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Resumo

O cancro € uma doenca que mata uma em cada cinco pessoas por ano nas sociedades
ocidentais, motivando os médicos a procurarem novos métodos de diagndéstico, progndsticos e
terapéuticos para melhorar o tratamento de pacientes. Ha mais de um século, Theodor Boveri sugeriu
gue alteracdes numeéricas no centrossoma, o principal centro organizador de microtdbulos em células
animais, causam divisdes celulares anormais e a formacdo de tumores. Centrossomas adicionais
promovem divisdes celulares defeituosas que podem originar mais do que duas células filhas nao
viaveis. No entanto, muitas vezes as células cancerigenas conseguem dividir-se com sucesso ao
agruparem os seus centrossomas adicionais. O nosso trabalho anterior demonstrou que defeitos nos
centrossomas ocorrem com grande frequéncia no painel de linhas celulares de cancro NCI-60 e que o
agrupamento (clustering) de centrossomas € o principal mas ndo o Unico mecanismo para lidar com a
amplificacdo centrossomal. Os objetivos desta tese foram investigar a) qudo frequente é o
mecanismo de agrupamento dos centrossomas no painel NCI-60, b) os mecanismos alternativos e
respetiva ocorréncia, e ¢) como as células se dividem através de mecanismos alternativos. Para
responder a estas questdes, analisamos a capacidade de clustering de 27 linhas celulares de cancro,
recorrendo a imagens de imunofluorescéncia de células mitéticas com amplificacdo centrossomal.
Este trabalho demonstrou que o agrupamento de centrossomas ocorre frequentemente em cancro e
realgcou, pela primeira vez, a presenca de mecanismos alternativos em cancro, isto é extrusdo ou
inativacdo de centrossomas. Para além disso, observou-se que a maioria das células dividem de
forma bipolar, combinando diferentes mecanismos para lidar com a amplificacdo centrossomal. Mais
estudos serdo necessarios para compreender a regulacdo dos mecanismos alternativos a niveis
celulares e moleculares, visto que estes representam “tenddes de Aquiles” para as células
cancerigenas, podendo ser explorados para o desenvolvimento de novos medicamentos seletivos

para cancro.

Palavras-chave: amplificagdo centrossomal, cancro, mitose, clustering, extruséo centrossomal,
inativagcéo centrossomal
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Abstract

Cancer kills one in five people each year in western societies, therefore clinicians are eager to
find novel diagnostic, prognostic and therapeutic tools to predict outcomes and treat patients. More
than a century ago, Theodor Boveri suggested that numerical abnormalities in the centrosome, the
major Microtubule Organizing Centre (MTOC) in animal cells, cause abnormal cell division and tumour
formation. Extra centrosomes promote aberrant cell divisions, which can induce the formation of more
than two non-viable daughter cells. However cancer cells often divide successfully and survive by
clustering (i.e. gathering) their supernumerary centrosomes. Our previous work has indeed shown that
centrosome defects are widespread in the NCI-60 panel of cancer cell lines and that centrosome
clustering is the main but not the sole coping mechanism with centrosome amplification. With this
thesis, | wanted to investigate a) how widespread clustering is in the NCI-60 panel, b) what alternative
coping mechanisms exist and how widespread they are, and c) how cells divide in presence of
alternative mechanisms. To answer these questions, we screened the centrosome clustering ability of
27 cancer cell lines using immunofluorescence images of mitotic cells displaying centrosome
amplification. This work showed that centrosome clustering is widespread in cancer and highlighted
the presence of alternative mechanisms, i.e. centrosome extrusion and inactivation, for the first time in
cancer. Furthermore, | observed that most of the cell lines divide in a bipolar fashion by combining the
different coping mechanisms. Further studies are now required to highlight the cellular and molecular
machineries regulating the alternative mechanisms as they represent exploitable Achilles’ heels of
cancer cells for the development of innovative drugs to selectively kill cancer.

Keywords: Centrosome amplification, Cancer, Mitosis, Clustering, Centrosome extrusion,

Centrosome inactivation
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1. Introduction

1.1. The Cell Cycle

Each cell in somatic proliferating human tissues matures and divides in two genetically
identical daughter cells through a process denominated cell cycle (Figure 1.1). To successfully
achieve this process, cellular contents (DNA and organelles) have to be duplicated and equally
segregated between the two daughter cells. The cell cycle takes around 24 hours in normal fast
proliferative human cells and is divided in two phases: interphase, the longest phase, and the division

phase called mitosis™™>.

\nterphase

Cdki-Cycin B

Prometaphase Metaphase Anaphase Telophase/Cytokinesis

Figure 1.1 — The cell cycle phases. Interphase is sub-divided in G1, S and G2 phases. Cdk2-cyclin E complex
regulates G1 to S-phase transition. Association of Cdk2 with cyclin A (after cyclin E) regulates DNA replication in
S-phase. Cdkl-cyclin B complex formation regulates onset of mitosis, which consists of 6 stages: prophase,
prometaphase, metaphase, anaphase, telophase and cytokinesis. Immunofluorescence pictures show
Prometaphase, Metaphase, Anaphase and Telophase/Cytokinesis. DNA is stained with DAPI in blue, a-tubulin in
red labels microtubules of the mitotic spindle and centrin in green labels the centrosomes at the spindle poles.

1.1.1. Phases of the Cell Cycle

Before cells physically divide during mitosis, they progress through a long duplication phase
known as interphase, which can be divided in three sub-phases: Gap-1 (G1), Synthesis (S) and Gap-2
(G2) phases (Figure 1.1). G1, the longest phase of about 11 hours, is a growth phase where cells
commit either to progress through the remaining cell cycle or to become non-dividing and enter the

quiescent Gap-0 (GO) phase, depending on extracellular conditions. When committed to division, DNA



replication occurs in S-phase, which lasts nearly 8 hours. After S-phase and before mitosis onset, G2
takes place. This phase consists of an additional cellular growth phase that lasts around 4 hours.

Cell division or mitosis, which is the shortest cell cycle phase, lasts approximately one hour in
human cells. Mitosis can be divided in 6 stages: prophase, prometaphase, metaphase, anaphase,
telophase and cytokinesis. At the onset of mitosis, known as prophase, chromatin condenses into
chromosomes and the two Microtubule Organizing Centres (MTOCSs), the centrosomes (see 1.3), start
to nucleate microtubules (further described in 1.2), essential for the mitotic spindle formation. In
prometaphase, as the nuclear envelope breaks down, the microtubules emanating from both spindle
poles bind to a specific protein structure on each side of the sister chromatid called the kinetochores,
to form the mitotic spindle*™. Microtubules are not only nucleated from the spindle poles, but also near
the kinetochores® (more detailed description in 1.2). Stable attachment of the kinetochores to the
spindle microtubules promotes chromosome movement to the centre of the spindle. Then, the cells
reach metaphase once all chromosomes are aligned at the centre of the mitotic spindle and the sister
chromatids face opposite poles forming the metaphase plate. Anaphase starts upon loss of cohesion
between sister chromatids that begin to migrate towards the opposite poles of the spindle. In
telophase, chromosomes start to decondense, the nuclear envelope re-assembles and a contractile
ring, composed of actin and myosin filaments®, forms. Constriction of this ring creates a cleavage
furrow, which leads to the division of the cells in two daughter cells in a process called cytokinesis
(Figure 1.1)*™.

Another type of cell division, called meiosis, exists in germ cells during gamete formation. This
type of division consists of one round of DNA replication followed by two rounds of chromosome
separation, reducing chromosome number to half of that of a somatic cell. Regulation of the gamete
cell cycle also differs from the somatic cell cycle®’. As the focus of my thesis is on mitosis, meiosis will
not be further discussed. Nevertheless, detailed information on this topic can be found in reference’.

1.1.2. Cell cycle Regulation
1.1.2.1.  Kinases

Cell cycle dysfunction can give rise to diseases, such as cancer®®, therefore its regulation is of
high importance. The main regulators of the cell cycle are Cyclin-dependent kinases (Cdks), which
belong to the serine/threonine kinase family. Cdks bind to different cyclins to be active, forming
different complexes along the cell cycle. Cyclins are timely expressed at different levels throughout the
cell cycle, leading to a cell cycle phase-specific Cdk activation, which promotes the events that
characterize each phase. Cdkl and Cdk2 are the two main regulators (Cdkl can even run the entire

cell cycle by itself*). Cdk2 binds to cyclin E, which regulates G1 to S transition. DNA replication in S-
phase is regulated by Cdk2 association with cyclin E previous to cyclin A. Onset of mitosis in human

cells is regulated by the Cdk1-cyclin B complex (Figure1.1)™.



The activity of the cyclin-Cdk complexes are also regulated via other mechanisms, such as post-
translational modification of Cdks by a) phosphorylation-dephosphorylation cascades (e.g. inhibitory
phosphorylation of Cdk1 by Weel/Myt1 prior to mitotic entry), b) interaction with protein inhibitors (e.g.
p21) and c¢) proteolytic degradation of cyclins. As an example, the Anaphase-Promoting
Complex/Cyclosome (APC/C) targets cyclin B for degradation at the end of metaphase, allowing
mitotic cells to progress through anaphase, telophase and cytokinesis”’lz.

Other protein kinases, such as the Polo-like-kinase (PIk) family, composed of 5 members in
mammals, are also involved in cell cycle regulation. Plks are serine/threonine kinases that have a
Polo-Box Domain. Plkl has many different roles during mitosis: it is required for centrosome
maturation, the formation of a bipolar spindle, kinetochore function, APC/C regulation and

13-15

cytokinesis . PIk2 is expressed in S-phase and is important for centriole formation’®. PIk3 is

involved in DNA replication'’. PIk5 is involved in cell cycle exit'® (recommended reviews:

19,20

references ™). Plk4 function will be discussed in detail in 1.3.3. Many other protein kinases®', such as

22,23

Aurora kinases™“*, also play roles in cell cycle control.

1.1.2.2. Checkpoints

The checkpoints are constitutively active control mechanisms that ensure the correct order of cell
cycle progression. The checkpoints minimize genetic errors and their propagation, by not allowing
progression to the next stage before the previous one has successfully finished. During cell cycle

progression, three checkpoints exist:

e G1 or restriction checkpoint: monitors cell size, DNA damage and the extracellular
environment. Upon satisfaction of this checkpoint, the cell is committed to cell division.

e DNA damage checkpoint: functions in G1, S and G2 phases. If this checkpoint is not
satisfied in G2, entry in mitosis is impaired®*?°.

e Spindle Assembly Checkpoint (SAC): monitors kinetochore-microtubule attachment. As
long as not all kinetochores are attached to microtubules, this checkpoint prevents
anaphase progression by inhibiting APC/C, thus preventing cyclin B and securin
degradation by the proteasome. Only once all kinetochores are attached to microtubules

26,27 26,27

of the mitotic spindle”™*’, the checkpoint is satisfied allowing progression to anaphase

1.2. The Cytoskeleton

The Cytoskeleton is a dynamic network within cells composed of three different types of protein
filaments: actin microfilaments, intermediate filaments and microtubules. Actin microfilaments,
polarized filaments composed of actin proteins, provide shape and robustness to the cell, since they
form the cell-cortex, an actin-rich layer right under the plasma membrane. They are also involved in

cell motility, with the help of myosin motor-proteins. Intermediate filaments are biochemically



heterogeneous robust filaments, which can be composed of keratin, desmin, neurofilaments or lamins.
Intermediate filaments give structure and organization to the cell. Microtubules are tubes composed of
tubulin and are involved in organelle organization. They are also involved with motor proteins (e.g.
kinesins and dyneins)™?. The Cytoskeleton is an important cellular structure for cell division, since it is
involved in the separation of DNA, due to the microtubules of the mitotic spindle, and of the daughter
cells, caused by a contractile ring composed of actin and myosin. In the scope of my thesis, the focus

will be on the Microtubule Cytoskeleton.

The internal organization of the cell is partly dependent on microtubules. During interphase they
provide an organizational framework to the organelles. Additionally, microtubules are involved in the
transport of vesicles, cellular motility and signalling. In mitosis, they form the mitotic bipolar spindle to
ensure correct segregation of the sister chromatids'. The mitotic spindle consists of three types of
microtubules: astral microtubules, interpolar microtubules and microtubules that emanate from the
kinetochore, denominated K-fibres®. All microtubules are nucleated from the centrosomes, the main
MTOCs of animal cells, but only K-fibres can also be nucleated from the kinetochores. The astral
microtubules are important for spindle positioning since they anchor the spindle poles to the cell
membrane by interacting with the cell cortex. Interpolar microtubules push the two spindle poles apart

1,28,29

allowing anaphase progression K-fibres connect the kinetochores to the poles and are

responsible for correct sister chromatid segregation>*°,

Microtubules are hollow cylindrical structures composed of 13 heterodimer{ojg}ﬂgﬁﬂﬂ

polarized protofilaments of a-tubulin and B-tubulin heterodimers (Figure A
protofilament

1.2)**. Protofilaments are highly dynamic due to GTP hydrolysis by lumen
tubulin at their ends. Dynamic instability gives rise to alternating periods + End

of microtubule growth and shrinkage, which is essential for the

31-33

reorganization of microtubules during the cell cycle . The faster

growing end of the protofilament is designated plus end, where B-tubulins
are exposed, while a-tubulins are found at the minus end, which grows

1,2,31

slower . The minus end is in general attached to a nucleation site, a

MTOC. This nucleation process is dependent on y-tubulin, a component

s,

- End ‘
Microtubule

of the MTOC™*. y-tubulin is also important for chromosome-mediated

nucleation, independent of MTOCs®>.

Figure 1.2 — Scheme of the

Normally, microtubules are found as singlets (or simple microtubule) Microtubule. Microtubules are

) ] composed of 13 protofilaments

in the cell. However, in some structures doublets or triplets (grouped of a- and B-tubulins. Image

2
microtubules) can be found, as is the case of cilia, flagella, basal bodies adapted from".

and centrioles’.



1.3. The Centriole

1.3.1. Structure and Composition

Centrioles are the building blocks of centrosomes and cilia®*.The centriole is a microtubule-
based barrel-like structure, approximately 500 nm long and 200 nm wide®*. At the proximal end, the
centriole is composed of 9 radial microtubule triplets. Each triplet is composed of a complete A-tubule
(with 13 protofilaments) and two partial B- and C-tubules (with 10 protofilaments). However, the distal

137 Besides a- and B-tubulin, which

end is composed of microtubule doublets, lacking the C-tubule
exhibit diverse posttranslational modifications such as polyglutamylation and acetylation38, the
centriole is also composed of many other proteins such as y-tubulin® and the three centrin isotypes in

the lumen®.

Upon centriole synthesis, the cartwheel is the first structure formed at the proximal end that
establishes the 9-fold symmetry. This process depends on the protein SAS-6*" (see topic 1.3.3). The
cartwheel is a structure composed of a central tube from which 9 radial spokes emanate that connect
to the proximal end of the A-tubule of the microtubule triplets (Figure 1.3)*>. A centriole reaches
maturity after 2 cell cycles®, once it loses the cartwheel* and acquires sub-distal and distal

appendages”, structures important for microtubule nucleation and cilia formation, respectively™.

A
O Central tube
— Spoke
® Triplet

Figure 1.3 — The cartwheel localizes at the proximal end of the forming centriole. It comprises a central tube
from which 9 radial spokes emanate that connect to the triplets. A) Scheme of the cartwheel adapted from**. B)
Electron Microscopy image of the cartwheel. Scale bar=0.2um. Adapted from®.

1.3.2. Centriole associated structures
1.3.2.1. The Centrosome

Centrosomes (Figure 1.4) are the main MTOC of animal cells*’. They are composed of two
orthogonally oriented centrioles, the mother (older centriole) and the daughter, and a surrounding
electron dense protein matrix, denominated pericentriolar material (PCM)*. PCM is a very dynamic
structure®’ and composed of many different types of protein, being pericentrin the first one

described*®. PCM is crucial for microtubule nucleation®®, since it recruits y-tubulin®.



In interphase, centrosomes localize close to the nucleus® and are involved in cell

polarization, cell movement and cell adhesion. In mitosis, the centrosomes, which duplicate during the
G1 to S-phase transition (discussed in 1.3.3), separate and organize the mitotic spindle®’. The

centrosome also plays a role in cell cycle regulation, since a vast number of cell cycle proteins bind to

the centrosome. As an example: when centrosomes are removed, cells fail to progress into S-phase

and therefore DNA replication does not occur™.

A

Figure 1.4 — The centrosome is composed of two orthogonally arranged centrioles, surrounded by the PCM. A)
Scheme of the centrosome. B) Electron Microscopy picture of the centrosome. Scale bar=100nm. Adapted
from>?. Legend: 1 - daughter centriole; 2 - PCM; 3 - subdistal appendage; 4 - distal appendage; 5 - mother

centriole.

1.3.2.2.

The Cilium

Cilium

Basal body
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Transition Zone!
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Cilia (Figure 1.5) are organelles involved in
development, reception of extracellular signals and cell
motility>*. In quiescent cells the mother centriole can
dock its distal appendages to the plasma membrane,
where it forms the basal body®®. This structure can
template the growth of an axoneme (microtubule-based
structure) of the cilium®°. Cilia can be motile, also called
flagella, or immotile, as is the case of the primary

cilium®®.

Figure 1.5 — The cilium is
composed of the basal body,
transition zone and axoneme.
Scheme adapted from™.



1.3.3. The Duplication Cycle

Centriole number is normally controlled through a canonical duplication cycle (Figure 1.6),
which occurs in the presence of a mother centriole®. Centrosome duplication occurs only once per
cell cycle and only one centriole is formed per pre-existing one®. This process is regulated by an

interplay of many different molecules® and can be divided in four parts®:

e Centriole disengagement - At the end of mitosis/beginning of G1, centrioles
disengage from each other, losing their orthogonal positioning, through the action of
the proteins separase® and PIk1%.

¢ Nucleation of procentrioles — At the G1 to S-phase transition, PIk4 is recruited to the

centrosome by the centrosomal protein Cep152°*%

. Plk4 is the master regulator of
centriole duplication, since its depletion causes duplication failure and reduces
centriole number, while its overexpression leads to an increase of centriole number®.
In S-phase, a procentriole (immature centriole) starts to form orthogonally to each
mother centriole, upon recruitment of SAS-6, which together with Cep135 and STIL
forms the cartwheel**%%°’,

e Elongation of procentrioles — A variety of molecular players suggest at least two
mechanisms that control centriole growth: a) a balance between microtubule
polymerization and depolymerization, a consequence of the antagonistic functions of
a microtubule depolymerase (KLP10A) and nucleators/stabilizers (e.g. CPAP,
Cepl20, SPICEL, Centrobin, OFD1, POC1) and b) the presence of a centriole cap
that restricts growth (e.g. Cp110, Cep97)*"

starts with the recruitment of several PCM proteins by the mother centriole, a process

. In late G2, centrosome maturation

regulated by the mitotic kinase PIk1".

e Centrosome separation - In the transition from G2 to mitosis, centrosomes separate
with the help of multiple motor proteins, including the kinesin Eg5 and dynein, and
start to migrate to opposite poles, in order to ensure that, by the end of mitosis, each
daughter cell inherits one centrosome’™ ™.

Canonical centriole duplication occurs simultaneously with DNA synthesis. Activation of Plk1
and separase in mitosis, essential for the onset of centriole duplication, could be a possible

62,75 53,77
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explanation for this coupling (For further reading, rewievs

Centrosomes can also form through the de novo biogenesis pathway in the absence of a pre-

existing centriolar structure. In this pathway, the number of generated centrioles is not controlled. It

58,78

can occur in S-phase arrested cells®®™®, after centrosome removal’® and after overexpression of

proteins related to centriole duplication®’.
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Figure 1.6 — The centrosome cycle. Divided in four phases: centriole disengagement in the transition from
mitosis to G1; procentriole formation during G1 to S-phase transition; procentriole elongation until the end of G2
and centrosome separation and maturation at the end of G2/beginning of mitosis.

1.4. Centrosomes and Cancer

Human cells normally have either one or two centrosomes, depending on the cell cycle
phase®® (Figure 1.6). Centrosome number regulation is crucial to avoid an excess of centrosomes, as
this can lead to genomic instability®®".

Already over a century ago, the German scientist Theodor Boveri proposed that an increase in
centrosome number leads to multipolar spindles and chromosome missegregation, which could be an

origin of cancer®.

Cancer is a life-threatening disease that kills approximately one in five people each year in
western societies. This disease is caused by the malfunction of mechanisms, such as growth control,
division or death of cells. Failure of these mechanisms leads to the formation of tumours, an abnormal
cell mass, which can be benign or malignant. The tumour is considered malignant, and called cancer,
once tumour cells gain the ability to migrate and invade other distant tissues, where they give rise to
secondary tumours. This process is called metastasis, which is the cause of most deaths due to

cancer*?.



1.4.1. Centrosome abnormalities

Centrosome abnormalities have been described in many different types of cancer®.
Nevertheless, to date, it is not clear whether these abnormalities can be at the origin of cancer or are
rather its consequence. Centrosome abnormalities can be found in premalignant tumours (i.e. early
low grade tumour)go, suggesting a role in tumour initiation. However, centrosome abnormalities are
also highly associated with malignant tumours and poor prognosisgs, implying they may be a

consequence of cancer progression.

There are two types of centrosome abnormalities: structural and numerical defects®.
Structural abnormalities can be subdivided in defects in centriolar size or in the amount of PCM. The
origin of these defects are still unclear, however changes in gene expression related to centriolar

length, such as CPAP® are interesting possible explanations.

The most frequently described abnormality in cancer is centrosome amplification, i.e. increase
in centrosome number (Figure 1.7). Different mechanisms can give rise to amplification, such as
cytokinesis failure, skipping of mitosis (or mitotic slippage) and cell fusion®*. These mechanisms can
also give rise to tetraploid cells, with 4 sets of chromosomes®®, which can induce tumorigenesis®’.
Centrosome amplification can also be a cause of centriole cycle deregulation, such as overduplication
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due to overexpression of centriolar or PCM proteins or de novo formation®*. In the scope of my

thesis, the studies focus on this second abnormality, centrosome amplification.

E-

Normal cell Centrosome amplification

Figure 1.7 — Scheme of centrosome amplification. Left: schematic representation of a normal mitotic cell, with
two centrosomes, one at each spindle pole. Right: schematic representation of a mitotic cell with centrosome
amplification, which leads to the formation of multipolar spindles.

Supernumerary centrosomes may induce the formation of multipolar mitotic spindles, which is

related to Chromosome Instability (CIN) and high-grade aneuploidy®"®®

, Characterized by a high
amount of extra chromosomes, however not a multiple number of the entire genome, as is the case of
tetraploid cells (4x genome)®. Normally, high-grade aneuploidy would result in cell death®®,
nonetheless, centrosome amplification occurs in high frequency in cancer cells®, suggesting that it
might be advantageous for tumour progression. Indeed, very recently, Godinho et al. observed that
centrosome amplification can lead to the formation of cytoplasmic extensions, which promote
invasion®. Amplification also leads to changes in cell polarity, cell shape and cell motility®. Cancer

cells do, however, often divide successfully, even though having multiple centrosomes, suggesting the



existence of adaptation mechanisms that promote their survival. One such mechanism is the gathering
or clustering of supernumerary centrosomes at the two spindle-poles, ensuring a pseudo-bipolar cell
division®® (Figure 1.8).

Other mechanisms developed to cope with supernumerary centrosomes are centrosome loss
or inactivation. Inactivation of centrosomes was described in flies and is characterized by the loss of
PCM, which leads to lower microtubule nucleation®®. Loss of the centrosome occurs in the oocyte, to
ensure that, upon fertilization, the fertilized egg only has one centrosome®. During this process
centrosomes also lose the ability to nucleate microtubules®™. However, the presence of alternative
mechanisms has not been yet reported in cancer cells.

1.4.2. Clustering

Centrosome clustering (Figure 1.8), i.e. gathering, is the most studied mechanism to cope with
supernumerary centrosomes in cancer cells. Clustering can occur during the entire cell cycle, both in
interphasic and mitotic cells®.

Figure 1.8 — Scheme of centrosome clustering. Centrosome clustering is a coping mechanism to deal with
supernumerary centrosomes, in order to form a bipolar spindle. In this process merotelic attachments can occur,
characterized by the connection of one single kinetochore to microtubules from different poles.

1.4.2.1. Regulation

Proteins required for centrosome clustering regulation during mitosis were discovered in
genome-wide RNAI screens, first in fly cells’’and later in a human oral squamous cell carcinoma cell
line ®. Clustering is regulated by three main pathways that involve Microtubule Associated Proteins

(MAPs), proteins involved in microtubule-kinetochore attachment and the actin cytoskeleton®” .

MAPs and motor proteins are very important for centrosome clustering, since they promote
cross-linking and sliding of microtubules in order to organize the spindle poles®. The first protein that
was shown to be involved in centrosome clustering is the minus end directed microtubule motor
dynein®®. Later it was confirmed that HSET/KIFC1, another minus end directed microtubule motor, is

93,97

also required for clustering™"". Cells with supernumerary centrosomes depleted of HSET undergo a

multipolar cell division. Interestingly HSET is not essential for cell division in normal cells®’.

Proteins involved in the connection between microtubules and the kinetochores, such as the
Chromosomal Passenger Complex (CPC), also play a role in centrosome clustering. Upon knockdown
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of the CPC, cells with supernumerary centrosomes form multipolar spindles, due to defective
attachments between microtubules and kinetochores®. Hepatoma up-regulated protein (HURP), a
MAP involved in the stabilization of K-fibres, organizes and maintains spindle bipolarity, which is

important for centrosome clustering™®.

Depletion of the Augmin Complex, which is important for the recruitment of y-tubulin at the
microtubules™, also leads to multipolar spindle formation since spindle tension is lost®. Abnormal
spindle tension and kinetochore attachment, which occur in the presence of multipolar spindles,
activates the SAC, delaying mitosis®’. This delay is necessary to allow sufficient time for centrosome

192 Thus, proper functioning of the SAC is necessary for clustering®’. It was also shown that

clustering
the APC/C is also required for centrosome clustering, since its depletion leads to multipolar

spindles'®,

The actin cytoskeleton and actin-dependent forces also play a role in the formation of the

bipolar spindle, given that they are involved in positioning of the mitotic spindle104

. Actin-depletion
leads to the formation of multipolar spindles®’. Moreover, retraction fibres, actin-based extensions
involved in the adhesion of mitotic cells to the extracellular matrix, are involved in spindle
orientation'®®. They originate pulling forces and depending on the number of retraction fibres and the
angle between them, cells are forced to form either multipolar or bipolar spindles®’. Recently it was

shown that the positioning of centrosomes at the retraction fibres is dependent on myosin-10"°.

Importantly, clustering of supernumerary centrosomes can still lead to the formation of CIN.
During the process of clustering, where transient multipolar spindles exist, merotelic attachments
frequently happen. This attachment is characterized by the connection of one single kinetochore to
microtubules from different poles (Figure 1.8). Most of the times these errors are not recognized by the

SAC and chromosome loss can occur, inducing low-grade aneuploidy®".

1.4.2.2.  Cancer therapy

Two of the major challenges in cancer therapy are to discover: a) new diagnostic and
prognostic tools and b) specific features of cancer cells to selectively kill them, avoiding the side

effects on normal cells usually observed with many existing cancer drugs, such as microtubule

107

targeting agents™'. Amongst these features, centrosome clustering is an appealing process since

some of its regulators, such as HSET, are only essential for cancer cells®’.

Supporting this, the inhibition of centrosome clustering, performed in three different studies,

108-110

affected only cancer cells and not normal cells . Moreover, drugs inducing multipolar division

formation, a consequence of centrosome clustering inhibition, are under development (e.g.

penanthrene-derived PARP inhibitor'!

growth in mice xenografts'**.

or GF-15). The latter one was shown to decrease tumour
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However, even if centrosome clustering is an exploitable Achilles’ heel of cancer cells to
develop innovative drugs, its frequency in cancer remains undetermined. Moreover, alternative
mechanisms to cope with centrosome amplification, as centrosome inactivation and loss described in

flies and oocytes®%*

, may occur. Therefore, new studies are required to determine the mechanisms
that cancer cells with extra centrosomes use to divide in a pseudo-bipolar fashion. Understanding
these mechanisms at the cellular and molecular level might provide novel avenues to diagnose and

selectively target cancer.
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1.5. Objectives

The objective of my work described in this Master’s thesis was to understand the coping

mechanisms that exist in cancer cells with supernumerary centrosomes.

In previous work from the laboratory, a screening of the NCI-60 panel of cancer cell lines was
performed in order to study the incidence of centrosome abnormalities in number and length, their
origins and consequences, as well as the mechanisms used by cancer cells to cope with centrosome
amplification. This screen showed that centrosome abnormalities are widespread in this panel.

Moreover it was observed that centrosome clustering is a main, but not only coping-mechanism.

However, the frequency of centrosome clustering still remains undetermined and the existence
of alternative mechanisms has not been studied in cancer cells. Based on this previous work, the

project was divided in three aims:

1. Determine the clustering ability of 52 cancer cell lines (see Supplementary Table 6.1)
from the NCI-60 panel.

2. Evaluate the presence of other non-described coping mechanisms, such as
centrosome loss or inactivation.

3. Characterise these novel mechanisms by following mitotic cell fate using live imaging,

in cell lines lacking the clustering ability.

Understanding these novel coping mechanisms is essential to determine if and how they could

be used to find new therapeutic avenues to selectively target cancer.
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2. Materials and Methods

2.1. Coping Mechanisms Screen

2.1.1. Cell culture

Cell lines were cultured in their respective media (see Supplementary Table 6.2)
supplemented with 10% Fetal Bovine Serum (FBS, Biowest) and PSA, an antibiotic (100 U/mL
Penicillin and 0.1 mg/mL Streptomycin) and antimycotic (0.25 pg/mL Amphotericin B) solution from
Sigma.

2.1.2. Immunofluorescence

For the adherent cell lines, 10x10"4 cells were seeded on 13 mm diameter glass coverslips
and fixed the day after with cold methanol for 10 minutes at -20 °C. For the suspension cell lines,
1.5x10”6 cells were resuspended in 100 pL of 1X Dulbecco’s Phosphate Buffered Saline (PBS)
solution without Calcium and Magnesium (Biowest) and cytospinned onto slides using a Wescor Inc
7620 Cytopro™ Cytocentrifuge (500 rpm for 5 minutes at medium acceleration). The cells were then
fixed in cold methanol for 10 minutes at -20 °C. After washing three times with 1X PBS solution, the
cells were blocked with 10% FBS in 1X PBS solution for 30 minutes at room temperature. Immediately
after, the cells were incubated for 1 hour and 30 minutes at room temperature with the following
primary antibodies: anti-centrin mouse clone 20H5 (Milipore), anti-a-tubulin rat YL1/2 MCA776
(Serotec) and anti-CP110 rabbit (homemade) diluted in 1X PBS/10% FBS at 1/1000, 1/400 and 1/250
respectively.

Cells were washed again 3 times with 1X PBS solution and incubated for 1 hour at room
temperature with the following secondary antibodies: anti-lg G mouse conjugated with Alexa488
(Molecular probes), anti-lg G rat Rhodamine (Jackson Immunochemicals) and anti-lg G rabbit
Alexa647 (Jackson Immunochemicals), all diluted at 1/500 in 1X PBS/10% FBS. Finally, the coverslips
were washed 3 times with 1X PBS solution and mounted in slides with Vectashield® mounting media
containing DAPI (Vector laboratories) and sealed with nail polish.

2.1.3. Image acquisition and analysis

In order to see how cells divide in the presence of supernumerary centrioles, | focused on
mitotic cells, identified by bright DAPI signal and by visualizing the spindle due to the a-tubulin

staining. Centrosomes/centrioles were identified thanks to the centrin staining.

Two cell lines (HOP_92 and HS578T) were observed on an Applied Precision
DeltavisionCORE system, mounted on an Olympus inverted microscope. Images were acquired with a
Cascade Il 2014 EM-CCD camera, using the 100x 1.4NA oil immersion objective, DAPI + FITC +
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TRITC + Cy5 fluorescence filtersets. These images were then deconvolved with the Applied
Precision's softWorx software.

The remaining cell lines were observed on a commercial Nikon High Content Screening
microscope, based on Nikon Ti. Images were acquired with an Andor Zyla 4.2 sCMOS camera, using
a 100x 1.49NA oil immersion objective, DAPI + FITC + TRITC + Cy5 fluorescence filtersets and
controlled with the Nikon Elements software. These images were deconvolved with the AutoQuant X3
software. All the images were taken as Z-stacks in a range of 10-14 pum, with a distance between
planes of 0.2 um.

The number of centrioles was quantified using the maximum intensity projections of the centrin
and CP110 stainings using FIJI (ImageJ) software. Only centrioles positive for both markers were
analyzed. 30 mitotic cells with centriole amplification (cells with >4 centrioles) were quantified per cell

line. Figures were built using Adobe Photoshop and Adobe lllustrator.

2.2. Live imaging

2.2.1. Generation of stable cell lines

To generate cell lines stably expressing a fluorescent centriolar marker, we transfected
5x1076 cells of HS578T and Hop_92 with either 5 pug of pCMV-Centrin-GFP (with backbone pEGFP-
N1, kind gift from Andrew Fry), or a control plasmid to assess the transfection efficiency, pLJ499-
EYFP (kind gift from Lars Jansen’s laboratory), using the Neon® Transfection system. In a second
experiment, cells were co-transfected with 4 ug CMV-Centrin-GFP and 4 pg pJAG285-H2B-mRFP
(DNA marker, constructed by Jagesh Shah, Harvard Medical School, kind gift from Lars Jansen’s
laboratory), in order to obtain cells labelled for both centrioles and DNA. For HS587T we used the

113

following parameters: 1050 V Pulse voltage, 20 ms pulse width and 3 pulses™". No protocol was
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available for Hop_92, therefore we adapted the protocol of the lung cancer cell line A549°"", using the

following parameters: 1100 V Pulse voltage, 20 ms pulse width and 2 pulses.

As the centrin-GFP plasmid carries a geneticin-resistance gene, the stably transfected cells
were selected during 14 days with 100 pg/mL Geneticin (Gibco) for HS578T and 250 ug/mL for
Hop_92. These concentrations were previously established, to induce death of 100% of the non-
transfected cells after 14 days of treatment (Supplementary Figure 6.1). After the two weeks of
selection, we reduced the concentration of geneticin to half, to maintain our stable cell lines

expressing centrin-GFP.

For the cells co-transfected with centrin-GFP and H2B-mRFP, an additional step of selection
was performed, using Fluorescence-Activated Cell Sorting (FACS) (Supplementary Figure 6.2). For

this purpose, cells were resupended in a 1X PBS solution with 10% FBS. All the cells presenting red
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fluorescence were selected at the MoFlo (Dako Cytomation) cytometer, and the data was analyzed
with the Dako Summit v4.3® software.

To estimate the percentage of cells expressing centrin-GFP and/or H2B-mRFP
(Supplementary Figure 6.3), cells were prepared for immunofluorescence as described in 2.1.2 with
slight modifications. For the primary antibodies, the coverslips were incubated with CP110 antibody
and/or GFP-booster (Chromotek), diluted in 1X PBS/10% FBS at 1/250 and 1/200, respectively.
Regarding the secondary antibodies, coverslips were incubated with anti-lgG rabbit antibodies,
conjugated with either Rhodamin (Jackson Immunochemicals) for the cells only transfected with
centrin-GFP, or Alexa 647 for the double-transfected cells, both diluted 1/500 in 1X PBS/10% FBS.

2.2.2. Cell synchronization
2.2.2.1. Mitotic shake-off

In order to increase the mitotic cell population, mitotic cells were collected through a mitotic
shake-off, i.e. taping and shaking of the flask'*. For live imaging, 7x10"4 cells were seeded in 35 mm
glass bottom dishes (MAITEK) in Leibovitz’s L-15 medium, supplemented with 10% FBS and PSA
(see 2.1.1), to be imaged 2 days after. To follow the quality of the cell synchronization, cells were
seeded in a 6-well plate for flow cytometry (2.2.2.3). Three time-points were collected for Flow
Cytometry: TO=an asynchronous/control population (cells before the shake-off), T1=cells after the
mitotic shake-off and T2=cells of the following mitosis, which should be more or less 53.8 hours

after'’®.

2.2.2.2. S-phase arrest

Another synchronization method was tested to increase the mitotic cells population, namely
cells were first arrested in S-phase and then released into mitosis*’. For this purpose, 15x10°4
HS578T centrin-GFP H2B-mRFP cells were seeded either in 6-well plates for Flow Cytometry
(2.2.2.3), to follow the quality of synchronization, or in 35 mm glass bottom dishes for live imaging. To
arrest in S-phase, cells were treated the day after seeding for 19 hours with 2 mM thymidine (Sigma)
and then released for 11.5 hours with 24 uM deoxycytidine (Sigma) after washing 3 times with 1X PBS
for 5 minutes and 2 times with the respective medium (see Supplementary Table 6.2). After 8 hours,
cells were imaged. Throughout the treatment several time-points for flow cytometry were taken: T0=19
hours after thymidine treatment, T1=4 hours after release, T2=8 hours after release, T3=11.5 hours

after release and an asynchronous/control population (cells before treatment).
2.2.2.3. Flow cytometry

Cells that were collected at several time points were centrifuged at 1000 rpm for 5 minutes
and resuspended in 10% 1X PBS solution in 70% EtOH. After 30 minutes of incubation at 4 °C, cells

were centrifuged, washed in 1X PBS, centrifuged and finally incubated for 30 minutes at 37 °C ina 1X
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PBS solution with 1% Propidium lodide (Sigma) and 0.1% RNase A (Qiagen). The samples DNA
content was acquired in a FACScan (Becton Dickinson) cytometer, plotted and analyzed on FlowJo
(Tree Star Inc.).

2.2.3. Live-cell imaging

Cells were grown in 35 mm glass bottom dishes in Leibovitz’'s L-15 medium, supplemented
with 10% FBS and PSA (see 2.1.1). 2 hours before imaging, 100 nM of the microtubule label SiR-
tubulin (Spyrochrome) was added to the cells. Live imaging was performed on the Applied Precision
DeltavisionCORE system and on the Roper TIRF microscope, based on the Nikon Eclipse Ti-E. On
this last microscope, images were acquired with a Photometrics 512 EMCCD camera, using a 100x
1.49NA oil immersion objective, FITC + TRITC + Cy5 fluorescence filtersets and controlled with the
Metamorph software. The images were taken as Z-stacks in a range of 15-30 um, with a distance
between planes of 0.3 um for a 10 minute interval during 2 hours.
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3. Results

3.1. Previous work

To study centrosome abnormalities in cancer, our laboratory previously performed a
systematic survey of centriole humber and structure in a set of 60 human cancer cell lines derived
from 9 tissues (NCI-60, see Supplementary Table 6.1). The study was executed in two parts,

denominated the primary and the secondary screen.

e The primary screen was performed to quantify centriole number and length in the
aforementioned 60 cancer cell lines and a control non-cancerous cell line, Retinal Pigment
Epithelium (RPE). To minimize variability in length and number, this survey focused on mitotic
cells since they have a fixed number (4) of fully elongated centrioles. For this purpose cells
were stained with a centrin antibody to label the centrioles and with two other markers useful
to identify mitotic cells: a a-tubulin antibody that labels the microtubules of the mitotic spindle
and DAPI to stain DNA. To quantify centriole number and length, 50 to 60
immunofluorescence images of mitotic cells were taken for each cell line.

e The secondary screen was executed to validate the centrosome abnormalities observed in the
primary screen. For this screen, a second centriolar marker, CP110, was used in all the cell
lines with abnormalities (52 out of the 60 cell lines of the NCI60 panel, see Supplementary
Table 6.1) to ascertain that the centrin-positive structure observed in the primary screen are

bona fide centrioles.

Altogether, these two screens showed that defects in centrosome number and length, are
present in many of the cancer types and that centriole elongation is a novel cause of centrosome
amplification in cancer. Moreover, this study also suggested that centrosome clustering is a major, but
not the only coping mechanism in cells with supernumerary centrosomes. Additionally, the importance
of a second centriolar marker was established, since some cell lines had a significant difference in
centriole number when comparing the primary with the secondary screen.

The frequency of centrosome clustering still remains undetermined and the existence of
alternative mechanisms has not been studied in cancer cells. Based on the results of the screening,

the main questions of my Master’s thesis project were to understand:

1) How widespread is centrosome clustering in cancer?
2) How widespread are alternative coping mechanisms?

3) How do cells that have centriole amplification and lack clustering ability divide?
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3.2. How widespread is centrosome clustering in the NCI-60

cell line panel?

The first aim of my thesis was to determine how widespread centrosome clustering is in
cancer. As explained previously, clustering is the gathering of supernumerary centrosomes in two

opposite poles in order to form a pseudo-bipolar spindle® (Figure 3.1).

Figure 3.1 — Scheme of centrosome clustering. Centrosome clustering is a coping mechanism in which cells
gather their supernumerary centrosomes in two opposite poles in order to form a bipolar spindle.

3.2.1. Strategy

In order to determine how widespread clustering is in the NCI-60, | scored all the
immunofluorescence images of the secondary screen (2957 images) manually (see Material and
Methods section for details). For each cell, | annotated the number of centrioles, i.e. co-localization
between centrin and CP110 markers, the number of poles and the number of centrioles per pole. |

divided the mitotic cells in five categories (Figure 3.2):

- Bipolar — normal cell with two poles and two centrioles at each pole;

- Multipolar — cell with more than two poles, each one with maximum two centrioles;

- Clustering — cell with two poles and at least one of them with more than two centrioles;

- Partial clustering — multipolar cell, however at least one of the poles with more than two
centrioles;

- Alternative coping mechanisms (for further details see topic 3.3).

Centrin

Bipolar Multipolar Clustering Partial Clustering Alternative Mechanism

Figure 3.2 — Types of cells present in the NCI-60 panel. Immunofluorescence images show examples of each
type of mitotic cells previously described: Bipolar, Multipolar, Clustering, Partial Clustering and Alternative
Mechanism. DNA is stained with DAPI in blue, a-tubulin in red labels the microtubules of the mitotic spindle, and
centrin in green labels the centrioles. Scale bar=5um.
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After grouping all the 2957 cells in their respective categories, | calculated the percentage of
cells with the ability to cluster, at least partially, supernumerary centrioles in each cell line (Figure 3.3).

3.2.2. Clustering is widespread in cancer

As shown in Figure 3.3, 46 out of the 52 cell lines have the ability to cluster their
supernumerary centrioles. Indeed, only 6 cell lines from the secondary screen lack totally the ability to

cluster supernumerary centrioles. These results show that clustering is widespread in cancer cell lines.
Cancer cells can be divided in subgroups depending on the percentage of cells that cluster:

No clustering ability;
Low clustering ability - < 20% clustering or partial clustering;

Intermediate clustering ability - > 20% and < 50% clustering or partial clustering;

P w DD PR

High clustering ability - > 50% clustering or partial clustering.

As mentioned previously, 6 cell lines show no clustering ability, low clustering ability was
present in 5 cell lines, 12 cell lines have intermediate clustering ability and high clustering ability is the
most present one, comprising 30 cell lines (Figure 3.3). Even though the percentage of cells that
cluster is heterogeneous between the cancer cell lines, these results show that the majority of the

cancer cell lines efficiently cluster their supernumerary centrioles.
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Figure 3.3 — Clustering is widespread in cancer. A) Representative immunofluorescence images of the
different types of mitosis observed in the cell lines. RPE, the control, with a bipolar spindle, HOP_92, a cell line
without clustering ability and the cell lines SKMEL_28 and MDA_MB_435 with high clustering ability. DNA is
stained with DAPI in blue, a-tubulin in red labels the microtubules of the mitotic spindle, and centrin in green
labels the centrioles. Scale bar=5um. B) This graph shows the clustering and partial clustering percentages of all
the 52 cell lines from the secondary screen and the control cell line RPE. “N” refers to the amount of cells with
amplification, used to calculate the percentages, of the total of mitotic cells used for the secondary screen. The
categories show different clustering abilities: no, low (£20%), intermediate (>20% and <50%) and high clustering
ability (250%).

Unfortunately, in most of the cell lines, the number of cells with centriole amplification is too
low to reach statistical significance. To circumvent this problem, | used the biological material from the
secondary screen to take 30 immunofluorescence images exclusively of mitotic cells with centrosome
amplification for most of the cell lines except HOP_62, COLO205 and HL_60 (a sufficient number of
cells in mitosis with amplification was already reached in the secondary screen). In addition, as some

cell lines showed very little amplification (1 or 2 cells), | focused on the cell lines with more than 10%

21



amplification (Figure 3.4), because it would not be feasible to score the cells with very low
amplification percentage in the time-frame of my Master.
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Figure 3.4 — 27 cell lines have >10% of amplification. This graph shows the amplification percentage of all the
52 cell lines from the secondary screen and the control cell line RPE. The red rectangle highlights the cells with
>10% of amplification that were chosen for further studies. “N” refers to the amount of cells with amplification of
the total of mitotic cells used for the secondary screen.
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For 8 of the chosen cell lines, the pre-existing microscope slides were sufficient to obtain
enough mitotic cells to calculate clustering and partial clustering percentages. For the remaining 16
cell lines, it was necessary to re-grow them in order to prepare new slides (up to 20 for some cell lines

due to false positives, i.e. centrin dots that lack CP110, see Figure 3.5).

Centrin

Figure 3.5 — One centriolar marker leads to false positives. Example of the cell line with the most false
positives, BT_549, where 5 centrin dots can be found but only four co-localize with the other centriolar marker
CP110. DNA is stained with DAPI in blue, a-tubulin in red labels the microtubules of the mitotic spindle. Scale
bar=5pm.

As shown in Figure 3.6-B, clustering, or at least partial clustering (Figure 3.6-A), is present in
all the 27 selected cell lines. This corroborates the results of the secondary screen and shows that

clustering is widespread in cancer.

The distribution of clustering ability is slightly different from the secondary screen since more
cell lines (13) have low clustering ability when compared to the intermediate (8) or high (6) categories,
while previously the majority of cell lines had high clustering ability. Nevertheless, half of the cell lines
have intermediate to high clustering ability (20-100%). These results show that the percentage of cells

that cluster is heterogeneous between the cancer cell lines, as it was seen in the secondary screen.
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Figure 3.6 — Half of the cancer cell lines have high and intermediate clustering abilities. A) Representative
immunofluorescence images of clustering in the NCI_H332M cell line and partial clustering in the MDA_MB_435
cell line. DNA is stained with DAPI in blue, a-tubulin in red labels the microtubules of the mitotic spindle and
centrin in green labels the centrioles. Scale bar=5um. B) Graph shows clustering and partial clustering
percentages of all the 27 selected cell lines with >10% centriole amplification. “N” refers to the amount of cells
with amplification in the total of images of cells that seemed having amplification. The categories show diferent
clustering abilities: low (£20%), intermediate (>20% and <50%) and high clustering ability (=50%).

As centrosome clustering is a mechanism to cope with centrosome amplification, we were
very interested in knowing if these two processes are correlated. As seen in Figure 3.7, we can
observe a slight positive correlation between these two percentages since the clustering percentage
seems to increase as the percentage of amplification increases. However, the coefficient of correlation
for these two percentages in between all the cell lines is rather low (R=0,3450) mostly due to the
presence of the two outliers where no correlation is observed, e.g. the renal cancer cell line SR has

the highest clustering ability (71%) but the lowest amplification percentage.
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Figure 3.7 — Moderate positive correlation between the clustering and the amplification percentages. This
graph shows the correlation between clustering and amplification percentages for all the 27 cell lines. Each dot
represents a single cell line. The Pearson coefficient (R) is shown on the top of the graphic. This coefficient
provides a measurement of the linear dependence between two variables (X,Y) whose value varies between +1
and -1, where 1 signifies total positive correlation, 0 no correlation, and —1 a total negative correlation. Therefore,
there is a slight positive correlation since in the overall population the clustering percentage tends to increase with
the increase of the amplification percentage. The cell line SR (highlithed in blue) is the cell line with highest
clustering percentage and lowest amplification percentage (outlier).

3.3. How widespread are alternative coping mechanisms?

The systematic survey of centrosome abnormalities performed in the laboratory before my arrival
suggested that centrosome clustering is not the only mechanism used by cancer cells to cope with
centrosome amplification. This finding led to the next aim of my thesis, where | wanted to determine
which alternative coping mechanisms exist in the 27 cancer cell lines showing centrosome

amplification and how widespread these mechanisms are.

3.3.1. Strategy

To define how widespread alternative coping mechanisms are in cancer, | analysed the
immunofluorescence images generated for aim 1. As mentioned in the previous section, | divided cells
with centriole amplification in four categories: multipolar, clustering, partial clustering and alternative

mechanisms. | subdivided the alternative coping mechanisms in four sub-categories (Figure 3.8):

- Extrusion — characterized by centrioles that have reduced microtubule nucleation
capacity, i.e. decreased a-tubulin staining around them. This nucleation capacity seems
insufficient to form a pole and therefore they look extruded from the mitotic spindle.

- Inactivation — centrioles that lack microtubule nucleation capacity, no clear a-tubulin

staining surrounding them.
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- Extrusion + Inactivation — combination of the two previously described mechanisms.
- Heterogeneous phenotype — consists of cells which exhibit combinations of the different
coping mechanisms (ex: clustering + extrusion and/or inactivation, partial clustering +

extrusion and/or inactivation).

Extrusion Inactivation

Clustering + Extrusion
Extrusion + Inactivation + Inactivation

Figure 3.8 — Alternative coping mechanisms present in the NCI-60 cell panel. Representative
immunofluorescence images show examples of the found alternative coping mechanisms: Extrusion (1,2),
Inactivation (3), Extrusion (4,6) + Inactivation (5) and heterogeneous phenotype: Clustering (8) + Extrusion (10) +
Inactivation (7,9). DNA is stained with DAPI in blue, a-tubulin in red labels the microtubules of the mitotic spindle;
and centrin in green labels the centrosomes. Scale bar=5pm.
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3.3.2. Alternative coping mechanisms are widespread in

cancer

As shown in Figure 3.9-B, all the 27 cancer cell lines present alternative mechanisms to cope

with their supernumerary centrosomes.

The cell lines can be sub-divided in different categories according to their total percentage of

alternative mechanisms:

0%: No presence of alternative mechanisms;
< 20%: Low presence of alternative mechanisms;
> 20% and < 50%: Intermediate presence of alternative mechanisms;

P w DD PR

> 50%: High presence of alternative mechanisms.

None of the 27 cell lines had absence of alternative mechanism, 11 cell lines had low
presence, 12 had intermediate and 4 had high presence of alternative mechanisms. Altogether these
results show that the presence of alternative mechanisms to cope with centrosome amplification,

namely inactivation and extrusion, is widespread in cancer cells.

Extrusion is highly present in the breast cancer cell line HS578T (30%) and renal cancer cell
line RXF_393 (29.6%). The melanoma cell line MALME_3M (Figure 3.9-B) is the cell line with the
highest incidence of inactivation (43.3%). The combination of extrusion and inactivation is rather rare,

having RXF_393 the highest percentage (14.8%).
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Figure 3.9 — Alternative mechanisms are widespread in cancer. A) Representative immunofluorescence
images of extrusion (1-4) in the cell line SK_OV_3, inactivation (5) in the cell line MALME_3M, extrusion (7) +
inactivation (6) in the cell line U251 and clustering (8) + inactivation (9) in the cell line COLO205. DNA is stained
with DAPI in blue, a-tubulin in red labels the microtubules of the mitotic spindle and centrin in green labels the
centrioles. Scale bar=5um. B) Graph shows alternative mechanism percentages (extrusion, inactivation, extrusion
+ inactivation, heterogeneous) of all the 27 selected cell lines with >10% centriole amplification. “N” refers to the
amount of cells with amplification in the total of images of cells that seemed having amplification. The categories
show the total presence of alternative mechanisms: low (£20%), intermediate (>20% and <50%) and high
presence (250%).

Interestingly, as seen in Figure 3.9-B, heterogeneous phenotypes (i.e. clustering + extrusion
and/or inactivation or partial clustering + extrusion and/or inactivation) are highly present in many of
the cell lines, where the colon cancer cell line COLO205 (35.5%) and the ovarian cancer cell line
SK_OV_3 (26.7%) have the highest percentages. If the clustering + alternative mechanism
percentage is summed to the previous clustering percentage, calculated in 3.2.2, the group of
intermediate clustering ability increases, while the other two decrease, showing that the clustering
capacity was underestimated in our first quantification. The cell line with the highest change is

COLO205, where the clustering percentage doubled (Figure 3.10).
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Figure 3.10 — Clustering percentage is underestimated. This graph shows the sum of the clustering
percentage with the heterogeneous phenotype: clustering + alternative mechanisms (i.e extrusion and/or
inactivation). It is possible to see an increase in almost all cell lines. “N” refers to the amount of cells with
amplification in the total of images of cells that seemed having amplification. The categories show the total
presence of alternative mechanisms: low (£20%), intermediate (>20% and <50%) and high presence
(=50%).

3.3.3. Coping mechanisms are highly present in cancer

cells

As my obtained results show that both centrosome clustering and alternative mechanisms are
widespread in cancer, the next question | wanted to answer was whether cell lines have predominantly
one coping mechanism or if clustering and alternative mechanisms are present in more less the same

proportions.

As shown in Figure 3.11, coping mechanisms are highly present (>50%) in 17 of the 27 cancer

cell lines. The cell lines can be sub-divided according to their total percentage of coping mechanisms:

0%: No presence of coping mechanisms;
< 20%: Low presence of coping mechanisms;

> 20% and < 50%: Intermediate presence of coping mechanisms;
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4. >50%: High presence of coping mechanisms.

Three cell lines have more than 90% pseudo-bipolar divisions, when adding these two
percentages, and in the case of CCRF_CEM, 50% of cells with supernumerary centrosomes cluster,
at least partially, while 50% have alternative mechanisms. However, throughout the cell lines there is
not a clear pattern of “either one or the other mechanism” and the calculation of the coefficient of
correlation shows that these two percentages are not correlated (Supplementary Figure 6.4).
Moreover, by grouping the total clustering and total alternative mechanisms percentages of cell lines
according to their tissue of origin, a very interesting result was obtained. As shown in Supplementary
Figure 6.5, all the leukemia cell lines have high clustering ability (A). The highest incidence of

alternative mechanisms is in breast cancer cell lines (B).
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Figure 3.11 — Coping mechanisms are highly present in cancer cells. This graph shows the sum of total
clustering (clustering and partial clustering) and the total of alternative mechanisms (extrusion, inactivation,
extrusion + inactivation and heterogeneous) percentages. More than half of the cells have high presence of
coping mechanisms. “N” refers to the amount of cells with amplification in the total of images of cells that seemed
having amplification. The categories show the total presence of coping mechanisms: low (£20%), intermediate
(>20% and <50%) and high presence (=50%).
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3.4. How do cells that have centriole amplification and lack

clustering ability divide?

As my results show that alternative mechanisms are widespread in cancer cells (Figure 3.9),
the next aim of my thesis was to understand how cells exhibiting these mechanisms undergo mitosis.
The breast cancer cell line HS578T seems very adequate to study when and how centrioles extrude or
inactivate and if these mechanisms lead to a normal cell division, since alternative coping mechanisms

are present in high percentages (56.6%).

Moreover, my study also highlighted that some cell lines totally lack mechanisms to cope with
amplification, e.g. HOP_92 (Figure 3.11), where around 86% of cells with amplification are multipolar.
It is expected that multipolar division leads to cell death®®®, however, this cell line has around 20% of
amplification. Studying this cell line could also provide some insights into how centriole amplification

arises.

3.4.1. Strategy

In order to understand how cells lacking the ability to cluster supernumerary centrosomes
divide, it is critical to follow the fate of mitotic cells by live imaging. In order to observe centrioles and
their behaviour during division, a fluorescent centriolar marker is required. Therefore, | first created
stable HS578T and HOP_92 cell lines, expressing centrin-GFP. We decided to use a centrin marker,
as it is a very early marker that labels all centrioles (mother, daughter or de novo) and is stably
present throughout the cell cycle”. Unfortunately, HOP_92 centrin-GFP died after the drug treatment
(see Material and Methods section). Additionally, to observe cells that undergo mitosis, | added a
fluorescent dye that labels the microtubules (SiR-tubulin) to visualize the spindle™*®.

HS578T centrin-GFP was used for preliminary tests (Figure 3.12, section 3.2.2), which
highlighted the need of a DNA marker since it was not possible to see how centriole abnormalities
lead to defects in chromosome segregation. Furthermore a DNA-marker is very helpful for mitotic

stage recognition. An additional challenge was the fact that it was rare to find mitotic cells.

To tackle all these issues, | created two new stable cell lines, expressing centrin-GFP and the
DNA marker H2B-RFP and these cell lines were submitted to synchronization procedures to increase
the mitotic cell population for live imaging. Unfortunately, HOP_92 centrin-GFP H2B-RFP did not
survive cell sorting (see Material and Methods section).

3.4.2. Preliminary Results

The first live imaging test of HS578T centrin-GFP (Figure 3.12) lasted 6 hours in which the
mitotic cell failed to divide. Furthermore the cell died in the last hour of imaging. The reason of this
occurrence is not clear since it could be due to overexposure of the lasers from the microscope or

119

mitotic catastrophe consequent of aberrant chromosome segregation™. Additionally, the microtubule-
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labelling dye could stabilize the cytoskeleton of the cell, not allowing any movement related to the

microtubules™®

. Nonetheless, as shown in Figure 3.12, supernumerary centrioles migrate towards the
middle of the cell, where they remain from 2 hours onwards and therefore do not cluster. However, it

was not possible to compare this event with a different mitotic cell, due to rare mitotic events.

HS578T centrin-GFP

2 hours

Figure 3.12 — Preliminary result — Cells with supernumerary centrosomes failed to divide and died. This
figure shows the behaviour of supernumerary centrioles in the stable cell line HS578T centrin-GFP, during the
first interval of two hours in the first test of live imaging. The centrioles move towards the centre, where they stay
without clustering untill the cell dies (5 hours after the starting point of the experiment) of an unknown reason.

As mentioned previously, one of the challenges faced was the low amount of cells in mitosis.
Therefore, HS578T centrin-GFP H2B-RFP was submitted to two synchronization methods in order to
increase the mitotic cell population. The first method applied was a mitotic shake-off (see Materials
and Methods), which led to an increase in mitotic cells, when compared to a control population by flow
cytometry analysis (Supplementary Figure 6.6). However, this method did not generate enough mitotic
cells to provide an increase in cells with supernumerary centrosomes for live-imaging. Therefore, |
used a second synchronization method that arrests cells in S-phase, followed by a release into
mitosis. This second method provided a more significant increase than the mitotic shake-off, when

compared to an asynchronous population (Supplementary Figure 6.7).

Eight hours after the release into mitosis, HS578T centrin-GFP H2B-RFP cells were used to
perform live-imaging. Unfortunately, due to technical issues, it was not possible to image the cell
longer than 30 minutes. Nevertheless, during these 30 minutes, one seemingly inactive
supernumerary centriole, since it has no SiR-tubulin around it, migrates towards the plasma
membrane, while the ones participating in the spindle remain in the same place (Figure 3.13). As the
cell was already in metaphase, | could not determine if the supernumerary centriole was previously

active or partially active (extruded). Thus, it is important to follow mitosis since the beginning.
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Figure 3.13 — Preliminary result — Inactive supernumary centriole migrates away from the spindle. This
panel shows the behaviour of a supernumerary centriole during 30 minutes of the second round of live imaging in
the stable cell line HS578T centrin-GFP H2B-RFP in presence of the microtubule labeling dye SiR-tubulin. White
arrowhead — apparently inactive centriole.

In summary, these results show that it is critical to amplify mitotic cell population to perform live
imaging. In addition, it has to be determined how long HS578T remains in mitosis. Furthermore it is
crucial to understand if the used concentration of the microtubule-labelling dye SiR-tubulin might
impair mitosis. Finally, in order to have an insight in the origin of centrosome amplification, new
HOP_92 centrin-GFP H2B-RFP cell lines need to be created.
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4. Discussion

Supernumerary centrosomes have been associated with cancer for longer than a century®.
An increase in centriolar number might cause the formation of multipolar mitotic spindles, which is
related to CIN and high-grade aneuploidy and normally leads to cell death®®®, Cancer cells do,
however, often divide successfully, suggesting the existence of adaptation mechanisms to cope with
centrosome amplification. One such mechanism is the clustering, i.e. gathering, of supernumerary
centrosomes at the two spindle-poles, ensuring a pseudo-bipolar cell division®. A previous systematic
survey of the NCI-60 panel of cancer cell lines showed that centriole amplification is a hallmark of
cancer (Marteil et al, in preparationlzo) and that clustering of supernumerary centrosomes is a major,
but not the only coping mechanism. Nevertheless, the frequency of clustering in cancer still remains

undetermined and the presence of alternative mechanisms in cancer has not been studied yet.

In this study, | unveiled that centrosome clustering is widespread in cancer cells by analyzing
immunofluorescence images of mitotic cells displaying centrosome amplification from 27 different
cancer cell lines (see Figure 3.4 and Figure 3.6-B). These results reinforce the idea of using clustering
as a target for cancer therapy. Moreover, | observed a positive correlation between centrosome
amplification and clustering (Figure 3.7). Interestingly, a recent study showed that the protein KIFC1,
which is crucial for centrosome clustering, is upregulated in breast cancer'?* and recent work showed
that breast cancer has centrosome amplification (Vaz et al, in preparation). This suggests a positive
selection pressure for clustering in cells that have amplification. Additionally, |1 observed a
heterogeneity in the clustering ability within each cell line since only a sub-population of cells can
cluster their supernumerary centrioles. We envisage two main possible reasons explaining this
heterogeneity: a) cells exhibiting different clustering ability are in different mitotic stages and/or b) cell
lines are genetically heterogeneous. Supporting a), it is well described that cells cluster their
supernumerary centrosomes in prometaphase to allow bipolar spindle formation in metaphase®®. This
suggests that the cells lacking clustering ability in our study could be false-negatives, namely
prometaphase in the process of clustering their supernumerary centrosomes. Consequently, the
annotation of the mitotic stage and its correlation with the clustering ability is now critical to validate a).
Nevertheless, this heterogeneity could also be genetically defined. To test this, we will perform
evolution assays in which we will isolate clones from several cancer cell lines displaying centrosome
amplification and determine the clustering ability of each clone after several generations. If the
clustering ability is homogeneous within each clone but heterogeneous between clones, hypothesis b)

should be validated.

Recent screens showed that centrosome clustering is regulated by MAPS, proteins involved in

the microtubule-kinetochore attachment and by the actin cytoskeleton®"*®

. Our survey of centrosome
clustering cell lines allowed to group the 27 cancer cell lines according to their ability, or not, to cluster
supernumerary centrosomes (see Figure 3.6-B). These results provide us now with the unique
opportunity to better characterise centrosome clustering at the molecular and cellular levels. To do

this, we first want to investigate the publicly available gene expression and proteomics data of the
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NCI-60 panel'®*** to highlight potential new regulators of centrosome clustering. We will focus on the
molecules whose expression is specifically upregulated in the cell lines that cluster centrosomes or
downregulated in the lines that lack this ability, suggesting they could be important players in
clustering. Second, we want to further take advantage of these discoveries to better understand how
the ability to cluster supernumerary centrosomes is conferred at the cellular level. My results show that
all the leukemia cell lines have a strong clustering ability (Supplementary Figure 6.5). Interestingly, a
previous study showed that retraction fibres, keeping cells attached to the substrate when they round
up in mitosis, can influence the clustering ability. The angles and the number of retraction fibres of
cells can indeed force cells to cluster or not their supernumerary centrioles inducing bipolar or a
multipolar spindle pole formation, respectively®’. Since leukemia cells grow in suspension, i.e. are non
adherent, they do not form retraction fibres. This suggests that the geometry of retraction fibres could
be preventing centrosome clustering in cell lines that were shown to lack this ability, such as HOP_92.

To test this, we will plate these cells on fibronectin micropatterns, forcing different spindle shapes105

, to
see if cells will gain the ability to cluster supernumerary centrosomes. In addition, the expression of
the protein Myosin-10 will be investigated in the cell lines that fail to cluster by comparing publicly

available gene expression and proteomics data of the NCI-60 panel'****®

, since it was recently
discovered that this protein is involved in centrosome positioning at the retraction fibres'®.
Furthermore we also want to observe the actin cytoskeleton in the leukemia cell lines by

immunofluorescence and live imaging to see how the centrosomes and the spindle are positioned.

My survey also revealed that alternative mechanisms to cope with supernumerary
centrosomes are widespread in cancer (Figure 3.9-B). We found centrosomes with an apparent
decrease in microtubule nucleation capacity excluded from the spindle. This mechanism was
denominated centrosome extrusion. A similar phenotype was recently reported in BT _549, a breast
cancer cell line, where supernumerary active centrosomes were shown to be transiently displaced
from the mitotic spindle during metaphase until anaphase transition, allowing bipolar spindle

formation'**

. Interestingly, my survey showed that this cell line lacks the ability to cluster, but around
27% of cells with supernumerary centrosomes present alternative mechanisms. The reported
centrosome phenotype in BT_549 seems to have functional PCM and microtubule nucleation capacity.
Further experiments are now required to a) analyse if these characteristics are common to all extruded
centrioles and b) highlight the molecular and cellular regulators of this mechanism. The second
alternative mechanism found in the cancer cell lines is centrosome inactivation. Inactive centrosomes
fail to nucleate microtubules and are not necessarily excluded from the mitotic spindle. Centrosome
inactivation has already been described in fly neuroblasts and is characterized by a decrease in PCM
content and microtubule nucleation capacity®™. This inactivation seemed transient as centrosomes
regain activity in the beginning of anaphase'®. It is now critical to study whether the inactivated
centrioles in cancer cells share the same characteristics as the one found in neuroblasts. To better
characterise centrosome extrusion and inactivation we will follow similar strategies as the ones used
to characterise the activity of centrosomes in BT_549'** by i) quantifying the PCM content of
centrioles in several cell lines with alternative mechanisms by immunofluorescence microscopy, and ii)

performing microtubule regrowth assays. Second, we will follow the behaviour of extruded and
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inactivated centrioles during mitosis by live imaging. During my Master's, | performed some
preliminary tests with the breast cancer cell line HS578T and | could visualize an apparently inactive
centriole migrating away from the mitotic spindle (see Figure 3.13). However further experiments are
required to optimize problems that were encountered such as the low number of mitotic cells, which
will be improved by testing synchronization methods. Finally the third strategy will be to analyse the
gene expression and proteomics data in cell lines with alternative coping mechanisms to highlight their

potential regulators.

During this work, | also found that some cell lines, such as HOP_92, apparently do not have
any coping mechanisms (86% multipolar) suggesting that these cells die®. Intriguingly, these cells still
have a significant percentage of cells displaying centriole amplification (20%). Studying this cell line
could provide insights into how centriole amplification arises, since a broad range of mechanisms such
as cell fusion, cytokinesis failure and overduplication of centrioles can induce amplification84. To
understand these mechanisms, we wanted to follow mitotic cell fate by live-imaging. Unfortunately, we
were unable to perform preliminary tests until now, since HOP_92 cells did not survive the selection
methods. Therefore, optimizations are needed to find the minimal concentration of geneticin that kills
100% of HOP_92 cells.

Altogether, my results showed that the majority of cancer cells have the ability to divide in a
pseudo-bipolar fashion using centrosome clustering and/or alternative mechanisms (see Figure 3.11
and Figure 4.1). These results reinforce the strategies of using clustering as a target for cancer
therapy and offers new putative targets, centrosome extrusion and inactivation. For instance, some

111,112
d

drugs targeting centrosome clustering have already been develope and inhibitors of the protein

HSET, which is critical for centrosome clustering in cancer cells but not necessary for normal cell

division, are under development™°

. As a consequence, a better understanding of the coping
mechanisms at the cellular and molecular level is of high importance to provide novel molecular
entities that could be used in diagnosis (e.g. upregulated gene) or therapeutics. Interestingly, some
regulators seem to be shared amongst the coping mechanisms. Indeed, the depletion of HSET not
only prevents centrosome clustering but also leads to a reduction in extruded centrioles® *** . This
offers the unique opportunity of targeting all the coping mechanisms at once. Finally, these results
need to be validated in vivo by investigating the gene expression of the regulators of the coping
mechanisms, as it was recently performed for HSET/KIFC1, which was shown to be upregulated in

human malignant breast cancer**.
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Centrosome
amplification

Figure 4.1 — Summary of mechanisms to cope with centrosome amplification. This scheme depicts the known and unknown
mechanisms to cope with supernumerary centrosomes that were found during this work.
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6. Supplementary Material

Supplementary Table 6.1 — The NCI-60 panel of cancer cell lines. This table shows all the cells that belong to
the NCI-60 panel of cell lines and their tissue of origin''®. Green background — cell lines used for the secondary
screen. Cell line MDA_MB_468 does not belong to the NCI-60 panel, but was used to replace MDA_N.

Cell Line Tissue of Origin
MCF7 Breast
MDA _MB 231 Breast
HS578T Breast
BT_549 Breast
T47D Breast
SF_268 Central nervous system
SF_295 Central nervous system
SF_539 Central nervous system
SNB_19 Central nervous system
SNB_75 Central nervous system
U251 Central nervous system
COLO205 Colon
HCC_2998 Colon
HCT_116 Colon
HCT_15 Colon
HT29 Colon
KM12 Colon
SW_620 Colon
CCRF_CEM Leukemia
HL_ 60 Leukemia
K_562 Leukemia
MOLT 4 Leukemia
RPMI_8226 Leukemia
SR Leukemia
LOXIMVI Melanoma
MALME_3M Melanoma
M14 Melanoma
SK_MEL 2 Melanoma
SK_MEL 28 Melanoma
SK_MEL 5 Melanoma
UACC 257 Melanoma
UACC 62 Melanoma
MDA _MB_435 Melanoma
MDA N not av'?/lllgg‘l_eM Brfzgasced by
A549 Non-Small Cell Lung
EKVX Non-Small Cell Lung
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HOP_62

Non-Small Cell Lung

HOP_92 Non-Small Cell Lung
NCI_H226 Non-Small Cell Lung
NCI_H23 Non-Small Cell Lung
NCI_H322M Non-Small Cell Lung
NCI_H460 Non-Small Cell Lung
NCI_H522 Non-Small Cell Lung
IGROV1 Ovarian
OVCAR_3 Ovarian
OVCAR_4 Ovarian
OVCAR_5 Ovarian
OVCAR_8 Ovarian
SK_OV_3 Ovarian
NCI_ADR_RES Ovarian
PC_3 Prostate
DU_145 Prostate
786 0 Renal
A498 Renal
ACHN Renal
CAKI_1 Renal
RXF_393 Renal
SN12C Renal
TK 10 Renal
UoO_31 Renal
MDA_MB_468 Breast
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Supplementary Table 6.2 — List of the NCI-60 cell lines cultured for this study. This table shows the 17 cell

lines kept in culture, their tissue of origin

complete media.

116

, the laboratory from which we got them, the type of cel

1" and their

Tissue of

Cell line origin Obtained from | Type of cell Complete media
David Pellman’s RPMI 1640 + 10% FBS + 2 mM L-glutamine
BT _549 Breast Lab Adherent + PSA
David Pellman’s DMEM + 10% FBS + 2 mM L-glutamine +
HS578T Breast Lab Adherent PSA + 10 pg/mL Insulin
MDA_MB_231 | Breast | D2VIdPeImans [ agnerent McCoy's + 10% FBS + PSA
MDA MB 468 Breast Joana Paredes Adherent RPMI 1640 + 10% FBS + 2 mM L-glutamine
_VIB_ Lab + PSA
. y 0 - I
U251 CNS David Pellman’s Adherent RPMI 1640 + 10% FBS + 2 mM L-glutamine
Lab + PSA
David RPMI 1640 + 10% FBS + 2 mM L-glutamine
HCC_2998 Colon Hancock’s Lab Adherent + PSA
. ) 0 i :
CCRF_CEM Leukemia David Pellman’s Suspension RPMI 1640 + 10% FBS + 2 mM L-glutamine
Lab + PSA
: ) 0 i :
MOLT 4 Leukemia David Pellman’s Suspension RPMI 1640 + 10% FBS + 2 mM L-glutamine
Lab + PSA
David RPMI 1640 + 10% FBS + 2mM L-glutamine +
NCI_H23 Lung Hancock's Lab Adherent PSA
David DMEM + 10% FBS + 2 mM L-glutamine
HOP_62 Lung Hancock's Lab Adherent + PSA
David Pellman’s RPMI 1640 + 10% FBS + 1% L-glutamine
HOP_92 Lung Lab Adherent + PSA
. ; 0 i .
MALME 3M Melanoma David Pellman’s Mixed IMDM + 10% FBS + 2 mM L-glutamine
- Lab + PSA
. y 0 - I
MDA_MB_435 | Melanoma David Pellman’s Adherent DMEM + 10% FBS + 2 mM L-glutamine
Lab + PSA
. y 0 - I
SK_OV_3 Ovarian David Pellman’s Adherent RPMI 1640 + 10% FBS + 2 mM L-glutamine
Lab + PSA
. y 0 _ I
DU_145 Prostate David Pellman’s Adherent Eagles + 10% FBS + 2 mM L-glutamine
Lab + PSA
CAKI_1 Renal David f:tl)lman S Adherent McCoy’s + 10% FBS + PSA
. 0 i .
RXF_393 Renal David Adherent RPMI 1640 + 10% FBS + 2 mM L-glutamine

Hancock’s Lab

+ PSA
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Supplementary Figure 6.1 — Death curves. A) Death curve of cell line HS578T. Geneticin antibiotic experiment
was performed during 14 days and concentration of 100 pg/mL was chosen (minimal concentration that induces
death in 100% of non-transformed cells). B) Death curve of HOP_92. 250 pg/mL is the lowest concentration that
induces 100% of cell death.

100 ]

[C] HS578T centrin-GFP histone-RFP
[[ negative control
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0
10 10
RFP

Supplementary Figure 6.2 — Example of FACS results. This graph shows the relative abundance of cells
positive for RFP. The grey curve represents the negative control and the red curve represents HS578T centrin-
GFP histone-RFP. The part of the red curve that does not co-localize with the grey curve, corresponds to the
RFP-positive cells.
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A.HS578T centrin-GFP H2B-RFP B. Hop-92 centrin-GFP H2B-RFP
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Supplementary Figure 6.3 — Quantification of cells positive for centrin-GFP and H2B-RFP. These graphs
show the percentages of cells: positive for centrin-GFP and H2B-RFP, positive only for centrin-GFP, positive only
for H2B-RFP and negative for both markers, for the cell lines A) HS578T centrin-GFP H2B-RFP and B) HOP_92
centrin-GFP H2B-RFP.
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Supplementary Figure 6.4 — Correlation between total clustering percentage and total alternative
mechanism percentage. This graph shows the correlation between clustering and alternative mechanism
percentages for all the 27 cell lines. Each dot represents a single cell line. The Pearson coefficient (R) is
shown on the top of the graphic. This coefficient provides a measurement of the linear dependence
between two variables (X,Y) whose value varies between +1 and -1, where 1 signifies total positive
correlation, 0 no correlation, and -1 a total negative correlation. Therefore, there is no correlation between
these two percentages.
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Supplementary Figure 6.5 — Correlation between tissue of origin and clustering or alternative
mechanisms. A) This graph represents the correlation between the total clustering percentage (clustering and
partial clustering) and the tissue of origin. Note that all leukemia cell lines have a strong ability to cluster. B) This
graph represents the correlation between the total alternative mechanism percentage (extrusion, inactivation,
extrusion + inactivation, heterogeneous) and the tissue of origin. Note that the breast cancer cell lines have the
highest abundance of alternative mechanisms.
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Supplementary Figure 6.6 — Mitotic shake-off. This graph shows the flow cytometry results of a
control/asynchronous population, the mitotic shake-off and the following mitosis (53.8 hours later) of the cancer
cell line HS578T centrin-GFP H2B-RFP.
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Supplementary Figure 6.7 — S-phase arrest. Flow cytometry result of an asynchronous population and different
time points during and after the S-phase arrest of HS578T centrin-GFP H2B-RFP cells. TO — 19 hours after arrest
initiation, T1 — 4 hours after release, T2 — 8 hours after release, T3 — 11.5 hours after release.
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