et al., 2012)). The remaining cohesin complexes are released by
cleavage of the RAD21 subunit by Separase at the metaphase to anaphase transition.
There is some evidence suggesting that aberrant sister chromatid cohesion may lead to
precocious sister chromatid separation and chromosome segregation errors (Figure 1.11B).
These studies suggest that altered expression and/or function of key cohesion-related
genes may underlie chromosomal instability (CIN) (Barber et al., 2008; Zhang et al., 2008).
Depletion of Shugoshin (Sgol), a protein that protects centromeric cohesion from cleavage,
leads to an increase in the tetraploid cells population (lwaizumi et al., 2009). Inactivating
mutations in stromal antigen 2 (STAG2), a component of the cohesion complex, result in
defective sister chromatids and aneuploidy (Solomon et al., 2011).

Multipolar spindles are normally associated with supernumerary centrosomes, which in
turn may arise from centriole overduplication, cytokinesis failure, or mitotic slippage (Kops
et al., 2005b; Levine and Holland, 2018; Maiato and Logarinho, 2014). Interestingly,

multipolar spindles with supernumerary centrosomes are normally transient due to a
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centrosome clustering mechanism that circumvents potentially fatal spindle multipolarity
(Cassimeris and Morabito, 2004; Quintyne et al., 2005; Silkworth et al., 2009). While
clustering of centrosomes into two spindle poles provides a pathway to avoid lethal
divisions, it also promotes the formation of improper kinetochore-microtubule interactions,
such as merotelic attachments, which lead to chromosome segregation defects and
aneuploidy (Ganem et al., 2009; Silkworth et al., 2009) (Figure 1.11C). An alternative but
less understood mechanism leading to multipolar spindle formation is associated with loss
of spindle pole integrity due to centriole disengagement or fragmentation of the
pericentriolar material (PCM) (Cassimeris and Morabito, 2004; Logarinho et al., 2012;
Maiato and Logarinho, 2014). Contrary to multipolar spindles with extra centrosomes,
spindle multipolarity without centrosome amplification is normally irreversible and multipolar
anaphases are common, thereby compromising the viability of the cell progeny due to
massive chromosome missegregation, a phenomenon known as anaphase catastrophe
(reviewed in (Galimberti et al., 2011)).

Centrosomes not only function as a primary source of microtubules that build mitotic
spindles but they also determine the geometry and positioning of the spindle by regulating
their own positions within the cell. In most animal cells, the centrosome pair separates to
form a bipolar spindle. Numerous studies have demonstrated that defects in centrosome
separation may constitute a source of erroneous kinetochore attachments, which can
increase rates of lagging chromosomes and chromosome missegregation (Kaseda et al.,
2012; Nam et al., 2015; Nam and van Deursen, 2014; Silkworth et al., 2012; Y. Zhang et
al., 2012) (Figure 1.11D). Studies from a range of species have revealed that complete loss
of centrosomes can disrupt cytokinesis (Basto et al., 2006; Hinchcliffe et al., 2001; Lambrus
et al., 2015; Piel et al., 2001), which can also lead to tetraploidy.
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A Spindle Assembly Checkpoint (SAC) and Kinetochore-Microtubule attachments
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Figure 1.11: Chromosome segregation and sources of mitotic errors. A. Unattached
kinetochores activate an inhibitory SAC signal, which in turn blocks progression to anaphase. B.
Faulty sister chromatids cohesion can occur by premature loss of sister chromatid cohesion that can
results in increased rates of chromosome missegregation. C. Multipolar spindle commonly arise in
cells having more than two centrosomes. Centrosomes can cluster at the cell poles to allow bipolar
anaphase, however this can lead to defective attachments. D. Delays in centrosome separation can
lead to erroneous attachments and/or abnormal spindle geometry, resulting in chromosome
missegregation. Adapted from (Levine and Holland, 2018).

1.9.1. Chromosomal abnormalities: contextualizing aneuploidy and CIN

Each day, millions of cells in human bodies undergo division to ensure tissue
homeostasis and function (Sender and Milo, 2021). Numerous error correction mechanisms
are at play to ensure that these divisions proceed only under ideal growth conditions and
with high fidelity. Despite the presence of these surveillance mechanisms, errors in
chromosomes segregation during cell division can occur which can result in imbalances of

the genome (reviewed in (Potapova and Gorbsky, 2017)). Aneuploidy describes any
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karyotype that differs from a normal chromosome set (euploidy) and its multiples
(polyploidy). Aneuploidy can occur either by chromosome gains and losses due to
chromosome segregation errors (whole chromosome aneuploidy) or due to rearrangements
of chromosomal parts, often accompanied by their deletion and amplification (structural or
segmental aneuploidy). This condition is distinct from the condition of polyploidy, which is
defined as having a chromosome number that is a multiple greater than twice the haploid
number. Polyploidy arises due to severe errors in mitosis or meiosis, leading to the
formation of cells or gametes that have a complete set of duplicate chromosomes (Comai,
2005).

Acquired aneuploidy leads to huge genomic variability between somatic cells. Germline
aneuploidy has been reported as the major cause of congenital birth defects, miscarriage
and neurological pathologies (Hassold et al., 2007; Hassold and Hunt, 2001; lourov et al.,
2009; Martin, 2006), whereas somatic cell aneuploidy has been implicated in tumorigenesis,
genomic instability, tumor evolution, metastasis, drug resistance and reduced cancer
patient survival (Bakhoum et al., 2018; Cohen-Sharir et al., 2021; Crasta et al., 2012; A. J.
X. Lee et al., 2011; Lukow et al., 2021; Replogle et al., 2020; Umbreit et al., 2020; van Dijk
et al., 2021; Watkins et al., 2020; Weaver et al., 2007). A selective advantage of naturally
occurring aneuploid cells was reported in certain cell type within the body, including
hepatocytes, neural progenitor cells and neurons (Knouse et al., 2014; Yurov et al., 2007,
2005). Moreover, there is some evidence that aneuploidy can even improve cell proliferation
and fitness (reviewed in (Sheltzer and Amon, 2011)).

Aneuploidy is often accompanied by high rates of chromosome missegregation, a
phenomenon called chromosomal instability (CIN), in which chromosomes are permanently
gained and/or lost during multiple divisions (reviewed in (Thompson et al., 2010)). Although
CIN and aneuploidy are often used indistinctly, there is an important distinction: aneuploidy
refers to the genomic status of a cell with an abnormal chromosome complement at a given
time, while CIN refers to the behavior of cells that display a dynamic chromosomal content
from one generation to the next due to persistent segregation errors. Therefore, while CIN
invariably leads to aneuploidy, some cells can remain in a stable aneuploid status for
multiple generations. This is the case of patients with Down syndrome (trisomy of
chromosome 21), which is characterized by the presence of an extra copy of the
chromosome 21, but show a stable karyotype. Besides trisomy 21, only trisomy 13 (or
Patau syndrome) and trisomy 18 (or Edwards syndrome) are viable to birth in humans.
Although individuals with trisomy 13 and trisomy 18 can survive to birth, they do not typically

live beyond the first few years of life (Rasmussen et al., 2003).
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1.9.2. Aneuploidy and cancer

Aneuploidy and CIN have been recognized as hallmarks of cancer (reviewed in
(Holland and Cleveland, 2009)). Theodor Boveri was the first to propose a connection
between aneuploidy and solid tumors, suggesting that aneuploidy can initiate tumor
development (Boveri, 2008). Although aneuploidy and/or CIN might contribute to
tumorigenesis by changing the dosage of oncogenes and tumor suppressors required for
tissue homeostasis, growing evidence shows that genome imbalances might be
disadvantageous for tumors in certain circumstances (Sheltzer et al., 2017; Silk et al., 2013;
Weaver et al., 2007). CIN has been associated with both poor patient prognosis and
resistance to some chemotherapeutic agents (Bakhoum et al., 2011; Carter et al., 2006;
Choi et al., 2009; A. J. X. Lee et al., 2011; McClelland et al., 2009; Mettu et al., 2010; Ryan
et al., 2012; Sato et al., 2010; Swanton et al., 2009). Paradoxically, there is also evidence
that excessive CIN is a disadvantage for tumor progression and is associated with better
prognosis (Bakhoum et al., 2015; Birkbak et al., 2011; Roylance et al., 2011; Zaki et al.,
2014). These findings support the notion that low doses of CIN promotes tumor progression
while excessive CIN beyond a critical level can be lethal to cancer cells (Godek et al., 2016;
Silk et al., 2013). Whatever the case may be, and despite all controversy, direct targeting
of CIN as a potential anti-cancer therapy is now the subject of active research (Burrell et
al., 2010; Roschke and Kirsch, 2005).

1.9.3. Consequences of mitotic segregation errors

The consequences of mitotic segregation errors can be varied, depending on the degree
and nature of the error, on the genetic background of the cell, and on the precise role of the
cell in question. However, errors in chromosome segregation do not always cause
aneuploidy. Many potential chromosome missegregation events are prevented by cell cycle
checkpoints. However, if these checkpoints eventually fail, daughter cells will be generated
with a genetic imbalance of one or more chromosomes, segments of chromosomes, or
entire sets of chromosomes. Moreover, missegregating chromosomes or chromosome
fragments may become isolated from the main nuclei mass during erroneous mitosis,
forming micronuclei. In most normal tissue cells, aneuploidy is normally poorly tolerated and
several studies demonstrated to cause a p53-dependent reduction in cell
proliferation/viability (Fonseca et al., 2019; Li et al., 2010; Narkar et al., 2021; Pfau et al.,
2016; Sablina et al., 1998; Santaguida et al., 2017; Thompson et al., 2010; Thompson and

Compton, 2008). However, p53 activation and cell cycle arrest in response to aneuploidy
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does not seem to be universal and might depend on the cell type, the nature of the
segregation errors and cell culture conditions (Narkar et al., 2021; Santaguida et al., 2017;
Soto et al., 2017). In this section we will discuss the direct and indirect consequences
associated with chromosome segregation errors and the consequences of the exclusion of

a chromosome or a part of chromosome in a micronucleus.

1.9.3.1. Consequences of imbalanced karyotypes

The fact that only few specific chromosomal abnormalities are compatible with human
life suggests that karyotype variations are poorly tolerated. Indeed, several studies have
demonstrated that aneuploidy is detrimental to cell physiology and fitness of eukaryotic cells
(reviewed in (Gordon et al., 2012; Santaguida and Amon, 2015; Torres et al., 2008)). Even
in transformed cells, extra copies of individual chromosomes result in a proliferative
disadvantage and reduced capacity to form tumors in vivo (Sheltzer et al., 2017). The most
widely accepted explanation for the observed phenotypes is the gene dosage hypothesis,
which states that the observed phenotypes are a result of changes in the copy number of
genes located on the aneuploid chromosomes (Stingele et al., 2012; Torres et al., 2008,
2007). Genomic and transcriptional analyses performed on aneuploid cells demonstrated
that gene expression directly correlated with gene copy number. Despite transcriptome
alterations, studies in yeast and human cells revealed that changes in chromosome copy
number did not alter the production of a subset of proteins. The majority of proteins display
extensive dosage compensation at the protein level and fail to change by the degree
expected based on chromosome copy number (Brennan et al., 2019; Dephoure et al., 2014;
Geiger et al., 2010; Stingele et al., 2012; Taggart et al., 2020). It has been shown that some
synthesized proteins on aneuploid cells are degraded by the proteasome, which explains

the enhanced proteotoxic stress observed in these cells (Ishikawa et al., 2017).

1.9.3.2. DNA damage as a consequence of segregation errors

Mitotic errors have long been recognized to be a source of whole-chromosomal
aneuploidy, but recent evidence has also linked chromosome segregation errors to the
induction of DNA damage that promotes structural alterations in chromosomes. Common
by-products of cell division errors are lagging chromosomes, DNA bridges or misaligned
chromosomes in anaphase and generation of micronuclei in the following G1, which both
can be associated with DNA damage. Chromosome breakage can occur on lagging

chromosomes that are trapped in the cleave furrow, where breakage can be induced by
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physical forces (Janssen et al., 2011). Daughter cells that had inherited broken
chromosomes activate a DNA damage response that is typical of cells dealing with double-
stranded DNA breaks (DSBs), as shown by the activation of ATM/Chk2 and p53 (Janssen
et al., 2011).

DNA damage can also arise from the incorrect resolution of DNA ultrafine bridges (UFBs)
(K. L. Chan et al., 2009; Naim and Rosselli, 2009). UFBs are thin segments of naked DNA
linking the separating sister chromatids in the anaphase of mitosis. If left unresolved, UFBs
can break during anaphase and form micronuclei or lead to cytokinesis failure and
tetraploidization (reviewed in (Fernandez-Casafias and Chan, 2018). In addition, nuclear
envelope of micronuclei is unusually fragile, thereby promoting micronuclear rupture and
simultaneous DNA damage (Hatch et al.,, 2013) (see section 1.9.5 for in-depth

characterization.

1.9.3.3. Micronuclei

Chromosome segregation errors may also lead to the exclusion of a chromosome or a
fragment of a chromosome that fail to incorporate into one of the daughter nuclei during cell
division. If so, the missegregated piece of DNA recruits its own nuclear envelope and forms
a so-called micronucleus. Micronuclei harboring acentric chromatid/chromosome fragments
usually originate after extensive DNA damage such as DSBs that, if misrepaired, result in
asymmetrical chromosome rearrangements and exchanges. Micronuclei harboring whole
chromosomes are primarily formed due to deficiencies in chromosome segregation during
anaphase (reviewed in (Levine and Holland, 2018)).

Micronuclei have been used for decades as biomarkers for the assessment of
genotoxicity of pharmaceuticals, pesticides and other chemicals. Besides the use as a
biomarker in genotoxicity testing, micronuclei in human blood lymphocytes are predictive
for cancer risk, which makes them a suitable tool to assess the effect of lifestyle factors or
diseases on the risk of tumour formation (Bonassi et al., 2007). Increased frequency of
micronuclei has been found to be associated with various diseases, such as malignancies,
inflammatory and autoimmune disease, diabetes and obesity (Franzke et al., 2020; Kirsch-
Volders et al., 2020; X et al., 2021).

Accumulating evidence suggest that micronuclei display reduced functionality compared
to main nuclei in the same cell, with respect to DNA replication, DNA damage sensing and
repairing capacity (Crasta et al., 2012; Hatch et al., 2013; Terradas et al., 2009). In addition,
chromosomes within micronucleus fail to support a functional kinetochore (Vazquez-Diez

et al., 2016). Consequently, micronuclei are predisposed to undergo segregation errors,
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which favors the maintenance of a micronucleus over its reincorporation after mitosis (Soto
et al., 2018). Moreover, recent evidence has shown that chromosomes isolated within
micronuclei are prone to DNA damage, in part because the nuclear envelope of micronuclei
is unusually fragile and prone to spontaneous rupture, exposing the micronuclear DNA to
potentially damaging cytoplasmic components (Hatch et al.,, 2013; Liu et al., 2018).
Additionally, there is evidence showing that following membrane rupturing, DNA in
micronuclei undergoes massive rearrangements in a process called chromothripsis (Zhang
et al., 2015). One of the current models for chromothripsis involves DNA shattering in
micronuclei followed by reincorporation into primary nucleus, where random re-ligation of
the broken DNA can take place. Chromothripsis is common in cancer and associated with
poor prognosis (Rode et al., 2016; Voronina et al., 2020). Therefore, the presence of a
micronucleus can eventually result in DNA damage leading to catastrophic chromosomal

rearrangements that can contribute to tumorigenesis.

1.9.4. Tolerance to segregation errors

Cancer cells have evolved mechanisms to deal with the problematic consequences of
aneuploidy. Considering that aneuploidy induced by chromosome missegregation results in
a number of cellular stresses, it is striking how segregation errors can be tolerated in cancer
cells. Numerous studies have been performed in order to understand whether errors in
chromosome segregation can directly or indirectly lead to activation of the tumor suppressor
protein p53 (TP53 in humans and Trp53 in mice, best known as p53) (Giam et al., 2020;
Hinchcliffe et al., 2016; Janssen et al., 2011; Kurinna et al., 2013; Li et al., 2010; Santaguida
et al., 2017; Soto et al., 2017; Thompson and Compton, 2010), which in turn induces a cell
cycle arrest, senescence or apoptosis. p53 mutation is a common feature of highly
aneuploidy tumors (Taylor et al., 2018) and is associated with poor prognosis in cancer
(Donehower et al., 2019). Moreover, ablation of TP53 in certain cancer predisposed mouse
models promotes CIN and overall aneuploidy (Foijer et al., 2014; Grim et al., 2012). Also,
genome-editing of human derived colon organoids revealed that mutations in the tumor
suppressor genes APC, SMAD4 and TP53, and in the oncogenes KRAS and/or PIK3CA
per se were insufficient for malignant progression (Matano et al., 2015). This study
proposed that chromosome instability, in addition to driver pathway mutations, is needed
for invasive and metastatic transformation.

Some studies suggested that the mere presence of an imbalanced karyotype or only the
presence of micronuclei would be sufficient to activate p53 followed by cell cycle arrest

(Sablina et al., 1998; Thompson and Compton, 2010). Indeed, cells bearing micronuclei are
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more likely to die or undergo cell cycle arrest when compared with cells without micronuclei
after irradiation, and more micronuclei the cells contained more likely they will undergo
arrest (Huang et al., 2011). Consistently, cancer cells under hydroxyurea treatment, showed
that cells with micronuclei were more prone to undergo apoptotic cell death, compared with
cells with apparently normal nuclei (Utani et al., 2010). However, the micronuclei in these
studies were induced by ionizing radiation and replication stress, and there is a possibility
that the increase in cell death may be due to high levels of genome-wide DNA damage and
not only to the presence of micronuclei. However, a recent study also demonstrated that at
least a portion of micronucleated cells resulting from chromosome alignment defects
undergoes a p53-dependent cell cycle arrest (Fonseca et al., 2019). Moreover, the rate of
division for micronucleated cells increases twofold to threefold after p53 depletion (Fonseca
et al., 2019).

An extended mitotic duration can also trigger a p53-dependent cell-cycle arrest,
irrespective of whether chromosomes have been missegregated (Fong et al., 2016;
Lambrus et al., 2016; Meitinger et al.,, 2016; Uetake and Sluder, 2010). Another study
proposed that p53-dependent cell cycle arrest can occur as a response to chromosome
missegregation, and does not require other mitotic defects, such as prolonged
prometaphase duration or DNA damage (Hinchcliffe et al., 2016).

However, whether aneuploidy itself directly triggers p53 activation has remained unclear.
Complex aneuploidies that involve structural alterations (gain or loss of part of a
chromosome) do trigger p53 activation. On the other hand, whole-chromosome
aneuploidies do not always lead to p53 activation and can be propagated in a p53-proficient
background (Santaguida et al., 2017; Soto et al., 2017).

1.9.5. Segregation errors and the immune response

In recent years, it has been suggested that chromosome segregation errors can lead to
the activation of immune signaling pathways through the formation of micronuclei in
chromosomes that lag during anaphase (Bakhoum et al., 2018; Harding et al., 2017;
Mackenzie et al., 2017). In contrast to the primary nucleus, most micronuclei show aberrant
nuclear envelopes (NEs) that are highly prone to spontaneous and irreparable rupture
(Crasta et al., 2012; Hatch et al., 2013). One obvious explanation for nuclear envelope
disruption at micronuclei is decreased recruitment of lamin proteins to micronuclei (Hatch
et al., 2013; Kneissig et al., 2019; Liu et al., 2018; Vargas et al., 2012). In general, it is
estimated that 30-50% of micronuclear membranes in several cell types lack correct

incorporation of lamin B rendering them more vulnerable to rupture, potentially due to
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physical forces generated within the cell (Hatch et al., 2013; Hatch and Hetzer, 2016).
Although a large proportion of micronuclei displayed a complete lack of lamin B1, levels of
lamin A/C were similar to those observed in primary nucleus (Kneissig et al., 2019).
Confirming this notion, studies have revealed that reducing the lamin gaps on the
micronuclei membrane by overexpression of B-type lamins mitigates micronucleus
disruption (Bakhoum et al., 2018; Hatch et al., 2013). Although lamin gaps are visible at the
end of mitosis (Hatch et al., 2013; Liu et al., 2018), membrane rupture frequently does not
occur until many hours later (Hatch et al., 2013). In addition to defects in lamina structure,
high membrane curvature and mechanical forces from the actin cytoskeleton can also
contribute to micronuclear rupturing (Denais et al., 2016; Hatch and Hetzer, 2016; Raab et
al., 2016; Xia et al., 2018). Therefore, lamin B1 is less likely to be present within smaller
structures like micronuclei where the membrane curvature is high. In fact, lagging
chromosomes always fail to recruit lamin B1 (Afonso et al., 2014) but can efficiently
assemble lamin-A/C (de Castro et al., 2018), and micronuclei with high curvature display
low lamin-B intensity (Xia et al., 2019). Moreover, small micronuclei have a higher tendency
to rupture than larger ones (Xia et al., 2019), although it has also been reported that
micronuclei rupture is not associated with micronuclei size (Hatch et al., 2013). Nuclear
envelope disruption at micronuclei is frequently associated with DNA damage in
micronuclei; however DNA damage in micronuclei per se cannot induce micronuclei rupture
(Hatch et al., 2013). Nuclear envelope fragility is not specific to micronuclei, the primary
nucleus, especially of cancer cells, can undergo spontaneous disruption in some
circumstances (Hatch and Hetzer, 2014). Similar to micronuclei, chromatin bridges are also
associated with nuclear envelope defects, which also result in exposure of DNA to the
cytoplasm and leads to activation of the DNA damage response (Maciejowski et al., 2015).

A direct consequence of micronuclei membrane rupture is the release of genomic DNA
into cytoplasm, which becomes accessible to the cytoplasmic enzyme cGAS (Harding et
al., 2017; Mackenzie et al., 2017; Yang et al., 2017). Upon binding DNA, the enzymatic
activity of cGAS is activated, resulting in the production of a small molecule second
messenger, cyclic GMP-AMP (cGAMP) (Cai et al., 2014). cGAMP, in turn, binds to the
central scaffold of the innate immune response called STING (stimulator of interferon
genes), which then triggers a signaling cascade, thereby leading to the production of
inflammatory cytokines, chemokines and type | interferons (IFNs). The discovery of cGAS
activation on micronuclei provided a link between DNA damage and innate immune
responses. Multiple studies have reported the recruitment of cCGAS to micronuclei (Bartsch
et al.,, 2017; Dou et al., 2017; Gluck et al., 2017; Gratia et al., 2019; Harding et al., 2017;
Mackenzie et al.,, 2017; Yang et al., 2017). However, the exact mechanism for cGAS

recruitment to micronuclei remains unclear. A recent report demonstrated that cGAS
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reduces the abundance of micronuclei in an autophagy-dependent manner (Zhao et al.,
2021). Moreover, reduced presence of immune cells in tumors was associated with TP53
mutations (Lyu et al., 2019; Siemers et al., 2017). Recently, it was shown that mutant p53
suppresses downstream signaling from the cGAS/STING pathway by interacting with
TANK-binding protein kinase 1 (TBK1), resulting in the attenuation of the type | interferon
response and the promotion of tumor growth (Ghosh et al., 2021).

Evidence has emerged in recent years that tumor microenvironment can potentially be
explored to eliminate aneuploid cancer cells. More specifically, activation of cGAS-STING
pathway might be explored as a new therapeutic strategy to treat CIN tumors (Bakhoum et
al., 2018; Hong et al., 2019; Nassour et al., 2019). Complex karyotypes induced in normally
diploid RPE-1 cells are cleared more efficiently by natural killer cells in comparison to its
wild type counterpart due to cGAS-STING pathway activation (Santaguida et al., 2017).
However, cGAS-STING pathway can promote cytokine signaling, which maintains CIN and
leads to metastasis. Metastatic breast cancer cells often display more chromosomal
instability and presence of micronuclei when compared to the primary tumor (Bakhoum et
al., 2018). Moreover, tumor metastasis in the mouse brain was shown to be dependent on
production of cGAMP by cGAS in tumour cells (Chen et al., 2016) and inhibition of cGAS
or STING expression in tumor cells prevented metastasis (Bakhoum et al., 2018; Chen et
al., 2016). Furthermore, several cancers exhibit decreased cGAS-STING signaling (Xia et
al., 2016a, 2016b), which has been associated with poor survival (Song et al., 2017). The
role of cGAS-STING signaling in the regulation and maintenance of CIN tumors is complex
and it seems contradictory. On one hand, the cGAS-STING pathway seems to have a
tumor suppressive role by promoting the clearance of CIN tumors through recruitment of
immune cells (Santaguida et al., 2017). On the other hand, the cGAS-STING pathway has
been described to be an important regulator in the promotion of metastasis of CIN tumors
(Bakhoum et al., 2018; Chen et al., 2016).

1.9.6. Exploiting mitotic errors for cancer therapy

Several studies have shown that chromosome missegregation events occur at a very
low frequency in human primary or non-transformed cells, as well as with patient-derived
organoids from healthy tissue, but they are a common trait in cancer cells (Bakhoum et al.,
2014; Bolhaqueiro et al., 2019; Cimini et al., 2002, 2001; Crasta et al., 2012; Thompson
and Compton, 2011; Worrall et al., 2018). Despite the prevalence of CIN in human cancer,
its role in tumor evolution is complex and seems contradictory (Birkbak et al., 2011). CIN

has become a hot topic in recent years, not only for its implications in cancer diagnosis and
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prognosis, but also for its role in therapeutic responses. On one hand, CIN correlates with
resistance to antineoplastic agents, such as taxol, both in tumor-derived cell lines as well
as in clinical settings (Bakhoum et al., 2011; Swanton et al., 2009). It has been described
that cancer cell lines with CIN display a reduced sensitivity to several cytotoxic agents
compared with their diploid/near-diploid (CIN(-)) counterparts (A. J. X. Lee et al., 2011).
High levels of CIN are frequently associated with poor patient outcomes, suggesting that
CIN could contribute to tumor progression (Birkbak et al., 2011; van Dijk et al., 2021).
Conversely, excessive levels of CIN enhanced sensitivity to cytotoxic therapies such as
cisplatin and 5-fluorouracil in some cancers (Jamal-Hanjani et al., 2015; Roylance et al.,
2011; Zaki et al., 2014).

Several studies demonstrated that radiotherapy induces formation of micronuclei in solid
tumor samples as well as in peripheral blood lymphocytes from cancer patients (Gamulin
et al., 2008; Kobayashi et al., 2020; Tichy et al., 2018; Unal et al., 2016; Werbrouck et al.,
2013). Regression of tumors outside of the irradiated field was observed and is known as
the abscopal effect. Recent studies suggest that immunotherapy and radiation in
combination may enhance the abscopal response, a phenomenon wherein local irradiation
suppresses tumors far from the site of irradiation. Likewise, successful antitumor immunity
elicited by ionizing radiation (IR) is mediated by cGAS and STING pathways in the irradiated
tumors (Deng et al., 2014; Harding et al., 2017; Storozynsky and Hitt, 2020). Because
irradiation induces the formation of micronuclei, these findings suggested that the cGAS-
STING activation during abscopal effect might be elicited due to the mere presence of
micronuclei. Moreover, more recent studies are now suggesting that classic cancer
therapies, such as radiotherapy and chemotherapy drugs, may have direct
immunostimulatory effects through activation the cGAS-STING pathway in cancer cells
(Deng et al., 2014; Hu et al., 2021; McLaughlin et al., 2020; Yum et al., 2020).

One of the most successful drugs used in cancer is paclitaxel, which has been used for
decades to treat breast, ovarian, and lung cancer. Paclitaxel binds and stabilizes the MT
lattice and, at high concentrations, arrests dividing cells in mitosis by preventing silencing
of the SAC, leading to either cell death or senescence. However, clinically relevant doses
of paclitaxel do not generate a mitotic arrest but rather lead to the formation of multipolar
spindles that induce massive chromosome missegregation and micronucleation after
mitotic exit (Jordan et al., 1993; Orth et al., 2011; Symmans et al., 2000; Zasadil et al.,
2014). These findings support the notion that paclitaxel exerts its anticancer effects by
increasing the rate of CIN above a maximally tolerated threshold. This recognition raises
the question of whether this post-mitotic micronucleation might explain the therapeutic
efficacy of taxanes against solid tumors (Mitchison et al., 2017) and whether this

micronucleation promotes inflammatory signaling via cGAS-STING (Flynn et al., 2021; Hu
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et al., 2021). Indeed, paclitaxel showed increased therapeutic efficiency in breast cancer
cells that express high levels of cGAS, suggesting that high cGAS expression might be a
good predictor of clinical outcome when treating with microtubule poisoning drugs. The
newly discovered role of classic cancer therapies as immune stimulants provides an

opportunity for the development of new therapeutic strategies.
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CHAPTER 2.
EXPERIMENTAL WORK

CHAPTER 2.1.

Micronuclei from misaligned chromosomes that satisfy the
spindle assembly checkpoint in cancer cells

This chapter was based on the following published paper:

Gomes AM, Orr B, Novais-Cruz M, De Sousa F, Macéario-Monteiro J, Lemos C, Ferras C,
Maiato H. Micronuclei from misaligned chromosomes that satisfy the spindle assembly
checkpoint in cancer cells. Curr Biol. 2022 Oct 10; 32(19):4240-4254.e5. DOI:
10.1016/j.cub.2022.08.026.

58



CHAPTER 2.1.

Micronuclei from misaligned chromosomes that satisfy the
spindle assembly checkpoint in cancer cells

Abstract

Chromosome alignment to the spindle equator is a hallmark of mitosis thought to
promote chromosome segregation fidelity in metazoans. Yet, chromosome alignment is
only indirectly supervised by the spindle assembly checkpoint (SAC) as a byproduct of
chromosome bi-orientation, and the consequences of defective chromosome alignment
remain unclear. Here we investigated how human cells respond to chromosome alignment
defects of distinct molecular nature by following the fate of live HelLa cells after RNAI-
mediated depletion of 125 proteins previously implicated in chromosome alignment. We
confirmed chromosome alignment defects upon depletion of 108/125 proteins. Surprisingly,
in all confirmed cases, depleted cells frequently entered anaphase after a delay with
misaligned chromosomes. Using depletion of prototype proteins resulting in defective
chromosome alignment, we show that misaligned chromosomes often satisfy the SAC and
directly missegregate without lagging behind in anaphase. In-depth analysis of specific
molecular perturbations that prevent proper kinetochore-microtubule attachments revealed
that misaligned chromosomes that missegregate frequently result in micronuclei. Higher-
resolution live-cell imaging indicated that, contrary to most anaphase lagging chromosomes
that correct and reintegrate the main nuclei, misaligned chromosomes are a strong predictor
of micronuclei formation in a cancer cell model of chromosomal instability, but not in normal
near-diploid cells. We provide evidence supporting that intrinsic differences in kinetochore-
microtubule attachment stability on misaligned chromosomes account for this distinct
outcome. Thus, misaligned chromosomes that satisfy the SAC may represent a previously
overlooked mechanism driving chromosomal/genomic instability during cancer cell division,

and we unveil genetic conditions predisposing for these events.

Keywords: mitosis, micronuclei, kinetochore, Mad2, Cyclin B1, chromosome congression,

spindle assembly checkpoint, aneuploidy, chromosomal instability, cancer
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2.1.1 Introduction

Chromosome alignment in human cells relies on the concerted action of motor-
dependent and independent mechanisms, which are determined by chromosome
positioning at NEB, the establishment of end-on or lateral kinetochore-microtubule
interactions and specific tubulin post-translational modifications (Barisic et al., 2015, 2014;
Barisic and Maiato, 2016; Kapoor et al., 2006; Maiato et al., 2017; Vorozhko et al., 2008;
Wood et al., 1997; Yang et al., 2007). Despite its key role in promoting mitotic fidelity
(Fonseca et al., 2019; Matos et al., 2009; Orr and Maiato, 2019), chromosome alignment is
only indirectly supervised by the spindle assembly checkpoint (SAC), which monitors the
establishment of end-on kinetochore-microtubule attachments required for chromosome bi-
orientation and regulates the metaphase-anaphase transition (Lara-Gonzalez et al., 2021,
Rieder et al., 1994). Itis therefore widely assumed that, under physiological conditions, cells
only enter anaphase once all chromosomes align and bi-orient (Acquaviva et al., 2004;
Clute and Pines, 1999; Hein and Nilsson, 2014; Howell et al., 2000; Maresca and Salmon,
2009; Murray, 2011; Pereira and Maiato, 2012; Pesenti et al., 2016; Taylor and McKeon,
1997). However, chromosome alignment may occur independently of end-on kinetochore-
microtubule attachments and chromosome bi-orientation (Cai et al., 2009a; Kapoor et al.,
2006; Khodjakov et al., 1997), and conditions exist in which vertebrate cells may enter
anaphase in the presence of misaligned chromosomes (Rieder et al., 1986). Additionally,
misaligned chromosomes generated after functional perturbation of the kinetochore-
associated CENP-E/Kinesin-7 in primary mouse fibroblasts and human HelLa cells in
culture, as well as in regenerating hepatocytes in vivo, did not prevent anaphase onset in
approximately 25%, 40% and 95% of cell divisions, respectively, resulting in aneuploidy
(Maia et al., 2010; Tanudji et al., 2004; Weaver et al., 2003). Importantly, as opposed to
massive aneuploidy that renders cells unviable and has a tumor suppressing effect (Kops
et al., 2004; Silk et al., 2013), gain/loss of just one or few chromosomes that are unable to
complete alignment represents a real threat to chromosomal stability and has been shown
to contribute to tumorigenesis in vivo (Weaver et al., 2007). Thus, understanding how
human cells respond to chromosome alignment defects and determining what happens to
an enduring misaligned chromosome remain fundamental unanswered questions with

strong clinical implications.
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2.1.2. Results

2.1.2.1. A broad range of chromosome alignment defects directly lead to
missegregation

To systematically inquire how human cells respond to chromosome alignment defects of
distinct molecular nature we used siRNAs to knockdown 125 different proteins previously
implicated in this process (Table 1 and 2), combined with high-content live-cell microscopy
in human HelLa cells stably expressing histone H2B-GFP (to visualize chromosomes) and
a-tubulin-mRFP  (to  visualize mitotic spindles) (Figure 2.1) (see also

http://chromosomecongression.i3s.up.pt). Using this systematic approach, we were able to

deplete several proteins that were previously implicated in chromosome congression
(Figure 2.2, contribution of Joana Monteiro) and assess their contribution to the different
mitotic processes. Control cells underwent consecutive rounds of mitosis and completed
chromosome alignment in 23+8 min (meanzs.d., n=7229 cells), indicating no relevant
phototoxicity. In contrast, experimental perturbation of chromosome alignment led to three
main mitotic phenotypes: 1) cells that entered anaphase after a delay in completing
chromosome alignment (=2 s.d. in control-depleted cells); 2) cells that entered anaphase
without completing chromosome alignment; and 3) cells that died in mitosis without
completing chromosome alignment (Figure 2.3). In some cases (ILK, septin-7, Aki, HIP1r,
ANKRD53, ASB7, NuMA, CENP-U, CEP164, CDCA4 and MCAK), we were unable to
detect any significant defect in chromosome alignment under our experimental conditions
(Table 1), while others (Shp2, GAK, CEP72, CEP90, CENP-H and Mis12) turned out to be
off-targets (Figure 2.4, contribution of Joana Monteiro) and were not pursued further.
Interestingly, upon depletion of several Augmin complex subunits (Uehara et al., 2009),
CLASPs (Logarinho et al., 2012) or the Ska complex (Gaitanos et al., 2009), among others,
a fraction of cells was also unable to maintain chromosome alignment after completing
congression to the spindle equator and showed signs that resembled cohesion fatigue
and/or loss of spindle pole integrity (Figure 2.5). Not surprisingly, defective chromosome
alignment was often associated with a significant mitotic delay, indicating a functional SAC
whose timely satisfaction was nevertheless compromised (Figure 2.3b and Figure 2.6).
Moreover, the severity of the observed chromosome alignment defects varied extensively,
suggesting that certain proteins, such as CENP-E, several cytoplasmic Dynein subunits,
members of the KNL1, Mis12 and Ndc80 (KMN) network (Cheeseman et al., 2006), the Ska
complex (Gaitanos et al., 2009), and the Augmin complex (Uehara et al., 2009), are more
crucial for this process than others (Figure 2.3b). However, less penetrant phenotypes due

to sub-optimal protein depletion cannot be excluded. Most relevant, and regardless of the
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underlying molecular nature, cells frequently entered anaphase with misaligned
chromosomes that often missegregated.

1. Protocol optimization 2. RNAI 3. Imaging
for siRNA transfection SIRNA transfection of InCell Analyzer 2000
(24h-96h) based on: Hela cells H2B-GFP/o-tubulin-mRFP
- Mitotic index
- Phenotypic consistency Q [> 9
- Cell viability/death ' N
- Western blot - 20x objective
- 96-well plates - Time-lapse: 10 min
- Knockdown of 125 genes - Automated live-cell imaging for 72h

N

{} 4. Image analysis

Fiji software

5. Phenotypic Classification
(human intelligence)

Alignment problems:
- Congression delay
- Congression failure (anaphase)
- Congression failure (death)

. - Maintenance of alignment
Time-lapsegevery 10 mig for.72 h
after optimal RNAi conditions Cell fate:

’ - Death in mitosis
(o] - Death in interphase

S

£,

Micronuclei origin:
- Lagging chromosomes
- DNA bridges
- Misaligned chromosomes

Figure 2.1. Schematic illustration of the high-content analysis of chromosome alignment
defects. Different steps between protocol optimization and automated live-cell imaging of 125
different RNAI conditions against genes previously implicated in chromosome congression.
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Figure 2.2. Analysis of RNAi-mediated depletion efficiency by Western blot. Validation of RNAI
efficiency by immunoblotting with specific antibodies against each target protein (upper band), except
for Nuf2, Spc24 and Spc25, where anti-Hecl was used. The bottom bands corresponds to anti-a-
tubulin (siAstrin, SiCENP-E, siTACC3; siKNL1; siBubl; siBubR1,; siKif18a; siKif4a; siSkal; sSiCENP-
I; SiCLERC; siZw10; siHURP; siMCAK; siAnd-1; siNdel; si4.1r; siCLASP2; siCLASP1; siINCENP;
siNdc80; siNuf2; siSpc24; siSpc25), anti-GAPDH (siKif2a; siHAUSG6; siSka2; siNdc80) and anti-
Vinculin (siNsl1; siSka3; siDsnl; siCENP-N; siAurora A; siAurora B; siATRX; siDHC), which were
used as loading controls. siSC= control.

64



H2B-GFP mRFP-a-tubulin

Q

Congression
Delay

failure
(anaphase)

T Congression Congression

sDYNLRB]

siKif18a

$i4.1r
SiHICE1
s 5
SICENP-|
SITAC

sif
SICLASP1+42
SINCENP
SiICENP-W-

g
SINInein & ¢
SINUSAP 1 —Jmms 5% %
$iNup188 - i

SIKIf4a —jmm x %

*hkk

Hm Congression delay
B Congression failure (anaphase)
mm Congression failure (death)

0 10 20 30 40

50 60 70 8 90 100

% of cells with congression defects

Figure 2.3. A broad range of chromosome alignment defects directly lead to missegregation.
a) Examples of time-lapse sequences illustrating the three main mitotic phenotypes observed. Arrows
indicate chromosomes at the poles in cells exhibiting chromosome alignment defects. Pixels were
saturated for optimal visualization of misaligned chromosomes. Scale bar=5 pm. Time=h:min. b)
Quantification of congression phenotypes in control (siScramble) and siRNA-depleted cells. At least
2 independent experiments per condition were performed. The total number of cells analyzed for
each condition is indicated in Table 1. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=not
significantly different from control; Fisher’s exact two-tailed test; # highlights a possible off-target

associated with siRNA oligo 1 against HURP).
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Figure 2.4. Identification of off-targets. Protein lysates obtained after RNAIi treatment were
immunoblotted with an antibody specific for each protein of interest (Mis12, CEP90, CENP-H, SHP2,
CEP72 and GAK, upper bands). The bottom band corresponds to antibody detections of GAPDH or
Vinculin, which were used as loading controls.
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Examples of time-lapse sequences illustrating the three main mitotic phenotypes of chromosome
alignment maintenance defects observed: 1) cells showed a prolonged delay in chromosome
alignment but eventually completed congression, after which chromosomes/chromatids
underwent gradual scattering from the metaphase plate; 2) chromosomes aligned normally at the
metaphase plate, but then underwent gradual scattering; 3) chromosomes aligned normally at
the metaphase plate, followed by spindle pole fragmentation and chromosome scattering. Arrows
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breakdown (NEB) to cell death or mitotic exit. b) Frequency of cells exhibiting problems in the
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problems in the maintenance of chromosome alignment were included. At least 2 independent
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2.1.2.2. Mild, yet penetrant, chromosome alighment defects are compatible with
mitotic progression and cell viability

Next, we investigated how the extent of chromosome alignment defects impacts cell
viability during and after mitosis (Figure 2.7 a, b). We found a strong positive correlation
between the propensity of cells to die in mitosis and the time they spent in mitosis due to
chromosome alignment defects (Figure 2.7 b-d). A positive, yet weaker correlation was also
observed between the likelihood of cells to die in the subsequent interphase and the time
they spent in mitosis due to chromosome alignment defects (Figure 2.7b, e, f). In one
particular case (NUP107 RNAI), most cells died in the subsequent interphase likely due to
a well-established role in nuclear pore complex assembly and function (Beck and Hurt,
2017). Interestingly, a direct comparison between CENP-E-depleted (with mild, yet highly
penetrant chromosome alignment problems) and Ndc80-depleted cells (with severe, but
less penetrant chromosome alignment problems), revealed a clear link between the extent
of chromosome alignment defects and cell death, either in mitosis or in the subsequent
interphase (Figure 2.8). Importantly, conditions like CENP-E or Kif18a depletion, in which
cells entered anaphase with only one or few misaligned chromosomes, and/or a less
compact metaphase plate (Fonseca et al., 2019), were compatible with mitotic progression
and cell viability (Figure 2.7.b), thereby representing a threat to chromosomal stability.
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Figure 2.7. Mild, yet penetrant, chromosome alighment defects are compatible with mitotic
progression and cell viability. a) Examples of time-lapse sequences illustrating the fates exhibited
by HelLa cells undergoing congression defects following siRNA knockdown. Time=h:min, from
nuclear envelope breakdown (NEB) to each cellular outcome. Scale bar=5 pm. b) Frequency of cells
that either died in mitosis (magenta) or died in interphase (green) in control and siRNA-depleted cells.
The total number of cells analyzed for each condition is indicated in Table 1. (*p<0.05, **p<0.01,
***n<0.001, ****p<0.0001, ns=not significantly different from control; Fisher’s exact two-tailed test; #
highlights a possible off-target associated with siRNA oligo 1 against HURP). c) Correlation between
mitotic duration and cell death in mitosis for each condition. d) Correlation between the severity of
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mitotic duration after siRNA treatment and cell death in interphase. f) Correlation between
congression severity and the frequency of cell death in interphase. Pearson’s correlation (r) and
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Figure 2.8. Cell fate upon induction of chromosome alignment defects of distinct molecular
nature. a) Cell fate profiles of HeLa cells with delayed or failed chromosome alignment after Ndc80
depletion. Each line indicates a single cell and respective outcome. a") Time that cells spent until
mitotic exit (blue), death in mitosis (purple) or in subsequent interphase (green) after Ndc80
depletion. Each dot represents a single cell. The horizontal line indicates the mean of all quantified
cells and the errors bars represent the standard deviation from a pool of four independent
experiments (Mitotic exit, 289+377 min, n=83; Death in mitosis, 894+292 min, n=45; Post-mitotic
death 11621359 min, n=42; ****p<0.0001 relative to control, analyzed using a Mann-Whitney Test).
b) Cell fate profiles of HelLa cells with delayed or failed chromosome alignment after CENP-E
depletion. b") Time that cells spent until mitotic exit (blue), death in mitosis (purple) or in the
subsequent interphase (green) after CENP-E depletion. Each dot represents a single cell. The
horizontal line indicates the mean of all quantified cells and the errors bars represent the standard
deviation from a pool of five independent experiments (Mitotic exit, 243+193 min, n=358; Death in
mitosis 996+322 min, n=15; Post-mitotic death 8141408 min, n=32; ****p<0.0001 relative to control,,
analyzed using a Mann-Whitney Test).

2.1.2.3. Cells with misalighed chromosomes enter anaphase after satisfying the
spindle assembly checkpoint

In contrast to cells that satisfy the SAC, human cells undergoing mitotic slippage (Rieder
and Maiato, 2004) upon complete microtubule depolymerization with nocodazole retain the
SAC proteins, Madl, Mad2 and BubR1 at kinetochores and very slowly degrade Cyclin B1
due to residual APC/C activity (Brito and Rieder, 2006; Gascoigne and Taylor, 2008;
Novais-Cruz et al., 2018). To distinguish between these possibilities, we used live imaging
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in HeLa cells stably expressing Mad2-GFP to monitor the status of the SAC in control- or
CENP-E-depleted cells that entered anaphase with one or few misaligned chromosomes at
very high frequency after a mitotic delay (Figure 2.3b; see also (Maia et al., 2010; Tanudji
et al., 2004)). As expected, in cells treated with a control SIRNA Mad2-GFP accumulated at
kinetochores during prometaphase and gradually disappeared as chromosomes bi-oriented
and aligned at the metaphase plate, being undetectable at kinetochores when cells entered
anaphase (Figure 2.9.a). Likewise, Mad2-GFP accumulated exclusively at the kinetochores
from those few chromosomes that never completed alignment after CENP-E depletion,
becoming undetectable before anaphase onset and throughout anaphase (Figure 2.9.a,
contribution of Bernardo Orr). To obtain a more quantitative picture, we used
immunofluorescence in fixed HeLa cells to measure the fluorescence of the SAC protein
Madl relative to CENP-C (a constitutive kinetochore component) on misaligned
chromosomes after CENP-E depletion in early anaphase (Figure 2.9.b). We found that, in
striking contrast to misaligned chromosomes during prometaphase where Mad1 signal was
clearly detected at kinetochores in both control- and CENP-E-depleted cells (Figure 2.9.c),
virtually no Mad1 signal was detected at both kinetochores from misaligned chromosomes
(an indication of syntelic attachments in which both kinetochores of a misaligned
chromosome are oriented towards the same spindle pole) that persisted in early anaphase
after CENP-E depletion (Figure 2.9.c). Together, these data suggest that cells with
misaligned chromosomes enter anaphase after a delay by satisfying the SAC.

To further validate this conclusion, we used time-lapse fluorescence microscopy in HeLa
and non-transformed near-diploid RPE-1 cells to quantify the levels and monitor the
respective degradation kinetics of endogenously-tagged Cyclin B1 with the fluorescent
protein Venus (Novais-Cruz et al., 2018) after depletion of CENP-E, or a second unrelated
protein (TACC3) whose depletion also resulted in misaligned chromosomes (Gergely et al.,
2003) (Figure 2.10 and Figure 2.11a-c; contribution of Bernardo Orr). Consistent with
previous reports (Afonso et al., 2019; Clute and Pines, 1999) and in stark contrast with
Cyclin B1 degradation kinetics over more than 12 hours during mitotic slippage/death upon
complete microtubule depolymerization with nocodazole (Figure 2.11d, e, contribution of
Marco Cruz) (see also (Brito and Rieder, 2006; Gascoigne and Taylor, 2008; Novais-Cruz
et al., 2018)), Cyclin B1 starts to be steadily degraded few minutes before the onset of
anaphase and continues to decline throughout anaphase in control HeLa or RPE-1 cells,
becoming undetectable as chromosomes decondense in telophase (Figure 2.10a,b and
Figure 2.11a,b; contribution of Bernardo Orr). Similar degradation kinetics were observed
in CENP-E-depleted or TACC3-depleted cells that entered anaphase, with or without
completion of chromosome alignment (Figure 2.10a,b and Figure 2.11a,b). In this particular
set of experiments ~40% of the CENP-E-depleted and ~20% of the TACC3-depleted
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anaphase Hela cells formed micronuclei directly from chromosomes that never aligned at
the spindle equator (Figure 2.10c). The frequency of these events was significantly lower in
RPE-1 cells, likely due to higher efficiency in chromosome alignment after CENP-E
depletion (Figure 2.11c). Taken together, these data indicate that cells with misaligned
chromosomes may enter anaphase after satisfying the SAC and undergoing normal Cyclin
B1 degradation.
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Figure 2.9. Cells with misaligned chromosomes enter anaphase after satisfying the spindle
assembly checkpoint. a) Selected time-frames of representative HelLa cells stably expressing
Mad2-GFP (green) and chromosomes labeled with SiR-DNA (magenta) in control and after CENP-
E depletion. White arrowheads point to a misaligned chromosome during anaphase. Time=min:sec.
Time 00:00=anaphase onset. b) Immunofluorescence of HelLa cells stained for DNA (blue), Mad1l
(green), CENP-C (white) and B-tubulin (magenta). Insets show higher magnification of selected
regions with misaligned chromosomes (grayscale for single channels of Mad1 and CENP-C). Images
are maximum intensity projections of deconvolved z-stacks. Scale bar=5 um. c¢) Quantification of the
fluorescence intensity of Mad1 relative to CENP-C on misaligned chromosomes. Each dot represents
an individual kinetochore. The horizontal line indicates the mean of all quantified kinetochores and
the error bars represent the standard deviation from a pool of two independent experiments
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(mock/prometaphase, n=90 kinetochores, 9 cells; siCENP-E/prometaphase, n=72 kinetochores, 17
cells; siCENP-E/anaphase, n=19 kinetochores, 14 cells; ****p<0.0001 relative to control, Mann-
Whitney Test).
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Figure 2.10. Cells with misaligned chromosomes enter anaphase after undergoing normal
Cyclin B1 degradation. a) Selected time frames from live-cell microscopy of HelLa cells stably
expressing H2B-mCherry and Cyclin B1l-Venus in control, CENP-E and TACC3 RNAI.
Time=min:sec. Time 00:00=anaphase onset. Scale bar=5 pm. Black arrowheads point to misaligned
chromosomes at anaphase onset. b) Cyclin B1 degradation curves for control-, CENP-E- and TACC-
3-depleted cells that properly align their chromosomes at the metaphase plate or exit mitosis with
misaligned chromosomes and form micronuclei. The curves represent mean Cyclin B1-Venus
fluorescence intensity from all analyzed cells and error bars represent the standard deviation from a
pool of two independent experiments [siScramble n=20; siCENP-E (misaligned+micronuclei) n=22;
SiCENP-E (aligned) n=15; siTACC3 (misaligned+micronuclei) n=5; siTACC3 (aligned) n=12]. c)
Frequency of anaphase cells with aligned chromosomes, misaligned chromosomes and misaligned
chromosomes that result in micronuclei in control- (black bars), CENP-E-(green bars) and TACC3-
depleted cells (magenta bars).

74



ad RPE-1 (min:sec)
-14:00 -12:00 -10:00 -8:00 -6:00 -4:00 -2:00 Anaphase 2:00 4:00 6:00 8:00 10:00 12:00
H2B-mCherry

* . - - - e - [ -
o * - G - - o e - .
£ | —
g Cyclin B1-Venus
® e

H2B-mCherry » »

- P e e B -

- e o s e e

siCENP-E

b —— siScramble Cc EE siScramble
f 129+~ SiCENP-E (aligned) m SiCENP-E
' +— SiCENP-E (misaligned + MN) 100
90
80
70
60
50
40
30
20
1 _ 10
[ I T T T T T | T T | T 1 0-
14 12 10 -8 6 -4 2 0 2 4 6 8 10 12
Time (min)

Relative Cyclin-B1-Venus levels
Anaphase cells (%)

———

Aligned Misaligned Misaligned + MN

d HeLa (h:min)
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00

Nocodazole

e 14 —— NOC —— NOC +MG132
0
o
>
o
= 1.01
£
©
>
(6]
g 0.9+
©
[0)
[
0.8

012 3 4586 7 8 9 1011 1213

Time in mitosis (h)
Figure 2.11. Further characterization of Cyclin B1 degradation profiles in RPE-1 and HelLa
cells. a) Selective time frames from live-cell microscopy of RPE-1 cells stably expressing H2B-mRFP
and Cyclin B1-Venus in control and siCENP-E. Images were acquired every 2 min. Time = min:sec.
Time 00:00 = anaphase onset. Black arrowheads point to misaligned chromosomes that remain upon

anaphase onset. b) Cyclin B1 degradation profile for control, CENP-E depleted cells that properly
align their chromosomes at the metaphase plate and CENP-E depleted cells that exit mitosis with
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misaligned chromosomes give rise to micronuclei. Fluorescence intensities were normalized to the
levels at time = -8. The curves represent mean Cyclin B1-Venus fluorescence intensity from all
analyzed cells and errors bars represent the standard derivation from a pool of three independent
experiments (siScramble n=30; siCENP-E (aligned) n=30; siCENP-E (misaligned+micronuclei) n=5).
c) Frequency of anaphase cells with aligned chromosomes, misaligned chromosomes and
misaligned chromosomes that result in micronuclei in control (black bars) and CENP-E-depleted cells
(green bars). d) Selected time frames from phase-contrast and fluorescence microscopy of Cyclin
B1-Venus Hela cells treated with nocodazole with or without MG132. Images were acquired every
15 min. Scale bar = 5um. Time = h:min. e) Cyclin B1 degradation profiles of nocodazole-treated
Cyclin B1-Venus Hela cells in the presence or absence of MG132. Fluorescence intensities were
normalized to the levels at time = 0. The curves depict mean Cyclin B1-Venus fluorescence intensity
from all analyzed cells per condition (nocodazole n=12; nocodazole + MG132 n=10), and error bars
represent the standard deviation. Note that acquisition in the presence of MG132 was terminated
earlier relative to acquisition without MG132 due to cell death.

2.1.2.4. Although most micronuclei originate from anaphase lagging chromosomes,
misaligned chromosomes are a stronger predictor of micronuclei formation

The origin of micronuclei has been linked to the presence of lagging chromosomes
during anaphase that form due to incorrect merotelic kinetochore-microtubule attachments
(when individual kinetochores bind to microtubules oriented to both spindle poles) (Cimini
et al., 2002; Crasta et al., 2012). More recently, DNA bridges that persist during anaphase
were also implicated in micronuclei formation (Umbreit et al., 2020). Here we sought to
compare the relative contributions of lagging and misaligned chromosomes, as well as DNA
bridges, to micronuclei formation during HelLa cell division (Figure 2.12a). To do so, we
focused our analysis on a subset of experimental conditions that are recognized to prevent
proper kinetochore-microtubule attachments (Figure 2.12b). As a rule, and in line with our
previous findings (Orr et al., 2021), these conditions led to a substantial increase in the
frequency of daughter cells with micronuclei (9.0 £ 7.3%, mean * s.d., and up to 40% on
specific conditions such as KNL1 depletion) when compared to daughter cells treated with
a control siRNA (1.4%) (Figure 2.12b). As expected, most of the resulting micronuclei
derived from anaphase lagging chromosomes (62 £ 19%, mean * s.d. of all conditions) and
only few (8.5 £ 6.2%, mean % s.d. of all conditions) originated from DNA bridges (Figure
2.12b). However, we also found that a significant fraction of cells (29 + 20%, mean * s.d. of
all conditions) formed micronuclei that derived directly from misaligned chromosomes
(Figure 2.12b). Noteworthy, although occurring at much lower frequency, the relative origin
of micronuclei in control HeLa cells was in line with that generally observed upon
experimental perturbation of kinetochore-microtubule attachments (56%, 22% and 22%, for
lagging chromosomes, DNA bridges and misaligned chromosomes, respectively; n=1700
cells) (Figure 2.12b). This scenario changed significantly both regarding frequency and

origin of micronuclei upon monastrol treatment and washout, which induces the formation
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of erroneous kinetochore-microtubule attachments leading to a high frequency of anaphase
lagging chromosomes (Cimini et al., 2003; Lampson et al., 2004) (Figure 2.12b).

Next, we determined the respective probabilities of micronuclei formation given a specific
condition, which can either be a lagging chromosome, a DNA bridge or a misaligned
chromosome. Surprisingly, and despite the fact that most micronuclei derived from
anaphase lagging chromosomes, we found that in unperturbed Hela cells treated with a
control siRNA the absolute and relative probability of micronuclei formation from a
misaligned chromosome (0.92 and 0.70, respectively) clearly outcompeted the other two
classes, including anaphase lagging chromosomes (0.28 and 0.21, for absolute and relative
probabilities, respectively) (Figure 2.12c and Figure 2.13). These probabilities were
significantly higher than what would be expected if all missegregation events were equally
likely to cause micronuclei (p<0.0001; Chi-square test). Interestingly, although the
experimental perturbation of kinetochore-microtubule attachment stability did not result in
gross alterations of the relative origins of micronuclei, in most cases it reverted or attenuated
the much higher probability of micronuclei formation from misaligned chromosomes
observed in unperturbed cells (Figure 2.12c and Figure 2.13). This result is consistent with
a role of stable kinetochore-microtubule attachments in anaphase error correction and
micronuclei prevention from lagging chromosomes (Orr et al., 2021). One noticeable
exception was HURP, which gave rise to much milder congression problems with no
obvious bias for micronuclei formation from misaligned chromosomes with a second siRNA,
in contrast with the original siRNA, despite equivalent depletion efficiency (Figure 2.2). We
suspect that the first sSiRNA against HURP might by hitting the SAC component MAD?2,
which is highly prone to off-targeting (Sigoillot et al., 2012) and would force HURP-depleted
cells with incomplete chromosome congression to enter anaphase prematurely, directly
leading to micronuclei formation due to incomplete chromosome alignment. Overall, we
conclude that, although the majority of micronuclei originate from anaphase lagging
chromosomes, misaligned chromosomes are a stronger predictor of micronuclei formation

during HelLa cell division.
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Figure 2.12. Although most micronuclei originate from anaphase lagging chromosomes,
misaligned chromosomes are a stronger predictor of micronuclei formation. a) Examples of
time-lapse sequences illustrating the different origins of micronuclei. Time=min:sec. Time
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chromosomes until they eventually form micronuclei. Pixels were saturated for optimal visualization
of misaligned chromosomes, DNA bridges and lagging chromosomes. Scale bar=5 pum. b)
Frequency of daughter cells with micronuclei that derived either from lagging chromosomes (black
bars), DNA bridges (green bars) or misaligned chromosomes (magenta bars) under the specified
conditions [siScramble n=1700, MonWO n=327, siAstrin n=423, siBubl n=457, siKif18a n= 540,
SICENP-N n= 422, siSkal n=395, siTACC3 n=485, siNsl1 n=400, siSka3 n= 383, siZw10 n= 404,
siNdc80 n=440, siAurora A n= 388, siCLERC n=263, siNuf2 n=428, siCENP-I n= 389, siAurora B
n=499, siDsnl n=688, siCENP-E n= 346, siSpc24 n=418, siBubR1 n=387, siSpc25 n= 425,
siHURP_oligol n=296, siHURP_oligo2 n=200, siKNL1 n=413; pool of 2 independent experiments
for each siRNAi per condition, with the exception of Aurora A and CLERC in which only 1 experiment
for the second siRNAi was performed. All independent experiments were pooled]. (*p<0.05,
**p<0.01, ***p=<0.001, ****p<0.0001, ns=not significantly different from control; Fisher's exact two-
tailed test; # highlight a possible off-target associated with siRNA oligo 1 against HURP). ¢) Relative
probability (sum of the 3 independent absolute probabilities normalized to 1) of micronuclei formation
from a lagging chromosome (black bars), a DNA bridge (green bars) or a misaligned chromosome
(magenta bars) under the specified conditions [*p<0.05, **p<0.01, ***p=<0.001, ****p=<0.0001, ns=no
significant difference from what would be expected if all missegregation events were equally likely to
cause micronuclei in each experimental condition (Chi-square test)].
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Figure 2.13. Absolute probabilities of forming a micronucleus from misaligned
chromosomes, DNA bridges and lagging chromosomes in HelLa cells. Absolute probabilities
of forming a micronucleus of different origins in unperturbed HelLa cells and after molecular
perturbations that weaken kinetochore-microtubule attachments or promote the formation of
anaphase lagging chromosomes after monastrol treatment and washout (MonWO). [siScramble
n=1700, MonWO n=327, siAstrin n=423, siBub1 n=457, siKif18a n=540, sSiCENP-N n=422, siSkal
n=395, siTACC2 n=485, siNsl1 n=400, siSka3 n=383, siZw10 n=404, siNdc80 n=440, siAurora A
n=388, SiCLERC n=263, siNuf2 n=428, siCENP-I n=389, siAurora B n=499, siDsnl n=688,
SICENP-E n=346, siSpc24 n=418, siBubR1l n=387, siSpc25 n=425, siHURP_oligol n=296,
siHURP_oligo2 n=200, siKNL1 n=413; pool of 2 independent experiments for each siRNA1l
oligonucleotide per condition, with the exception of Aurora A and CLERC in which only 1
experiment for the second siRNA1 oligonucleotide was performed. All independent experiments
were pooled].
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2.1.2.5. Micronuclei formation from misaligned chromosomes is a frequent outcome
in a cancer cell model of chromosomal instability, but not in near-diploid non-
transformed cells

Next, we set out to investigate the origin of micronuclei that form spontaneously during
cell division in RPE-1 and chromosomally unstable U20S cells (Bakhoum et al., 2009a). To
visualize the entire chromosome set and spindle microtubules, these cell lines were
engineered to stably express Histone H2B-GFP and mRFP-a-tubulin and were inspected
by 4D live-cell spinning-disk confocal microscopy, with a temporal resolution between 30
sec and 2 min (Figure 2.14a, b, contribution of Bernardo Orr). In parallel, we promoted
chromosome missegregation by performing either CENP-E depletion or a monastrol
treatment and washout. Unperturbed RPE-1 cells showed only a residual (1.2%) formation
of micronuclei after cell division and none derived from a misaligned chromosome (Figure
2.14c). CENP-E depletion or monastrol treatment/washout in RPE-1 cells significantly
increased the frequency of micronuclei formation (3.2% and 4.2%, respectively), most of
which (71% and 89%, respectively) derived from anaphase lagging chromosomes, and only
very few derived from a misaligned chromosome (2.1% and 0.95% of the cells, respectively)
(Figure 2.14c), further demonstrating a robust chromosome alignment capacity in normal
cells. This scenario was strikingly different even in unperturbed U20S cells, which formed
micronuclei in 5.8% of the cases, of which 53% derived from anaphase lagging
chromosomes, 14% from DNA bridges and 33% from misaligned chromosomes (Figure
2.14c). Monastrol treatment/washout only slightly increased (without statistical significance)
the percentage of dividing U20S cells that formed micronuclei, which in this case derived
mostly from anaphase lagging chromosomes (80%), likely due to an increase in merotelic
attachments (Cimini et al., 2003). In contrast, CENP-E depletion in U20S cells significantly
increased the percentage of dividing U20S cells that formed micronuclei (17.2%), of which
62% derived from anaphase lagging chromosomes, 21% from DNA bridges and 17% from
misaligned chromosomes (Figure 2.14c).

We next determined the relative probabilities of micronuclei formation from lagging
chromosomes, DNA bridges and misaligned chromosomes scored in both RPE-1 and
U20S cells, with and without CENP-E, as well as with and without monastrol
treatment/washout (Figure 2.14d) (for absolute probabilities see Figure 2.15). In line with
our previous observations in HelLa cells (Figure 2.12 and Figure 2.13), this analysis
revealed that misaligned chromosomes have the highest absolute and relative probability
of resulting in micronuclei in unperturbed chromosomally unstable U20S cells (0.63 and
0.80, respectively) (Figure 2.14d and Figure 2.15). These probabilities were significantly

higher than what would be expected if all missegregation events were equally likely to cause
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micronuclei (p<0.0001; Chi-square test). In agreement with our findings in HeLa cells, both
CENP-E depletion and monastrol treatment/washout reverted this tendency in U20S cells,
likely due to a significant increase in the frequency of anaphase lagging chromosomes
(Figure 2.14c and Figure 2.15) (Cimini et al., 2003). Most striking, and in sharp contrast to
unperturbed HelLa and U20S cells, unperturbed RPE-1 cells always entered anaphase after
completing chromosome alignment and, consequently, no micronuclei from misaligned
chromosomes were ever detected in our recordings (Figure 2.14d and Figure 2.15).
Likewise, human primary fibroblasts were previously shown to never enter anaphase with
misaligned chromosomes even after nocodazole treatment and washout, and the resulting
lagging chromosomes appear during anaphase after completing chromosome alignment
during metaphase (Cimini et al., 2002). We concluded that misaligned chromosomes that
form sporadically in unperturbed chromosomally unstable cancer cell models, but not in
normal near-diploid cells, have a strong probability to missegregate and result in

micronuclei.
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Figure 2.14. Micronuclei formation from misalighed chromosomes is a frequent outcome in a
chromosomally unstable cancer cell model, but not in non-transformed cells. a, b) Examples
of time-lapse sequences illustrating possible origins of micronuclei in RPE-1 and U20S cells.
Time=min:sec. Time 00:00=anaphase onset. White arrowheads track misaligned chromosomes,
DNA bridges or lagging chromosomes until they eventually form micronuclei. Pixels were saturated
for optimal visualization of misaligned chromosomes, DNA bridges and lagging chromosomes. Scale
bar=5 um. c) Frequency of RPE-1 and U20S daughter cells with micronuclei that derived either from
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lagging chromosomes (black bars), DNA bridges (green bars) or misaligned chromosomes (magenta
bars) in control, SICENP-E and after monastrol treatment/washout (MonWO). [RPE-1 cells: control,
n=163; siCENP-E, n=95; MonWO, n=105]. [U20S cells: control, n=250; siCENP-E, n=81; MonWO,
n=49] (Fisher’s exact two-tailed test). d) Relative probability (sum of the 3 independent absolute
probabilities normalized to 1) of micronuclei formation from a lagging chromosome (black bars), a
DNA bridge (green bars) or a misaligned chromosome (magenta bars) in RPE-1 and U20S cells in
control and after CENP-E depletion or monastrol treatment/washout. [*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001, ns=no significant difference from what would be expected if all missegregation events
were equally likely to cause micronuclei in each experimental condition (Chi-square test)].
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Figure 2.15. Absolute probabilities of forming a micronucleus from misaligned chromosomes,
DNA bridges and lagging chromosomes in RPE-1 and U20S cells. Absolute probabilities of
forming a micronucleus of different origins in unperturbed RPE-1 and U20S cells and after CENP-E
depletion (sSiCENP-E) or monastrol treatment and washout. [RPE-1 cells: control, n=163; siCENP-E,
n=95; MonWO, n=105]. [U20S cells: control, n=250; siCENP-E, n=81; MonWO, n=49].

2.1.2.6. Misalighed chromosomes in chromosomally unstable cancer cells have
hyper-stabilized kinetochore-microtubule attachments

Chromosomally unstable cancer cells have hyper-stabilized kinetochore-microtubule
attachments and a poor error correction capacity (Bakhoum et al., 2009a; Salimian et al.,
2011). To investigate whether increased kinetochore-microtubule attachment stability in
chromosomally unstable cancer cells allows misaligned chromosomes to satisfy the SAC,
we implemented a protocol that promotes the formation of few misaligned chromosomes
after nocodazole treatment and washout (Figure 2.16a) (see Materials and Methods),
followed by quantification of fluorescence intensity after a nocodazole shock to completely

depolymerize microtubules in fixed cells (Figure 2.16a). Both qualitative and quantitative
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analyses revealed that, under these experimental conditions, kinetochore microtubules in
chromosomally unstable U20S cells are more resistant to depolymerization when
compared to normal near-diploid RPE-1 cells (Figure 2.16a and b; contribution of Marco
Cruz). Measurement of the respective half-life of polymerized tubulin, confirmed ~2-fold
increase in U20S cells relative to RPEL cells (Figure 2.16b). These results provide an
explanation for the inefficient correction of few misaligned chromosomes that eventually
satisfy the SAC in a chromosomally unstable cancer cell model and thus may represent

major drivers of chromosomal instability and micronuclei formation in human cancers.
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Figure 2.16. Misaligned chromosomes in chromosomally unstable cancer cells have hyper-
stabilized kinetochore-microtubule attachments. a) Representative immunofluorescence images
of RPE-1 and U20S cells stained for DNA (green) and a- tubulin (magenta). RPE-1 and U20S cells
upon nocodazole treatment and washout to generate misaligned chromosomes were processed for
immunofluorescence microscopy after a subsequent nocodazole shock 5, 15 and 30 min after drug
addition. Representative immunofluorescence images of the mitotic spindle at each stage are shown.
Images are maximum intensity projections of deconvolves z-stacks. Scale bar =5 um. b) Normalized
a- tubulin fluorescence intensity at indicated time points in RPE-1 and U20S cells after nocodazole
shock. Fluorescence intensities were normalized to the levels at time = 0. Data represent mear + s.d.,
U20S n=22 cells, from 2 independent experiments. Whole lines show single exponential fitting curve
(**p=0.01, extra sum-of-squares F test).
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2.1.3. Discussion

Mitosis is a carefully orchestrated process with the ultimate purpose of equally
segregating the genetic material to the daughter cells. To ensure accurate chromosome
segregation, chromosomes must align at the spindle equator. Therefore, understanding
how human cells respond to chromosome alignment defects remains a fundamental
unanswered question with strong clinical implications. Several proteins have been
previously identified to play a role in chromosome alignment (see table 1). However, since
live-cell imaging was not used in many of these studies, it remains unclear whether it truly
reflects a direct role of these proteins in chromosome alignment or in maintenance of
chromosome alignment. We overcame this limitation by using high-content live-cell imaging,
combined with RNAI, to investigate how human cells respond to chromosome alignment
defects of distinct molecular nature. Systematic analysis of 125 different genetic
perturbations revealed that entering anaphase with misaligned chromosomes is a frequent
outcome in cancer cells.

It is currently thought that anaphase lagging chromosomes resulting from erroneous
merotelic attachments that satisfy the SAC are major drivers of genomic instability in human
cancers (Bakhoum and Cantley, 2018; Soto et al., 2019). Although anaphase lagging
chromosomes resulting from merotelic attachments rarely missegregate (Cimini et al., 2004;
Thompson and Compton, 2011), they may fail to incorporate into the respective daughter
nuclei during cell division and result in the formation of micronuclei. Micronuclei were
recently implicated as key intermediates of chromothripsis, a series of massive genomic
rearrangements that may drive rapid tumor evolution and account for acquired drug
resistance and oncogene activation (Crasta et al., 2012; Janssen et al., 2011; Shoshani et
al., 2021; Stephens et al., 2011; C.-Z. Zhang et al., 2015). We now show that although most
micronuclei derive from anaphase lagging chromosomes, simply because these events
occur at a very high frequency in chromosomally unstable cancer cells (Thompson and
Compton, 2011), misaligned chromosomes that satisfy the SAC often directly missegregate
(i.e. without lagging behind in anaphase) and have the highest probability to form
micronuclei, specifically in human cancer cell models (Figure 2.17). This is consistent with
recent high-resolution live-cell studies in both cancer and non-cancer human cells that
showed that the vast majority of lagging chromosomes have a transient nature and are
corrected during anaphase by an Aurora B-dependent mechanism that prevents
micronuclei formation (Orr et al., 2021; Sen et al., 2021), and the relatively low frequency
of micronuclei formation even after induction of massive chromosome segregation errors

by experimental abrogation of the SAC (Cohen-Sharir et al., 2021; Klaasen et al., 2022).
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Defects in chromosome alignment are normally avoided by increased Aurora B activity
at centromeres of misaligned chromosomes (Maia et al., 2010). However, correction of
erroneous attachments underlying some chromosome alignment defects (e.g. syntelic
attachments) appears to be less robust in cancer cells that also show overly stabilized
kinetochore-microtubule attachments (Bakhoum et al., 2009a; Salimian et al., 2011).
Indeed, RPE-1 cells treated with microtubule-targeting drugs at concentrations that stabilize
microtubules satisfy the SAC in the presence of misaligned chromosomes, and do so faster
under conditions that promote the formation of syntelic attachments (Brito et al., 2008;
Klaasen et al., 2022; Yang et al., 2009). In addition to direct missegregation from misaligned
chromosomes, late-aligning chromosomes are also more prone to lag behind in anaphase
and missegregate at higher frequencies in human cancer cells, or upon SAC inactivation or
stabilization of incorrect kinetochore-microtubule attachments in normal cells (Klaasen et
al., 2022; Kuniyasu et al., 2018). Together with the fact that normal human near-diploid cells
rely on a robust p53-dependent mechanism that limits the proliferation of aneuploid cells
(Thompson and Compton, 2010), the present work helps to explain how spontaneous
misaligned chromosomes in cancer cells eventually satisfy the SAC and may constitute a
direct route to chromosomal instability.

This work also unveils a wide range of genetic perturbations that predispose for these
events and might account for the underlying chromosomal and genomic instability
commonly observed in human cancers. A paramount case is the perturbation of CENP-E
function that has been linked to tumorigenesis in vivo (Weaver et al., 2007). Previous
studies have shown that ~40% of CENP-E-depleted HelLa cells enter anaphase with
misaligned chromosomes (Maia et al., 2010; Tanudji et al., 2004). Fixed cell analysis
revealed that these misaligned chromosomes accumulate Mad2, but micronuclei generated
from CENP-E-depleted cells did not, suggesting that misaligned chromosomes satisfy the
SAC (Maia et al., 2010). Although suggestive, the origin of the scored micronuclei was not
determined in these fixed-cell experiments, and so it remains possible that the scored
micronuclei did not derive directly from misaligned chromosomes (they may alternatively
derive from anaphase lagging chromosomes, see Figure 2.12b,c), and cells with misaligned
chromosomes entered anaphase without satisfying the SAC. Indeed, previous experiments
in fixed CENP-E KO MEFs revealed continued localization of SAC proteins at misaligned
chromosomes seen in anaphase cells, suggesting ongoing SAC signaling (Weaver et al.,
2003). Our live-cell imaging of Mad2-GFP upon CENP-E depletion in HeLa cells, supported
by guantitative analyses in fixed cells soon after anaphase onset, show that Mad1l/Mad2
dissociate from kinetochores of misaligned chromosomes in cells that entered anaphase,
suggesting SAC satisfaction. Moreover, live-cell imaging revealed a normal degradation
kinetics of Cyclin B1 in CENP-E-depleted or unrelated TACC3-depleted cells that entered
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anaphase with misaligned chromosomes. This contrasts with the pattern observed upon
mitotic slippage, in which mitotic cells that cannot satisfy the SAC exit mitosis with high
Mad1/Mad2 levels at kinetochores and after very slow and prolonged degradation of Cyclin
B1 (Brito et al., 2008; Canman et al., 2002; Gascoigne and Taylor, 2008). Combined, these
data provide direct evidence that, at least under certain conditions, cancer cells with
misaligned chromosomes may enter anaphase after SAC satisfaction and have a high risk
of forming micronuclei (Figure 2.17). In line with these findings, recent experiments in which
CENP-E activity was inhibited in human RPE-1 cells suggest that endomembrane
“ensheathing” of misaligned chromosomes may facilitate micronuclei formation and delay
SAC satisfaction (Ferrandiz et al., 2022).

Our systematic analysis of more than 100 different molecular perturbations further
indicates that entering anaphase with misaligned chromosomes might be a frequent
outcome in cancer cells. In particular, perturbations such as CENP-E or Kif18a depletion
were largely compatible with cell viability, despite the high incidence of cells that entered
anaphase in the presence of misaligned chromosomes. This contrasts with more drastic
scenarios that result from perturbation of end-on kinetochore-microtubule attachments (e.g.
depletion of KMN components) that often result in massive chromosome missegregation
and cell death. Noteworthy, while the loss of Kifl8a, which causes asynchronous
segregation of misaligned chromosomes due to loss of interchromosome compaction during
anaphase, does not promote chromosomal instability and tumorigenesis (Fonseca et al.,
2019; Sepaniac et al., 2021), the loss of CENP-E that typically originates one or few pole-
proximal chromosomes directly leads to aneuploidy and the spontaneous formation of
lymphomas and lung tumors in aged animals (Weaver et al., 2007, 2003). These data
suggest that the origin and properties of the resulting micronuclei is genetically determined
and might have implications for the propensity to undergo massive chromosome
rearrangements, such as those commonly observed in chromothripsis.

Future research will be important to understand how is nuclear envelope reformation
(NER) on enduring misaligned chromosomes is regulated relative to the main chromosomal
masses. Previous studies demonstrated that delaying NER allow anaphase lagging
chromosomes to reintegrate in the main nuclear mass, prevents micronuclei formation and
consequently preserves genomic stability (Afonso et al., 2014; Liu et al., 2018; Orr et al.,
2021). An outstanding question is whether a delay in NER also occurs in enduring
misaligned chromosomes that persist during anaphase.

Moreover, further research will be required to understand the impact of micronuclei of
different origins on chromosomal stability, and consequently on tumor progression. Several
lines of evidence indicate that micronuclei originated from lagging chromosomes and

chromosome bridges show defects in nuclear lamina assembly and are highly prone to
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spontaneous rupture, leading to DNA damage (Crasta et al., 2012; Hatch et al., 2013; Liu
et al., 2018). Importantly, there is a direct link between rupture of micronuclear envelope
and the activation of the innate immune response through the cGAS-STING pathway
(Harding et al., 2017; Mackenzie et al., 2017). Additionally, recent studies revealed that
activation of the cGAS-STING pathway by cellular DNA from tumors influences the
development of cancer (Bakhoum et al., 2018; Chen et al., 2016; Santaguida et al., 2017).
The defective stability of nuclear envelopes and consequently its role in promoting
chromosomal instability in micronuclei derived from misaligned chromosomes remain a
matter of debate. Micronuclei derived from segregation errors associated with Kifl8a loss
of function appear to form stable nuclear envelopes (Fonseca et al., 2019; Sepaniac et al.,
2021). In agreement, another study suggested that experimentally induced misaligned
chromosomes recruited both core and non-core nuclear envelope proteins, unlike
anaphase lagging chromosomes (Liu et al., 2018). Moreover, a recent study showed that
Mps1 inhibition produced higher rates of cGAS positive cells comparative to CENP-E
inhibition (Tucker et al., 2023), suggesting that lagging chromosomes can elicit a
heightened cGAS response relative to misaligned chromosomes. In stark contrast,
micronuclei derived from misaligned chromosomes after CENP-E perturbation were
recently suggested to activate the cGAS-STING pathway in cancer cells (Hakozaki et al.,
2021), thus raising the possibility that these micronuclei also have defects in nuclear
envelope assembly. However, since prolonged mitotic arrest causes DNA damage (Dalton
et al., 2007; Orth et al., 2012; Quignon et al., 2007), and considering that most micronuclei
derived from misaligned chromosomes after CENP-E perturbation originated after a mitotic
delay, it is important to demonstrate that activation of the cGAS-STING pathway in these
cells is independent of DNA damage caused by a prolonged mitotic delay. Thus, cellular
response to micronuclei might depend on their relative origin. Overall, our findings incite for
an in-depth characterization of the properties and fate of micronuclei of different origins,
while evaluating their respective potential to drive and/or sustain cell transformation.

In the future, it will be important to investigate whether micronuclei originated from
misaligned chromosomes are able to properly import key proteins that are required for the
integrity of the nuclear envelope. For this purpose, it is necessary to evaluate whether core
and non-core nuclear envelope proteins are recruited to misaligned chromosomes at
equivalent levels than to the main chromosome mass (e.g., using a high-resolution live-cell
imaging microscopy assay to image cells labeled with histone and core and non-core
nuclear envelope proteins). In addition, micronuclei origined from misaligned chromosomes
can be photoconverted and then perform an immunofluorescence to evaluate the presence
of different nuclear envelope proteins in these micronuclei in interphase. Future studies are

essential to understand if micronuclei origined from misaligned chromosomes activate the
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CcGAS/STING pathway, and also if the levels of cGAS activation might be different in
micronuclei from different origins (e.g., using high resolution live-cell imaging in cells
expressing cGAS). In parallel, it will be interesting to compare the recruitment of nuclear
envelope proteins, as well as cGAS activation, in spontaneously formed micronuclei from
misaligned chromosomes with micronuclei origined after experimental perturbations that
induce alignment defects. Finally, in the future, it will be important to further evaluate our
model by examining more cell types without any experimental perturbation and preferably
including primary cells.
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Figure 2.17. Proposed model of micronuclei formation in both cancer and non-cancer
human cells. The vast majority of anaphase lagging chromosomes are corrected by a midzone-
based Aurora B phosphorylation gradient (orange/yellow in the cytoplasm) both in cancer and non-
cancer cells. Misaligned chromosomes that satisfy the spindle assembly checkpoint have the highest
probability of resulting in micronuclei, specifically in chromosomally unstable cancer cells.
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2.1.4. MATERIALS AND METHODS

2.1.4.1. Cell Lines

All cell lines were cultured at 37°C in 5% CO, atmosphere in Dulbecco’s modified
medium (DMEM, Gibco™, Thermofisher) containing 10% fetal bovine serum (FBS, Gibco™,
Thermofisher). HeLa H2B-GFP/a-tubulin-mRFP, HeLa Cyclin B1-Venus/H2B-mRFP, RPE-
1 H2B-GFP/mCherry-a-tubulin and RPE-1 Cyclin B1-Venus/H2B-mRFP cells were
generated by lentiviral transduction. HeLa parental was kindly provided by Y. Mimori-
Kiyosue (RIKEN, Japan). U20S parental and H2B-GFP/mCherry-a-tubulin were kindly
provided by S. Geley (Innsbruck Medical University, Innsbruck, Austria). hTERT-RPE-1
(RPE-1) parental (ATCC® CRL-400™) was kindly provided by Ben Black (U. Pennsylvania,
PA, USA). HeLa Mad2-GFP cells were previously described (Schweizer et al., 2013). HeLa
and RPE-1 cells expressing Cyclin B1-Venus were kindly provided by J. Pines (Cancer

Research Institute, London, UK).

2.1.4.2. High-content live-cell imaging RNAI screen

All siRNA sequences used were either a commercial predesigned siRNA from Sigma-
Aldrich (MISSION siRNA) or Dharmacon, many of which were previously validated by other
published studies (see Table 2). For each protein, depletion efficiency was first optimized
after preliminary phenotypic analysis between 24-96 h upon siRNA transfection (for specific
conditions see Table 2) and confirmed by western blotting whenever antibodies against
specific proteins were available (Figure 2.2). For few proteins whose role in chromosome
congression remained unclear at the mechanistic level or were followed-up in subsequent
experiments, a second siRNA was used to rule-out possible off-targeting effects. This led
to the identification of six proteins (Shp2, GAK, CEP72, CEP90, CENP-H and Mis12), where
no discernable congression phenotype was observed with the second siRNA, despite a
clear reduction in protein levels with both siRNA sequences (Figure 2.4), or a clear
congression phenotype was observed despite no evident reduction in protein levels with
two siRNA sequences, suggesting that they are off-targets. A second siRNA was also used
to validate all selected conditions that were followed-up to determine the origin of
micronuclei (Table 2). Whenever the results obtained with the second siRNA
oligonucleotide were consistent with those obtained with the original siRNA oligonucleotide,
the data from both experiments was pooled for statistical analysis. All exceptions (Arp1,
Haspin, CENP-F, HAUS4 and CENP-T) that could not be validated by western blotting due
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to the poor quality of the antibodies we had access to are clearly marked in the respective
figures and main text, and were not followed-up in subsequent experiments. Treatment with
scramble siRNA was undistinguishable from mock transfection (Lipofectamine only) and
was therefore used as a negative control throughout the manuscript. A total of 125 proteins
were analyzed in this study (Table 1). For high-content live-cell imaging, Hela cells stably
expressing H2B-GFP/a-tubulin-mRFP were plated onto 96-well plate in DMEM
supplemented with 5% FBS and after 1 h transfected with siRNA oligonucleotides (Table 2)
at a final concentration of 50 nM. Transfections were performed using Lipofectamine
RNAIMAX in Opti-MEM medium (both from Thermo Fisher Scientific) according to the
manufacturer's instructions. Transfection medium was replaced with complete medium after
6 h. For time-lapse microscopy acquisition, cell culture medium was changed to DMEM
without phenol red supplemented with 10% FBS 6-12 h before acquisition. Cells were
imaged for 72 h in an IN CELL Analyzer 2000 microscope (GE Healthcare, Chicago, IL,
USA) equipped with temperature and CO; controller, using a Nikon 20x/0.45 NA Plan Fluor
objective according to manufacturer instructions. For some validation experiments with a
second siRNA oligonucleotide a Nikon ECLIPSE TI microscope (Nikon, Japan) equipped
with temperature and CO; controller, using a Nikon 20x/0.45 NA Plan Fluor objective
according to the manufacturer’s instructions, using 24-well plates. Single planes were
acquired every 10 min for approximately 72 h. Images were processed using ImageJ
software. Long-term recordings of HeLa Cyclin B1l-venus treated with nocodazole and
MG132 were also performed under similar conditions using the same IN CELL Analyzer

2000 microscope system, imaged every 15 min for 13 h.

2.1.4.3. RNAIi Experiments

For high-resolution live cell imaging and immunofluorescence analysis of CENP-E
depletion (siCENP-E), cells were plated at 50-60% confluence onto 22 x 22 mm No. 1.5
glass coverslips in DMEM supplemented with 5% of FBS. RNAI transfection was performed
using Lipofectamine™ RNAIMAX reagent (Thermofisher) with 20 nM of siRNA against
human CENP-E (see siRNA sequence in Table 2), diluted in serum-free media (Opti-
MEM™, Thermofisher). Depletion of CENP-E was maximal at 24 h after siRNA transfection

and all of the analysis was performed at 24 h.
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2.1.4.4. Drug treatments

Microtubule depolymerization was induced by nocodazole (Sigma-Aldrich) at 1 uM. To
inhibit the proteasome, induce a metaphase arrest, and prevent exit due to a compromised
SAC, cells were treated with 5 uyM MG132 (EMD Millipore). To promote chromosome
missegregation, a monastrol washout assay was performed. Briefly, cells were incubated
during 8-10 h with 100 uM monastrol. After this period, monastrol was washed twice with
warm PBS followed by washing with warm fresh medium and entry in anaphase was

monitored under the microscope.

2.1.4.5. High-resolution time-lapse microscopy

For high-resolution time-lapse microscopy, cells were plated onto 22 x 22 mm No. 1.5
glass coverslips (Corning) and cell culture medium was changed to phenol-red-free DMEM
COgz-independent medium (Invitrogen) supplemented with 10% FBS 6-12 h before
mounting. Coverslips were mounted onto 35-mm magnetic chambers (14 mm, no. 1.5,
MaTek corporation) immediately before imaging. Time-lapse imaging was performed in a
heated chamber (37°C) using a 100x oil-immersion 1.40 NA Plan-Apochromatic objective
mounted on an inverted microscope (Eclipse TE2000U; Nikon) equipped with a CSU-X1
spinning-disk confocal head (Yokogawa Corporation of America) controlled by NIS-
Elements software and with three laser lines (488nm, 561nm, and 647 nm). Images were
detected with a iXonEM+ EM-CCD camera (Andor Technology). Images of U20S and RPE-
1 expressing H2B-GFP, mCherry-a-tubulin were collected every 2 minutes or 30 seconds:
9 x 2 ym z-stacks spanning a total volume of 16 um. For imaging of HeLa Mad2-GFP and
HeLa and RPE-1 expressing Cyclin-B1-Venus/H2B-mRFP eleven 1-um-separated z-
planes covering the entire volume of the mitotic spindle were collected every 2 min. All
displayed images represent maximum-intensity projections of Z-stacks, analysed with the

open source image analysis software ImageJ.

2.1.4.6. Immunofluorescence microscopy

For immunofluorescence processing, cells were fixed with 4% Paraformaldehyde
(Electron Microscopy Sciences) for 10 min followed by extraction with 0.3% Triton X-100 in
PBS (Sigma-Aldrich) for 10 min. After blocking with 10% FBS in PBS with 0.1% Triton X-
100, all primary antibodies were incubated at 4°C overnight. Then, the cells were washed

with PBS containing 0.1% Triton X-100 and incubated with the respective secondary
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antibodies for 1 h at room temperature. Primary antibodies used were: mouse anti-Mad1
(1:500; Merck Millipore); mouse anti a-tubulin (1:2000; Sigma); rabbit anti-B-tubulin (1:2000;
Abcam); anti-guinea pig CENP-C (1:1000; MBL International). Secondary antibodies used
were Alexa Fluor 488, Alexa Fluor 568 and Alexa Fluor 647 (1:1000; Themofisher). DNA
was counterstained with 1 yg/mL DAPI (4',6'-diamino-2-fenil-indol; Sigma-Aldrich) and
mounted onto glass slides with 20 mM Tris pH8, 0.5 N-propyl gallate and 90% glycerol.
Images were acquired using an Axiolmager Z1 (63x, Plan oil differential interference
contract objective lens, 1.46 NA; from Carl Zeiss), coupled with a CCD camera (ORCA-R2;
Hamamatsu Photonics) and the Zen software (Carl Zeiss). Blind deconvolution of 3D image

datasets was performed using Autoquant X software (Media Cybernetics).

2.1.4.7. Western Blotting

Cell extracts were collected after trypsinization and centrifuged at 1200 rpm for 5 min,
washed and re-suspended in Lysis Buffer (NP-40, 20 nM HEPES/KOH pH 7.9 ; 1 mM EDTA
pH 8; 1 mM EGTA; 150 mM NaCl; 0.5% NP40; 10% glycerol, 1:50 protease inhibitor; 1:100
Phenylmethylsulfonyl fluoride). The samples were then flash frozen in liquid nitrogen and
kept on ice for 30 min. After centrifugation at 14000 rpm for 20 min at 4°C the supernatant
was collected and protein concentration determined by the Bradford protein assay (Bio-
Rad). Fifty micrograms of total extract were then loaded in SDS-polyacrylamide gels and
transferred onto nitrocellulose membranes for western blot analysis. The membranes were
blocked with 5% milk in TBS with 0.1% Tween-20 (TBS-T) at room temperature during 1 h,
and all primary antibodies were incubated at 4°C overnight. After three washes in TBS-T
the membranes were incubated with the secondary antibody for 1 h at room temperature.
The membranes were washed in the same conditions than previously and the detection
was performed with Clarity Western ECL Substrate (Bio-Rad). The following antibodies
were used for western blot: mouse anti-Hecl (9GA) (1:500; Abcam), mouse anti-Dsnl
(1:1000; a gift from Andrea Musacchio, MPI, Dortmund, Germany), rabbit anti-CENP-E
(1:250; Abcam), mouse anti-Aim1 (1:1000; BD Bioscience), mouse anti-ATRX (1:1000;
Santa Cruz Biotechnology), rabbit anti-CEP72 (1:1000; Novus Biologicals), mouse anti-
GAK (1:500; R&D Systems), rabbit anti- WDHD1/And-1 (1:1000; Novus Biologicals), rabbit
anti-Aurora-A (1:1000; Novus Biologicals), rabbit anti-HURP (1:500, a gift from Patrick
Meraldi), mouse anti-INCENP (1:500; Santa Cruz Biotechnology), rabbit anti-
LRRCC1/CLERC (1:1000; Abcam), mouse anti-Sgo-1 (F-8) (1:1000; Santa Cruz
Biotechnology), rabbit anti-DHC (1:500; ThermoFisher Scientific), mouse anti-Ndel
(1:2000; Abnova), sheep anti-Bub1 (1:1000; a gift from Stephen Taylor); rabbit anti-Septin-
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2 (1:500; Novus Biologicals), rabbit anti-CEP90/PIBF1 (1:1000; Novus Biologicals), mouse
anti-Ska2 (1:1000; Santa Cruz Biotechnology), mouse anti-4.1r (B-11) (1:1000; Santa Cruz
Biotechnology), rabbit anti-Astrin (N-terminal) (1:500; a gift from Duane Compton), rabbit
anti-Kif4a (1:1000; ThermoFisher Scientific), rat anti-CLASP1 (1:50; Maffini et al 2009), rat
anti-CLASP2 (1:50; Maffini et al 2009), rabbit anti-BubR1 (1:1000; Abcam), rabbit anti-
SHP2 (1:1000; Abcam), rabbit anti-survivin (1:1000; Novus Biologicals), mouse anti-Ska3
(1:500; Santa Cruz Biotechnology), rabbit anti-Mis12 (1:1000, a gift from Claudio Sunkel),
rabbit anti-Kifl8a (1:1000; Bethyl Laboratories), rabbit anti-KNL1 (1:1000; Novus
Biologicals), rabbit anti-Nsl1 (1:500, Novus Biologicals), rabbit anti-Skal (1:500; a gift from
Patrick Meraldi), goat anti-TACC3 (1:1000; Novus Biologicals), rabbit anti-Zw10 (1:1500;
Novus Biologicals), rabbit anti-CENP-I (1:250; a gift from Patrick Meraldi), rabbit anti-CENP-
H (1:500; Novus Biologicals), rabbit anti-CENP-N (1:500; Novus Biologicals), rabbit anti-
CLERC (1:500, Abcam), mouse anti-GAPDH (1:40000; Proteintech), rabbit anti-vinculin
(1:1000;ThermoFisher Sientific), mouse anti-a-tubulin (clone B-512; 1:5000; Sigma-Aldrich)
were used as primary antibodies, and anti-mouse-HRP, anti-rabbit-HRP, anti-sheep-HRP,
anti-rat-HRP and anti-goat-HRP were used as secondary antibodies (1:5000; Jackson

ImmunoResearch Laboratories, Inc.).

2.1.4.8. Quantification of mitotic errors

Mitotic errors were tracked and quantified manually through the assessment of H2B
localization in single plane images. Mitotic errors were divided into 3 main classes: lagging
chromosomes, DNA bridges or misaligned chromosomes and these were discriminated
according to location and morphology associated with H2B localization. Lagging
chromosomes retained normal DNA condensation and emerged at different stages during
anaphase. Any H2B-positive material between the two chromosomes masses, but
distinguishably separated from them, was counted as lagging chromosomes. DNA bridges
were characterized by stretches of DNA that connected both daughter nuclei and often
displayed aberrant DNA condensation as judged by H2B localization. Misaligned
chromosomes were characterized by any H2B-positive material that remained near the
spindle pole or clearly outside the metaphase plate. To determine micronuclei origin, fully
formed micronuclei were backtracked to reveal whether these originated from lagging
chromosomes, DNA bridges or misaligned chromosomes. The absolute probability of
micronucleus formation from a lagging chromosome was determined by the ratio between
the number of daughter cells with micronuclei derived from lagging chromosomes and the

total number of cells with lagging chromosomes. The absolute probability of micronucleus
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formation from a DNA bridge was determined by the ratio between the number of daughter
cells with micronuclei derived from DNA bridges and the total number of cells with DNA
bridges. The absolute probability of micronucleus formation from a misaligned chromosome
was determined by the ratio between the number of daughter cells with micronuclei derived
from misaligned chromosomes and the total number of cells that exit mitosis with a
misaligned chromosome. For the relative probabilities, the sum of the 3 independent

absolute probability values was normalized to 1.

2.1.4.9. Quantitative image analysis

For quantification of Mad1 fluorescence intensity, images were analysed using ImageJ.
Briefly, individual kinetochores were identified by CENP-C staining and marked by a region
of interest (ROI). The average fluorescence intensity of signals of Mad1 at kinetochores
was measured on the focused z plan. The background signal was measured within a
neighbouring region and was subtracted from the measured fluorescence intensity the
region of interest. Fluorescence intensity measurements were normalized to the CENP-C
signals. Madl negative values were considered zero, since resulted from the high
background fluorescence observed in early anaphase cells. Approximately 90 kinetochore
pairs from 9 cells were analysed for control prometaphase cells, 72 kinetochore pairs from
14 cells for prometaphase in CENP-E depleted cells and 19 kinetochore pairs from 14 cells
for early anaphase in CENP-E depleted cells. The fluorescence levels of Cyclin B1 in HeLa
cells treated with nocodazole were measured using the IN Cell Developer Toolbox software
(GE Healthcare). After background subtraction, fluorescence intensities were normalized to
the level at time = 0 and represented as a function of time. The levels of Cyclin B1 in
siScramble, siCENP-E, siTACC3 HelLa cells and siScramble, siCENP-E RPE-1 were
measured using ImageJ. A small square region of interest (ROI) was defined, and Cyclin
B1 fluorescence intensity measured, throughout time in the cell. The same ROI was used
to measure the background outside the region of interest. All fluorescence intensity values
were then background corrected and the values were normalized at 14 or 8 minutes before
anaphase onset in HeLa and RPE-1 cells, respectively. The microtubule depolymerization
rate after nocodazole treatment in U20S and RPE-1 cells was determined by the proportion
of total and soluble a-tubulin levels. The total a-tubulin intensity was measured by drawing
a larger oval shaped region of interest (ROI) contained the entire cell in sum-projected
images (ImageJ). The soluble a-tubulin levels were determined by drawing five smaller oval

shaped ROI outside the chromosome region and the average of these values were
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calculated in sum-projected images. The fluorescence intensities were normalized to the
level at time = 0 and represented as a function of time.

2.1.4.10. Statistical analysis

All results presented in this thesis were obtained from pooling data from at least 2
independent experiments unless otherwise stated. Sample sizes and statistical tests used
for each experiment are indicated in the respective figure legends. Quantifications of mitotic
errors (i.e. cell death and micronuclei) were analyzed using the Fisher's exact two-tailed
test. Correlations were calculated using two-tailed Pearson’s correlation coefficients. When
only two experimental groups were compared, we used either a parametric t test or a
nonparametric Mann-Whitney test. Distribution normalities were assessed using the
D”Agostino-Pearson omnibus test. For the comparison of the single exponential fitting curve
extra sum-of square F test was used. Probabilities were calculated using Chi-squared test.
For each graph, where applicable, ns= non-significant, *p<0.05, **p<0.01 ***p<0.001 and
****p<0.0001, unless stated otherwise. In all plots error bars represent standard deviation.

All statistical analysis was performed using GraphPad Prism V7 (GraphPad Software, Inc).

2.1.5. Supplemental Material

Table 1. Overview of the genes associated with chromosome congression defects
analyzed in the present study.

Protein name Subcelular Chromosome Number of cells | Validation References
localization congression analyzed of
defects described depletion
previously by WB
Nuf2_oligol Kinetochore Prometaphase 310 cells from 2 yes (DeLuca et al., 2005,
arrest; mitotic death | independent 2002; Sundin et al.,
experiments 2011)
Nuf2_oligo2 224 cells from 2 yes
independent
experiments
Beclin-1 kinetochore Misaligned 374 cells from 2 no (Frémont et al., 2013)
chromosomes; independent
prometaphase experiments
arrest; mitotic death;
CLIP-170 Kinetochore; Misaligned 311 cells from 2 no (Amin et al., 2015;
mitotic spindle chromosomes; independent Tanenbaum et al., 2006)
prometaphase experiments
arrest

97




ATRX_oligol

Pericentromeric

heterochromatin

Misaligned
chromosomes;
prometaphase
arrest; abnormal
nuclear morphology
(lobulated nuclei
and intranuclear
DNA bridges);
chromosome
segregation defects
(lagging
chromosomes and
chromosome

bridges)

392 cells from 2
independent

experiments

yes

(Ritchie et al., 2008)

ATRX_oligo2

Pericentromeric

heterochromatin

Misaligned
chromosomes;
prometaphase
arrest; abnormal
nuclear morphology
(lobulated nuclei
and intranuclear
DNA bridges);
chromosome
segregation defects
(lagging
chromosomes and
chromosome

bridges)

400 cells from 2
independent

experiments

yes

SPICE

Mitotic spindle;

centrioles

Misaligned
chromosomes;

multipolar spindles

504 cells from 2
independent

experiments

no

(Archinti et al., 2010;
Deretic et al., 2019)

CHICA

Mitotic spindle

Misaligned
chromosomes,

mitotic delay

380 cells from 2
independent

experiments

no

(Dunsch et al., 2012;

Santamaria et al., 2008)

CDCA4

Multipolar spindle

154 cells from 2
independent

experiments

no

Kif2a_oligol

Spindle poles

Partial knockdown
of Kif2a
accumulated cells
with misaligned
chromosomes;
prometaphase
delay; monopolar

spindles

600 cells from 3
independent

experiments

yes

(Ganem and Compton,
2004; Jang et al., 2008)

Kif2a_oligo2

Spindle poles

600 cells from 3
independent

experiments

yes

(Ganem and Compton,

2004)
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HIP1r Mitotic spindle Misaligned 200 cells from 2 no (Park, 2010)
chromosomes; independent
mitotic delay experiments
Nucleophosmin Chromosome Abnormal nuclear 329 cells from 3 no (Amin et al., 2008)
(NPM1) periphery shape, tetraploid independent
micronuclei experiments
formation; lost
proliferation ability;
Misaligned
chromosomes;
disorganized
spindles; mitotic
delay
CENP-F/mitosin | kinetochore Misaligned 398 cells from 2 no (Holt et al., 2005; Yang
chromosomes; independent et al., 2005)
mitotic delay; experiments
aberrant spindle
morphology, cell
death
NudC kinetochore Misaligned 338 cells from 2 no (Chuang et al., 2013;
chromosomes; independent Nishino et al., 2006)
prometaphase experiments
delay; Chromosome
segregation defects
(lagging
chromosomes)
RRS1 Chromosome Misaligned 397 cells from 2 no (Gambe et al., 2009)
(Regulator of periphery chromosomes; independent
Ribosome prometaphase delay | experiments
Synthesis 1)
KIBRA ND Misaligned 401 cells from 2 no (L. Zhang et al., 2012)
chromosomes; independent
aberrant spindle experiments
morphology;
Chromosome
segregation defects
(lagging
chromosomes)
Nucleolin Nucleoli; Misaligned 150 cells from 2 no (Li et al., 2009; Ma et al.,
chromosome chromosomes; independent 2007)
periphery prometaphase experiments
delay; aberrant
spindle morphology
DDA3_oligol Spindle Misaligned 399 cells from 2 no (Jang et al., 2011, 2010;
microtubules; chromosomes; independent Jang and Fang, 2011;
kinetochores; prometaphase delay | experiments Park et al., 2016)
midbody
DDAS3_oligo2 Spindle 383 cells from 2 no

microtubules;

independent

experiments
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kinetochores;

midbody

Bubl_oligol Kinetochore Misaligned 400 cells from 2 yes (Johnson et al., 2004;
chromosomes; independent Meraldi and Sorger,
prometaphase experiments 2005; Morrow et al.,
delay; Chromosome 2005)
segregation defects
(lagging
chromosomes)

Bubl_oligo2 257 cells from 2 yes

independent
experiments

BubR1_oligol Kinetochore Misaligned 620 cells from 3 yes (Ditchfield et al., 2003a;
chromosomes; independent Lampson and Kapoor,
Chromosome experiments 2005)
segregation defects
(lagging
chromosomes)

BubR1_oligo2 236 cells from 2 yes

independent
experiments
Ska3_oligol Kinetochore; Misaligned 343 cells from 2 yes (Daum et al., 2009;
mitotic spindle chromosomes, independent Gaitanos et al., 2009;
prometaphase experiments Raaijmakers et al.,
delay, metaphase 2009; Sivakumar et al.,
arrest, problems in 2014; Welburn et al.,
maintenance of 2009)
chromosome
alignment, cohesion
fatigue; cell death
Ska3 oligo2 Kinetochore; 400 cells from 2 yes
mitotic spindle independent
experiments
TPX2 Nucleus; spindle | Multipolar spindles; 403 cells from 3 no (Garrett et al., 2002;
pole; spindle misaligned independent Goshima, 2011)
chromosomes experiments

Nup188_oligol centrosomes Misaligned 500 cells from 3 no (Itoh et al., 2013)
chromosomes, independent
prometaphase delay | experiments

Nup188_oligo2 centrosomes 272 cells from 2 no

independent
experiments
Kif4a_oligol Chromosome Misaligned 252 cells from 2 yes
arms; spindle chromosomes; independent (Mazumdar et al., 2004)
midzone mitotic delay; experiments

spindle defects;
chromosome mis-
segregation (lagging
chromosomes and
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chromosome

bridges)
Kif4a_oligo2 Chromosome 348 cells from 2 yes
arms; spindle independent
midzone experiments
Zw10_oligol kinetochore Misaligned 899 cells from 5 yes (Y. Lietal., 2007; Yang
chromosomes; independent et al., 2007)
prometaphase delay | experiments
Zw10_oligo2 217 cells from 2 yes
independent
experiments
CENP-L kinetochore Chromosome 405 cells from 3 no (McHedlishvili et al.,
alignment defects; independent 2012)
chromosome mis- experiments
segregation (lagging
chromosomes)
NUSAP1 Central spindle Aberrant mitotic 208 cells from 2 no (Li et al., 2016;
spindle, independent Raemaekers et al.,
chromosome experiments 2003)
alignment defects;
defective
chromosome
segregation;
cytokinesis failure
SAF-A/hnRNP- Spindle Aberrant mitotic 375 cells from 2 no (Ma et al., 2011)
U microtubules; spindles; Misaligned | independent
spindle midzone | chromosomes; exit experiments
with misaligned
chromosomes;
prometaphase
delay; cytokinesis
failure
Tastin/TROAP Mitotic spindles Mitotic delay; 304 cells from 2 no (Yang et al., 2008)
in mitosis; Chromosome independent
centrosomes in alignment defects; experiments
interphase aberrant mitotic
spindles; multipolar
spindles
Tankyrase-1 Centrosome Mitotic delay; 566 cells from 3 no (Chang et al., 2005;
metaphase delay independent Dynek and Smith, 2004)
experiments
Skal_oligol Kinetochore; Misaligned 316 cells from 2 yes (Auckland et al., 2017;
mitotic spindle chromosomes, independent Gaitanos et al., 2009;
prometaphase experiments Hanisch et al., 2006;

delay, metaphase
arrest, problems in
maintenance of
chromosome
alignment, cohesion

fatigue; cell death

Sivakumar et al., 2014;
Welburn et al., 2009)
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Skal_oligo2 249 cells from 2 yes
independent
experiments
HURP kinetochore Misaligned 296 cells from 2 yes (Silljé et al., 2006; Wong
chromosomes; independent and Fang, 2006; Ye et
prometaphase delay | experiments al., 2011; Zhang et al.,
2018)
Akil/CC2D1A centrosome Multipolar spindles 202 cells from 2 no (Nakamura et al., 2009)
due to spindle pole independent
fragmentation experiments
4.1r Mature centriole | Misaligned 451 cells from 3 yes (Krauss et al., 2008)
chromosomes; independent
Multipolar spindles; experiments
Monopolar spindles
HICE1/HAUSS8 Centrosome; Misaligned 377 cells from 2 no (Lawo et al., 2009; Wu
mitotic spindle, chromosomes; independent et al., 2008)
spindle midzone; | mitotic delay; experiments
midbody aberrant mitotic
spindles; multipolar
spindles, spindle
pole fragmentation
Ska2 Kinetochore; Misaligned 399 cells from 2 yes (Gaitanos et al., 2009;
mitotic spindle chromosomes, independent Hanisch et al., 2006;
prometaphase experiments Sivakumar et al., 2014)
delay, metaphase
arrest, problems in
maintenance of
chromosome
alignment, cohesion
fatigue
Kif18a_oligol Plus-ends of Misaligned 330 cells from 2 yes (Fonseca et al., 2019;
kMTs chromosomes; independent Huang et al., 2009; X.-S.
prometaphase experiments Liu et al., 2010; Mayr et
delay; long mitotic al., 2007; Stumpff et al.,
spindle; 2012, 2008)
chromosomes mis-
segregation (lagging
chromosomes);
Micronuclei
formation
Kif18a_oligo2 236 cells from 2 yes
independent
experiments
TACC3_oligol centrosome Misaligned 360 cells from 3 yes (Cheeseman et al.,
chromosomes; independent 2013; Gergely et al.,
mitotic delay; experiments 2003; Kimura et al.,

disorganized

spindles; cell death

2013; Lin et al., 2010;
Schneider et al., 2007)
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TACC3_oligo2 285 cells from 2 yes
independent
experiments
CLERC_Oligol Centrosomes Misaligned 294 cells from 2 yes (Muto et al., 2008)
chromosomes; independent
multipolar spindles experiments
CLERC_Oligo2 Centrosomes 400 cells from 2 yes
independent
experiments
Kizuna Mature centriole; | Misaligned 358 cells from 2 no (Oshimori et al., 2006)
pericentriolar chromosomes; independent
satellites multipolar spindles; experiments
spindle pole
fragmentation
ILK Plasma Aberrant mitotic 300 cells from 3 no (Fielding et al., 2008)
membrane; focal | spindles, Misaligned | independent
adhesion; chromosomes experiments
cytosol
Kinastrin/SKAP Spindle pole; Prometaphase 355 cells from 2 no (Dunsch et al., 2011;
Kinetochore delay; metaphase independent Fang et al., 2009; Huang
delay; multipolar experiments et al., 2012; Schmidt et
spindles; spindle al., 2010)
pole fragmentation
Ninein Mature centriole; | Misaligned 200 cells from 2 no (Logarinho et al., 2012)
pericentriolar chromosomes; independent
satellites multipolar spindles experiments
NuMA Nucleus; spindle | Aberrant mitotic 188 cells from 2 yes (Haren et al., 2009;
pole spindles, Misaligned | independent Iwakiri et al., 2013)
chromosomes experiments
Rael_oligol Nuclear pore; Misaligned 358 cells from 2 no (Blower et al., 2005;
spindle pole chromosomes; independent Wong et al., 2006)
multipolar spindles; experiments
lagging
chromosomes;
Rael_oligo2 311 cells from 2 no
independent
experiments
RanBP2_oligol Nuclear pore; Misaligned 400 cells from 2 no (Joseph et al., 2004)
kinetochore; chromosomes; independent
spindle pole multipolar spindles experiments
RanBP2_oligo2 231 cells from 1 no
experiment
Spindly Kinetochore; Misaligned 600 cells from 3 no (Barisic et al., 2010;
spindle pole chromosomes; independent Raaijmakers et al.,
prometaphase delay | experiments 2013)
STARD9 Daughter Misaligned 198 cells from 2 no (Torres et al., 2011)
centriole chromosomes; independent
mitotic delay; experiments

multipolar spindles;

spindle pole
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fragmentation;

mitotic death

CAMKIly Cytosol Misaligned 371 cells from 2 no (Holmfeldt et al., 2005)
(CAMK2G) chromosomes; independent
multipolar spindles experiments
CENP-E_oligol Kinetochore Misaligned 259 cells from 3 yes (Barisic et al., 2014;
chromosomes; independent Maia et al., 2010;
prometaphase experiments Stevens et al., 2011;
delay; exit with Tanudji et al., 2004)
misaligned
chromosomes; die
in or after mitosis
CENP-E_oligo2 187 cells from 2 yes
independent
experiments
CHC17 clathrin Mitotic spindle; Chromosome 299 cells from 2 no (Foraker et al., 2012; Lin
centrosome misalignment; independent et al., 2010; Royle et al.,
mitotic delay; experiments 2005)
disorganized
spindles; multipolar
spindles; spindle
pole fragmentation
CEP72_oligol centrosome Misaligned 379 cells from 2 yes (Oshimori et al., 2009)
chromosomes; independent
multipolar spindles; experiments
spindle pole
fragmentation
CEP72_oligo2 centrosome 170 cells from 2 yes
independent
experiments
CEP90_oligol Centrosome; Misaligned 471 cells from 3 yes (Kim and Rhee, 2011)
pericentriolar chromosomes; independent
satellites aberrant mitotic experiments
spindles; multipolar
spindles
CEP90_oligo2 Centrosome; 155 cells from 2 yes
pericentriolar independent
satellites experiments
CLASP2b Centrosome; Misaligned 408 cells from 2 yes (Girdo and Maiato,
kinetochore; chromosomes; independent 2020; Logarinho et al.,
microtubule plus | prometaphase experiments 2012; Mimori-Kiyosue et

ends; central

spindle

delay; chromosome
mis-segregation
(lagging
chromosomes and
chromosome
bridges); multipolar
spindles; spindle

pole fragmentation

al., 2005)
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CLASP1b Centrosome; Misaligned 402 cells from 2 yes (Logarinho et al., 2012;
kinetochore; chromosomes; independent Maiato et al., 2003;
microtubule plus | chromosome mis- experiments Mimori-Kiyosue et al.,
ends; central segregation (lagging 2005)
spindle chromosomes and

chromosome
bridges); multipolar
spindles; spindle
pole fragmentation

CLASP1+2 300 cells from 2 yes

independent
experiments

Aurora B_oligol | Centromere; Misaligned 287 cells from 2 yes (Fuller et al., 2008; Hauf
spindle, spindle chromosomes; independent et al., 2003; Hégarat et
midzone chromosome mis- experiments al., 2011)

segregation;
cytokinesis defects

Aurora B_oligo2 212 cells from 2 yes

independent
experiments

Astrin_oligol Spindle pole; Misaligned 400 cells from 2 yes (Dunsch et al., 2011;
kinetochores chromosomes; independent Schmidt et al., 2010;

prometaphase experiments Thein et al., 2007)
delay; multipolar
spindles; spindle
pole fragmentation
Astrin_oligo2 224 cells from 2 yes
independent
experiments
Aurora A_oligol | Centrosome; Misaligned 364 cells from 2 yes (De Luca et al., 2008,
central spindle chromosomes; independent 2006; Hégarat et al.,
mitotic delay; experiments 2011; Hoar et al., 2007;
multipolar spindles; Sasai et al., 2008)
spindle pole
fragmentation;
chromosome mis-
segregation (lagging
chromosomes and
chromosome
bridges)
Aurora A_oligo2 79 cells from 1 yes
experiment

INCENP Centromere; Prometaphase 199 cells from 2 yes (Mackay et al., 1998; Xu

spindle midzone | delay; independent et al., 2009)
Multipolar spindles; experiments
cytokinesis defects

Haspin_oligol Chromosome; Misaligned 399 cells from 2 no (Dai et al., 2009, 2005)

centrosome chromosomes; independent

mitotic arrest;

prometaphase

experiments
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delay; multipolar
spindles; spindle

pole fragmentation

Haspin_oligo2 Chromosome; 401 cells from 2 no
centrosome independent
experiments
ARP1 Kinetochore; Mitotic delay 221 cells from 2 no (Raaijmakers et al.,
mitotic spindle independent 2013)
experiments
Spc25_oligol Kinetochore Misaligned 298 cells from 3 yes (Bharadwaj et al., 2004;
chromosomes; independent McCleland et al., 2004;
mitotic delay; experiments P. Xu et al., 2014)
aberrant mitotic
spindles; multipolar
spindles; cell death
Spc25_oligo2 203 cells from 2 yes
independent
experiments
DYNLT3_oligol | kinetochore Increased mitotic 309 cells from 2 no (Lo et al., 2007)
index, particularly independent
the number of cells experiments
in
prophase/prometap
hase
DYNLT3_oligo2 564 cells from 3 no
independent
experiments
DYNLRB1/ Kinetochore; Misaligned 165 cells from 2 no (Raaijmakers et al.,
Roadblock-1 mitotic spindle chromosomes; independent 2013)
prometaphase delay | experiments
Spc24_oligol Kinetochore Misaligned 399 cells from 2 yes (Bharadwaj et al., 2004;
chromosomes independent P. Xu et al., 2014)
experiments
Spc24_oligo2 336 cells from 2 yes
independent
experiments
NdeL1 Kinetochore; Misaligned 462 cells from 2 no (Raaijmakers et al.,
mitotic spindle chromosomes; independent 2013; Vergnolle and
prometaphase experiments Taylor, 2007)
delay; chromosome
mis-segregation
LIS1/PAFAH1B1 | Kinetochore; Misaligned 469 cells from 3 no (Moon et al., 2014;
mitotic spindle chromosomes; independent Raaijmakers et al.,
prometaphase experiments 2013)

delay; chromosome
mis-segregation
(lagging
chromosomes and
chromosome

bridges)
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HSET/KIF1C Microtubules 400 cells from 2 no (Auckland and McAinsh,
independent 2015)
experiments
Ndel Kinetochore; Misaligned 611 cells from 3 yes (Raaijmakers et al.,
mitotic spindle chromosomes; independent 2013; Vergnolle and
prometaphase experiments Taylor, 2007)
delay;
DLIC2 Spindle pole Misaligned 400 cells from 2 no (Horgan et al., 2011;
chromosomes; independent Raaijmakers et al.,
prometaphase delay | experiments 2013)
HAUSG6_oligol Centrosome, Misaligned 345 cells from 2 yes (Lawo et al., 2009)
spindle chromosomes; independent
aberrant mitotic experiments
spindles; spindle
pole fragmentation;
mitotic delay
HAUSG6_oligo2 Centrosome, 168 cells from 1 yes
spindle experiment
HAUS1_oligol Centrosome, Misaligned 400 cells from 2 no (Einarson et al., 2004;
spindle chromosomes; independent Lawo et al., 2009)
aberrant mitotic experiments
spindles; spindle
pole fragmentation;
mitotic delay
HAUS1_oligo2 Centrosome, 396 cells from 2 no
spindle independent
experiments
DIC2/DYNCL1I2 Kinetochore; Misaligned 184 cells from 2 no (Raaijmakers et al.,
mitotic spindle chromosomes; independent 2013)
prometaphase delay | experiments
survivin Centromeres; Misaligned 294 cells from 2 yes (Carvalho et al., 2003;
spindle midzone | chromosomes; independent Lens et al., 2003; Uren
prometaphase experiments et al., 2000)
delay; chromosome
segregation errors;
Cytokinesis failure,
mitotic catastrophe
CPAP/ CENP-J centriole Misaligned 215 cells from 2 no (Cho et al., 2006)
chromosomes; independent
mitotic delay; experiments
multipolar spindles;
apoptosis
Ndc80_oligol kinetochore Misaligned 191 cells from 2 yes (Joseph et al., 2004; M.
chromosomes; independent H. Lee et al., 2011; L. Li

mitotic arrest

experiments

et al., 2007; Martin-
Lluesma et al., 2002;
Sundin et al., 2011)
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Ndc80_oligo2 238 cells from 2 yes
independent
experiments
Borealin Centromere; 368 cells from 2 no (Gassmann et al., 2004)
spindle midzone independent
experiments
Sccl/Rad21 Chromosome; Misaligned 384 cells from 2 no (Beauchene et al., 2010;
centrosome chromosomes; independent Dai et al., 2009; Diaz-
prometaphase experiments Martinez et al., 2010)
delay; multipolar
spindles; spindle
pole fragmentation
Myosin 10 Spindle pole Misaligned 500 cells from 3 no (Woolner et al., 2008)
chromosomes; independent
mitotic delay; experiments
aberrant mitotic
spindles; spindle
pole fragmentation;
cytokinesis failure
Sgol/Shugoshin | Centromere; Misaligned 414 cells from 2 no (McGuinness et al.,
Kinetochore; chromosomes; independent 2005; X. Wang et al.,
centrosome; prometaphase experiments 2008)
spindle pole delay; spindle pole
fragmentation
HAUS3_oligol Centrosome, Misaligned 400 cells from 2 no (Lawo et al., 2009)
spindle chromosomes; independent
aberrant mitotic experiments
spindles; spindle
pole fragmentation;
HAUS3_oligo2 Centrosome, 400 cells from 2 no
spindle independent
experiments
DHC/DYNC1H1 | Kinetochore; Misaligned 396 cells from 2 yes (Barisic et al., 2014;
mitotic spindle chromosomes; independent Raaijmakers et al.,
prometaphase experiments 2013)
delay; aberrant
mitotic spindles
CENP-T kinetochore Misaligned 395 cells from 2 no (McKinley et al., 2015;
chromosomes, independent Prendergast et al., 2011;
prometaphase experiments Wood et al., 2016)
arrest; multipolar
spindles; cell death
CENP-T 229 cells from 2 no
independent
experiments
MLL Mitotic spindle Misaligned 560 cells from 3 no (Ali et al., 2017)
chromosomes; independent
mitotic delay experiments
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CENP-W kinetochore Misaligned 380 cells from 2 no (Chun et al., 2016;
chromosomes; independent Prendergast et al., 2011)
mitotic delay; experiments
multipolar spindles

Shp2_oligol Kinetochore; Misaligned 528 cells from 3 yes (Liu et al., 2012)

centrosome; chromosomes; independent
spindle midzone; | mitotic delay; experiments
midbody chromosome mis-

segregation (lagging

chromosomes)

Shp2_oligo2 455 cells from 3 yes

independent
experiments

ASURA/PHB2 cytoplasm Misaligned 400 cells from 2 no (Equilibrina et al., 2013,
chromosomes; independent ;M. H. Lee et al., 2011;
mitotic arrest experiments Takata et al., 2007)

CENP-H_oligol | kinetochore Misaligned 324 cells from 3 yes (Amaro et al., 2010;
chromosomes; independent Orthaus et al., 2006)
aberrant mitotic experiments
spindles; multipolar
spindles

CENP-H_oligo2 255 cells from 2 yes

independent
experiments
Kifl4_oligol Spindle poles; Misaligned 436 cells from 3 no (Carleton et al., 2006;
mitotic spindle; chromosomes; independent Zhu et al., 2005)
midbody cytokinesis failure; experiments
binucleated cells
Kifl4_oligo2 Spindle poles; 277 cells from 2 no
mitotic spindle; independent
midbody experiments

WDR5 Mitotic spindle Misaligned 383 cells from 2 no (Ali et al., 2017)
chromosomes; independent
mitotic delay experiments

TAO1/MARKK microtubules Misaligned 416 cells from 2 no (Draviam et al., 2007;
chromosomes; independent Shrestha et al., 2014)
prometaphase experiments
delay; Muti-lobed
nuclei; chromosome
mis-segregation
(lagging
chromosomes)

Nup88 Mitotic spindle Misaligned 300 cells from 2 no (Hashizume et al., 2010)
chromosomes; independent
multipolar spindles experiments

ASB7 ND Misaligned 300 cells from 2 no (Uematsu et al., 2016)
chromosomes independent

experiments
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And-1_oligol cytoplasm Misaligned 415 cells from 2 yes (Jaramillo-Lambert et
chromosomes; independent al., 2013)
prometaphase delay | experiments

And-1_oligo2 cytoplasm 168 cells from 1 yes

experiment
Septin-7 Spindle poles; Misaligned 222 cells from 2 no (Zhu et al., 2008)
mitotic spindle; chromosomes; independent
midbody mitotic arrest experiments

ANKRD53 Spindle poles Misaligned 360 cells from 2 no (Kim and Jang, 2016)
chromosomes; independent
mitotic delay; experiments
Multinucleated cells

TRAMM Perinuclear Misaligned 371 cells from 2 no (Milev et al., 2015)

region chromosomes; independent
mitotic delay experiments

Septin-2_oligol plasma Misaligned 411 cells from 2 yes (Spiliotis et al., 2005)

membrane, chromosomes; independent
cleavage furrow | mitotic delay; experiments
and midbody binucleated cells

Septin-2_oligo2 325 cells from 2 yes

independent
experiments

Sehl kinetochores Misaligned 200 cells from 2 no (Platani et al., 2009;
chromosomes; independent Zuccolo et al., 2007)
mitotic delay; experiments
cytokinesis defects

CENP-Q_oligol | kinetochore Misaligned 430 cells from 3 no (Bancroft et al., 2015)
chromosomes; independent
prometaphase delay | experiments

CENP-Q_oligo2 | kinetochore 352 cells from 3 no

independent
experiments

NF-1 Astral Misaligned 375 cells from 2 no (Koliou et al., 2016)

microtubules; chromosomes independent
mitotic spindle, experiments
centrosomes;

midbody

Scramble RNAI 7229 cells from 45

independent
experiments

Nup107 kinetochore Misaligned 428 cells from 3 no (Platani et al., 2009;
chromosomes; independent Zuccolo et al., 2007)
mitotic delay; experiments
cytokinesis defects

Uspl6 Cytoplasmic in Misaligned 663 cells from 3 no (Zhuo et al., 2015)

interphase; chromosomes; independent
kinetochore prometaphase delay | experiments

NDR1 ND Misaligned 264 cells from 2 no (Oh et al., 2010)
chromosomes independent

experiments
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GAK_oligol Trans-Golgi Misaligned 333 cells from 2 yes (Shimizu et al., 2009)
network chromosomes; independent
prometaphase experiments
arrest; multipolar
spindles; spindle
pole fragmentation
GAK_oligo2 Trans-Golgi 376 cells from 3 yes
network independent
experiments
HAUS7 Centrosome, Misaligned 303 cells from 2 no (Lawo et al., 2009)
spindle chromosomes; independent
aberrant mitotic experiments
spindles; spindle
pole fragmentation;
CENP-M kinetochore Misaligned 599 cells from 3 no (Basilico et al., 2014;
chromosomes independent Foltz et al., 2006)
experiments
CENP-U kinetochore Misaligned 278 cells from 3 no (Hua et al., 2011)
chromosomes; independent
chromosome mis- experiments
segregation (lagging
chromosomes)
MST1 ND Misaligned 300 cells from 2 no (Oh et al., 2010)
chromosomes; independent
prometaphase experiments
delay; cell death
PTEN Centrosome; Misaligned 280 cells from 2 no (He et al., 2016)
mitotic spindle; chromosomes; independent
midbody mitotic delay; experiments
spindle pole
fragmentation;
mitotic catrastrophe
HAUS2 Centrosome, Misaligned 339 cells from 3 no (Lawo et al., 2009)
spindle chromosomes; independent
aberrant mitotic experiments
spindles; spindle
pole fragmentation;
CENP-N_oligol | kinetochore Misaligned 300 cells from 2 yes (McKinley et al., 2015)
chromosomes, independent
multipolar spindles experiments
CENP-N_oligo2 200 cells from 2 yes
independent
experiments
Hsp72 Mitotic spindle; Misaligned 428 cells from 3 no (O'Regan et al., 2015)
midbody chromosomes; independent
prometaphase delay | experiments
HAUS5 Centrosome, Misaligned 397 cells from 2 no (Lawo et al., 2009)
spindle chromosomes; independent

aberrant mitotic

experiments
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spindles; spindle

pole fragmentation;

HAUS4_oligol Centrosome, Misaligned 324 cells from 2 no (Lawo et al., 2009)
spindle chromosomes; independent
aberrant mitotic experiments
spindles; spindle
pole fragmentation;
HAUSA4_oligo2 254 cells from 2 no
independent
experiments
DYNLT1 Kinetochore; ND 596 cells from 3 no
mitotic spindle independent
experiments
Rab5 Early Misaligned 579 cells from 3 no (Serio et al., 2011)
endosomes chromosomes; independent
prometaphase delay | experiments
CENP-I_oligo 1 Kinetochore Misaligned 305 cells from 2 yes (Liu et al., 2003;
chromosomes, independent McKinley et al., 2015;
multipolar spindles; experiments Nishihashi et al., 2002)
chromosome mis-
segregation;
apoptosis
CENP-I_oligo 2 207 cells from 2 yes
independent
experiments
Dsnl_oligol Kinetochore Misaligned 582 cells from 3 yes (Kline et al., 2006)
chromosomes; independent
prometaphase delay | experiments
Dsnl_oligo2 229 cells from 2 yes
independent
experiments
CENP-P kinetochore Misaligned 567 cells from 3 no (Bancroft et al., 2015)
chromosomes; independent
mitotic delay experiments
ZwinT Kinetochore Misaligned 410 cells from 2 no (Lin et al., 2006; Wang
chromosomes; cell independent et al., 2004)
death; chromosome | experiments
mis-segregation
(lagging
chromosomes and
chromosome
bridges)
Nsl1_oligol Kinetochore Misaligned 300 cells from 2 yes (Kline et al., 2006)
chromosomes independent
experiments
Nsl1_oligo2 200 cells from 2 yes

independent

experiments
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Mis12_oligol Kinetochore Misaligned 200 cells from 2 yes (Kline et al., 2006)
chromosomes independent
experiments
Mis12_oligo2 171 cells from 2 yes
independent
experiments
KNL1_oligol Kinetochore Misaligned 291 cells from 2 yes (Caldas and DelLuca,
chromosomes independent 2014; Ghongane et al.,
experiments 2014)
KNL1_oligo2 219 cells from 2 yes
independent
experiments
Nup153 ND Multilobed nuclei; 200 cells from 2 no (Chatel and Fahrenkrog,
cytokinesis independent 2011; Lussi et al., 2010;
abnormalities experiments Mackay et al., 2009)

Table 2. List of oligonucleotide sequences and siRNA depletion conditions

Protein Name siRNA sequence (5-3") Source or Identifiers Additional
reference information

scramble CUUCCUCUCUUUCUCUCCCUUGUGATT Sigma-
Aldrich

m-calpain CCAGGACUACGAGGCGCUGTT Sigma- (Honda et al., 2004) 50nM, 96h
Aldrich

Nuf2 AAGCAUGCCGUGAAACGUAUATT Sigma- (DeLuca et al., 2002) 50nM, 24h

Oligol Aldrich

Nuf2 GCAUGCCGUGAAACGUAUATT Dharmacon (Asteriti et al., 2011) 50nM, 24h

Oligo2

Beclin-1 GCUCAGUAUCAGAGAGAAUTT Sigma- (Frémont et al., 2013) 50nM, 48h
Aldrich

CLIP-170 GCACAGCUCUGAAGACACCTT Sigma- (Tanenbaum et al., 50nM, 96h
Aldrich 2006)

ATRX GAGGAAACCUUCAAUUGUATT Sigma- (Ritchie et al., 2008) 50nM, 72h

Oligol Aldrich

ATRX GCAGAGAAAUUCCUAAAGATT Sigma- (Ritchie et al., 2008) 50nM, 72h

Oligo2 Aldrich

SPICE GCUGAGAACAAAUGAGUCATT Sigma- (Archinti et al., 2010) 50nM, 48h
Aldrich

CHICA CCAGGAUAGCAAGCUCUCAAATT Sigma- (Santamaria et al., 50nM, 48h
Aldrich 2008)

CDCA4 GCUGCAUGGAAGAGCUGUUTT Sigma- (L. Wang et al., 2008) 50nM, 96h
Aldrich

Kif2a GGAAUGGCAUCCUGUGAAATT Sigma- (Jang et al., 2008) 50nM, 72h

Oligol Aldrich
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Kif2a GGCAAAGAGAUUGACCUGGTT Sigma- (Ganem and Compton, 50nM, 72h

Oligo2 Aldrich 2004)

HIP1r UUCUCAUGAUGCGUGCCCAGGAUGATT Sigma- (Park, 2010) 50nM, 96h
Aldrich

Nucleophosmin AGAUGAUGAUGAUGAUGAUUUTT Sigma- (Amin et al., 2008) 50nM, 48h
Aldrich

CENP-F AAGAGAAGACCCCAAGUCAUCTT Sigma- (Holt et al., 2005) 50nM, 72h
Aldrich

NudC AACAGACUUUUUCAUUGGAGGTT Sigma- (Nishino et al., 2006) 50nM, 48h
Aldrich

RRS1 CUACCGGACACCAGAGUAATT Sigma- (Gambe et al., 2009) 50nM, 72h
Aldrich

KIBRA GGUUGGAGAUUACUUCAUATT Sigma- (L. Zhang et al., 2012) 50nM,96h
Aldrich

Nucleolin AGAGUUUGCUUCAUUCGAATT Sigma- 50nM, 96h
Aldrich

DDA3 AAGCAAGACUUCAGUAGCATT Sigma- (Jang et al., 2008) 50nM, 72h

Oligol Aldrich

DDA3 CCACCGAAGTGACCCAAATTT Sigma- (Jang et al., 2008) 50nM, 24h

Oligo2 Aldrich

Bubl AAAUACCACAAUGACCCAAGATT Sigma- (Johnson et al., 2004) 50nM, 48h

Oligol Aldrich

Bubl GAGUGAUCACGAUUUCUAUTT Dharmacon (Karamysheva et al., 50nM, 48h

Oligo2 2009)

BubR1 AACGGGCAUUUGAAUAUGAAATT Sigma- (Ditchfield et al., 2003b) | 50nM, 48h

Oligol Aldrich

BubR1 AAAGAUCCUGGCUAACUGUUCTT Dharmacon (Lampson and Kapoor, 50nM, 48h

Oligo2 2005)

Ska3 AAUCCAGGCUCAAUGAUAATT Sigma- (Raaijmakers et al., 50nM, 24h

Oligol Aldrich 2009)

Ska3 AGACAAACAUGAACAUUAATT Sigma- (Gaitanos et al., 2009) 50nM, 48h

Oligo2 Aldrich

TPX2 AAGGAGAUACUCAAAACAUAGTT Sigma- (Garrett et al., 2002) 50nM, 96h
Aldrich

Nup188 AUUUCUAGCAGCAUGGACUGUUCCCTT Sigma- (Itoh et al., 2013) 50nM, 96h

Oligol Aldrich

Nup188 GGUAGUAGGCAGACCAAUATT Sigma- (Labade et al., 2016) 50nM, 96h

Oligo2 Aldrich

Kif4a GCAAUUGAUUACCCAGUUATT Sigma- (Mazumdar et al., 2004) | 50nM, 96h

Oligol Aldrich

Kif4a GAAAGATCCTGGCTCAAGATT Sigma- (Mazumdar et al., 2004) | 50nM, 96h

Oligo2 Aldrich

Zw10 UGAUCAAUGUGCUGUUCAATT Sigma- (Kops et al., 2005a) 50nM, 72h

Oligol Aldrich

Zw10 CCACGAAGUGAUGAAUUUATT Dharmacon (Y. W. Chan et al., 50nM, 48h

Oligo2 2009)

CENP-L CCAUUAUGUGGCUACUACUGAAUUU Sigma- (McHedlishvili et al., 50nM, 96h
Aldrich 2012)
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NUSAP1 AAGCACCAAGAAGCUGAGAAUTT Sigma- (Raemaekers et al., 50nM, 96h
Aldrich 2003)

SAF-A GAACUCUCGUAUGCUAAGATT Sigma- (Ma et al., 2011) 50nM, 24h
Aldrich

Tastin GCCUGAUCUUCUCUUCCCATT Sigma- (Yang et al., 2008) 50nM, 96h
Aldrich

Tankyrase-1 AACAAUUCACCGUCGUCCUCUTT Sigma- (Dynek and Smith, 50nM, 72h
Aldrich 2004)

Skal CCCGCUUAACCUAUAAUCAAATT Sigma- (Hanisch et al., 2006) 50nM, 48h

Oligol Aldrich

Skal GGACUUACUCGUUAUGUUATT Dharmacon (Thomas et al., 2016) 50nM, 24h

Oligo2

HURP AAUGACUCGAUCAGCUACUCATT Sigma- (Silljé et al., 2006) 50nM, 48h
Aldrich

Aki CCCUGGCGAUCUGGAUGUCUUUGUU Sigma- (Nakamura et al., 2009) | 50nM, 96h
Aldrich

4.1r GAAAGUCUGUGUAGAACAUUU Sigma- (Krauss et al., 2008) 50nM, 72h
Aldrich

HICE1 GGGAGAACUUGAUGUUGGUGAUUCGTT | Sigma- (Wu et al., 2008) 50nM, 48h
Aldrich

Ska2 AAGAAAUCAAGACUAAUCAUCTT Sigma- (Hanisch et al., 2006) 50nM, 72h
Aldrich

Kifl8a ACCAACAACAGUGCCAUAAATT Sigma- (Huang et al., 2009) 50nM, 24h

Oligol Aldrich

Kif18a ACAGAUUCGUGAUCUCUUATT Dharmacon (Mayr et al., 2007) 50nM, 24h

Oligo2

TACC3 CACGGGCGCGGAGGUGGAUUATT Sigma- (Fielding et al., 2011) 50nM, 48h

Oligol Aldrich

TACC3 GUUACCGGAAGAUCGUCUGTT Dharmacon | (Kimura et al., 2013) 50nM, 48h

Oligol

CLERC GGAGAAAGAUGGAGACGAUTT Sigma- (Muto et al., 2008) 50nM, 24h

Oligol Aldrich

CLERC CAGAUAGGCUAAAGGAAAUTT Sigma- (Muto et al., 2008) 50nM, 72h

Oligo2 Aldrich

Kizuna AAGCGAUUUGAGCGUGUCCAATT Sigma- (Oshimori et al., 2006) 50nM, 72h
Aldrich

ILK AAGACGCUCAGCAGACAUGUGGATT Sigma- (Fielding et al., 2011) 50nM, 96h
Aldrich

Kinastrin AGGCUACAAACCACUGAGUAATT Sigma- (Dunsch et al., 2011) 50nM, 96h
Aldrich

Ninein UAUGAGCAUUGAGGCAGAGTT Sigma- (Logarinho et al., 2012) 50nM, 96h
Aldrich

NuMA GGCGUGGCAGGAGAAGUUCTT Sigma- (Logarinho et al., 2012) 50nM, 96h
Aldrich

Rael GCAGUAACCAAGCGAUACATT Sigma- (Wong et al., 2006) 50nM, 72h

Oligol Aldrich

Rael GAGUUGCUAUUCACUAUAUTT Sigma- (Blower et al., 2005) 50nM, 48h

Oligo2 Aldrich
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RanBP2 AAGGACAGUGGGAUUGUAGUGTT Sigma- 50nM, 72h

Oligol Aldrich

RanBP2 AACAACACCAAAAGCAGUGGUTT Sigma- 50nM, 72h

Oligo2 Aldrich

Spindly GAAAGGGUCUCAAACUGAATT Sigma- (Barisic et al., 2010) 50nM, 48h
Aldrich

STARD9 GAGUUGCCAAAGGCUAUAATT Sigma- (Srivastava and Panda, 50nM, 72h
Aldrich 2018)

CAMKIly GCAGAUGCCAGCCACUGUATT Sigma- SASI_Hs01_00118118 50nM, 24h
Aldrich

CENP-E GAACUAAGAAGAAGCGUAUTT Sigma- (Maia et al., 2010) 50nM, 24h

Oligol Aldrich

CENP-E AAGGCUACAAUGGUACUAUAUTT Dharmacon (Johnson et al., 2004) 50nM, 24h

Oligo2

CHC17 AAGCAAUGAGCUGUUUGAAGATT Sigma- (Vassilopoulos et al., 50nM, 96h

clatrin Aldrich 2009)

CEP72 UUGCAGAUCGCUGGACUUCAATT Sigma- (Oshimori et al., 2009) 50nM, 72h

Oligol Aldrich

CEP72 GAGUUUAACAGGUCUGAAATT Sigma- SASI_Hs02_00351368 50nM, 96h

Oligo2 Aldrich

CEP90 GCAGCUGACAGAGACAUAUTT Sigma- (Kim and Rhee, 2011) 50nM, 48h

Oligol Aldrich

CEP90 CACCUUAGAGCAAACUGUUTT Sigma- SASI_HS01_00230208 | 50nM, 96h

Oligo2 Aldrich

CLASP1b GGAUGAUUUACAAGACUGGTT Sigma- (Mimori-Kiyosue et al., 50nM, 48h
Aldrich 2005)

CLASP2b GACAUACAUGGGUCUUAGATT Sigma- (Mimori-Kiyosue et al., 50nM, 48h
Aldrich 2005)

Aurora B AACGCGGCACUUCACAAUUGATT Sigma- (Fuller et al., 2008) 50nM, 24h

Oligol Aldrich

Aurora B AAGGUGAUGGAGAAUAGCAGUTT Dharmacon (Hauf et al., 2003) 50nM, 48h

Oligo2

Astrin UCCCGACAACUCACAGAGAAATT Sigma- (Thein et al., 2007) 50nM, 48h

Oligol Aldrich

Astrin CUACAGAGCCUGACUCUCUTT Dharmacon (Cheng et al., 2007) 50nM, 48h

Oligo2

Aurora A AUGCCCUGUCUUACUGUCATT Sigma- (Kuang et al., 2017) 50nM, 24h

Oligol Aldrich

Aurora A AUGCCCUGUCUUACUGUCATT Dharmacon (Kesisova et al., 2013) 50nM, 24h

Oligo2

INCENP CUCAGAAGAACCGACGGAATT Sigma- SASI_Hs01_00219348 50nM, 24h
Aldrich

Haspin GGCUUUAUCGGGCUGAACUTT Sigma- SASI_Hs02_00359157 50nM, 48h

Oligol Aldrich

Haspin GCUUUGAGCACCGAGACUUTT Sigma- SASI_Hs01_00243245 50nM, 72h

Oligo2 Aldrich

ARP1 CCUUCAAUGUGCCCGCUCUTT Sigma- SASI_Hs01_00015229 50nM, 48h
Aldrich
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Spc25 CUGCAAAUAUCCAGGAUCUTT Sigma- SASI_Hs01_00193697 50nM, 24h

Oligol Aldrich

Spc25 AAGCGAAUGCAGAGAGGUUGATT Dharmacon (McCleland et al., 2004) | 50nM, 24h

Oligo2

DYNLT3 CAUAGUAAUUGGCAGAUUATT Sigma- SASI_Hs01_00147343 50nM, 96h

Oligol Aldrich

DYNLT3 GGGAGAACCGGACCAUGAATT Sigma- SASI_Hs02_00341758 50nM, 72h

Oligo2 Aldrich

DYNLRB1 GAUUCAGAAUCCAACCGAATT Sigma- SASI_Hs01_00158744 50nM, 48h
Aldrich

Spc24 CUCAACUUUACCACCAAGUUATT Sigma- (H. Xu et al., 2014) 50nM, 48h

Oligol Aldrich

Spc24 AAGGAGAUUGAGGCGGAUCUGTT Dharmacon (McCleland et al., 2004) | 50nM, 48h

Oligo2

NdelL1 GGAUGAAGCAAGAGAUUUATT Sigma- SASI_Hs01_ 00228104 50nM, 48h
Aldrich

LIS1 GAGACAAGACUAUUAAGAUTT Sigma- SASI_Hs01_ 00019092 50nM, 48h
Aldrich

HSET CAGCUAUUGCCACAGGGUUTT Sigma- SASI_Hs01 00185148 50nM, 48h
Aldrich

Ndel GCUUGAAUCAGGCCAUCGATT Sigma- SASI_Hs01_00074363 50nM, 48h
Aldrich

DLIC2 GAUGCAUAUGAAGACUUUATT Sigma- SASI_Hs01_00014533 50nM, 72h
Aldrich

HAUS6 CCAUUUCGCACGUAGCAGATT Sigma- SASI_Hs01_00105872 50nM, 48h

Oligol Aldrich

HAUS6 CUAAUUGACUCUCUGGGUUTT Sigma- SASI_Hs01_00105873 50nM, 48h

Oligo2 Aldrich

HAUS1 GUAUCUGAAUGCUUUGGUUTT Sigma- SASI_Hs01_00107510 50nM, 48h

Oligol Aldrich

HAUS1 AAGGAUACCUCGCUAGCUAGUTT Sigma- (Einarson et al., 2004) 50nM, 48h

Oligo2 Aldrich

DIC2 GAAACUCAGACUCCAGUUATT Sigma- SASI_Hs01_00129736 50nM, 48h
Aldrich

survivin CAGACUUGGCCCAGUGUUUTT Sigma- SASI_Hs01_00052228 50nM, 24h
Aldrich

CPAP GAUUUACGGGAAGAUUUGATT Sigma- SASI_Hs01_00069692 50nM, 96h
Aldrich

Ndc80 GAAUUGCAGCAGACUAUUATT Sigma- SASI_Hs01 00138654 50nM, 24h

Oligol Aldrich

Ndc80 AAGUUCAAAAGCUGGAUGAUCTT Dharmacon (Liu et al., 2007) 50nM, 24h

Oligo2

Borealin CCUCUAAGGGAAUUCAGGATT Sigma- SASI_Hs01_ 00153657 50nM, 48h
Aldrich

Sccl/ CUACUACUUCUAACCUCCUTT Sigma- SASI_Hs01_00195799 50nM, 48h

Rad21 Aldrich

Myosin10 GCAAUACAGUGGGACAGUUTT Sigma- SASI_Hs01_00072460 50nM, 96h
Aldrich
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Sgol GCUGCACCAUGCCAAAUAATT Sigma- SASI_Hs01_00168960 50nM, 24h
Aldrich

HAUS3 GAGAAUGCCCAGUUAUUGATT Sigma- SASI_Hs01_00073692 50nM, 48h

Oligol Aldrich

HAUS3 GAUUAAGGCUGUUAGUCUUTT Sigma- SASI_Hs01_00073693 50nM, 48h

Oligo2 Aldrich

DHC GAACUAGACUUGGUUAAUUTT Sigma- SASI_Hs01_00028998 50nM, 24h
Aldrich

CENP-T CAGUAGUGGCCAGGCUUCATT Sigma- (Chun et al., 2013) 50nM, 48h

Oligol Aldrich

CENP-T AAGUAGAGCCCUUACACGATT Dharmacon | (Kim and Yu, 2015) 50nM, 24h

Oligo2

MLL GGAUGAAGUUAGAGAAAAUTT Sigma- (Ali et al., 2017) 50nM, 24h
Aldrich

CENP-W CAGAUAAAGCGGAAGGCUCTT Sigma- (Chun et al., 2016) 50nM, 72h
Aldrich

Shp2 AAGGUGAAUAUUGUGCCUGUCTT Sigma- (Liu et al., 2012) 50nM, 48h

Oligol Aldrich

Shp2 GGUUGCUACGGCUUAUCAUTT Sigma- (Tsang et al., 2012) 50nM, 72h

Oligo2 Aldrich

ASURA GAAUCGUAUCUAUCUCACATT Sigma- (Takata et al., 2007) 50nM, 24h

PHB2 Aldrich

CENP-H UGGUUGAUGCAAGUGAAGATT Sigma- (Orthaus et al., 2006) 50nM, 48h

Oligol Aldrich

CENP-H AGAUUGAUUUGGACAGUAUTT Dharmacon (Kim and Yu, 2015) 50nM, 48h

Oligo2

Kif14 GUUGGCUAGAAUUGGGAAATT Sigma- (Carleton et al., 2006) 50nM, 48h

Oligol Aldrich

Kif14 GGCUCAGCAAGAGCUUUCUUCUCAATT Sigma- (P. Xu et al., 2014) 50nM, 48h

Oligo2 Aldrich

WDR5 UUAGCAGUCACUCUUCCACTT Sigma- (Ali et al., 2017) 50nM, 48h
Aldrich

TAO1 CTAAGAGTTTGAAGTCTAATT Sigma- (Draviam et al., 2007) 50nM, 72h
Aldrich

Nup88 UGCUUUGUUGAACACAUCCTT Sigma- (Bernad et al., 2004) 50nM, 72h
Aldrich

ASB7 GAGAGAGGUCAAGCUGUGUGATT Sigma- (Uematsu et al., 2016) 50nM, 96h
Aldrich

And-1 AAGATGGTCAAGAAGGCAGCATT Sigma- (Zhu et al., 2007) 50nM, 72h

Oligol Aldrich

And-1 GAUGGUCAAGAAGGCAGCATT Sigma- (Yoshizawa-Sugata and | 50nM, 72h

Oligo2 Aldrich Masai, 2009)

Septin-7 ACGACUACAUUGAUAGUAAATT Sigma- (Zhu et al., 2008) 50nM, 96h
Aldrich

ANKRD53 ACCUUGAUACUCAAUCAGGTT Sigma- (Kim and Jang, 2016) 50nM, 96h
Aldrich

TRAMM CGGACAAGCUGAACGAACATT Sigma- 50nM, 24h
Aldrich (Milev et al., 2015)
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Septin-2 AAGGUGAAUAUUGUGCCUGUCTT Sigma- (Spiliotis et al., 2005) 50nM, 48h

Oligol Aldrich

Septin-2 GGUGAAUAUUGUGCCUGUCTT Sigma- (Kremer et al., 2005) 50nM, 24h

Oligo2 Aldrich

Sehl AAGACACAUAGUGGAUCUGUAUGTT Sigma- (Zuccolo et al., 2007) 50nM, 48h
Aldrich

CENP-Q GGUCUGGCAUUACUACAGGAAGAAATT Sigma- (Bancroft et al., 2015) 50nM, 72h

Oligol Aldrich

CENP-Q CAGAGUUAAUGACUGGGAAUAUUCATT Sigma- (Bancroft et al., 2015) 50nM, 72h

Oligo2 Aldrich

NF-1 AACUUCGGAAUUCUGCCUCUGTT Sigma- (Park et al., 2013) 50nM, 48h
Aldrich

Nup107 AAGAGGAAAGUGUAUUCGCAGTT Sigma- (Zuccolo et al., 2007) 50nM, 48h
Aldrich

Uspl6 UAGUGAAUGUGGAAUGGAATT Sigma- (Qian et al., 2016) 50nM, 48h
Aldrich

NDR1 GAGCAGGTTGGCCACATTCTT Sigma- (Oh et al., 2010) 50nM, 96h
Aldrich

GAK GAUGUGCGGUUGUUCCUGGTT Sigma- (Shimizu et al., 2009) 50nM, 48h

Oligol Aldrich

GAK AAGCUCAAGAUGUGGGGAGUG Sigma- (Lee et al., 2005) 50nM, 72h

Oligo2 Aldrich

HAUS7 GCGCUUAGAACGGAGUACUTT Sigma- SASI_Hs02_00350136 50nM, 48h
Aldrich

CENP-M GAAUUGACCUGAUCGUGUUTT Sigma- SASI_Hs01_00144699 50nM, 72h
Aldrich

CENP-U CUUUAUAAAUCAAUUGUUUTT Sigma- SASI_Hs01_00175574 50nM, 96h
Aldrich

MST1 GACGUGUGCGGGAGAGUGATT Sigma- SASI_Hs01_00161455 50nM, 48h
Aldrich

PTEN GGUGUAAUGAUAUGUGCAUTT Sigma- SASI_Hs01_00196478 50nM, 96h
Aldrich

HAUS2 CUUUAGCAAAGAUGGAUAUTT Sigma- SASI_Hs01_00101146 50nM, 96h
Aldrich

CENP-N GACUGUUGCUGAGUUCAUCTT Sigma- SASI_Hs02_00322304 50nM, 72h

Oligol Aldrich

CENP-N GCGUGCAAGUAUCAGUGAUTT Dharmacon (Wu et al., 2021) 50nM, 48h

Oligo2

Hsp72 CCGAGAAGGACGAGUUUGATT Sigma- SASI_Hs01_00051449 50nM, 72h
Aldrich

HAUS5 GACAUGGAGAGGAAAGCCATT Sigma- SASI_Hs02_00347509 50nM, 48h
Aldrich

HAUS4 GGAAGUUCAUCGUCUGAUUTT Sigma- SASI_Hs01_ 00022834 50nM, 48h

Oligol Aldrich

HAUS4 GUGCUAUGAUCCUUAAGCUTT Sigma- SASI_Hs01_ 00022835 50nM, 48h

Oligo2 Aldrich

DYNLT1 CCAUGAAUUCAGUGAACUCTT Sigma- SASI_Hs01_00096434 50nM, 48h
Aldrich
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Rab5 GUCCUAUGCAGAUGACAAUTT Sigma- SASI_Hs01_00097508 50nM, 48h
Aldrich

CENP-I AAGCAACUCGAAGAACAUCUCTT Sigma- 50nM, 72h

Oligol Aldrich (Liu et al., 2003)

CENP-I GAAGGUGUGUGACAUAUAUTT Dharmacon (Kim and Yu, 2015) 50nM, 24h

Oligo2

Dsnl GUCUAUCAGUGUCGAUUUATT Sigma- (Kim and Yu, 2015) 50nM, 48h

Oligol Aldrich

Dsnl GGCGUUUCAGAGGAAAGAATT Dharmacon (Chan et al., 2012) 50nM, 24h

Oligo2

CENP-P GAACCCUGGUAGGACUGCUUGGAAUTT | Sigma- (McHedlishvili et al., 50nM, 72h
Aldrich 2012)

Zwint GGAGGACACUGCUAAGGGUTT Sigma- (G. Zhang et al., 2015) 50nM, 72h
Aldrich

Nsl1 CAUGAGCUCUUUCUGUUUATT Sigma- (Kim and Yu, 2015) 50nM, 48h

Oligol Aldrich

Nsl1 Nsl1_Oligo2 Dharmacon ON-TARGETplus 50nM, 48h

Oligo2 Human NSL1 siRNA;

J-016722-05-0002

Mis12 GAAUCAUAAGGACUGUUCATT- Sigma- SASI_Hs01_00050622 50nM, 48h

Oligol Aldrich

Mis12 GGACAUUUUGAUAACCUUUTT Dharmacon | (Goshima and Vale, 50nM, 72h

Oligo2 2003)

KNL1 GCAUGUAUCUCUUAAGGAATT Sigma- (Schleicher et al., 2017) | 50nM, 24h

Oligol Aldrich

KNL1 GGAAUCCAAUGCUUUGAGATT Dharmacon doi.org/10.1083/jcb.201 | 50nM, 24h

Oligo2 001006

Nup153 AAGGCAGACUCUACCAAAUGUTT Sigma- (Hahn et al., 2004) 50nM, 48h
Aldrich
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