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Abstract

Microtubule-targeting agents (MTAs) have been widely used in cancer treatment. By interfering
with microtubules, MTAs activate the spindle assembly checkpoint (SAC), delaying cells in mitosis.
SAC prevents metaphase to anaphase transition until all chromosomes are correctly attached to
the spindle microtubules and bi-oriented in the metaphase plate. Hence, chronic activation of SAC
induced by MTAs is expected to lead to cell death. However, resistance to MTAs, namely due to
their effect on microtubules, limit their efficacy, allowing cells to escape cell death through
premature mitotic exit, or slippage. Therefore, alternative antimitotics that do not interfere with
microtubules have been investigated. Regulators of the SAC emerged as attractive targets, either
individually or in combination with other drugs. Indeed, combination therapy has been used as a

method to overcome drug resistance.

In this thesis, targeting of the SAC silencer p31«met was investigated as a strategy to potentiate

the efficacy of anticancer drugs.

First, p31cemet knockdown was assessed in combination with the MTA paclitaxel or with the pro-
apoptotic Navitoclax, using cell non-small cell lung cancer (NSCLC) cells. Knockdown of p37comet
enhanced paclitaxel and Navitoclax cytotoxicity through distinct mechanistic. p31°mt knockdown
increased mitotic block duration in cells challenged with nanomolar concentrations of paclitaxel,
leading to an additive effect in terms of cell death which was predominantly anticipated during
the first mitosis. On the other hand, when p31®mt-depleted mitotic-arrested cells were challenged
with the apoptosis potentiator Navitoclax, cell fate was shifted to accelerated post-mitotic death.
The efficacy of this strategy was further validated in 3D monotypic spheroids. Notably, p37comet
knockdown enhanced the cytotoxicity of clinically relevant doses of paclitaxel and Navitoclax in
NSCLC spheroids.

Secondly, the clinical relevance of p31«met was investigated in oral cancer. p31«°met expression was
first screened across omics data on head and neck squamous carcinoma (HNSCC), and associated
with other genes and relevant signaling pathways, as well as with clinicopathological features.
p31cemet was overexpressed in HNSCC samples compared to normal tissues. Moreover, p37eomet
overexpression coincided with changes in pathways that are frequently dysregulated in cancer,
and with altered-chromatin status, highlighting its clinical relevance in oral cancer. p31©met was

also positively correlated with its interactors Mad2 and TRIP13. However, the isolated impact of

Xi
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p31cemet expression on the survival of HNSCC patients was not conclusive. Remarkably, p37comet

knockdown potentiated the cytotoxicity of cisplatin in OSCC cells that displayed more resistance

to cisplatin.

In conclusion, p31emet inhibition is @ promising strategy to enhance the lethality of antimicrotubule
drugs and apoptosis-inducing small molecules in NSCLC, with distinct mechanisms. Moreover,
p31cemet is 3 potential target with clinical relevance in oral cancer, and the combination of p37comet
inhibition with cisplatin deserves to be explored for oral cancer in the context of cisplatin

resistance. Overall, this work reinforces the significance of SAC targeting in cancer treatment.

Keywords: p31°™t, spindle assembly checkpoint, slippage, antimitotic strategies, BH3-mimetics,

cancer.
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Resumo

Os agentes anti-microtdbulos (MTAs) tém sido amplamente usados no tratamento do cancro. Ao
interferir com a dindmica dos microtGbulos, levam a ativagado do checkpoint mitético (SAC), pro-
vocando uma paragem em mitose. O SAC impede a transicao metafase-anafase até os cromos-
somas se encontrarem corretamente ligados aos microtbulos do fuso mitético e alinhados na
placa metafasica. Assim, espera-se que a ativagao do SAC induzida pelos MTAs resulte em morte
celular. Contudo, a resisténcia aos MTAs, nomeadamente devido ao seu efeito sobre os microtu-
bulos, limita a sua eficacia, permitindo as células escaparem a morte celular através da saida
prematura da mitose, ou s/jppage. Deste modo, tém sido investigados antimitoéticos alternativos
que nao interfiram com os microtUbulos. Os reguladores do SAC tém emergido como alvos atra-
tivos, individualmente, ou em combinagao com outros farmacos. De facto, a terapia de combina-

cao tem sido usada para contornar a resisténcia aos farmacos.

Na tese apresentada, a deplecao da proteina silenciadora do SAC p371@met foi investigada como

estratégia para potenciar a eficacia de farmacos anticancerigenos.

Primeiro, 0 knockdown da p31cmet foi avaliado em combinagao com o MTA paclitaxel ou com o
pro-apoptotico Navitoclax em células de cancro do pulmao de ndo pequenas células (CPNPC). O
knockdown da p31°mt gumentou a citotoxicidade do paclitaxel ou do Navitoclax através de me-
canismos distintos. O knockdown da p31°mt gumentou a duragao da mitose em células tratadas
com concentragcdes nanomolares de paclitaxel, levando a um efeito aditivo em termos de morte
celular, que foi predominantemente antecipada durante a primeira mitose. Por outro lado, o pro-
apoptotico Navitoclax acelerou a morte pos-mitose em células depletadas de p31°mt, A eficacia
desta estratégia foi posteriormente validada em esferdides 3D monotipicos. Assim, o knockdown
da p31°met gumentou a citotoxicidade de doses clinicamente relevantes de paclitaxel ou Navitoclax
em esferdides de CPNPC.

Em segundo lugar, investigou-se a relevancia clinica da p31©mt no cancro oral. A expressao da
p31cemet foi averiguada em dados émicos de carcinoma de células escamosas de cabega e pescogo
(CCECP), e relacionada com genes e vias de sinalizagdo relevantes, bem como com caracteristicas
clinico-patologicas. A p31©mt encontrava-se em amostras de CCECP, comparativamente a tecidos
normais. Adicionalmente, a expressao da p31©™t coincidiu com modificagdes em vias frequente-

mente desreguladas no cancro, e com alteragdes na cromatina, evidenciando a sua significancia

xiii



CESPU

INSTITUTO UNIVERSITARIO
DE CIENCIAS DA SAUDE

clinica. Observou-se também uma correlagao positiva entre a p31©met e os seus parceiros Mad2 e
TRIP13. Contudo, o impacto isolado da expressao da p31°™t na sobrevivéncia dos pacientes de
CCECP foi inconclusivo. Notavelmente, o knockdown da p31°mt em células de carcinoma oral de

células escamosas potenciou a citotoxicidade da cisplatina na linha mais resisténcia a cisplatina.

Em suma, a inibigao da p31cmet é uma estratégia promissora que potencia a letalidade de farmacos
antimitéticos e pro-apoptoticos em CPNPS, através de mecanismo distintos. Adicionalmente, a
p31cemet gpresenta potencial relevancia clinica no cancro oral e a combinagao da inibigao da p37eomet
com cisplatina merece ser explorada no cancro oral, num contexto de resisténcia a cisplatina. Este

trabalho reforga a significancia do uso do SAC como alvo no tratamento do cancro.

Palavras-chave: p31«me, checkpoint mitotico, slippage, estratégias antimitéticas, miméticos de

BH3; cancro.
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Everything is theoretically impossible, until it is done.

Robert A. Heinlein
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CHAPTER |

General introduction

The information provided in this chapter was partially based on the following publications:

Henriques, A.C; Ribeiro, D.; Pedrosa, J.; Sarmento, B.; Silva, P.M.A.; Bousbag, H. "Mitosis inhibitors
in anticancer therapy: When blocking the exit becomes a solution”. Cancer Letters 440-441(2019):

64-81. https:/ /doi.org/10.1016/].canlet.2018.10.005

Henriques, A.C.; Silva, P.M.A.; Sarmento, B.; Bousbaa, H. "The Mad2-Binding Protein p31°m as a
potential target for human cancer therapy". Current Cancer Drug Targets 21 (2021):
http:/ /dx.doi.org/10. 2174/1568009621666210129095726.
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1. Cancer

Cancer refers to a vast set of diseases which arise when the cells of an organ or tissue grow
unrestrictedly and spread to neighboring tissues, and/or to other organs, through a process called
metastization (1). Cancer have accounted for 10 million of deaths in 2020, according to World
Health Organization (1). The incidence of an estimated 18 million new cases in 2018 is expected
to double in 2040 (2). Although the incidence is stronger in developed countries, such as Australia,
New Zealand, and United States of America, it kills mostly in poorer countries, as Mongolia, Serbia,
Hungary and Montenegro. The most common cancers are lung and breast cancer, with the same
incidence rate, followed by colorectal, prostate, skin and stomach cancers. Lung cancer is the

deadliest, followed by colorectal, stomach, liver and breast.

Cancer tremendously affects health systems causing a remarkable socioeconomic effect, which is
more prominent in underdeveloped countries. Therefore, several efforts are increasingly being
made to develop more effective and less painful therapies. For this purpose, it is crucial to unravel

the mechanisms underlying the formation and evolution of cancer.

1.1. Tumorigenesis

Tumorigenesis is @ complex and multistep process by which normal cells transform and acquire
malignant properties (3,4). Several factors may contribute to this process, such as the normal
rates of incorrect DNA replication, the reduced control of DNA stability, epigenetic changes, the
tissue of origin of the cell, the individual's age at the beginning of the process, as well as various
environmental factors (4). The action of stimulators results in an evolutionary process where a
set of transformations occur (4,5). Consequently, cells undergo genetic, epigenetic, and
chromosomic alterations, through successive cycles of abnormal cell divisions. The acquisition of

genetic diversity follows a clonal selection process, with the gain of malignant attributes (5).

Cancer grows and spreads in an intelligent and orchestrated process, behaving like a multicellular
form of life within an organism (6,7). Cancer tissues, either metastatic or local, engender systemic

pathogenic networks that affect the whole organism (7).

During malignant transformations, several capabilities are acquired. They were previously defined
as the hallmarks of cancer by Hanahan and Weinberg (8,9) and comprise the following traits:

sustaining proliferative signaling, evading growth suppressors, activating invasion and metastasis,
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enabling replicative immortality, inducing angiogenesis, resisting cell death, deregulating cellular
energetics, and avoiding immune destruction. In addition, genome instability and mutation, as
well as tumor-promoting inflammation, two processes that emerge as a result of tumor formation,
were further referred to as enabling characteristics that potentiate the mentioned hallmarks (9).
These statements were later revisited by Fouad and colleagues (5), which refined the definition
of the hallmarks of cancer as advantageous capabilities evolutionarily acquired, to not only
potentiate malignant transformations but also trigger the progression of the malignant cells, in a
complementary way. As such, the hallmarks were reorganized in the following way: selective
proliferative advantage, altered stress response, vascularization, invasion and metastasis,

metabolic rewiring, immune modulation, and abetting microenvironment.

Although the standard cancer cells may initiate the process and drive tumors forward, another
type of cancer cells — the cancer stem cells (CSC) - have been reported in several tumors (9). CSC
are frequently related to more aggressive phenotypic traits, such as improved metastization and
therapeutic drug resistance (9,10). Beyond cancer cells and CSC, several types of non-cancer cells
are active participants in tumorigenesis. In particular, the rearrangement of the tumor
microenvironment (TEM) has a crucial role in the growth and transformation of the tumor. The
crosstalk between the cancer cells and the components of TEM represents a high-level complexity

mechanism that is preponderant for the establishment and dissemination of the disease.

1.2. Tumor Microenvironment

Tumors are complex structures that are composed not only of tumor cells but also of a wide
variety of other elements (Figure 1). They also include the stromal cells in the vicinity of the tumor.
TEM is, therefore, comprised of cancer cells and stroma (11,12). The stroma contains a complex of
a heterogeneous set of cellular and non-cellular components (11,13). It includes fibroblasts,
endothelial cells, pericytes, and immune cells, such as lymphocytes, macrophages, and microglia
(11-13). Stroma also contains non-cellular components of extracellular matrix (ECM), such as
collagen, elastine, fibronectin, laminin, hyaluronan, proteoglycans, matrix-degrading enzymes,
cytokines, and epithelial growth factors (11,13,14). ECM plays an important role in tumorigenesis,
as its modulation helps to sustain and promote tumor formation (14,15). For instance, cancer-

associated fibroblasts (CAFs) can promote pro-tumorigenic changes in ECM, by remodeling the
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expression of the ECM enzymes (16). As a result, tumor progression and invasiveness become

enhanced.
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Figure 1. Schematic representation of the tumor microenvironment.

Avast and heterogeneous population of cells and proteins constitute the tumor ecosystem, which comprises not only
comprises tumor cells but also tumor-associated fibroblasts and stromal cells, such as fibroblasts, endothelial cells,
and immune cells. The tumor microenvironment also comprises a wide range of non-cellular components of the
extracellular matrix (ECM), such as collagens, proteoglycans, fibronectins, and soluble factors, like cytokines and

chemokines, which intermediate the cross-talk between those cells. Adapted from (17).

Cancer cells can influence the surrounding microenvironment, modulating and rearranging it to
work for their benefit (10—12). For example, they can alter the expression of growth factors and
evade the mechanisms of immune recognition through the production of immunosuppressive
cytokines (14). Therefore, cancer and stromal cells intercommunicate through a complex signaling
network to promote and strengthen the traits of malignancy, such as unrestricted growth,

infiltration, and dissemination (10-12).

A factor that may influence the tumor microenvironment is the cell cycle activity. For example,
some evidence suggests that the cell cycle activity may influence the ability of immune
recognition and the infiltration of the immune cells in the tumor microenvironment (18). It was

also suggested that the hyperactivation of cell cycle progression confers protection from



CESPU

INSTITUTO UNIVERSITARIO
DE CIENCIAS DA SAUDE

immunosurveillance and increases resistance to immune checkpoint inhibitors (18). Consequently,
it was suggested that drugs that exert effects on the cell cycle may sensitize the tumors to
immune modulators. Therefore, deregulation of the cell cycle may contribute not only to the
transformation of healthy cells into cancer cells but also to the maintenance of a

microenvironment favorable to tumor growth.

2. The cell cycle and mitosis

The cell cycle is the sequence of tightly regulated events through which a cell grows and divides
into two genetically identic daughter cells.

The cell cycle of eukaryotic cells consists of a series of stages assembled in the interphase and in
the mitotic (M) phase. During interphase, the cell duplicates its DNA content, some organelles,
and other components, thus preparing for cell division. The interphase comprises the (s, S, and Gz
phases. The G1 phase is the gap phase that goes from the end of a previous division to the
interphase. During this phase, the cell grows and prepares for DNA replication. The S phase follows
the G1 phase and is when DNA replication occurs. The G2 phase is the gap between the end of
the S phase and the beginning of the M phase and is when RNA, proteins, and other components
required for mitosis are synthesized. The M phase represents the stage during which the genetic
material is partitioned between the two daughter cells. The M phase comprises the phases of
mitosis (prophase, prometaphase, metaphase, anaphase, and telophase), and lastly cytokinesis.

GO is a quiescent stage from which cells exit from the cell cycle and do not grow or divide (19,20).

In order to ensure the fidelity of the entire process, the transition from one cell cycle stage to the

next is tightly regulated by specific mechanisms.

2.1. Cell cycle regulation and control

The cell cycle comprises a set of events that are strictly organized in space and time and occur in
a unidirectional way. Therefore, the cell only moves to the next cell cycle event after the earlier
has been completed (21). This orchestration is under the requlation of the activity of the central

cell cycle requlators cyclin-dependent kinases (CDKs).
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Besides the regulation of the cell cycle, it is necessary to ensure the maintenance of genome
integrity and to prevent cell transformation (22). This is guaranteed by control mechanisms known

as cell cycle checkpoints.

2.2.1. Cell cycle regulation

The regulation of the cell cycle events is strictly dependent on CDKs, a family of threonine kinases
that form complexes with cyclins (23). Cyclin binding stimulates CDK activation, which is
completely achieved after the phosphorylation of the threonine residue 160 (Thr 160), catalyzed
by the CDK-activating kinases (24,25). Since the concentration of the CDKs remains constant, their
activation is influenced by oscillations in cyclin levels (23). Indeed, cyclins are constantly being
synthesized and destroyed throughout the cell cycle, and different CDKs are activated at specific
points of the cell cycle (Figure 2) (21,26). In this context, it is possible to consider four main classes
of cyclins: G1, G1/S, S, and G2/M cyclins.
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Figure 2. Cyclin expression throughout the cell cycle.

Cyclins are constantly being synthesized and destroyed throughout the cell cycle, and different CDKs are activated at
specific points of the cell cycle. It is possible to consider four main classes of cyclins: G1 (D in vertebrates), G1/S (E in

vertebrates), S (A in vertebrates), and G2/M cyclins (A and B in vertebrates). Adapted from (27).

G1 cyclins, (D in vertebrates), stimulate the entrance in the cell cycle, and remain in high levels
through the cell cycle stages. In certain circumstances, such as nutrient deprivation or lack of
growth factors, for example, cells may exit from the cell cycle, entering a stage known as the GO
phase (19,28). When cells are stimulated to reenter the cell cycle, D cyclins complex with CDK4 or
CDK6 (in mammals), driving the successive phosphorylation of the retinoblastoma (Rb) proteins.

When in a hypophosphorylated state, Rb proteins sequester members of the E2F family of
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transcription factors (21,24,29). When Rb proteins become phosphorylated, E2F inhibition is
alleviated, driving the transcription of cell cycle-related genes, which allows the progression of
cells into the mid-G1 phase. Notably, this process allows the expression of the G1/S cyclin, cyclin
E in vertebrates (28). E-type cyclins start to appear in late G1 and fall in the early S-phase. E
cyclins form complexes with CDK2 (mammals), promoting the preparation for the entry in the S
phase, by triggering centrosome duplication and chromosome replication (28). Cyclin E—CDK2
also helps to complete Rb phosphorylation, promoting the complete release of EF2 and the
transcription of S-phase genes (28). Finally, the cyclin E—CDK2 complex induces the assembly of
the pre-replication complex. S cyclins (A in vertebrates), remain throughout the S and G2 phase,
as well as in early mitosis (A-type cyclins are also G2/M cyclins). Initially, A-type cyclins bind to
CDK2, and allow the firing of replication origins, in a controlled way, driving the beginning of the
DNA synthesis. At the beginning of the G2 phase, cyclin A-CDK1 complexes start to form. Although
cyclin A-CDK2 remains until mitosis, probably having functions in spindle formation, cyclin A-CDK1
complexes only last until the late G2 phase. Cyclin A-CDK1 plays roles similar to cyclin A-CDK2 in
avoiding the formation of multiple origin replication fires. Levels of G2/M cyclin B (in vertebrates)
start to rise slowly in the late, reaching significant levels in the mid-G2 phase, and continuing to
increase as cell reaches mitosis. At this moment, cyclin B1 starts to bind to CDK1, beginning to
replace cyclin A (28). The complex between cyclin B1 and CDK1 constitutes the mitosis promotor
factor (MPF), which is responsible for a set of transformations that drive cells into mitosis. The
degradation of cyclin B1 occurs after ubiquitination by the E3 ubiquitin ligase Anaphase Promoting
Complex (APC/C) and results in the inactivation of the CDK]1. This event dictates the metaphase
to anaphase transition, with the separation of the sister chromatids and, subsequently, the mitotic

exit.

2.2.2 Cell cycle checkpoints

Cell cycle checkpoints detect errors occurring during the cell cycle to ensure the fidelity of the
process. These mechanisms act before significant events of the cell cycle, inducing a cell cycle
arrest until the errors are repaired. The main regulatory checkpoints are the G1 checkpoint, the
intra-S checkpoint, the G2/M checkpoint, and the mitosis associated spindle assembly checkpoint
(SAC) (Figure 3) (29).
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Figure 3. Diagram representation of the cell cycle and the major cell cycle checkpoints.

Cell cycle phases are represented: G1, S, G2, and M. Mitosis stages are also shown (prophase, metaphase, anaphase,
and telophase), as well as cytokinesis. The cell cycle is controlled by four main checkpoints, G1 checkpoint, intra-S

checkpoint, G2/M checkpoint, and spindle assembly checkpoint (SAC). This figure was created with BioRender.com.

The G1 checkpoint prevents the transition from G1to S phase in the presence of DNA damage and
involves the p53/p21/Mdm?2 axis (29). p53 suppressor protein induces the transcription of the
protein p21“P"WAF ‘which precludes Rb phosphorylation and the progression to the S phase of the
cell cycle. In addition, p53 is involved in the apoptosis-inducing mechanisms activated in a
scenario of irreversible DNA damage (21), through the transcription of pro-apoptotic genes, such
as Puma, Noxa, BAX, and Apaf7(30). The activity of p53 is impaired by the murine double minute-
2 (MDM2) oncoprotein, which induces the p53 ubiquitination and represses p53 transactivation
(31).

The intra-S checkpoint allows the cell to overcome the DNA damage episodes occurring during
the S phase. This checkpoint is mediated by two main checkpoint kinases, Ataxia Telangiectasia
Mutated (ATM) and ATM and Rad3-related (ATR). ATM is activated by the presence of DNA double-
strand breaks (DSBs), and ATR senses single-stranded DNA (ssDNA) that accumulate at stalled
replication forks (32,33). ATM and ATR act through their effector kinases CHK2 and CHKT,
respectively (32,33).
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The G2/M checkpoint controls the transition from G2 to mitosis (29). This is a more stringent
checkpoint than the S-phase checkpoint. When active, the G2/M checkpoint completely halts the
cell cycle (34). The G2/M checkpoint comprises the DNA damage G2 checkpoint and the
decatenation G2 checkpoint (29). DNA damage G2 checkpoint prevents activation of the MPF
through the ATM/CHK2/p53 (29). ATM drives the phosphorylation of CHK2, which in turn,
phosphorylates and inactivates the phosphatases Cdc25A and Cdc25C (30). As the active Cdc25C
activates CDK1 by dephosphorylation, the ATM/CHK2 activity precludes CDK1 activation via
Cdc25C. In addition to Cdc25C inactivation, ATM/CHK?2 also induce the activation of p53, through
phosphorylation via CHK2 (30). The decatenation G2 checkpoint is activated by the catalytic
inhibition of topoisomerase lla (topo lla), which is the main effector topoisomerase during DNA

replication in humans (29,35,36).

Failures in any of the cell cycle checkpoints described above compromise the genome integrity
and the accuracy of the chromosome segregation to the daughter cells, triggering an anomalous
cell division. Consequently, the resulting abnormal daughter cells may drive unusual metabolic
and replicative processes that meet the aforementioned cancer hallmarks, promoting tumor
initiation and/or progression, and affecting the sensitivity of tumors to anticancer drugs (9,21,29).
Mutations in the major players that regulate cell cycle checkpoints are frequently associated with
cancer (21,29). For example, mutations in TP53 (the gene encoding p53 protein) may impair G1
and G2 checkpoints. As a consequence, the cell cycle may proceed in the presence of DNA damage,
resulting in permanent damage or mutation in the genome. Indeed, TP53 mutations are widely

common in human cancers.

Besides the cell cycle checkpoints described above, the SAC is the mechanism that halts cells in
mitosis, preventing metaphase-to-anaphase transition if unattached and/or improperly attached
kinetochores are detected (37). In the next sections, particular emphasis will be given to the

mitotic process, the SAC mechanism, and the relation between SAC defects and cancer.

2.3. The event of mitosis

During the M phase, the cell contents duplicated in the previous phases of the cell cycle are
rearranged and equally divided, generating two identical daughter cells (Figure 4) (38,39). The M
phase consists of mitosis and cytokinesis. During mitosis, the cell faces a series of restructuring

events that include chromosome condensation, nuclear envelope breakdown, mitotic spindle
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formation, as well as chromosome congression and segregation. Due to the delicate nature of this

process, mitosis is perhaps the most dramatic step of the cell cycle.

Cytokinesis
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Figure 4. Schematic representation of the events of the M phase: the mitotic staged and cytokinesis.

During prophase, chromosomal DNA starts to condense and to generate well-defined chromosomes. Centrosomes
begin to separate and to migrate to the opposite sides of the cell, to start to form the bi-polar spindle. Transition to
prometaphase is set by nuclear envelope breakdown. At this point, chromosomes are no longer constrained in the
nucleus, and microtubules from opposite poles can interact with chromosomes through the kinetochores. Metaphase
occurs after all chromosomes have formed bipolar attachments with microtubules and are aligned at the equatorial
plane of the cell. The cohesion between two sister chromatids is dissolved during anaphase, and they separate
towards the poles. During telophase, chromosomes decondense, the nuclear envelope reorganizes, and the spindle
is disassembled. Cytoplasm divides during cytokinesis, allowing the segregation of two individual cells. Adapted from
(40).

2.3.1. The phases of mitosis
Mitosis comprises five main phases: prophase, prometaphase, metaphase, anaphase, and

telophase. Next, these events will be described in more detail.
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Prophase

Chromosome condensation is the event that marks the beginning of the prophase. During this
process, the duplicated DNA molecules that correspond to the sister chromatids of each
chromosome start to condensate and hold together at the centromere (38). As the compaction
proceeds, the transcription shuts down, in part due to the displacement of the transcription
factors. Other important events take place during prophase, such as nucleolus dispersion, the
decrease in protein synthesis, as well as cytoplasmic and cytoskeletal changes (39). Changes in
cytoplasm are responsible for the events conducting to initiate the formation of the mitotic
spindle during prophase (38,39,41). In the centrosomes-containing cells, the maturation of these
organelles, which were duplicated during interphase, also concludes. Centrosomes are crucial for
the establishment of the mitotic spindle (38,41). In addition to these processes, cytoskeletal
reorganization also occurs. In animal cells, is the dissolution of the interphase cytoskeleton and
the acquirement of a rounded shape improves the distribution of the cell contents, promoting
their equipartition at cytokinesis (39). In higher eukaryotes, the end of the prophase is marked by
the breakdown of the nuclear envelope (38,41). The hyperphosphorylation of the laminin fibers of
the inner surface of the nuclear envelope, probably by cyclin B1-CDKT1, contributes to this process
(39).

Prometaphase

Prometaphase is the phase that corresponds to the transition between prophase and metaphase.
Once the nuclear envelope disperses, the microtubules grow toward the nuclear space (39).
Throughout this period, the mitotic spindle assembly completes and chromosome congression
(the movement of chromosomes to the spindle equator) takes place. During mitotic spindle
assembly, chromosomes start to attach to the microtubules through centromeric proteinaceous
complexes called kinetochores (37). Prometaphase concludes when all chromosomes congress to
the spindle equator. All of these processes occur by a set of complex and coordinated mechanisms

that will be described in more detail below.
Metaphase

Metaphase refers to the formation of the metaphase plate. This is achieved after all chromosomes
have established bipolar attachments with microtubules from opposite poles. At this point,

chromosomes become bi-oriented and aligned in the equatorial region (39). When that occurs,
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the SAC, a control mechanism that prevents premature metaphase-anaphase transition, is
silenced. Consequently, the activity of the anaphase promoting complex/-cyclosome (APC/C) is
restarted, securin and cyclin B1 are degraded, and the sister chromatids start to separate,
initiating anaphase (39,42,43).,

Anaphase

The anaphase begins when sister-chromatids start to separate and comprises two processes,
designated as anaphase A and anaphase B (39). The first involves a decrease in the distance of
each chromosome to each pole; the second refers to an increase in separation between the two
poles. Both mechanisms are dependent on changes in lengths and dynamics of microtubules and

the action of motor enzymes.
Telophase

During telophase, the nucleus reforms, and chromosomes decondenses. First, the still-condensed
chromosomes associate with proteins of the inner nuclear envelope, in a process that leads to the
formation of a new nuclear envelope and the reassembling of nuclear pores (39). Then, chromatin

starts to decondense, transcription restarts, and nucleoli reform.

During mitosis, the mitotic spindle assembly and chromosome congression are crucial processes

where the microtubules and kinetochores are key players. These concepts are discussed below.

2.3.2. Mitotic spindle assembly and chromosome congression
The assembly of the mitotic spindle is a crucial step in mitosis, that promotes the accuracy of

chromosome congression and segregation.

The mitotic spindle starts to form during prophase (38,39,41) and, in cells containing centrosomes
(Figure 5), such as human cells, these organelles represent the microtubule-organizing centers
(MTOCs), playing a major role in the nucleation, anchoring, and organization of microtubules
required for the mitotic spindle (41). Although acentrosomal pathways for spindle assembly have
been found in Drosophila cells, as reviewed in (37), centrosome-dependent mechanisms revealed

to be the main responsible for microtubule organization.
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Figure 5. Simplified representation of the centrosome structure.

daughter
centriole

Centrosomes are composed of two centrioles (mother and daughter centriole), which are embedded in the
pericentriolar material (PCM). y-tubulin ring complex (y-TuRC), the microtubule nucleating template, serves as a

scaffold for microtubule formation. Created with Biorender

Centrosomes are cytoplasmic organelles composed of two centrioles and pericentriolar material
(PCM). Centrosomes are duplicated during interphase and, in prophase, their maturation
concludes. They separate immediately before or after NEB, moving towards opposite sides of the
nucleus (37,38,41). Centrosome separation is dependent on the action of the proteins Nek2 kinase,
the motor Eg5, and dynein - a nuclear-envelope-associated minus-end motor (41). Centrosome
comprises about 400 proteins and the majority resides in PCM. Polo-kinase-1 (PLK1) and Aurora
A are two major regulators of PCM recruitment and centrosome maturation. Their activity allows
controlling the centrosomal and spindle pole localization of the microtubule-associated proteins
(MAPs), which are important for spindle formation (41). Particularly important to improve the
nucleation capacity of the mitotic PCM is the increase of the centrosomal levels of the microtubule
nucleating template, the y-tubulin ring complex (y-TuRC), which serves as a scaffold for the

formation of the microtubules (38).

Microtubules grow into the nuclear space once the nuclear envelope disperses (39). At this
moment, the nucleoplasm and cytoplasm mix, and chromosomes are exposed to the microtubules
of the mitotic spindle. The “search and capture” model (Figure 6) is the main accepted model for
centrosome-dependent spindle assembly in animal cells (37,39,44). Microtubules display polarity,
extending through the more dynamic plus-ends, while the minus-ends nucleate at the MTOCs.

Due to the dynamic instability of microtubules, their plus ends experiment episodes of
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lengthening and shortening, which allows the microtubules to probe the cytoplasm in different
trajectories, to meet and bind chromosomes. Some kinetochores initially bind to the lateral
surface of the microtubules. The chromosome moves then along the microtubule to a spindle
pole, through the motor activity of dynein (recruited to kinetochores by RZZ complex through
Spindly) (44,45). Then, the lateral attachments are converted into “end-on” attachments. Some
factors have been proposed to contribute to this process, such as the high density of microtubules
close to spindle poles, and the proteins Skal, Ska2, and Ska3 (44). After the attachment of one
kinetochore, the unattached sister kinetochore faces the microtubules from the opposing spindle
pole, in a process that results in bi-orientation (44). However, this is not a static process. First,
the microtubules of the mitotic spindle are dynamically unstable, alternating between phases of
growing and shrinking. Second, the kinetochore-microtubule attachment only stabilizes when
kinetochores are under tension, i.e., when both kinetochores are bound to microtubules from the

opposing poles (39).

kinetochore

chromosome microtubule

Ve

Figure 6. Schematic representation of the “search and capture model” in vertebrates.

Due to their dynamic instability, microtubules experiment episodes of lengthening and shortening, increasing their
chances to meet and bind a chromosome. In the scheme, a mono-oriented chromosome (on the left) oscillates near
the spindle pole (double-ended arrow), after the attachment of one kinetochore. On the right, the unattached sister
kinetochore faces the microtubules from the opposing spindle pole, a process that results in the chromosome bi-

orientation. The bi-oriented chromosome can now congress toward the metaphase plate. Adapted from (46).

In some cases, chromosome congression occurs naturally as a result of this bi-orientation process.
However, sometimes, a coordinated set of active transport mechanisms are required to promote
the movement of chromosomes to the spindle equator and to promote bi-orientation (37). One of
these mechanisms involves plus end-directed microtubule motor CENP-E (Centromere-associated
protein E), which acts in concert with dynein (Figure 7). The chromosomes that migrated to the
spindle poles by the action of dynein may then be transported to the spindle equator by CENP-E,

through tubulin detyrosination (37,39,44,45). Another mechanism of chromosome congression
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involves the so-called “polar ejection forces”, that act on chromosome arms and push
chromosomes away from the poles. This mechanism is mediated by chemokinesins, such as
kinesins-4 and -10 (37,39). that

tyrosinated
microtubules

spindle equator

CENP-E

2 RN
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i
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dynein

Figure 7. Schematic representation of CENP-E and dynein-dependent chromosome congression.

In this process, CENP-E acts in concert with dynein. Dynein mediates the poleward transport of chromosomes that
fall outside the interpolar region (1), preferentially along tyrosinated microtubules (green). The plus-end directed
motor CENP-E drives the transport of the unattached and mono-oriented chromosomes along detyrosinated

microtubules (blue) towards the spindle equator (2). Adapted from (47).

Microtubule polymerization and the types of microtubules that arise during the assembly of the

mitotic spindle are briefly discussed below.

2.3.3. Microtubules

As described in the previous section, microtubules play a determinant role in mitosis, namely
through the mitotic spindle, indispensable for cell duplication. In addition, these structures are
crucial for numerous cellular processes, as they integrate the cytoskeleton. Some of these
processes include intracellular transport of organelles, proteins, and vesicles, as well as the

maintenance of cell shape and polarity, and cell migration (48).

Microtubules are made of polymers of a3-tubulin heterodimers, forming a lateral association of
13 protofilaments that assemble in a polarized tubular structure (Figure 8) (48). The minus end of

a microtubule is less dynamic, while the plus end is more dynamic and exposes a 3- tubulin
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subunit (48). The intrinsic dynamic properties of microtubules are related to GTP hydrolysis. GTP
binds to B-tubulin and is hydrolyzed during or shortly after polymerization, thus diminishing

tubulin affinity for nearby molecules, and favoring depolymerization (38).

plus em'i1

(25)

6) I—|—t'ubulin

heterodimers

. v
ap tubulin minus end
heterodimers protofilaments microtubule

Figure 8. Microtubules are dynamic structures formed by tubulin heterodimers.

a) Microtubule structure. Microtubules are cylindric structures with an outer diameter of 25 nm, made of 13
protofilaments. Protofilaments result from the head-to-tail association of of3 heterodimers. Each protofilament, the
heterodimers are oriented with a and B tubulin subunits exposed at the minus and plus ends, respectively. b)
Microtubules exhibit dynamic instability, undergoing periods of polymerization and depolymerization. The plus end

is more dynamic than the minus end. Adapted from (49,50).

The minus end of a microtubule is usually anchored in the MTOC, while the plus end is extended
to the periphery. During mitosis, the formation of the mitotic spindle leads to the emergence of
different types of microtubules: astral, kinetochore, and interpolar microtubules (Figure 9) (41,51).
The astral microtubules originate mainly from the centrosome, extending toward the cell cortex,
thereby connecting the centrosomes with the cell membrane and helping to the positioning of
the spindle. Interpolar microtubules radiate from the centrosomes towards the mid-zone, where
they interdigitate, to increase stability. Kinetochore microtubules, also referred as k-fibers, attach

to the kinetochores at their plus end, and are crucial for the chromosomal movement.

The fidelity of the kinetochore-microtubule attachment is highly regulated by the kinetochore.
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Figure 9. Schematic representation of the mitotic spindle in metaphase.

The slow-growing minus-ends (-) of microtubules are oriented toward the poles and the faster-growing
plus-ends (+) are oriented to the cell cortex. Three major classes of microtubules of the mitotic spindle. K-

fibers, interpolar microtubules, and astral microtubules are shown. Created with Biorender.

2.3.4. Kinetochores

Kinetochores are specialized protein-rich structures, assembled on centromeric chromatin of a
sister chromatid. They represent the major mediators of the attachment of microtubule
attachment to the chromosomes, acting as structural scaffolds, and ensuring the fidelity of the

process (39,52).

The vertebrate kinetochore has a trilaminar structure, as revealed by electron microscopy studies:
an outer electron-dense plate (outer kinetochore), an inner electron-dense plate (inner
kinetochore), and an electron-translucent middle layer (53). Moreover, an additional structure,
known as the fibrous corona, expands in a crescent-shaped structure from the distal surface of

the outer plate, surrounding the unattached kinetochores (Figure 10) (45,53).
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Figure 10. Structure of the vertebrate kinetochore.

Schematic representation of a mitotic chromosome. The chromatid on the right is attached to microtubules, and the
chromatid on the left is unattached. Inner kinetochore and outer kinetochore are represented. Fibrous corona is only

detectable on the unattached kinetochore, which are highlighted. Adapted from (40)

Kinetochores comprise more than 100 proteins, that can be categorized into proteins that regulate
the activities of the kinetochore, inner kinetochore proteins that interact with the centromeric
DNA, and outer kinetochore proteins that interact with microtubules (39)(54). Specifically, the
outer kinetochore contains the KMN complex, which is crucial to combine and coordinate the
chromosome movement to microtubule dynamics. The KMN complex of vertebrates consists of
Knl1 complex (KNLT - or blinking in humans, and ZWINT), Mis-12 complex (Mtw1, NSL1, NNF1, and
DSN1), and the Nd80 complex (NDC80 - or Hec-1 in humans, NUF2, SPC24, and SPC25) (55). In
addition, fibrous corona contains motor proteins (CENP-E, dynein), Rod—Zw10—-Zwilch complex
(RZZ), SAC proteins, and microtubule-associating proteins. Fibrous corona works as a platform
that facilitates the attachment of microtubules (45,52,53).

During mitosis, the morphology of the kinetochore changes significantly. This process alters the
localization of several proteins, being crucial for the effectiveness of the kinetochore-microtubule
attachments (53).

Correct kinetochore-microtubule attachments are crucial to chromosome bi-orientation in the
metaphase plate. However, different types of kinetochore-microtubule mis-attachments may

occur, before correct attachments are formed (35).
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2.3.5. Correction of kinetochore-microtubule mis-attachments

The correct attachment of sister-chromatids to microtubules that results in chromosome bi-
orientation in the metaphase plate is called amphitelic attachment and ensures the correct
segregation of chromosomes to the daughter cells (Figure 11). However, until kinetochore-
microtubule attachment stabilizes, other types of attachments may occur, resulting in improper
kinetochore-microtubule attachments (44). The kinetochore-microtubule mis-attachments can
be classified as monotelic, when only one sister-chromatid is connected to a spindle pole, while
the other is unattached; syntelic, if both sister kinetochores are attached to microtubules from a
single spindle pole; merotelic if one sister kinetochore is attached to microtubules from both
spindle poles, instead of one (Figure 11). The imbalanced tension across sister kinetochores
produced by mis-attachments, is sensed by Aurora B (44). Aurora B regulates the interactions
between kinetochores and microtubules through the phosphorylation of kinetochore proteins. The
presence of inappropriate tension at kinetochores promotes a higher spatial closeness between
Aurora B and their substrates, which results in the weakening of kinetochore-microtubule
interactions. For example, although monotelic and syntelic attachments activate SAC, the
merotelic attachments do not directly produce a SAC response, as they do not produce unattached
kinetochores. However, the unbalanced tension weakens kinetochore-microtubule attachments
through Aurora B activity. The resulting free kinetochore then triggers the SAC, helping to prevent
an anticipated SAC release, as well as providing the opportunity to form new and accurate

kinetochore-microtubule attachments (44,54).
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Figure 11. Modes of kinetochore-microtubule interactions: bi-orientations and attachment errors.

(a) In amphitelic attachment, sister kinetochores attach correctly to the microtubules from opposite spindle poles. As
a result, sister kinetochores become bi-oriented. (b) In monotelic attachment, one kinetochore is attached to the
microtubules from one pole, and the sister kinetochore is unattached, so the chromosome is mono-oriented. (c) In
syntelic attachment, the chromosome is also mono-oriented, as the sister kinetochores are both attached to
microtubules from the same pole. (d) In merotelic attachment, one of the kinetochores is simultaneously attached

to microtubules that extended from both spindle poles. Adapted from (56).

The action of SAC s crucial to ensure the fidelity of the kinetochore-microtubule attachment, and
SAC silencing only occurs when all the kinetochores are correctly attached to microtubules and

aligned in the metaphase plate.

2.3.6. The spindle assembly checkpoint (SAC)

Correct bipolar kinetochore-microtubules attachments are crucial to accurate chromosome
segregation at anaphase, and this process is under the surveillance of the spindle assembly
checkpoint (SAC). Unattached and/or improperly attached kinetochores activate the SAC, which

halts cells in mitosis until the errors are corrected (57,58) (Figure 12a).
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SAC signaling proteins include mitotic arrest-deficient 1 (Mad1), Mad2, budding uninhibited by
benzimidazole-related 1 (BubR1), budding uninhibited by benzimidazole 3 (Bub3), and monopolar
spindle 1 (Mps1) (44). Mps1 is recruited to the unattached kinetochores, subsequently promoting
the recruitment of the remaining SAC proteins (54). SAC acts through the generation of a diffusible
"wait anaphase” signal, called mitotic checkpoint complex (MCC). The MCC forms between Mad2,
Bub3, BubR1, and cell division cycle 20 (Cdc20), an activator of the E3 ubiquitin ligase anaphase
promoting complex/-cyclosome (APC/C) (57,59,60). MCC assembly is mediated by the Mad2
template model. According to this model, Mad1 bound to Mad2 in its closed conformation (C-
Mad2), or Mad1-C-Mad2, serves as a template to convert the open and inactive form of Mad2 (O-
Mad2) into C-Mad2 bound to Cdc20. By sequestering Cdc20, the MCC inhibits APC/C: on the one
hand, the MCC can act as a pseudo-substrate, blocking the access of the substrates to the active
site; on the other hand, the MCC alters the APC/C conformation, preventing its association with
the E2 enzyme UBE2C/UBCH10, and precluding substrate ubiquitination (54,61-63). Once
inactivated, the APC/C is not able to drive ubiquitination and consequent degradation of securin
and cyclin B1. Cyclin B1 plays an important role in sustaining the mitotic state through the
activation of CDK1. Securin, in turn, inhibits separase, a protease responsible for cleaving the
cohesins that keep the sister chromatids together. Therefore, APC/C inactivation by MCC delays

mitotic exit by preventing the anaphase to metaphase transition.

Once the last kinetochore is properly connected to spindle microtubules, the SAC must be silenced
to allow the anaphase onset (42,43). Several mechanisms have been proposed to contribute to
this process. SAC silencing implies stopping the assembly of new MCC and promoting disassembly
of existing ones, both mediated by structural and compositional changes at kinetochores upon
microtubule attachment (Figure 12b) (64). Halting MCC assembly requires the motor protein
dynein which actively mediates the transport of SAC components, namely Mad1-Mad2 complexes,
from kinetochores towards the spindle poles, a process termed streaming or stripping (43,65).
This dynein-mediated stripping is mainly dependent on spindly, a protein involved in dynein
recruitment to the kinetochore (66—68). Alternatively, the protein p31@mt silences SAC by two
different mechanisms: on the one hand, p31«mt prevents further SAC activation by inhibiting O-
Mad2 to C-Mad2 conversion and, thus, further MCC formation; on the other hand, p31c«met induces
SAC inactivation by promoting preformed MCC disassembly. (69—-71). One of the main
mechanisms of p31@mt-mediated MCC disassembly involves the AAA + family ATPase thyroid
hormone receptor interactor 13 (TRIP13). p31emet and TRIP13 cooperatively convert active C-Mad2
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to the unbound 0-Mad2 conformation, thereby promoting MCC dissociation and APC/(Ctd20
reactivation (72,73). p31°mt may also have a role in cohesin degradation required for anaphase
onset (74). In addition, ubiquitination-mediated protein degradation of Cdc20 subunit intrinsic to
the MCC (Cdc20Mc) was reported to contribute to MCC turnover and reactivation of inhibited
APC/C-Cdc20 (75,76). In particular, the APC15 subunit induces APC/C¥ conformation changes
that are able to auto-ubiquitinate and degrade MCC-bound Cdc20 (76). Dephosphorylation of
kinetochore and SAC proteins has also recently been reported as an essential mechanism for SAC
silencing. PP1 and PP2A-B56 are the main protein phosphatases which, through negative
feedback loops with Mps1 and Aurora B kinases, allow rapid dissociation of the MCC and SAC

silencing upon proper microtubule attachment (69,77).

A defective SAC may fail to detect and correct erroneous attachments, which can lead to
precocious chromosome segregation and aneuploidy, a hallmark of cancer cells (71,78,79). In fact,

mutation or dysrequlation of MCC proteins has been observed in several cancers (21).
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Figure 12. Spindle assembly checkpoint activation and silencing.

(a) The SAC is turned on in the presence of unattached kinetochores (red) where the Mad1/C-Mad2 complex actively
recruits and converts cytosolic 0-Mad?2 into C-Mad2, which together with Bub3, BubR1, and Cdc20 constitute the
MCC, resulting in APC/C inhibition. Consequently, cyclin B1 and securin are not degraded and remain associated with
CDK1 and separase, respectively, leading to mitotic arrest. At the kinetochore, Mpsl is responsible for Knl1
phosphorylation promoting the recruitment of Bub3, Bub1and BubR1. Also, spindly is essential for dynein recruitment
to the kinetochore. (b) Different mechanisms have been proposed for SAC silencing, namely (i) through Mad2
inhibition by p31e°met gnd TRIP13, which convert active C-Mad2 to the unbound 0-Mad2 conformation, thereby
promoting MCC dissociation and APC/C-Cdc20 reactivation; (i) through the release of Mps1 from the kinetochore
and dephosphorylation of Knl1 motifs by PP2a or PP1y phosphatases, resulting in MCC inhibition; and (iii) through
dynein-mediated stripping of SAC components, from kinetochores towards the spindle poles, promoting MCC
disassembly. The consequence is the APC/C activation by Cdc20, resulting in ubiquitination-mediated protein
degradation of cyclin B1 and securin, and mitotic exit. Moreover, ubiquitination-mediated protein degradation of

Cdc20 subunit intrinsic to the MCC, by APC15, contributes to reactivating the APC/C-Cdc20 (80).

3. The spindle assembly checkpoint and cancer

Mitosis is a high-fidelity process, allowing accurate segregation of the chromosomes to the
daughter cells. However, despite the mechanisms safeguarding cell division, numerous mitotic
errors may occur, resulting in chromosomal instability (CIN) and aneuploidy (81). Aneuploidy refers
to an abnormal number of chromosomes (21,81). CIN is related to the acquisition of genomic
alterations, involving increased rates in chromosomal abnormalities that comprise duplications,
deletions, as well as chromosome gain and loss (21,81). Chromosomal instability (CIN) is a general
characteristic of aneuploid cancer cells (81), and it is estimated that aneuploidy is present in
almost 70% of human solid tumors (81,82). Mitotic errors are considered a major cause of
changes in chromosome number and may also contribute to chromosomal rearrangements (81).
Several sources of mitotic errors can be considered, such as SAC defects, cohesion defects,
centrosome amplification, and timing of centrosome separation. The relationship between SAC

defects and cancer will be focused with more detail.
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3.1. Deregulation of spindle assembly checkpoint in cancer

SAC is a highly controlled process, but it is not an all-or-none response, and its intensity depends
on the number of unattached kinetochores (83). A deficient SAC response can dramatically affect
chromosome segregation and result in aneuploidy. While failure of SAC activity causes cell death
(21,84), impairments in SAC machinery can be bypassed in some cases, being associated with CIN
in cancer cells. Numerous proteins are involved in SAC response in an orchestrated manner.
Dysregulation of the activity of any of these proteins, either through a decrease or an increase,
affects SAC performance. These alterations may occur as a result of mutations in genes that
encode SAC proteins, or due to altered gene expression, and may also involve additional pathways

that interfere with the regulation of the expression of these proteins.

3.1.1. Gene mutations

Mutations in genes encoding SAC proteins are rare but can impair drastically SAC response. For
example, mutations that diminish SAC activity may result in premature anaphase, before full
kinetochore attachment, and cause chromosome mis-segregation. Mutations in genes that

encode SAC-related proteins were found in several cancer samples or cell lines.

Mutations in Bub1 and BubR1 genes were reported in T-cell leukemia/lymphoma (21,85). Bub1
inactivating mutations were found to weaken SAC and cause CIN in colon cancer cell lines
(83,84,86). Additional Bub1 missense mutations were also associated with lung cancer (cell line
and primary tumor) and colon cancer-derived lymph node metastasis in a clinical study (83,85,87).
Regarding the MAD1L1 gene, eight heterozygous mutations were found frequently in samples of
cell lines and fresh cancer cells of prostate cancer (83,88,89). Moreover, missense variations of
MAD1LT and MAD2L2 were reported to weaken the SAC and to increase lung cancer susceptibility
(83,90). Mad1 and Mad2 mutations were also prevalent in Indian patients with ovarian cancer
(83), and two additional mutations in MAD1L1 were associated with a higher risk of colorectal
carcinoma in the Chinese population (83,91). Furthermore, mutations in TRIP13 and BubR1 genes
were found to cause mosaic variegated aneuploidy, which is associated with aneuploidy and

increased tumorigenesis (81,92—94).
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3.1.2. Altered gene expression
Dysregulation of the expression of SAC core components can significantly modify SAC activity. For
instance, the overexpression of MAD1, MAD2, Cdc20, BUB1, and BUBR1, correlated with poor

survival in cancer patients (83,95).

For example, Cdc20 was overexpressed in oral cancer cell lines and primary tumors and associated
with premature anaphase and chromosomal abnormalities (83,96). Cdc20 overexpression was
also related to high ovarian cancer related-tumor grade (83,97). Furthermore, Mad2
overexpression was observed in diverse types of cancer, such as osteosarcoma, endometrial,
gastric, mucinous ovarian, nasopharyngeal, soft tissue sarcoma, testicular germ cell,
hepatocellular, prostate, breast, and lung cancer (83,98—-100). On the contrary, downregulation
of Mad2 was found in cervical cancer (83,101). In addition, the SAC silencer p31©™t was found to
be overexpressed in several cancers at the mRNA level, such as breast, head and neck, lung,

melanoma, and prostate (102,103).

Several works described the mechanistic changes induced by alterations in the expression of SAC-
related proteins. siRNA-mediated knockdown of BubR1 resulted in decreased levels of securin,
and BubR1 haploinsufficient mice presented higher and faster development of lung and intestinal
adenocarcinomas (83,104). Mice with reduced levels of Mad2 and Bub1 revealed a significant
increase of aneuploid fibroblasts (83,104). Furthermore, overexpression of Mad2 stabilized securin
and cyclin B1and inhibited cytokinesis, having promoted the formation of aneuploid and tetraploid
cells (105,106).

3.1.3. Other deregulations

Dysregulation and mutation of SAC-related proteins disturb SAC response, thereby contributing
to tumorigenesis. In fact, the expression of SAC components may be under the control of different
pathways, whose alteration may indirectly affect SAC. For example, the expression of Mad2 and
p31emet js under the control of the Rb/E2F pathway (83,107,108). Inactivating mutations in Rb
result in Mad2 overexpression and CIN (83,107). Indeed, Rb mutation or inactivation is related with
many cancers (109). Furthermore, E2F is responsible for p31@met overexpression in colorectal
carcinoma cells (108). Mad2 is also under the control of Breast Cancer Type 1 Susceptibility Protein

(BRCAT1), whose mutations contribute to Mad2 downregulation (83,110). Moreover, the recruitment
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of p53 consensus element induces Madl repression (83,111). On the other hand, Mad1

overexpression may destabilize p53 during interphase, contributing to tumorigenesis (83,112).

Additionally, it cannot be forgotten that many SAC components are also involved in additional
processes, other than mitotic checkpoint. For example, p31cmet acts in concert with TRIP13 not
only in SAC silencing but also in additional processes, such as cohesion degradation and DNA
repair. Moreover, p371cmt, Mad2 and BubR1 are implicated in insulin-mediated metabolic
regulation (113-115).

Mitosis is a critical event of the cell cycle, and dysregulation of the mechanisms that control
mitosis may promote tumorigenesis Therefore, strategies targeting mitosis have been widely
considered for cancer treatment. Antimitotic-based strategies for cancer treatment will be
focused on with more detail in the next section, with particular emphasis on approaches involving
SAC.

4. Antimitotic-based strategies

Sustained proliferation is a hallmark of cancer (9). As such, targeting mitosis has been a major
goal in the research for anticancer therapies. Current antimitotic drugs consist mainly of
microtubule targeting agents (MTAs), also called spindle poisons. MTAs remain amongst the most
successful of classical chemotherapeutics, but still raise resistance issues related to their effect
on microtubules (116). Therefore, a second generation of antimitotics has also been arising.
Furthermore, different strategies have been explored, including combination approaches that
allow to increase treatment efficacy and to diminish the effective doses of drugs. In addition,

simultaneous targeting of mitosis and apoptosis pathways have been investigated.

4.1. Microtubule-targeting agents

MTAs are by far the most widely used antimitotic drugs for cancer treatment. These spindle
poisons include the taxanes paclitaxel and docetaxel, as well as the vinca alkaloids vinblastine
and vinorelbine. Paclitaxel and vinblastine are used in the treatment of several cancers,
particularly breast, ovarian, non-small-cell-lung, and head-and-neck cancers (117). MTAs prevent
the formation of a functional bipolar spindle, either by inhibiting microtubule depolymerization

(e.g. paclitaxel) or polymerization (e.g. vinblastin) (116,118). Consequently, chromosomes of
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dividing cells cannot establish proper attachments to spindle microtubules, which triggers a
chronic activation of the SAC (44). As a result of a prolonged mitotic arrest, cells eventually die by

apoptosis during mitosis.

41.1. Cell fate of mitotic-arrested cells
Although cancer cells may undergo death in mitosis (DiM) upon MTAs treatment, alternative

outcomes are possible (Figure 13).

An MTA-arrested cell can also exit mitosis without division and become tetraploid (4N) in a
process known as mitotic slippage (119). According to the competing networks model, after a
prolonged mitotic arrest, cell fate is governed by two independent competing networks: one refers
to the slow degradation of cyclin B1, due to incomplete inhibition of the APC/C; the other involves
the accumulation of proapoptotic signals (120). Both networks have thresholds. If the increase of
proapoptotic signals reaches its threshold first, then the cell dies. On the other hand, if cyclin B1

levels fall below a threshold first, the cell undergoes mitotic slippage.

The slipped cell may face different scenarios, depending on the status of genes TP53, PRb, or P38,
and the degree of DNA damage induced by MTA (59). As such, slipped cells may arrest in
interphase and undergo senescence, die (post-mitotic death), or continue cycling. Although a
subsequent mitosis of a tetraploid cell would be expected to result in cell death, cancer cells can
generate viable daughter cells by focusing multiple centrosomes into a bipolar spindle (120).
Although not consensual, the fate of cells arrested in mitosis due to MTAs seems to be influenced

by the duration of the mitotic arrest and varies greatly between cancer cells (121,122).
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Figure 13. Cell fate after treatment with microtubule-targeting agents.
Diploid cells (2 N) treated with microtubule-targeting agents (MTAs) arrest in mitosis and may undergo death in
mitosis (DiM), or mitotic slippage caused by a defective SAC and/or gradual degradation of cyclin B1. These tetraploid

(&4N) slipped cells may arrest in interphase (G1 arrest), undergo post-mitotic death, or continue cycling (80).

4.1.2. Drug resistance and adverse effects

Drug resistance is currently a major limiting factor in cancer treatment. It is estimated to be
responsible for 90 % of failures in chemotherapy (123). Drug resistance can be intrinsic, normally
associated with individual genetic variations, or acquired, which can be attributed to changes in
drug targets and epigenetics, to alterations in drug metabolism, to multi-drug resistance, and to
cell death inhibition (124). Resistance to MTAs is frequently associated with changes in the
expression of membrane efflux pumps, such as P glycoprotein (P-gp), and mutations in tubulin
sites affecting drug binding and/or GTPase activity (125). In addition to drug resistance, adverse
effects also limit MTAs therapeutic efficacy. MTAs are commonly associated with neurotoxicity
and myeloid toxicity owing to the role of microtubules in axonal transport and cycling bone

marrow cells, respectively (70,126).
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4.2. Targeting the spindle assembly checkpoint

Given the limitations associated with the use of MTAs, other antimitotic therapeutic possibilities
have been explored. Therefore, it was suggested that alternative targets that disrupt mitosis
without affecting microtubules would circumvent these issues, and SAC has emerged as an
attractive option (127). Theoretically, both SAC activation and silencing provide a rational approach
for the design of cancer cell killing strategies (128). Overriding SAC prompts cell death by inducing
a premature mitotic exit due to massive chromosome misegregation. On the other hand, chronic
activation of SAC stimulates DiM. As such, new antimitotic agents have been identified, namely
small molecules targeting mitosis-specific kinases and microtubule-motor proteins, grouped into
mitotic blockers and mitotic drivers, some have reached clinical trials (128). In addition,
nucleotide-based strategies are being developed to target non-enzyme SAC-related proteins, also

called “undruggable”.

4.2.1. Chronic activation of the spindle assembly checkpoint

Chronic activation of SAC can be achieved by inhibiting the proteins responsible for the bipolar
organization of the mitotic spindle, or by targeting SAC silencing. Several mitotic proteins that are
involved in bipolar mitotic spindle organization can be considered as potential targets. These
proteins are not required for microtubule formation, but their inhibition affects spindle bipolarity
and creates misattached chromosomes, which results in SAC activation (129,130). Moreover, the
function of these targets is mainly restricted to mitosis, which expectedly should result in better
efficacy and lower toxicity compared to MTAs Examples of these targets include the kinesins
CENP-E and Eg5, and the kinases Polo-like Kinase 1 (Plk1) and Aurora kinase A (62,131-142).
Indeed, several small molecules have been developed - mitotic blockers, and some of these
inhibitors have reached clinical trials, such as ispinesib (SB-715992) (Eg5 inhibitor), GSK913295
(CENP-E inhibitor); BI 2536 and Bl 6727 (Plk-1 inhibitor); MLN8237 (Aurora A inhibitor) (132—
134,141,142). In addition to these proteins, effectors of SAC silencing can also be targeted. SAC
silencers under investigation include the spindly and p31@mt (mentioned in the preceding
sections), as well as the phosphatase Fcpl, which dephosphorylates the kinase Wee-1, thereby
promoting APC/C-dependent cyclin B degradation and subsequent mitotic exit (108,118,143 -146).
TRIP13 inhibition was also shown to abolish p31cmet-mediated SAC silencing (147), although TRIP13

is also required for sustaining the SAC response (148).
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4.2.2. Inactivating the spindle assembly checkpoint

Targeting components of SAC activation constitutes a valid strategy to kill cancer cells by inducing
lethal instability, as SAC is essential for cell survival (116,149,150). In addition, cancer cells should
be more sensitive to this strategy as they already display certain degrees of chromosome
instability (151). Potential targets include the core SAC signaling components Mad1, Mad2, Bub3,
Bub1, BubR1, Aurora B, and Mps1. Inhibition of any of these SAC components overrides the SAC in
cells arrested in mitosis by MTAs, leading to aberrant mitosis and subsequent cell death (152-
155). For some of these putative targets, namely the Aurora kinases and Mps1, many small
molecules have been developed and tested in different stages of pre-clinical and clinical studies
(156—-159). For example, the Mps1 inhibitors NCT03328494, NCT02366949, and NCT02138812

have reached phase | clinical trials (152).

Although small molecules targeting SAC components have been extensively investigated, in most
cases, only partial responses were obtained in clinical trials (62,132—-134,141,142,152,160,161). One
possible reason may relate to the slower proliferation rate of tumors /n vivo, relatively to /n vitro
cancer cells or to xenograft tumors in pre-clinical trials (81,162). In addition to these challenges,
adverse effects still represent a limiting factor. For example, several side effects were reported
with Plk-1 and aurora kinase (AURK) inhibitors (133,156,160,163). On the other hand, some
encouraging outcomes have been emerging in combinatorial approaches, and several have
reached clinical trials. Indeed, small molecules targeting mitotic proteins have been shown to
sensitize cancer cells to several cytotoxic drugs, and radiotherapy. For example, small molecules
targeting mitotic proteins have retrieved interesting results in combination strategies, such as
antimitotics targeting PIk1, Aurora kinases, Mps1, and Bub1 (63,149,164—-166).

4.3. Combination strategies
Combinatorial strategies have so far been explored in the field of clinical oncology with two main
objectives: to minimize adverse effects by lowering drug effective doses and to overcome drug

resistance.
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4.3.1. Targeting SAC activation or SAC silencing in combination with Microtubule-targeting agents
Many combinatorial approaches have been investigated to maximize MTAs efficacy, and different
outcomes have been observed. Targeting both SAC activation and silencing has the potential to

improve the outcomes of MTA treatment (Figure 14).

Targeting SAC silencing delays mitotic slippage, thus favoring the apoptosis of an MTA-arrested
cell. Indeed, cells depleted of p31©mt required a 10-fold lower concentration of MTAs to trigger
mitotic arrest and subsequent mitotic cell death than p31cmet efficient cells, while overexpression
of p31©met overrides hyperactivation of the SAC caused by MTAs leading to resistance to
microtubule poisons (167—-170). Additionally, spindly inhibition trapped cells in mitosis and
dramatically sensitized cancer cells to clinically relevant doses of MTAs by exacerbating post-
mitotic death (144). Furthermore, depletion of Fcp1 by siRNAs trapped cancer cells in mitosis in
the presence of MTAs (143). Overall, those evidence support that targeting SAC slippage can be

promising, and these /n vitro results need to be verified in preclinical and clinical studies.

Targeting SAC activation, in turn, promotes aberrant mitosis with massive chromosome
missegregation errors which may result in inviable cells that die or arrest in G1 phase. Some
mitotic drivers have shown promising results. For instance, Mps1 inhibitors BOS172722 and
BAY1217389 (ClinicalTrials.gov Identifiers: NCT03328494, NCT02366949) achieved phase | when
administrated with paclitaxel. Mps1 is not only required for recruitment of SAC components to
unattached kinetochores and subsequent MCC formation, but also for mitotic progression,
centrosome duplication, chromosome alignment, error correction of kinetochore-microtubule
attachment (171,172). Two small molecule inhibitors of Bub1, BAY-320 and BAY-524, have recently
been developed and were also found to sensitize cancer cells to clinically relevant doses of
paclitaxel, with only marginal impact on nontumor cells, although clinical trials are still lacking for
these agents (166). On the other hand, Mad2-targeting miR-493-3p was associated with
paclitaxel resistance and reduced survival of ovarian and breast cancer patients (173).. Moreover,
the depletion of proteins involved in SAC activation was reported to be associated with MTA
resistance (174). In fact, complete inactivation of SAC is difficult to achieve /n vivo, which might
favor mitotic slippage with chromosome aberrations that fuel chromosome instability and MTA
resistance in cells surviving to post-mitotic death. In addition, the aberrant mitosis resulting from

SAC overriding can also continue cycling, promoting MTAs resistance.
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Figure 14. Effect of SAC activation or silencing on cell fate of an MTA-targeted cell.

(a) Targeting core SAC components (Mad1, Mad2, Bub1, BubR1, Bub3, Aurora B, Mps1) induces aberrant mitosis with
massive chromosome missegregation, generating cells with increased chromosome instability (aneuploid cells) that
may arrest in interphase (G1 arrest), undergo post-mitotic death or continue cycling, leading to genomic instability.
(b) Targeting SAC silencing components (p31°met, Fcp1, spindly) delays mitotic slippage and increases susceptibility
to apoptosis, thereby tipping the balance in favor of death. Adapted from (80).

4.3.2. Strategies to force mitotic-arrested cells to die

One of the main mechanisms of resistance against MTAs is mitotic slippage (119,175). As referred
above, slipped cells may keep on cycling. Indeed, some slipped multiploid cell survivors might re-
enter the cell cycle and acquire increased instability and malignancy (78,176). Considering the two
competitive networks model by Taylor et al., theoretically, it should be possible to have control

over cell fate and influence the effectiveness of antimitotic drugs that arrest cells in mitosis, if
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death signal accumulation is accelerated and/or mitotic slippage is retarded (Figure 15) (120,175).
Strategies to accelerate apoptosis would lead to cell death before mitotic slippage occurs, while
strategies to delay mitotic slippage would increase the time cells spend in mitosis, thereby
allowing more time for apoptosis signals to accumulate. Both strategies, individually or in
combination, should increase the sensitivity of cancer cells to antimitotics by shifting cell fates to
death, which may be relevant to kill apoptosis-resistant, slippage-prone, or SAC-defective cancer

cells.
Delaying mitotic slippage

Slippage can be delayed by slowing cyclin B proteolysis, which can be achieved by inhibiting the
APC/C-Cdc20-proteasome axis, or by preventing SAC silencing.

Targeting the APC/C-Cdc20-proteasome axis can be achieved by targeting Cdc20, APC/C, or
proteasome. Cdc20 ablation effectively arrested cells in metaphase and induced massive
apoptosis in mouse models. Cdc20 inhibitor apcin acted synergistically with APC/C inhibitor TAME
(tosyl-L-arginine methyl ester) in mitosis blocking (177). TAME binds APC/C and suppresses its
activation by Cdc20 (178). TAME treatment enhances cell death in combination with MTAs or the
alkylating agent melphalan (178-180). Another interesting antitumor target is the proteasome
for which several inhibitors have reached clinical trials (181-183). Bortezomib (Velcade) became
the first therapeutic proteasome inhibitor approved for multiple myeloma treatment, and
subsequently, other proteasome inhibitors such as carflzomib (Kyprolis) and ixazomib (Ninlaro)
were also approved (181,183). Altogether, these observations reveal that targeting APC/C-Cdc20-

Proteasome axis to slow cyclin B degradation could be an effective way to fight cancer.

Other interesting targets to slow cyclin B degradation are the components involved in SAC
silencing. This motivated studies that have shown that preventing SAC silencing increases the
duration of mitosis and promotes cell death. As already referred to in a previous section, SAC
silencing through downregulation of p31«met, spindly, or Fcpl, sensitized cancer cells to paclitaxel
(143,144,167-170). As such, these proteins emerge as potential drug targets candidates to delay
mitotic slippage. Overall, targeting SAC slippage seems to be promising, and /n vitro results need

to be verified in preclinical and clinical studies.

Accelerating apoptosis: co-targeting mitosis and apoptosis
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The so-called death in mitosis occurs in mitotic arrested cells mainly through the activation of
the intrinsic caspase-dependent pathway of apoptosis (127). This is under the requlation of the
Bcl-2 family, which comprises the proapoptotic BH3-only members, such as Bim, Bid, Bad, PUMA,
and Noxa, and the antiapoptotic proteins Bcl2, Bcl-xL, and Mcl-1 (127,175,184,185). The
oligomerization of the proteins BAX and BAK induce the formation of pores at the outer
mitochondrial membrane - mitochondrial outer membrane permeabilization (MOMP), with the
consequent release of cytochrome C and caspase activation (120,184). The anti-apoptotic proteins
Bcl2, Bel-xL, and Mcl-1 sequester BAX and BAK proteins, preventing MOMP and apoptosis. In the
presence of death signals, BH3-only proteins bind to anti-apoptotic proteins, antagonizing their
action, and some can also activate BAX and BAK through direct binding, which drive the intrinsic
pathway of apoptosis (184). Considering the potential targets involved in this pathway, and the
two competing networks model by Taylor et a/, several studies have emerged to evaluate the
potential of targeting anti-apoptotic proteins in combination with antimitotic chemotherapy
(120,175,186). Indeed, many cancers exhibit resistance to MTAs, deregulated SAC, or deregulated
apoptosis that render them resistant to death (187,188). Therefore, the efficacy of antimitotics
could be improved by combining them with pro-apoptotic drugs. The therapeutic relevance of this
approach has proven to be efficient /n wiro and in human tumor xenograft models by using BH3
mimetics (184,189,190). For instance, ABT-263/Navitoclax, a BH3 mimetic that inhibits the pro-
survivals Bcl-2, Bcl-xL, and Bcl-w, precipitates apoptosis in cancer cells arrested in mitosis by
MTASs or Eg5 inhibitors (191). Also, Navitoclax increased the sensitivity of taxane-based treatment
in a panel of non-small cell lung cancer cell lines (192). The results of this study show that
Navitoclax shifted the cell fate of paclitaxel-treated cells from slippage to DiM. This effect was
particularly evidenced in cells presenting higher levels of Bcl-xL, which are normally more
resistant to taxane therapy. Of note, inhibition of Bcl-xL, whether by RNAi or the BH3 mimetic
ABT-737, triggered extensive cell death in otherwise slippage-prone cancer cells treated with
MTAs, underlying the pro-survival proteins dependence of cancer cells during mitotic arrest (193).
These results were recapitulated by RNAi-mediated depletion of pro-survival proteins such as
Bcl-xL, which, from an antimitotic chemotherapy perspective, highlights the potential of the
approach to reduce variation in death response between different cancers (175). Synergy in killing
solid tumor cancer cells was also reported for the Bcl-xL inhibition-docetaxel combination, either

in vitro or in tumor xenografts (190). Interestingly, most patients whose ovarian tumor tissue
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expresses high Bcl-xL levels are less sensitive to taxane treatment, supporting the idea that the

addition of Bcl-xL inhibitors could improve taxane-based therapy (194).

Works from Taylor's group indicate that exploring apoptosis inducer drugs may be more promising
with mitotic blockers than mitotic drivers. They showed that treatment with WEHI-539, a potent
and selective Bcl-xL inhibitor, sensitized cells to MTAs as well as to second-generation mitotic
blockers, such as inhibitors of Eg5, CENP-E, and PIk1 (128). In this case, sensitization was largely
by enhancing postmitotic death (PMD). On the other hand, the combination of WEHI-539 with
mitotic drivers, such as inhibitors of Aurora B and Mps1, showed only minor impact unless the
pro-survival Mcl-1was also inhibited. These results suggest that Mcl-1levels could serve to stratify
patients that would benefit from the combination therapy (128). Also, combining apoptosis
inducer drugs with SAC silencing inhibitors deserves to be explored. For instance, BH3-only
mimetics in combination with inhibitors of SAC silencing components should, potentially, shift the

fate of mitosis-arrested cells in favor of death. Yet, inhibitors that target SAC silencing proteins

l\ 1Death signals

E.g. BH3-mimetics |

need to be developed.

Mitotic-

arrested cell / Q?J‘ N\ WD
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Figure 15. Shifting the fate of a mitotic-arrested cell to death.
Two main strategies can be considered, according to the competitive networks model (120): increasing death signals
(e.g. through BH3-mimetics) and delaying mitotic slippage (e.g., by preventing SAC silencing, or inhibiting APC/C-

Cdc20-proteasome axis).

Another possible strategy to promote the apoptosis of cancer cells is by using cisplatin (Cis-
diamine-dichloroplatinum (Il)). Once inside the cell, cisplatin turns into a powerful electrophile,

being able of reacting with several nucleophilic sites, particularly with nitrogen donor atoms of
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nucleic acids and sulfhydryl groups of proteins. Genomic DNA (gDNA) is considered the primary
target of cisplatin and the covalent bonds generated between the platinum atom of cisplatin and
purine bases give rise to a variety of adducts (195,196). Cisplatin-induced DNA damage can drive
apoptosis in several ways (195) Furthermore, cisplatin induces RQS, which can not only result in
gDNA damage but also affect mitochondrial function, resulting in apoptosis activation. Cisplatin
is an important chemotherapeutic agent used in the treatment of several malignancies, such as
ovarian, testicular, head and neck, lung, bladder, cervical, and colorectal cancer (196). Although
cisplatin has been widely used in cancer treatment, there are many resistance and toxicity-related

issues that limit its effectiveness.

To minimize the drawbacks associated with these issues, combination therapy of cisplatin with
other drugs has been explored as an attractive strategy (195,197-199), and several drugs are
already used in combination with cisplatin for cancer treatment (195). Despite the wideness of
mechanisms underlying cisplatin resistance, the ability of cells to re-enter the cell cycle after a
cisplatin-induced interphase arrest constitutes a relevant feature. Although the exact
mechanisms underlying these events remain to be clarified, changes in mitotic regulation
probably have a significant role in this process. Therefore, targeting mitosis in combination with
cisplatin arises as an interesting approach in cancer therapy (197). Moreover, considering the
competitive networks model Taylor and colleagues, cisplatin could be used in the logic of
increasing death signals in mitotic arrested cells. In fact, combination therapy using cisplatin and
paclitaxel is used in the treatment of ovarian, breast, head and neck, and lung cancer (195).
However, many patients continue to develop resistance, even following a combination regimen
(200). It has already been reported that cisplatin-resistant cells are cross-resistant to MTAs, and
that microtubules are significant in cisplatin resistance (200—-202), although the mechanisms
underlying this hypothesis remain to be clarified, and other works share an opposite point of view
(200,203). Recently, it was also suggested that cross-resistance may be related to an increase of
pro-survival TNF/NF-kB signaling (200). Despite the lack of consensus regarding this issue,
microtubules targeting could be avoided if the targeting of mitotic regulators was considered in
this strategy, instead of MTAs. Silva and colleagues (199) demonstrated that the knockdown of
Bub3 or spindly were able to sensitize oral squamous cell carcinoma (OSCC) cells to clinically
relevant concentrations of cisplatin, which indicated that targeting mitosis, either by inducing
precocious mitosis or preventing mitotic exit, deserves to be explored to sensitize OSCC cancer

cells to cisplatin. In addition, the combination of cisplatin with the PLK-1 inhibitor volasertib

36



CESPU

INSTITUTO UNIVERSITARIO
DE CIENCIAS DA SAUDE

reached clinical trials [NCT00969761] with metastatic solid tumors (204). Indeed, APC/C
dysfunction was found in epithelial ovarian cancer (EQC) resistant cells, which revealed a higher
dependency on PLK-1 for mitotic exit, and became more sensitive to cisplatin therapy after PLK-
1 inhibition (197). These findings highlight the relevance of investigating the potential of

combining the targeting of mitotic regulators with cisplatin.

In conclusion, two main approaches have shown potential in forcing mitotic-arrested cells to die,
either the induction of apoptosis or the delaying of the mitotic slippage. In this context, the use
of apoptosis-inducing drugs in combination with the targeting of SAC silencing emerges as a
potential research focus in cancer treatment. Therefore, SAC silencing molecules emerge as

interesting targets, as is the case of p37comet,

5. p31cemet 3s a potential target for human cancer therapy

As outlined in the previous section, slippage is a major cause of drug resistance. Therefore,
delaying slippage through inhibition of SAC silencing has arisen as a promising strategy. In this
context, p31©met has been regarded as a potentially valid target to delay SAC silencing. Considering
that p31met has a crucial role in SAC silencing, ensuring timely mitotic exit (Figure 16) (168,205),
it emerges as an attractive target in the context of SAC-based antimitotic strategies. In the next
sections the current status of p31cmet functions, with particular focus on SAC silencing, will be

addressed, and its potential as a therapeutic target for cancer treatment will be discussed.
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Figure 16. Spindle Assembly Checkpoint mechanism (SAC).

(a) SAC activation (SAC ON). At unattached kinetochores, the Mad1-closed Mad2 (-C-Mad2) template recruits cytosolic
inactive open-Mad2 (0-Mad2) and catalyzes its conversion to active C-Mad2, which then forms the C-Mad2-Cdc20
complex. C-Mad2-Cdc20 interacts with BubR1-Bub3 to form a stable mitotic checkpoint complex (MCC) which, in
turn, prevents Cdc20 from activating the anaphase promoting complex/cyclosome (APC/CC20), resulting in
metaphase arrest. (b) SAC silencing. Upon kinetochore attachments, the SAC silencing results either from preventing
new MCC assembly or disassembly of existing MCC, both are mediated by p31<°™t protein and lead to APC/C activation
and mitotic exit: i) specific binding of p31cmet to C-Mad?2 of the Mad1-C-Mad2 complex inhibits the further conversion
of 0-Mad2 into C-Mad2 and, thus, further MCC production; ii) binding of p31cmt to MCC-bound C-Mad2 disrupts
BubR1-C-Mad2 interaction which promotes MCC disassembly, then Cdc20-C-Mad2 is disassembled upon the
cooperative activity of p31°mt and the ATPase TRIP13, resulting in the conversion of C-Mad2 to unbound 0-Mad?2
(206).

5.1. Molecular structure and subcellular localization

p371eemet (also known as MAD2L1BP — MAD2L1- binding protein and, initially, as CMT2 — Caught by
MAD Two) is encoded by the MAD2L7BP gene (Gene ID: 9587), located in chromosome 6p21.1
(207). This protein was initially identified in a yeast two-hybrid screen of HelLa cell complementary
DNA (cDNA), using Mad2 as a bait (208). The cDNA encoded a predicted protein sequence of 31
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kDa, but the bacterially expressed p31©met protein had 34 kDa. Then, two human transcript
isoforms were found, corresponding to variants 1 (NM_001003690.1) (209) and 2 (NM_014628.3)
(210). When ectopically expressed, both variants bind endogenous Mad2 to silence the SAC (118).
Nevertheless, variant 2 was the most expressed, corresponding to the endogenous 34 kDa p37comet

of Hela cells.

The analysis of the p31emet crystal structure revealed three central a helices inserted between a
7-stranded B sheet and a short helix (Figure 17) (72). p31©met contains a HORMA domain, which is
known to be involved in the regulation of multiple eukaryotic signaling pathways and is also
present in the MCC subunit Mad2. HORMA domain proteins typically establish interactions through
a characteristic “safety belt” mechanism (211). Accordingly, p31©™t also adopts a safety belt
conformation, in which its C-terminal tail is trapped in the pseudo-ligand binding site (72). p37comet
sequence also contains two destruction box (D box) like motifs (208), indicative of an APC/C
mediated degradation in anaphase. Indeed, the intensity of p31cmt immunofluorescence signal
changes during the cell cycle, increasing as mitosis progresses, and dropping at the end of mitosis
(208), suggesting p31emt cycles of synthesis and degradation before and after mitosis,
respectively. The strong dependence of APC/C activation on p31®™t |evels also suggests that
p31emet should be regulated in some way (168). p31emt |evels were reported to be regulated
throughout the cell cycle, most likely under the control of the retinoblastoma (RB)/E2 Factor (E2F)
pathway (108). Nevertheless, the lack of information on the intracellular concentrations of p37comet
during mitosis led to the speculation that p371emet activity could be regulated through
posttranslational mechanisms (168). Indeed, p31°™t was reported to be a phosphoprotein (212),
indicating that its activity is likely regulated by phosphorylation (213,214). Accordingly, PIk1
phosphorylation was proposed to have an inhibitory action on p31©mt, mainly through
phosphorylation of Ser-102 (215).

Regarding cellular localization, early experiments on HelLa showed that p31®™t is present
throughout the nucleoplasm during prophase and pro-metaphase, and accumulates at the
kinetochores as the cell progresses to metaphase (208). During anaphase and telophase, p371eomet
signal is found mainly in the spindle or in the mid zone, respectively. Other studies described
p31cemet |ocalization to the nuclear envelope during interphase and prophase, and to the
kinetochores during prometaphase, with p31©mt |evels decreasing at kinetochores after

chromosome alignment (168,205). p31emet traffics through kinetochores with the same kinetics as
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Mad2 and localizes to unattached kinetochores in a Mad2-dependent manner (168,205). The

binding of the two proteins is maximal during mitotic exit. This behavior highlights the functional

relevance of p31®mt-Mad2 interaction in p31cmet-mediated SAC silencing.

Figure 17. Structural representation (ribbon diagram) of the Mad2-p31c™et complex determined by Yang et al [29].
Blue, red and yellow chains represent Mad2, p31©@™, and Mad2-binding peptide (MBP1), respectively. The structure

was retrieved from Protein Data Bank (PDB): 2qyf (https:/ /www.rcsb.org/structure/2qyf) (206).

5.2. Functions

The Mad2-binding protein p31©™et plays an important role in mitosis, ensuring a timely mitotic
exit (205,208,213,216-218). p31met antagonizes the role of Mad2 in SAC activation. Indeed, in the
absence of p31°met, SAC could not be silenced, and mitotic exit is drastically delayed. Conversely,
p31eemet gverexpression overrides SAC (208,218) in a manner dependent on its ability to bind Mad2
(205). p31comet silences SAC by two different mechanisms: on the one hand, p31<™t prevents further
SAC activation by inhibiting 0-Mad2 to C-Mad2 conversion and, thus, further MCC formation; on
the other hand, p31cmet induces SAC inactivation by promoting preformed MCC disassembly.
p371emet may also have a role in cohesin degradation required for anaphase onset (74). Other roles
of p31cemet in important cellular processes, such as meiotic recombination, DNA repair, and insulin-
mediated metabolic regulation, have also been reported (113,219—-222). These p31emet functions

are discussed below.
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5.2.1. Preventing Further SAC Activation by Preventing Further MCC Assembly

According to the Mad2 template model outlined in previous sections, the cytosolic inactive O-
Mad2 is recruited to unattached kinetochores and binds to C-Mad2-Mad1 to be converted into
active C-Mad2 that can bind to Cdc20 (223). Then, C-Mad2-Cdc20 binds to BubR1-Bub3 to form
the MCC (205,224). p31e@met was proposed to prevent SAC activation by blocking Mad2 activation.
p371eemet co-localizes with Mad2 at the kinetochores (168,205), and binds to Mad1-bound C-Mad2
at the dimerization interface between C-Mad2 and 0-Mad2 (72,216). C-Mad2 displays the C-
terminal safety belt region wrapped around the Mad2-interacting motif, while in the 0-Mad?2 the
“safety belt” is folded back on this motif, blocking the ligand-binding site. p31cmet binds
specifically to C-Mad2 (205,208,216,218), interacting with Mad1- or Cdc20- bound C-Mad2.
p31cemet and C-Mad2 establish multiple contacts mediated by groups of charged and hydrophobic
residues, and interaction of p31cmet with C-Mad2 occurs at the dimerization interface between C-

Mad2 and 0-Mad2, through structural mimicry (Figure 7) (72).

In addition, p31°met competes with 0-Mad2 for Mad1:.C-Mad2 binding (72,216), with ~40 fold higher
affinity to C-Mad2 compared to 0-Mad2 (168,225). p31©mt was suggested to act as a cap that
inhibits the dimerization between 0-Mad2 and Madl-bound C-Mad2, thus preventing the
conversion of 0-Mad2 into C-Mad2 (216).

This model suggests that p31°met is recruited to the kinetochores along with Mad1:C-Mad2, and
that Mad2 activation occurs after weakening the p31@met-C-Mad2 interaction (216). Recent
findings supported that p31°met counteracts SAC by preventing Mad2 activation (226). p31c°™t was
shown to be critical for the timing of mitotic slippage, suggesting that p31c«met |eads to a gradual
weakening of SAC, mainly by blocking Mad2 activation, allowing a progressive increase on the
APC/Ct20-mediated degradation of cyclin B1.

However, some aspects remain to be clarified. For example, there is a lack of evidence on how O-
Mad2 would be recruited to the kinetochores. Furthermore, the modulation of p31cmet |evels did
not influence the recruitment of 0-Mad2 to the kinetochores on Hela cells (205). Similarly, p37comet
levels at the kinetochores did not change after blocking 0-Mad?2 recruitment to kinetochores. On
the other hand, p31emet actively traffics throughout kinetochores along with Mad2 (168). This
would implicate a rapid association and dissociation kinetics, contrasting with the notion that
p31cemet forms a3 stable cap on C-Mad2-Mad1 complexes at the kinetochores. Further work is

needed to clarify this discrepancy.
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5.2.2. SAC Silencing by Driving Disassembly of Preformed MCC

Several studies indicate that p31°met has a role in SAC silencing through MCC disassembly. p37comet
binds to C-Mad2 bound to Cdc20, resulting in dissociation of Mad2-Cdc20 subcomplex (208).
p31cemet forms a transient complex with APC/C-bound Mad2, enhancing the activity of Mad2-
inhibited APC/C (218). Furthermore, p31°met mediates the extraction of Mad2 from the MCC (205).
Yet, p31emet 3lone was unable to extract Mad2 from MCC bound to APC, and complete dissociation
of MCC and SAC requires additional factors, suggesting that other mechanisms are involved in
MCC disassembly (205,227).

p31cemet promotes MCC disassembly through at least two ATP-dependent mechanisms. First, the
binding of p31cmet to Cdc20-bound C-Mad2 promotes a conformational change in Cdc20, which
facilitates its phosphorylation and consequent dissociation from BubR1(217). Second, p31©met acts
in concert with the AAA-ATPase TRIP13, targeting it to MCC, which triggers the dissociation of the
Cdc20-C-Mad2 subcomplex, as well as C-Mad2 conversion back to 0-Mad2, via ATP hydrolysis
(73,148,213,228-232). As a result, Mad2 is released from MCC as 0-Mad2. TRIP13 contains a
substrate-binding site comprising two subsites for the interaction with p31cmt and C-Mad2 bound
to MCC (229). p31met binding to TRIP13 promotes the engagement of the Mad2 N-terminus into
TRIP13 pore loops, leading to Mad2 unfolding and conformational change in the presence of ATP
(231,232). Further works revealed that TRIP13-p31cmet can prevent APC/C inhibition by MCC but
cannot reactivate it per se after APC/C binding to MCC (233). Nevertheless, p31©™t ensures the
timely metaphase-to-anaphase transition, as cells arrest in metaphase during longer periods in
the absence of p31@mt (168). TRIP13 was demonstrated to be required for sustaining SAC
activation, as unbound C-Mad2 was not sufficient to activate the SAC in TRIP13-deficient cells
(148). Indeed, in the absence of TRIP13, the ability to form robust MCC was only restored in Mad2-
overexpressing cells (234). Thus, TRIP13 might act in concert with p31©mt to replenish the 0-Mad2
pool for Mad2 activation (148). Interestingly, the ability of TRIP13/ p31cmet to convert C-Mad2 to
its open conformer is shared with their respective orthologous PCH-2/CMT-1 (Pachytene
Checkpoint Protein-2) in C elegans (73). In fact, the interaction between p31emet and TRIP13 has
been observed in different organisms (C elegarns, Oryza sativa, and Arabidopsis thaliana), with

roles not only in SAC regulation but also in meiotic recombination, consistent with a conserved
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role of p31cmet in assisting TRIP13 to disengage HORMA proteins from their “seatbelt” partners
(73,219-221,235,236).

p31cemet was also suggested to mediate MCC dissociation, through Cdc20 ubiquitination. APC/C-
dependent auto-ubiquitination of Cdc20 was proposed to be required for MCC disassembly
(42,237). This suggests that p31emet acts in concert with the APC-specific ubiquitin-conjugating
enzyme (E2) UbcH10 to promote Cdc20 ubiquitination (42). However, p31°met depletion was still
efficient in delaying Mad2-Cdc20 dissociation and mitotic exit in HelLa cells expressing Cdc20
mutants for auto-ubiquitination (238). The exact involvement of p371emt in Cdc20

autoubiquitination is still discussable.

Recently, it was reported that p31©™t can cooperate with the Cdc20 binding molecule apcin, to
prevent the binding of MCC to the APC/C co-activator Cdc20, allowing APC/CCdc20 to remain
active (239).

The data summarized here indicate that p31cmet js preponderant for SAC regulation, acting

through different mechanisms, considered relevant for p31©mt-mediated SAC silencing (168)].

5.2.3. Cohesin Degradation

In addition to silencing the SAC, p31®™twas also recently proposed to contribute to cohesin
degradation, acting in concert with TRIP13 to release separase from shugoshin 2 (SG02) (74). It
seems that human SGO2, previously known as a meiotic cohesin protector, acts in association
with C-Mad2 to inhibit separase through a securin-independent mechanism. Accordingly, both
p31cemet and TRIP13 were able to disassemble the separase—SG02—-Mad2 complex and to release

separase on securin-depleted Hela cells.

5.2.4. Meiotic Recombination

p371eemet was involved in meiotic processes in rice (Oryza sativa L.) (220). It co-localizes with ZEPT,
a transverse filament protein of synaptonemal complex (SC), and interacts with the Central Region
Component 1 (CRC1), which is essential for double-strand break (DBS) formation (220). CRC1 (the
mammalian ATPase TRIP13 orthologous in rice) was proposed to bridge the connection between

p31cemet 3and ZEP1, suggesting a key role of p31cmet in DSB and formation of the SCin rice.
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p371eemet and TRIP13 orthologous in C elegans (CMT-1and PCH-2, respectively) also have a relevant
function in meiosis. Interaction between the two proteins was found to be required to proofread

meiotic homologous interactions (221).

A meiotic role of p31°mt was also found in Arabidopsis (219). The homologous of p31@met in
Arabidopsis, COMET, was proposed to mediate the removal of ASY1 (homolog of HORMAD1/2 in

mammals and Hop1 in yeast) from the meiotic chromosome axis by PCH-2.

HORMA domain proteins play an important role in the formation of crossovers, ensuring accurate
DSB and DNA recombination. TRIP13 was reported to negatively regulate this process, through a

negative feedback response by removing HORMA domain proteins.

As far as we know, the role of p31«met-TRIP13 in meiotic recombination has not been reported in

humans and deserves to be elucidated.

5.2.5. DNA Repair

Homologous recombination (HR) is a high-fidelity pathway that takes place mainly in S, G2, and
M phases (240). HR is dependent on the resection of DBS ends, which in turn is repressed by a
signaling cascade that comprises, among others, REV7-Shieldin (SHLD1-3) complex (241). REV7 is
a HORMA protein, as Mad2, and similarly to what occurs with the Cdc20-Mad2 subcomplex, the
C-terminal “seatbelt” region of REV7 clamps down SHLD3, allowing the recruitment of SHLD1 and
2. Recent evidence demonstrated that p31cmet mediates the TRIP13-REV7 interaction, acting as an
adaptor for the release of SHLD3 from the REV7-Shieldin complex in human osteosarcoma and
embryonic kidney cells (222). This, in turn, would allow DBS end resection and HR, as mentioned

above.

5.2.6. Insulin-Mediated Metabolic Regulation
p31emet was involved in metabolic homeostasis through impairment of the insulin receptor (IR)
endocytosis (230).

IR can be internalized through clathrin-mediated endocytosis, and this process depends largely
on Adaptor Protein 2 (AP2), which interacts with clathrin and cargo. Based on the findings that
BubR1 interacts with AP2 and Mad2 with IR (113-115), it was proposed that Mad2 may mediate
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the connection between BubR1-AP and IR. p31¢®™t can prevent the interaction between BubR1-AP
and Mad2-IR in vitro, which would probably prevent the IR internalization. This possibility is
supported by the ability of p31cemet to bind to C-Mad?2 at the same interface as BubR1 during SAC
requlation (242). p31°met knockout mice presented reduced glycogen stores and did not survive
after birth. Moreover, p31©met depletion in the liver caused reduced IR levels in the hepatocyte
plasma membrane, insulin resistance, hyperglycemia, and hyperinsulinemia in mice (113). Further
works are needed to elucidate the precise involvement of SAC-related proteins in metabolic

regulation.

5.3. p31emet expression in cancer

Given the important role of p31«°™met in the control of SAC, dysregulation in the activity or expression
of this protein is expected to affect normal cell division, which may lead to cancer. Only one work
reported p31°mt mutation at the gene sequence levels, in the form of two nucleotide substitutions
as potential, but phenotypically irrelevant, polymorphisms in hepatocellular carcinoma (HCC)
(243). Altered p31emet gene expression is the most frequently reported deregulation. p31met mRNA
levels were shown to vary between normal tissues, with higher levels in bone marrow (103). When
comparing cancer with normal tissues, the analysis of the data from mRNA screenings integrated
into the oncomine database (102) revealed that p31cmt is overexpressed in an array of cancers.
From 447 unigue analyses, p31°m mRNA was upregulated in 27, and downregulated in 1 (in
pancreatic cancer) only, using the threshold values described in Table 1. p31°met was significantly
overexpressed in several types of cancer, including bladder, brain, and central nervous system

(CNS), breast, head and neck, kidney, lung, melanoma, and prostate.

Table 1. p31©mt mRNA expression according to oncomine database.

p31emet mRNA is upregulated in several cancers. Data were retrieved from the oncomine database (102)
(www.oncomine.org), based on the array datasets of 447 unique analysis from several human cancer samples. The
following parameters were used for the search in oncomine: threshold p-value 0.05; threshold fold change 1.5;

threshold gene rank top 10%.

Upregulated / Dataset

Organ Cancer type Downregulated reference

Lung adenocarcinoma
Lung Squamous cell lung carcinoma Upregulated (244)
Large cell lung carcinoma
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Small cell lung carcinoma

Lung adenocarcinoma

Lung carcinoid tumor . Upregulated (245)

Squamous cell lung carcinoma

Small cell lung carcinoma

Mucinous breast carcinoma

Tubular breast carcinoma

Ductal breast carcinoma
Breast Invasive ductal and invasive lobular breast carcinoma | Upregulated (246)

Breast phyllodes tumor

Breast carcinoma

Invasive ductal breast carcinoma
Skin Melanoma . (247)

Non-neoplastic nevus Upregulated

Cutaneous melanoma (248)

Parathyroid hyperplasia
Parathyroid Parathyroid gliand adenoma Upregulated (249)
gland Non-neoplastic nevus

Cutaneous melanoma
Bladder Superficial bladder cancer Upregulated (250)
Brain and CNS | Pilocytic astrocytoma Upregulated (257)
Head and Floor of the mouth carcinoma Upregulated (252)
neck
Kidney Renal oncocytoma Upregulated (253)
Leukemia B-cell acute lymphoblastic Upregulated (254)
Prostate Prostatic intraepithelial neoplasia epithelia Upregulated (255)
Uterus Uterine corpus leiomyoma Upregulated (256)
Pancreas Pancreatic adenocarcinoma Downregulated (257)

Furthermore, the analysis of p31©met expression was also performed in the web resource UALCAN
(258), using the transcriptomic data from The Cancer Genome Atlas (TCGA). From the 24 types of
cancer in analysis, p31©mt was overexpressed in 18 and underexpressed in 6 of them (table 2).
Cholangiocarcinoma showed a more pronounced overexpression, 1.457 times higher than in
normal samples. On the other hand, an opposite result was found to pancreatic adenocarcinoma,

which was found to be upregulated when performing UALCAN analysis.

Table 2. p31<mt mRNA expression according to UALCAN analysis.

p31@met mRNA is upregulated in 18 from 24 cancers. Data were retrieved from UALCAN web resource
(http:/ /ualcan.path.uab.edu/) (258), through the analysis of transcriptomics data from The Cancer Genome Atlas
(TCGA) (258). The information is based on a pan-cancer analysis expressed as log2(TPM+1), where TPM refers to

transcripts per million.

Organ Cancer type TCGA Upregulated /
code Downregulated

Bile ducts Cholangiocarcinoma CHOL Upregulated

Medulla Pheochromocytoma and Paraganglioma PCPG Upregulated
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Esophagus Esophageal carcinoma ESCA Upregulated
liver Liver hepatocellular carcinoma LIHC Upregulated
Head and neck Head and Neck squamous cell carcinoma HNSC | Upregulated
Stomach Stomach adenocarcinoma STAD Upregulated
Bladder Bladder urothelial carcinoma BLCA Upregulated
Cervical cancer Cervical squamous cell carcinoma CESC Upregulated
Breast Breast invasive carcinoma BRCA Upregulated
Lung adenocarcinoma LUAD Upregulated
Lung Lung squamous cell carcinoma LUSC Upregulated
Endometrium Uterine Corpus Endometrial Carcinoma UCEC Upregulated
Brain and CNS Glioblastoma multiforme GBM Upregulated
Soft tissues, connective Sarcoma SARC
tissues, bones Upregulated
Prostate Prostate adenocarcinoma PRAD | Upregulated
Rectus Rectum adenocarcinoma READ Upregulated
Pancreas Pancreatic adenocarcinoma PAAD | Upregulated
Skin Skin cutaneous melanoma SKCM Upregulated
Colon Colon adenocarcinoma COAD Downregulated
Kidney Choromophabe KICH Downregulated
Kidney Kidney renal clear cell carcinoma KIRC Downregulated
Kidney renal papillary cell carcinoma KIRP Downregulated
Thyroid Thyroid carcinoma THCA Downregulated
Thymus Thymoma THYM | Downregulated

In addition, a recent work published a result based on the analysis of The Cancer Genome Atlas
(TCGA) (222). Cancer subtypes presented the same abnormal protein expression pattern.
Moreover, both TRIP13 and p31©™t overexpressing cancer cells harbored the HR mutational
signature (mutational signature 3), suggestive of an inadequate HR. Also, the simultaneous
overexpression of TRIP13 and p31@™t in breast cancer type 1 susceptibility protein (BRCA-1)
deficient cancers seems to be associated with the worst prognosis. This is in agreement with
resistance to PARP inhibitors in BRCA-1 mutant cells. Although BRCA-1 deficient cancers cannot
activate HR, TRIP13 and p31©mt gverexpression can balance the lack of BRCA-1 response and
promote HR. Indeed, this had already been observed for TRIP13 overexpressing cells (259). These

findings reinforce the clinical significance of p31cmet,

Moreover, changes in regulators of p31cmet expression may be associated with cancer
development. p31comet expression was suggested to be requlated by the RB-E2F pathway (108). RB
inhibits the E2F family of transcription factors, thus limiting gene expression, being RB mutation
or inactivation associated with many cancers (109). /n silico investigation from oncomine data

showed that E2F can bind to DNA regions close to the start codon of both p31®™t isoforms and
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that the expression of E2F family members E2F5 and E2F4 is correlated with that of p31©met in
breast cancer and lung adenocarcinoma, respectively (108). In addition, E2F induces p37comet
overexpression in colorectal carcinoma cells, and the reduction of E2F activity resulted in p37comet
loss in osteosarcoma cells (108). The expression ratio p31@mt/Mad2 was suggested to be
important in cancer development (108,118). Indeed, although the analysis of 51 HCC tissues did
not reveal significant differences between tumor and non-tumor liver samples (243), it was found
that p31emet/Mad2 ratio was altered in HCC, as well as non-small cell lung cancer carcinoma cells,
and such alteration was correlated with mitotic slippage (118). Like p31°met, Mad2 expression is
also regulated by Rb-E2F pathway and the analysis of mRNA screening data revealed that
expression of p31cmet and Mad2 expression is coordinately increased in breast, lung, and cervical
cancer (108). Higher p31cemet/Mad2 ratios were positively correlated with the resistance of human
cancer cells to spindle poisons (169). As Mad2 overexpression is known to promote tumorigenesis
in cancer, and considering the coordinated expression of p31°™t and Mad2, it was suggested that

p371emet promotes survival of Mad2 overexpressing cells by buffering increased Mad2 activity (108).

Therefore, p31c«emet expression seems to be under the control of the RB/E2F pathway, and p37comet
upregulation is frequently linked to cancer development. Moreover, p31°mt/Mad?2 ratio was found
to be crucial for cell survival and its deregulation may be a preponderant factor for cancer
development (108,118).

5.4. Targeting p31cmet as an anticancer strategy

SAC has a crucial role in ensuring the fidelity of chromosome segregation, motivating its recent
targeting by new antimitotic strategies (127). Given its importance in SAC silencing, as well as its
dysregulated expression in cancer cells, p31©met has been regarded as a potential anti-tumoral
target. For that, two strategies can be considered: i) overexpressing p31©™t to preciously silence
the SAC; ii) inhibiting p31©mt, to delay SAC silencing. Both strategies are expected to lead to the
death of cancer cells. In addition, modulation of p31©mt-derived peptides may be as an alternative

approach to directly inactivate APC/C and, thus, to sustain mitotic arrest (260).
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5.4.1. Overexpressing p31°™t for Cancer Therapy

Aberrant SAC inactivation frequently results in massive chromosome missegregation, which often
triggers cell death and/or senescence (a permanent state of cell cycle arrest) (261). Indeed, p31comet
overexpression, expected to inactivate SAC, is cytotoxic to several cancer cell lines (lung, cervix,
breast, liver, bone, kidney, and brain), in a Mad2-binding dependent manner, by driving
senescence and/or apoptosis (261-263). p31°mt-induced senescence was found to be associated
with mitotic catastrophe phenotypes, such as micronucleation, nuclear and chromosomal
abnormalities, and anaphase bridges (261). In addition, senescence was not associated with p53
status (262), except in A549 p53-proficient cells, where it was also dependent on the tumor

suppressor protein p21"/cie1 (261).

Cellular senescence has been considered as a suppressive mechanism for tumorigenesis (264),
making p371emet overexpression a possible anti-cancer strategy (261). However, senescence may
also play a role in tumorigenesis by promoting inflammation and remodeling the extracellular
matrix, contributing to a pro-tumorigenic environment (265). p31°™t overexpression was reported
in a variety of human cancers (Table 1), being associated with senescence (262). Also, p37eomet
overexpression promotes resistance of cancer cells to spindle poisons by abolishing SAC-induced
mitotic arrest (118,169,263).

In sum, while overexpressing p31«met could be an attractive strategy for cancer intervention, the
contribution of senescence to tumorigenesis, together with the development of resistance to
MTAs, should not be ignored. In this sense, to our view, depletion or inhibition of p31©mt could be

a better strategy.

5.4.2. Inhibiting p31°™t to Increase Sensitivity to Microtubule Poisons

p31emet depletion was reported to sensitize cancer cells to microtubule-targeting agents (MTAs)
at concentrations that could not sustain the SAC alone (118). Low concentrations of spindle
poisons may still interfere with microtubule dynamics and activate SAC, although in @ manner
that allows the kinetochore-microtubule attachments to be corrected and the SAC satisfied.
Depletion of p31®mt could, thus, potentiate the mitotic arrest induced by spindle poisons, by
trapping cells in mitosis until death. This highlights the relevance of exploiting p31c°mt depletion

as a strategy to increase the efficacy of MTAs in cancer treatment.
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Interestingly, the yeast homologous to human p31©°mt, and a human p31emet-derived peptide (from
the homologous region to the yeast protein) can bind to APC/C (260). When these peptides were
present in excess, they were able to inhibit APC/C in yeast, through competition with the APC/C
co-factors Cdc20 or Cdc20 homologue-1 (Cdh1), thereby increasing sensitivity to the spindle
poison benomyl. This suggests that p31cmet-derived peptides can serve as a strategy to inhibit
APC/C in order to increase sensitivity to MTAs, which is particularly relevant to overcome

resistance issues due to slippage.

6. Three-dimensional in vitro cell culture models for pre-clinical evaluation of
therapies

Numerous drugs with anti-cancer potential emerge every day and constantly need to be screened.
A common path is generally followed: drugs are first tested in a 2D model, usually a panel of
cancer cell lines, followed by pre-clinical tests in animal models before clinical trials. The
transition from a 2D to a more complex model is obviously required (266). Cell monolayers lack
the three-dimensional organization, as well as the complexity of the tumor microenvironment. As
such, it is undeniable the utility of animal models, that allows not only to rebuild a tumor
architecture and a microenvironment but also to perform pharmacokinetic studies. However, it is
not rare that drugs with promising results in pre-clinical studies fail to succeed in clinical trials
(267). Indeed, animal models present some limitations (268). For example, human cancer cells
usually grow at higher rates in xenograft models; there are also differences in TEM, as the stroma
is different from the human. Furthermore, high-cost and ethical issues are frequently associated

with animal models.

Considering all these concerns, 3D /n vitro culture systems emerge as attractive models for drug
assessment. Therefore, it is possible to recreate several traits of human tumors, like 3D structure

and microenvironment.

As outlined before, the tumor microenvironment (TEM) is illustrated by the presence of a high
diversity of stromal cells and ECM that acquire particular traits in the course of the tumorigenic
process. For instance, the abnormal vasculature, in association with an unrestricted proliferation,
leads to the insufficient blood supply to the inner regions of the tumor (14,269,270). Consequently,

hypoxia leads to the emergence of necrotic regions, as well as to a metabolic adaptation, with a
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shift to anaerobic metabolism. As such, lactate production leads to the acidification of the
environment (Warburg effect). The lower pH impairs drug effectiveness, as they are converted
into cationic substances (“ion trapping” process) that cannot transpose cell membrane. In

addition, the rigid ECM of the tumor constitutes a physical barrier that hampers drug penetration.

Among 3D in vitro systems, spheroids and organoids have been increasingly regarded as
promising models (266). Organoids are 3D structures made of organ-specific cells, normally
derived from adult or embryonic stem cells. Organoids reflect the functionality and the
architecture of the origin tissues. Organoids have been revealed useful in personalized medicine.
As these structures can be formed from healthy or tumor tissues, they allow to test and to access
the response to new drugs in a more specific and less toxic manner. However, organoids still face
some limitations, due to the lack of human stromal components, although increasingly efforts
have been made in this field (266). On the other hand, spheroids represent the most common /n
vitro 3D model in research. Spheroids are aggregates made of cells that assemble and develop
into structures that reflect the TEM (Figure 18). Given the ease of handling and the versatility of

spheroids, they have been revealed very useful in anti-cancer drug screening (14,266).

Tumor spheroids can be produced by self- or induced- aggregation of cells from a cell suspension
(266). While cells assemble into a spheroid, cell-cell interactions are privileged through
desmosomes and dermal junctions (271). In addition, as components of ECM are secreted and
deposited, cells-ECM interactions are enhanced, and typical tumorigenic transformations of TEM
take place. Spheroids of appropriate size (200-500 pm) are usually spherical and reflect the
complexity of a tumor (272). Spheroids can be homotypic or heterotypic as if they are composed
of single or multiple cell types, respectively (266). Heterotypical spheroids include not only cancer

cells but may also comprise stromal cells, such as fibroblasts, endothelial cells, and immune cells.
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Figure 18. Schematic representation of a multicellular tumor spheroid.

Cells within a spheroid are typically organized in three regions: one more internal, necrotic; one intermediate,
quiescent; and one more external, proliferative. Due to the arrangement of the cells, Oz, nutrients, and pH decrease
from the outside to the inside, while the concentrations of COz, lactate, and waste are higher in most internal zones.

Created with BioRender.com and adapted from (14).

The gradient of oxygen (02) and nutrients formed as a result of a limited diffusion to the most
internal regions of the spheroids promotes the development of distinct layers of heterogeneous
cell populations. The most external zone comprises high-proliferative cells, an intermediate layer
is composed of quiescent and senescent cells, and the inner region contains necrotic and
apoptotic cells. In parallel to what happens in tumors, the 02 gradient promotes an anaerobic
metabolism in internal zones, which results in an acidification of the environment and limits drug
efficacy (14,266). In addition, an intensification of the interstitial fluid pressure is observed, as a
result of an increased density and compaction, which also limits drug penetration. Changes in
protein-expression patterns are also observed to enhance the resistance to drug treatment. For
instance, an increase of anti-apoptotic proteins, such as BCL-2 family members, is commonly

observed, as well as metaloproteases (MMPs) (266).
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Considering the aforementioned reasons, spheroids are advantageous 3D models that allow not

only to mimic tumor-specific traits more easily, but also to reduce the ethical and practical

constraints associated with the use of animal models
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CHAPTER I

Motivations and Aims
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Cancer is the second leading cause of death worldwide (1). Mitosis is a crucial step in the cell cycle
and an attractive target for anticancer therapies (39,81). The approved antimitotic drugs are
mainly MTAs which are amongst the most successful class of chemotherapeutics (116). However,
resistance mechanisms and adverse effects related to their action on microtubules limit their
efficacy (70,125,126). As such, several proteins involved in the regulation of SAC have arisen as
putative targets for antimitotic chemotherapy, without affecting microtubules (273). In addition,
investigation on combination strategies has retrieved promising outcomes. An interesting
approach consists of shifting the cell fate of a mitotic-arrested cell to death either by delaying
slippage or promoting apoptosis (120,175). For instance, targeting some SAC-silencing effectors
can increase the sensitivity to MTAs of tumors or cancer cells otherwise resistant (143,167—
169,263,274). Furthermore, the combination of antimitotics with pro-apoptotic drugs, such as
ABT-263/Navitoclax, or WEHI-539 can potentiate cell death (128,191,192). Additionally, the
combination of cisplatin with antimitotic strategies that do not target microtubules have already
been tested (197,199,204).

In the context of those therapeutic possibilities, the SAC-silencer p31«mtemerges as a potential
target. p31°met can impair SAC through different mechanisms (58,78,123-125,127-129,232,275),
and its overexpression can override the mitotic arrest induced by MTAs in a variety of cancer cell
lines, inducing resistance to spindle poisons (118,169,262,263). Also, p31™t overexpression was

reported in several human cancers (262).

Therefore, the first main aim of this work, covered in chapters lll and IV, refers to the evaluation
of the potential of p31cmet knockdown within the scope of anticancer strategies, in combination
with clinically relevant doses of the MTA paclitaxel or the pro-apoptotic Navitoclax. Non-small cell
lung cancer (NSCLC) was selected as a model, given its elevated mortality (1). Accordingly, the

specific objectives are:

- To explore the anti-tumoral potential of p31emet knockdown in NSCLC cells in combination

with paclitaxel and Navitoclax;
- To validate this strategy in 3D-cancer models, through the generation of tumor spheroids.

The second main aim intends to evaluate the clinical relevance of p31«met targeting to oral cancer.
Impairment of SAC silencing through spindly silencing was previously shown to sensitize oral

squamous carcinoma cells to clinically relevant doses of cisplatin (199). In addition, cisplatin is the
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first-line chemotherapeutic drug used in the treatment of OSCC. As such, OSCC was chosen as a

model. The specific objectives of this aim, covered in chapter V, are:

- to access the clinical relevance of p31©™t as a biomarker in oral cancer, by assessing
p31cemet expression in head and neck squamous cell carcinoma and the correlation with

clinicopathological features of patients;

- to investigate the effect of p31©mt knockdown in combination with clinically relevant

doses of cisplatin, in OSCC cells,

p31cemet knockdown is expected to enhance the lethality of MTAs, and the pro-apoptotic drugs in
NSCLC, as well as to improve the efficacy of cisplatin in OSCC cells. Therefore, it is anticipated that
the inhibition of SAC silencing through p31«met targeting can open a new window of possibilities

for anticancer strategies.
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CHAPTER Il

Antagonizing the spindle assembly checkpoint silencing enhances

paclitaxel and Navitoclax-mediated apoptosis with distinct mechanistic

The information provided on this chapter was partially based in the following publication:

Henriques, A.C.; Silva, P.M.A,; Sarmento, B.; Bousbaa, H.. "Antagonizing the spindle assembly
checkpoint silencing enhances paclitaxel and Navitoclax-mediated apoptosis with distinct

mechanistic”. Scientific Reports 111 (2021): http:/ /dx.doi.org/10.1038/s41598-021-83743-7.
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1. Abstract

Antimitotic drugs arrest cells in mitosis through chronic activation of the spindle assembly
checkpoint (SAC), leading to cell death. However, drug-treated cancer cells can escape death by
undergoing mitotic slippage, due to premature mitotic exit. Therefore, overcoming the slippage
issue is @ promising chemotherapeutic strategy to improve the effectiveness of antimitotics. Here,
we antagonized SAC silencing by knocking down the MAD2-binding protein p31©™ to delay
mitotic slippage, and tracked cancer cells treated with the antimitotic drug paclitaxel, over 3 days
live-cell time-lapse analysis. We found that in the absence of p31«me, the duration of the mitotic
block was increased in cells challenged with nanomolar concentrations of paclitaxel, leading to
an additive effect in terms of cell death which was predominantly anticipated during the first
mitosis. As accumulation of an apoptotic signal was suggested to prevent mitotic slippage, when
we challenged p31°mt-depleted mitotic-arrested cells with the apoptosis potentiator Navitoclax
(previously called ABT-263), cell fate was shifted to accelerated post-mitotic death. Interestingly,
the results also hinted that the levels of Mcl-1 expression may help to select the cases that would
benefit from p31«met depletion during Navitoclax treatment. We conclude that inhibition of SAC
silencing is critical for enhancing the lethality of antimitotic drugs as well as that of therapeutic
apoptosis-inducing small molecules, with distinct mechanisms. The study highlights the potential

of p31e°met 35 3 target for antimitotic therapies.
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2. Introduction

Microtubule targeting agents (MTAs) such as paclitaxel prevent the spindle assembly during
mitosis, leading to chronic activation of the spindle assembly checkpoint (SAC), which results in
the mitotic arrest of cancer cells until dead (44,116,117). However, the efficacy of these drugs is
limited by neurotoxic and hematopoietic side effects, as well as by resistance mechanisms
(70,125,276). Therefore, alternative antimitotic therapies that do not directly interfere with
microtubules have led to the development of second-generation antimitotics (127). As such, SAC-
related proteins have been regarded as potential targets for the development of new strategies
to kill cancer cells or to increase their sensitivity to the current chemotherapeutics
(63,144,149,164—-166,277).

SAC is a mitotic surveillance mechanism that prevents metaphase to anaphase transition until all
chromosomes are correctly attached to the spindle microtubules and bi-orientated in the
metaphase plate (44,275,278). Improper chromosome-microtubule attachments that occur during
normal mitosis, or artificially under MTA treatment, activate the SAC. The SAC activity is mediated
by the mitotic checkpoint complex (MCC), which is formed between the SAC proteins Mad2
(mitotic arrest deficiency 2), Bub3 (budding uninhibited by benomyl 3) and Bub1-related 1(BubR1),
and Cdc20 (cell-division cycle protein 20). At unattached kinetochores, closed-Mad2 conformation
(C-Mad2) bound to Mad1 recruits open-Mad2 conformation (0-Mad2), thereby promoting its
conformational change to C-Mad2 (223,279), which in turn sequesters Cdc20, an activator of
anaphase promoting complex/cyclosome (APC/C). Then, Cdc20-C-Mad2 binds to the BubR1-Bub3
complex, forming the MCC. As a result of Cdc20 sequestration, the APC/C is kept inactive, thereby
preventing securin and cyclin B degradation by the 26S proteasome and, thus, mitotic exit
(44,278,280). Once all chromosomes are properly aligned at the metaphase plate, the SAC must
be silenced for the cell to proceed to anaphase. The Mad2-binding protein p31cmt (69,77) is crucial
to this SAC silencing, by blocking further Mad2 activation and promoting MCC disassembly
(72,216).

The fate of mitotic-arrested cells was reported to be dictated by two competing networks (175).
One network determines cell death through accumulation of apoptotic signals during mitosis. The
other network determines mitotic slippage through gradual degradation of cyclin B1. The network

that reaches its threshold first determines the cell fate. Therefore, theoretically, it should be
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possible to have a control over the cell fates and influence the effectiveness of antimitotics if

mitotic slippage is retarded and/or death signal accumulation is accelerated (120,175).

In this context, and given its key role in SAC silencing and mitotic exit, p31°™t appears as an ideal
target to delay mitotic slippage. On the other hand, the BH3-only proteins, Bim, Bid, Bad, and
Noxa, have been shown to contribute to death in mitosis (281-284). Thus, using BH3-mimetic
drugs, in a background of mitotic slippage delay, should shift the fate of mitosis-arrested cells in
favor of death. Therefore, we tested these two possibilities by monitoring cell fates by single-cell
tracking during three-day live-cell time-lapse analysis. Firstly, we investigated the relative
contribution of delaying mitotic slippage (through p31emet depletion) to cell death following
exposure to nanomolar concentrations of paclitaxel. Secondly, we determined the relative
contribution of BH3-mimetic-mediated apoptosis potentiation to cell death of cells delayed in

mitosis by p31cmet depletion.

3. Materials and methods

3.1. Cell lines and culture conditions

Cells were grown and maintained as described (144). NCI-H460 (human non-small cell lung
cancer) cells were grown in RPMI-1640 culture medium (Lonza, Basel, Switzerland) with 5% FBS.
HPAEpIC (human pulmonary alveolar epithelial cells), A549 (human adenocarcinoma alveolar
basal epithelial), and Calu-3 (human lung adenocarcinoma) cells were grown in DMEM medium
with 10% fetal bovine serum (FBS, Biochrom) and 1% non-essential amino acids (Sigma Aldrich
Co., Saint Louis, MO, USA). Cells were maintained in a 5% CO2 humidified incubator, at 37 °C. The
experiments were performed when cells were at exponentially growing and presented more than
95% viability. The NCI-H460, A549, and Calu-3 cell lines were obtained from American Type

Culture Collection. HPAEpIC cell line was purchased from ScienCell Research Laboratories.

3.2. RNA isolation and quantitative real-time PCR

RNA isolation for quantitative real-time PCR was performed using the PureZOL RNA Isolation
Reagent (Bio-Rad Laboratories, Hercules, CA, USA), according to the manufacturer’s instructions.
Quantification of RNA was achieved by spectrophotometry (NanoDrop 2000, Termo Scientifc,
Waltham, MA, USA). cDNA was synthesized with the iScript cDNA Synthesis Kit (Bio-Rad),
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according to the supplier’s instructions. The iQ SYBR Green Supermix Kit (Bio-Rad) was used for
amplification on iQ Termal Cycler (Bio-Rad) coupled to CFX Manager Sofware (version 3.1, Bio-
Rad), as follows: initial denaturing step at 95.0°C for 3 min; 40 cycles at 94.0°C for 20 s; 65.0°C
(p31cemet) or 56°C (Mcl-1, Bel-2, and Bcl-xL) for 30 s and 72.0°C for 30 s. Temperatures from 65.0
to 95.0°C, with increments of 0.5°C for 5 s were included in the melt curves. Primers were used

at a final concentration of 0.1 pM.

p31eemet-directed primers were designed in PerlPrimer software v1.1.21(285) and tested for p37comet
amplification, targeting transcript variants 1and 2, using the following temperature values for the
annealing step: 56, 57, 60 and 65°C (Supplementary figure S1). However, the amplification was
only successful for variant 2 (annealing temperature of 65°C), which was previously shown to be
the most expressed (118). Therefore, the primers 5'-AGTCCCTGATTTGGAGTGGT-3' (forward), 5'-
GTAAACTGACAGCAGCCTTCC-3' (reverse) were used for p31cemet amplification. For amplification of
Mcl-1, Bcl-2, and Bcl-xL, the following primers were used: Mcl-1, 5'-CCAAGGCATGCTTCGCAAA-3'
(forward), 5'-TCACAATCCTGCCCCAGTTT3' (reverse) (286); Bcl-2, 5'-ATCGCCCTGTGGATGACTCAGT-
3 (forward), 5'-GCCAGCACGAAATCAAACAGAGGC-3 (reverse); Bcl-xL, 5'-
GCCACTTACCTGAATGACCACC-3' (forward), 5'-AACCAGCGGTTGAAGCGTTCCT-3" (reverse) (287). In
addition, the following primer sequences were employed for the amplification of actin and GAPDH:
actin, 5'-AATCTGGCACCACACCTTCTA-3' (forward), 5-ATAGCACAGCCTGGATAGCAA-3' (reverse)
(274); GAPDH, 5’-ACAGTCAGCCGCATCTTC-3' (forward), 5'-GCCCAATACGACCAAATCC-3' (reverse)
(288). For each data point, triplicated experiments were performed. The results were normalized
against GAPDH and actin and expression levels and analyzed through the AACT method. Over- or
underexpression of a gene was determined with basis on a fold value of mRNA level = or < 1.5

relative to that of normal cells.

3.3. siRNAs transfection

NCI-H460 cells were seeded at a density of 0.1275 x 10° cells per well, in 6-well plates containing
complete culture medium. Cells were transfected after 24 h using INTERFERIn siRNA Transfection
Reagent (PolyPlus, New York, USA) following the manufacturer’s instructions. Transfection was
performed with 50 nM of a validated siRNA sequence against p31emt (289) or a validated negative
control siRNA (AllStars Negative Control siRNA, Qiagen, Germantown MD, USA).
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3.4. Cell extracts and Western blotting

Preparation of total cell protein extracts was performed as previously described (290). For
Western Blot analysis, samples were separated by molecular weight using SDS-PAGE gels and
transferred to a nitrocellulose membrane. The membrane was blocked with 0.05% Tween-20
with 5% w/v nonfat dry milk and the incubation with antibodies was performed within the same
solution. The signal was detected using ECL detection of the HRP-conjugated secondary
antibodies. Blots were visualized using X-ray films. Images of X-ray films were captured using
Carestream BIOMAX Light Film (Sigma-Aldrich) and quantified by densitometry using ImageJ 1.4v
software (http://rsb.info.nih.gov/ij/). The primary antibodies were used as follows: rabbit anti-
p31emet (abcam) and mouse anti-a-tubulin (Sigma-Aldrich), diluted at 1:1000 and 1:5000,
respectively. Horseradish peroxidase (HRP)-conjugated secondary antibodies were diluted at
1:4000 (anti-mouse, Sigma-Aldrich) or at 11000 (anti-rabbit, Sigma-Aldrich). Image) 1.4v
software was used for the quantification of the intensity of the protein signal. a-Tubulin

expression levels were used for normalization.

3.5. Mitotic index determination

NCI-H460 cells were seeded in 6-well plates containing a complete culture medium at a density
of 0.1275 x 108 cells per well. Cells were counted 48 h after transfection with control- or p31comet
SIRNA, or 24 h after paclitaxel treatment. For the p31®mt siRNA and paclitaxel cotreatment,
paclitaxel was added 24 h after siRNA transfection. Cells were counted from random microscope
fields (n > 2000 for each condition). Round-shaped mitotic cells were quantified over the total
cell population for the determination of the mitotic index. Paclitaxel (Sigma-Aldrich) was used at

a clinically relevant concentration of 10 nM.

3.6. Cell viability assay

The MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay (Sigma-Aldrich)
was used to determine cell viability. Control and p31cmet siRNA-treated cells (NCI-H460 or A540)
were seeded in 96-well plates at the density of 5000 cells per well. After 6 h, paclitaxel was added
at a clinically relevant range of concentrations (0—-100 nM) (291,292). 48 h later, the culture
medium was replaced with fresh FBS-free medium containing 20 pl of MTT reagent (5 mg/ml in

PBS). Cells were at 37°C and 5% CO2 for 4 h. Solubilization of the purple formazan crystals was

64



CESPU

INSTITUTO UNIVERSITARIO
DE CIENCIAS DA SAUDE

achieved with a detergent solution (89% (v/v) 2-Propanol, 10% (v/v) Triton X-100, 1% (v/v) HCI
3.7%), for 2 h. Results were analyzed based on optical density at 570 nm. Measurements were
performed in a microplate reader (Biotek Synergy 2, Winooski, VT, USA) coupled with the Gen5
software (version 1.07.5, Biotek, Winooski, VT, USA). Cell viability values were normalized against

control siRNA-treated cells.

3.7. Colony forming assay

Colony formation assays were performed as described (274). 24 h after control- or p371cemet siRNA-
transfection, NCI-H460 or A549 cells were seeded in six-well plates at the density of 500 cells
per well. Cells were allowed to attach for 6 h and then treated with paclitaxel (2 and 4 nM and 10
nM) and/or Navitoclax (3.5 pM). 48 h later, the medium was removed, cells were washed gently
with PBS, and fresh medium was added. Cells were allowed to grow for 10 days, and the recovered
colonies were fixed with 3.7% (w/v) paraformaldehyde in PBS for 5 min and stained with 0.05%
(w/v) violet crystal (Merck Millipore, Billerica, MA, USA) in distilled water for 20 min. Three
independent experiments were performed on duplicate dishes for each condition. The number of
colonies was counted and the plating efficiency (PE) was calculated as the percentage of the
number of colonies over the number of cells seeded in control. The survival fraction (the number

of colonies over the number of cells seeded x 1/PE) was determined for each condition.

3.8. Flow cytometry

NCI-H460 cells were plated in six-well plated at the density of 0.12750 x 108 cells per well. 24 h
after control- or p31©met siRNA-transfection, cells were treated with 10 nM or 100 nM of paclitaxel.
24 or 48 h later, cells were harvested and prepared for flow cytometry, as previously described
(274). Cell cycle analysis was performed after treatment with propidium iodide and RNase. Briefly,
cells were harvested, washed twice in PBS, fixed in 70% ice-cold ethanol, and maintained at 4 °C
for at least 30 min. Cells were then treated with 5 pg/ml propidium iodide and 100 pg/ml RNase
in PBS for 30 min and analyzed in the flow cytometer. Apoptosis detection was performed with
the Annexin V-FITC Apoptosis Detection Kit (eBioscience, Vienna, Austria) according to the
manufacturer’s instructions. Flow cytometry analysis was carried out using a BD Accuri C6 Flow

cytometer (BD Biosciences, Qume Drive, San Jose, CA) with the analysis of 20,000 events per
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sample. Data were analyzed with BD Accuri C6 Plus Sofware, version 1.0.27.1

(www.bdbiosciences.com).

3.9. TUNEL assay

In order to detect DNA breaks, Terminal deoxynucleotidyl transferase-mediated nick end labeling
(TUNEL) assay was performed. Briefly, cells were plated and treated as above in six-well plates
containing coverslips. Coverslips-attached cells were processed with DeadEnd Fluorometric
TUNEL System (Promega, Madison, WI, USA), according to the manufacturer’s instructions. For
DNA staining, 2 pg/ml of DAPI was used in Vectashield mounting medium. TUNEL-positive cells
were scored in a total of 500 cells, from at least ten random microscopic fields, under a

fluorescence microscope, to determine the levels of cells undergoing cell death.

3.10. Live cell imaging

For live-cell imaging experiments, 5.5 x 10 NCI-H460 cells were seeded onto LabTek Il chambered
coverglass (Nunc, Penfeld, NY, USA). Cells were allowed to attach for 24 h at 37°C with 5% COy,
and then transfected with control or p31cmet siRNA or treated with 10 nM of paclitaxel, or 3.5 pM
of Navitoclax. For cotreatment, paclitaxel or Navitoclax were added 24 h after siRNA-transfection.
Time-lapse imaging was performed 24 h after siRNA transfection or immediately after the
addition of paclitaxel or Navitoclax. RPMI without phenol red supplemented with 5% FBS was
used in the experiments. Image capture was performed up to 72 h at intervals of 10 min under
differential interference contrast (DIC) optics, with a 63x objective. An Axio Observer Z.1 SD
inverted microscope (Carl Zeiss, Germany) coupled with an incubation chamber with the
temperature set to 37°C and an atmosphere of 5% CO2 was used in the experiments. ImageJ
software (version 1.44, Rasband, W.S., ImageJ, US National Institutes of Health, Bethesda, MD,
USA) was used to produce movies from the images captured during time-lapse imaging. The cells
were followed through the entire imaging period and cell fates were tracked for each experimental
condition. The number of cells was scored for mitosis and cell death based on changes in cell
morphology by DIC imaging. Cell death was characterized by cell retraction and plasma membrane
blebbing, and mitotic entry by cell rounding. Dead cells were categorized into death in mitosis
(DiM) or post-mitotic death (PMD) when the death occurred before or following cell division,

respectively.
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3.11. Microscopy analysis and image processing

A Nikon TE 2000-U microscope (Amsterdam, Netherlands), with a DXM1200F digital camera
(Amsterdam, Netherlands) and a Nikon ACT-1 software (version 2.62, Melville, NY, USA) was used
for phase-contrast experiments, as described previously (274). The acquisition of fluorescence
images was performed in a Plan Apochromatic 63x/NA 1.4 objective on an Axio Observer Z.1 SD
microscope (Carl Zeiss, Germany), coupled to an AxioCam MR3. For Z-stacks generation, the
AxioVision Release SPC software (version 4.8.2, Carl Zeiss, Germany), with 0.4 mm intervals and
after image deconvolution was used. ImageJ (version 1.44, Rasband, W.S., ImageJ, US National

Institutes of Health, Bethesda, MD, USA) was used for image processing.

3.12. Statistical analysis

Data were collected in the same experiments, being control siRNA and p31°met-siRNA only
conditions the same for all the data. For statistical analysis, Unpaired Student t-test or ordinary
two-way ANOVA with Tukey's multiple comparisons test, or Kruskal—Wallis with Dunn's multiple
correction test were performed in GraphPad Prism version 7 (GraphPad software Inc., CA, USA).

Data are shown as the means + standard deviation (SD) of at least three independent experiments.

4. Results

4.1. p31cemet expression and knockdown

In order to obtain a better understanding on the relevance of p31©mt as a potential target for
cancer therapy, p31emt expression was assessed in three non-small lung cancer cell lines (NSCLC):
NCI-H460, A549 and Calu-3, and compared to the non-tumor cell line HPAEpIC. Primers for both
p371eemet variants were tested (supplementary table S1). However, only variant 2 was successfully
amplified (Supplementary figure S1), which is in line with experiments of Ma and colleagues (118)
showing that variant 2 corresponds to the most expressed isoform. Therefore, variant 2-directed
primers were used to evaluate the expression of p31cmet, Upregulation of p31©met was observed
both at mRNA and protein levels in all the NSCLC cells tested comparatively to HPAEpIC (Figure
19a and b). This highlights the importance of targeting p31©m. Due to its suitability for
quantitative evaluation of morphological changes in /7 vivo microscopy assays, NCI-H460 cell line

was selected in this study. p31°mt knockdown was performed using siRNA duplexes previously
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validated (289) and ascertained by gRT-PCR and immunoblotting against p31e™t, More than 70%
depletion of p31c°met was achieved, both at mMRNA and protein levels, 48 h after treatment of NCI-
H460 cells with p31cemet siRNAs (sip31°met), comparatively to cells treated with a negative control
siRNA (Control siRNA) (Figure 19c and d). These depletion levels were not altered by extended
transfection time. Furthermore, contrast-phase microscopy analysis revealed an accumulation of
round shaped mitotic cells and an increase in the mitotic index (Figure 9e), in accordance with

previously reported p31@met depletion phenotype (208,218).

4.2. p31~met depletion enhances lethality of nanomolar concentrations of paclitaxel by
promoting massive cell death in mitosis.

We explored whether delaying mitotic slippage, by antagonizing SAC silencing through p37comet
depletion, could potentiate cancer cell killing to nanomolar concentrations of paclitaxel, ranging
from O to 100 nM. This is relevant as paclitaxel is used as first-line chemotherapy for various
cancers (116,293). In addition to NCI-H460, the A549 cell line was also used in this experiment,
after determining a decrease in p31©mt mRNA levels > 50% with 48 hours of transfection

(Supplementary figure S4).
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Figure 19. p31cemet expression and knockdown in lung cancer cells.

p31emet is overexpressed in lung cancer cells, as shown in (a) and (b). (a) Relative expression of p31©™t mRNA as
determined by qRT-PCR in the indicated tumor cell lines, comparatively to non-tumor HPAEpIC. (b) Representative
western blot showing differential expression at protein levels in cell lines analyzed in (a) and the respective
quantification on the right (full-length blot image in Supplementary Fig. S2). Tubulin served as a loading control. (c)
Relative expression of p31©™t mRNA in control siRNA and in cells treated with p371cmet siRNAs (sip31emet), as
determined by qRT-PCR. RNA was extracted 24 h and 48 h after transfection. (d) Representative western blot for NCI-
H460 extract showing effective protein depletion (left) and respective quantification (right) (full-length blot image in
Supplementary Fig. S3). Tubulin served as a loading control. Protein extraction was performed 48 h after transfection.
(e) p31emet knockdown increases the mitotic index. Mitotic cells were quantified 48 h after transfection. Statistical

analysis was performed through the Student t-test. The error bars represent mean + SD.
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We found that paclitaxel concentrations = 50 nM or = 100 nM were needed to induce a significant
increase in cytotoxicity (p < 0.0001 or p < 0.001) in NCI-H460 or A549 cells, respectively, as
determined by a 48 h MTT assays (Figure. 20 a and d). In contrast, in cells depleted of p31comet,
concentrations as low as 10 nM of paclitaxel were sufficient to significantly reduce cell viability
(p < 0.01 or p< 0.00071 in NCI-H460 or A549 cells, respectively). Indeed, dose-response curves
showed a threefold decrease in IC50 values for paclitaxel in NCH-H460 cells depleted of p371eomet,
and a fourfold decrease in the case of A549 cells (Figure 20b,e). Importantly, in a 10-day
clonogenic assay, p31°mt knockdown significantly affected NCI-H460 and A549 cell proliferation
at much lower concentrations (4 nM) of paclitaxel (p < 0.0001), suggesting that long-term survival
becomes compromised at very low concentrations of paclitaxel (Figure 20c and f). These results
indicate that antagonizing SAC silencing by targeting p31«mt can enhance the lethality of cancer
cells in the presence of low doses of paclitaxel. According to the data outlined in (Figure 103, b,
d, and e), we selected the concentration of 10 nM paclitaxel to further analyze the mechanism of
its combination with p31cmet suppression. It represents the lowest concentration that still leads
to maximal antitumor effect when combined with p31cmet suppression. From a therapeutic point

of view, this is expected to reduce paclitaxel toxicity and resistance concerns.

To get insight into the mechanism underlying the lethality enhancement resulting from combining
p31cemet-depletion with clinically relevant concentrations of paclitaxel, we first determined the
mitotic index by phase-contrast microscopy and flow cytometry. We observed an increase in the
mitotic index in p31e@met-depleted cells treated with paclitaxel for 24 h (23.92 + 2.16%), when
compared to untreated (1.33 + 0.31%) and to paclitaxel-treated cells (6.00 + 5.1%) (Figure 21a).
Flow cytometry analysis not only confirmed these results (Figure 21b) but also revealed an
increased sub-G1 population in p31°mt-depleted cells treated with 10 nM paclitaxel for 48 h,
indicative of massive cell death. This suggests that p31cemet depletion is acting as a co-adjuvant of
paclitaxel, namely at 10 nM, by retaining cells in mitosis through preventing SAC silencing and,
thus, delaying mitotic slippage, which may explain the enhancement of cell killing obtained in the

above cytotoxic assays.
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Figure 20. p31©™et inhibition enhances paclitaxel-mediated toxicity in NCI-H460 and A549 cells under low doses of

paclitaxel.

(a) Cell viability, as determined by MTT assay in NCI-H460 and (d) A549 cells. Twenty-four hours post-transfection with control or
p31eomet 5iRNAs, paclitaxel was added at the indicated concentrations (0—100 nM) and cells were incubated for an extra 48 h. (b)
Dose-response curves and IC50 values relative to paclitaxel treatment of NCI-H460 or (e) A549 cells transfected with control or
p3Teemet SiRNA. (c) NCI-H460 and (f) A549 cells were treated as in (a) and (d), washed, and allowed to grow for 10 days for colony
formation assays. Results are the mean from three independent experiments, expressed as % of survival fraction. Representative
images of surviving colonies (top) are shown for each condition. Statistical analysis was performed by two-way ANOVA with

Tukey's multiple comparisons test. The error bars represent mean + SD.

Then, we scored the duration of mitosis and the survival fate of each mitotic NCI-H460 cell by
single-cell time-lapse imaging. For survival fate analysis, we considered three categories: cell
death in mitosis (DiM), postmitotic death (PMD), and survivors (175). Control and p31°met-depleted
cells were incubated with a sublethal dose (10 nM) of paclitaxel and imaged over a 72h time
course. We found that mitosis lasted 155.00 + 199.86 min in paclitaxel-treated (n=30), and 150.40

+295.99 min in p31°met-depleted (n = 30) cells, more than four times longer than control siRNA-
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cells (31.33 + 434 min, n = 30) (Figure 21c). Notably, the combination of p31@met-depletion +
paclitaxel resulted in a dramatic increase in mitosis duration (443.67 + 365.92 min, n = 30),
compared to control and to individual treatments (Figure. 21c), again suggesting that p37comet
downregulation, by preventing SAC silencing, delays mitotic slippage and retains low dose

paclitaxel-treated cells in mitosis.
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Figure 21. p31e°met knockdown increases the mitotic index and the duration of the mitotic block and enhances cancer
cells death under low doses of paclitaxel treatment.

NCI-H460 cells were treated with control or p31emt siRNAs for 48 h, then 10 nM of paclitaxel was added for further
24 h or 48 h. (a) Determination of the mitotic index 24 h after addition of paclitaxel, as determined phase-contrast
microscopy. Two-way ANOVA with Tukey's multiple comparisons test was used for statistical analysis. (b) Cell cycle
analysis. 48 h after the addition of paclitaxel, cells were treated with propidium iodide/RNase and analyzed by flow
cytometry. *p < 0.05, ****p < 0.0001, sip31°met or sip31<emet + paclitaxel vscontrol siRNA; ##p < 0.001, ##p < 0.0001,
sip31met + paclitaxel vssip31emet ¥¥¥ p < 0.0001, sip31°met + paclitaxel vs paclitaxel, by two-way ANOVA with Tukey's
multiple comparisons test. (c) Quantification of mitosis duration. 24 h after paclitaxel treatment and/or 48 h after
siRNA transfection cells were followed by time-lapse imaging for 72 h. The scatter plot shows the time from mitosis
entry to cell division. Each spot represents one cell. Statistical analysis was performed by Kruskal—Wallis with Dunn’s

multiple correction test. The error bars represent mean + SD.

Cell survival profiling showed that the lethality of paclitaxel was increased after p31«emet-depletion
(Figure 22a—c, and Movies 1, 2, 3 and 4). 10 nM paclitaxel resulted in only 56.67% cell death. At
this low concentration, while only a small fraction underwent DiM (16.67%) or PMD (40.00%)
after one to three cycles, the remainder (43.33%) continued cycling. After p31emet-depletion, while
13.33% underwent DiM at the first mitosis, 86.67% divided. Of the dividers, 19.23% underwent

DiM and 57.69% underwent PMD only after the first or second mitosis, while the survivors
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(23.08%) remained at interphase suggesting cell cycle arrest. Notably, combining paclitaxel with
p31emet depletion shifted the fate to DiM during the first (80%) mitosis and, interestingly, time to
death was accelerated by 5.94 h and by 0,92 h comparatively to that of DiM in p31cmet-depleted
cells and paclitaxel-treated cells, respectively (Figure 22d). In the few PMD events that occurred,
time to death was significantly shortened, compared to individual treatments. Apoptosis was the
main mechanism of cell death as confirmed by the TUNEL assay and Annexin-V/propidium iodide

costaining (Figure 22e and f).
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Figure 22. p31°met knockdown enhances cell death in mitosis following the addition of nanomolar doses of paclitaxel.
(a) Quantification of the percentage of cells undergoing post-mitotic death (green) and death in mitosis (red) over
the total number of cells. Cells were transfected with control or p31©met siRNAs for 48 h, then paclitaxel was added
for 24 h, and cells imaged by time-lapse microscopy for 72 h. *p < 0.05, ***p < 0.001, sip31©™et or sip31°met + paclitaxel
vs Control siRNA; #p < 0.05, sip31©°met + paclitaxel vs sip31©me, ¥p < 0.01, sip31©met + paclitaxel vs paclitaxel, by two-
way ANOVA with Tukey's multiple comparisons test. PMD postmitotic death, DiM death in mitosis. (b) Cell fate profiles,
as determined by time-lapse microscopy. Cells were treated as in (a). The graphics represent the tracking from the
time when cells entered mitosis (zero h). Individual cells are represented as horizontal bars. After mitosis, the time
of cell death was determined by the time the first daughter cell dies. Thirty cells are represented per condition. (c)
The scatter plot demonstrates the quantification of time from mitotic entry to death for cells that died during the
first mitosis. Each spot represents one cell. (d) The panel shows time-lapse sequences representative of the cells
characterized in (b). Paclitaxel and sip31©™t-treated cells have longer mitosis than that treated with Control siRNA,
which spend only 30 min in mitosis. A sip31©™t-transfected cell (arrow) dies through PMD, and an increase of only
20 min in mitosis duration relative to the Control siRNA-treated cell is enough to trigger death (1). One of the
daughter-cell survives and divides (2), but her daughter cells die after mitosis. A cell treated with sip31©™t plus
paclitaxel is trapped in mitosis and undergoes membrane blebbing after 5 h. (e) Cell death by apoptosis was tested
by TUNEL assay to detect DNA fragmentation. Representative images are shown (left). DNA (blue) was stained with
DAPI. DNA fragmentation is represented as green. Quantification of TUNEL positive is shown (right). (f) Flow
cytometry analysis of apoptosis by Annexin V/PI co-staining, 48 h after paclitaxel treatment. Quantification of
Annexin V-positive cells (left) and representative cytogram (right) are shown. The quadrants Q were defined as Q1 =
live (Annexin V- and Pl-negative), Q2 = early stage of apoptosis (Annexin V-positive/Pl-negative), Q3 = late stage of
apoptosis (Annexin V- and Pl-positive), and Q4 = necrosis (Annexin V-negative/Pl-positive). Statistical analysis was
performed by two-way ANOVA with Tukey's multiple comparisons test. For all the experiments, the error bars

represent mean + SD.

Overall, the results indicate that suppression of p31cmet prevents SAC silencing and delays mitotic
slippage, thereby enhancing and accelerating cell death during the first mitosis, at clinically
relevant doses of paclitaxel. Because the effect of the combination is close to the sum of the

single effects, we conclude that the combined treatment has an additive effect.

4.3. p31met_siRNA mediated cell death can be accelerated by a BH3-mimetic drug

Variations in cell death sensitivity to antimitotics was attributed to two competitive and mutually
exclusive networks, one controlling mitotic cell death through accumulation of apoptotic signals,

and the other controlling mitotic slippage through gradual cyclin B1 degradation (120). Thus, one
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way to force mitosis-arrested cells to die, rather than to slip, is to challenge them with small
molecules that artificially stimulate apoptosis. We thought that by delaying premature SAC
silencing and, simultaneously, stimulating apoptosis signal accumulation, one should create
maximal conditions for maximal cytotoxicity. We explored this possibility by combining p37comet
knockdown with the BH3-mimetic drug Navitoclax, an antagonist of the Bcl-2 family of anti-

apoptotic proteins Bcl-2, Bcl-XL, and Bcl-w (294).

First, we observed that the addition of Navitoclax further compromised the long-term survival of
NCI-H460 cells depleted of p31emet (Figure 23a). This effect was not too evident in A549 cells
(Figure 13b). However, it should be noted that the decrease in cell viability induced by Navitoclax
individual treatment was more accentuated in A549 cells (= 46% of viable cells) than in NCI-H460

cells (= 72% of viable cells) (Figure 23a and b).
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Figure 23. Navitoclax compromises the long-term survival of NCI-H460 cells depleted of p371comet,

(a) Colony formation assays in NCI-H460 and (b) A549 cells, respectively. 24 h post-transfection with control or
p31emet siRNAs, Navitoclax was added at the indicated concentrations, and cells were incubated for an extra 48 h.
Cells were then washed and allowed to grow for 10 days. Results are the mean from three independent experiments,

expressed as % of survival fraction. Statistical analysis was performed by two-way ANOVA with Tukey's multiple

comparisons test.

75



O
-
|

CESPU

INSTITUTO UNIVERSITARIO
DE CIENCIAS DA SAUDE

Furthermore, qRT-PCR experiments revealed that mRNA levels of Mcl-1, a prosurvival that is only
weakly affected by Navitoclax (294) are upregulated in NCI-H460 cells and downregulated in A549
cells (Figure 24a).

This may explain, in part, why A549 cells were more affected by Navitoclax. Indeed, Mcl-1is known
as a resistant factor to Navitoclax and other Bcl-2 family inhibitors (190). Notably, Bcl-2 mRNA
was highly overexpressed in NCI-H460 cells (Figure 24b), which is in line with previous evidence

(295,296), and Bcl-xL was underexpressed in both tumoral cell lines (Figure 24c).
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Figure 24. Relative expression of mRNA levels of Bcl1, Bcl-xL, and Mcl-1 genes in NCI-H460 and A549 NSCLC cell

lines, compared to the non-tumor cell line HPAEpIC.

Mcl-1is overexpressed in NCI-H460 and underexpressed in A549 cells (a). Bcl2 is highly overexpressed in NCI-H460
and underexpressed in A549 cells (b), while Bcl-xL is underexpressed in both NSCLC cell lines (c). Statistical analysis

was performed through the Student t-test. The error bars represent mean + SD.

After that, mitotic duration and cell fate were analyzed by live-time imaging, over 72 h
experiments, in NCI-H460 cells, as above. As shown in Figure 253, exposure of NCI-H460 cells to
3.5 pM Navitoclax alone did not alter mitosis duration in control siRNA cells. Interestingly, the
addition of Navitoclax to p31cmet siRNA transfected cells significantly reduced the duration of the
mitotic block to 61.00 + 65.51 min (n = 30), more than two times shorter compared to p37comet
siRNA transfected only cells (150.40 +295.99 min (n = 30). Because no mitotic role was described,
so far, for the anti-apototic proteins targeted by Navitoclax, we believe that the shortening of the
observed mitotic arrest time is the result of precocious cell death, rather than a genuine reduction

in mitotic arrest duration.
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Figure 25. Navitoclax decreases mitosis duration and accelerates post-mitotic death in sip31©met-treated

NCIH460 cells
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(a) Mitosis duration as determined by live-cell imaging. NCI-H460 cells were treated with control or p31comet siRNA,
either alone, or in combination with 3.5 pM of Navitoclax. For the combined treatment, Navitoclax was added 24 h
after siRNA transfection, and cells were imaged for 72 h. The scatter plot shows the time from mitosis entry to cell
division. Each spot represents one mitotic cell. Kruskal—Wallis with Dunn’s multiple correction test was used for
statistical analysis. (b) Quantification of the percentage of cells undergoing postmitotic death (PMD) and death in
mitosis (DiM) over the total number of cells. Cells were treated as in (a). *p < 0.05, ****p < 0.0001, Navitoclax or
sip371met or sip31°met + Navitoclax vs Control siRNA; #p < 0.01, sip31©met + Navitoclax vssip31e°met ¥ p< 0.01, Navitoclax
vssip31eomet, by two-way ANOVA with Tukey's multiple comparisons test. (c) Cell fate profiles, as determined by time-
lapse microscopy. Individual cells were tracked and represented as horizontal bars. The graphic represents the
tracking from the time when cells entered mitosis (zero h). After mitosis, the time of cell death is determined by the
time the first daughter cell dies. Thirty cells are represented per condition. (d) The scatter plot shows the time from
mitotic exit to death for cells that died after the second mitosis. Each spot represents one cell. Statistical analysis
was performed Krushkal—Wallis with Dunn’s multiple correction test. (e) The same analysis as in (d), but for cells
that died after the first mitosis. For all the experiments, the error bars represent mean + SD. (f) The panel shows
timelapse sequences representative of the cells characterized in (c). A Navitoclax-treated cell spends the same time
in mitosis as the Control siRNA-treated cell (30 min), and the first daughter cell (1) dies 23 h after division. The cell
treated with sip31met plus navitoclax spends only 30 min in mitosis (20 min less than the cell only transfected with
sip31©met) and both the daughter-cells die approximately 2 h after cell division, 21 h or 11 h less than cells individually

treated with Navitoclax or sip31°™t, respectively.

As to cell survival profile (Figure 25b and c), Navitoclax alone induced PMD in 96.67% of treated
cells, most of which (86.21%) occurred only after the second cell cycle, with an average of 7.81h
between mitotic exit and death (Figure 25d). When Navitoclax was added to p31@met-depleted
cells, PMD after the first mitosis became the predominate cell fate (56.67%) (Figure 25e), with
death onset time significantly accelerated by approximately 8 h and 4 h, compared to Navitoclax
(p < 0.05) and p31met-depletion individual treatments, respectively (Figure 25e and f), and
(Movies 5 and 6). Interestingly, although some PMD (41.38%) still occurred only after the second
cell cycle (Figure 25b and c), the death onset time was significantly accelerated by approximately
1.19 h relatively to Navitoclax alone, and 5.06 h relatively to p31©met-depletion alone (Figure 25¢),
indicating that cells that escape cell death after the first cell cycle are committed to death after

the second cell cycle.

In sum, the data demonstrate that the use of a BH3-mimetic in an antagonized SAC silencing
background enhances and accelerates cancer cell death, largely by post-mitotic cell death after

the first division.
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5. Discussion

In this study, we demonstrated that modulating SAC silencing, by p31«™et depletion, can influence
mitotic slippage and cell death in the presence of spindle poisons or apoptosis potentiators. While
both spindle poisons and apoptosis potentiators exacerbate cell death in p31°mt-depleted cells,
they behave differently regarding their mechanism. Depletion of p31cmet extends the duration of
mitotic block in the presence of paclitaxel and shifts cell fate to accelerated cell death in the first
mitosis. In contrast, p31emet depletion shifts cell fate to accelerated post-mitotic death after the
first cell cycle, in the presence of the apoptotic potentiator Navitoclax. Thus, in both contexts, cell
death is enhanced and accelerated comparatively to individual treatment. We also show that
p31cemet js overexpressed in NSCLC cell lines. Our data highlight the relevance of p31«metas a drug

target for cancer therapy.

We demonstrated that p31°met targeting enhances cancer cells exposed to clinically relevant doses
of paclitaxel, in an additive manner. Upon p31<°met depletion plus paclitaxel, cells were trapped in
mitosis and arrested until death. This is in concordance with a previous work showing that p37comet
depletion promoted an increased duration of mitosis in the presence of paclitaxel that culminated
with cell death in a colorectal carcinoma cell line (118). However, this result was achieved under

a higher concentration of paclitaxel than that used in our study.

Paclitaxel inhibits tubulin depolymerization, impairing microtubule dynamics and leading to the
permanent activation of SAC (70,125,276). However, SAC can be satisfied under low concentrations
of paclitaxel, allowing mitosis to proceed in the presence of spindle abnormalities and
congregation errors, which may increase the aggressiveness of malignant cells (291,297). Thus,
by delaying SAC silencing, p31°mt knockdown enhances and accelerates cell death in the presence
of low concentrations of paclitaxel, most probably by delaying mitotic slippage which favors the
accumulation of apoptotic signals. Noteworthy, the precise mechanism of paclitaxel cytotoxicity
is still debatable. In addition to its antimitotic-mediated chemotherapeutic effect, paclitaxel was
shown to trigger a proinfammatory response by activation of innate immunity, providing an
opportunity to explore its combination with immune checkpoint inhibitors (298). Interestingly,
rather than inducing mitotic delay, low doses of paclitaxel promote chromosome missegregation
and micronucleation which stimulates innate immunity response and promotes antitumor

immune surveillance (299).
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We found that the addition of the apoptosis potentiator Navitoclax to p31cmet depleted cells
accelerated postmitotic death in NCI-H460 cells. These results are in line with previous reports
demonstrating that Navitoclax plus antimitotics co-treatment potentiated cancer cell death
(191,192). Surprisingly, although some studies have shown that Navitoclax in combination with
MTAs prompted mitotic death by accelerating apoptosis in the mitotic-arrested cells (191,192), we
demonstrated that Navitoclax shifted cell death from DiM to PMD in p31¢met depleted cells. This
result is in line with another study that showed that inhibition of Bcl-xL by the BH3-mimetic
WEHI-539 induces PMD in RKO cells in the presence of paclitaxel (297). We also found that
Navitoclax promotes post-mitotic death of p31cmet-depleted cells after a short delay in mitosis.
This suggests that cells that exit mitosis after a delay, here caused by p31©mt knockdown, are
committed to dying due to Navitoclax-mediated inhibition of anti-apoptotic proteins. Indeed, Bcl-
xL (a Navitoclax target) was shown to be crucial for cell survival following abnormal mitosis (297).
Intriguingly, Navitoclax treatment alone resulted in a strong cytotoxic response (Figure 25b).
However, Navitoclax showed limited single-agent activity in a completed phase Il study, and
current studies are focusing on combination therapies (300,301). In this perspective, we believe
that its use to enhance/accelerate apoptotic signal accumulation in cancer cells treated with
antimitotics could be beneficial by avoiding slippage from mitotic arrest. Mechanistically, the
combination is much more aggressive in that it promotes rapid cell death, already at the first
mitosis, while most of the cel- killing occurred at mitosis of the second cell cycle in individual
treatments (Figure 25¢). This is corroborated by the enhanced reduction of NCI-H460 cell survival
(Figure 23a) and could be clinically relevant as it may offer higher efficacy while reducing repeated
administration. Curiously, in the A549 line, cell survival decreased more significantly after
Navitoclax individual treatment than in NCI-H460, and p31©™t knockdown did not significantly
affect Navitoclax-treated A549 cells (Figure 23b). As the pro-survival Mcl-1 was underexpressed
in A549 cells (Figure 24a), these cells could be less resistant to Navitoclax. Indeed, Navitoclax
inhibits Bcl-2 and Bcl-xL, but only weakly Mcl-1(294). Moreover, Mcl-1 has been considered as an
indicator of resistance to Bcl2 inhibitors (190,302). Therefore, p31©°mt knockdown/Navitoclax
combination could provide conditions for maximal cytotoxicity in tumors with higher levels of Mcl-
1.

p31cemet gverexpression was previously associated with the abolishment of SAC-dependent mitotic
arrest and subsequent mitotic slippage (118,169,303), as well as with increased resistance to

apoptosis and to antimitotic drugs, such as paclitaxel in cancer cells (169). Furthermore, mRNA
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screenings published in the oncomine database (www.oncomine.org) suggested that p371comet is
overexpressed in several cases of lung cancer as well as in other cancers. In line with those
evidences, we confirmed that p31°mt was overexpressed at mRNA and protein level in three NSCLC
cell lines when compared with a non-tumoral cell line, thus highlighting its potential value as a
target for NSCLC therapy.

In conclusion, our data suggest that targeting SAC silencing components, such as p31©m, can
provide @ means to block mitosis and, at the same time, to delay mitotic slippage, thereby
providing maximal conditions to enhance the cytotoxicity of microtubule poisons and apoptosis-
promoting agents. Therefore, targeting SAC silencing can provide a rationale for combination
chemotherapy against cancer that deserves to be further explored to overcome problems of

resistance and side effects.
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CHAPTER IV

Depletion of p31«°met enhances the efficacy of paclitaxel and navitoclax

in lung cancer spheroids

The information provided on this chapter was partially based in the following manuscript to be
submitted:

Henriques, A.C; Silva, P.M.A,; Sarmento, B.; Bousbaa, H.. " Depletion of p31em enhances the

efficacy of paclitaxel and navitoclax in lung cancer spheroids”. To be submitted.
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1. Abstract
The spindle assembly checkpoint (SAC) has been pointed as an attractive target for the

development of new antimitotic drugs for anticancer therapy. Moreover, drugs targeting SAC have
been explored in combinatory therapeutic strategies, to overcome mitotic slippage associated
with microtubule-targeting agents (MTAs) resistance. We previously found that depletion of the
SAC silencer p31°met enhanced the cytotoxic effect of low doses of paclitaxel and Navitoclax in 2D
culture, through different mechanistic. Here we used monotypic non-small cell lung cancer
(NSCLC) spheroids to investigate the impact of p31©met knockdown in the treatment with paclitaxel
and Navitoclax, to assess the efficacy of the treatment in a culture system that most resembles
the three-dimensional architecture of the tumor. Under p31«met knockdown plus clinically relevant
concentrations of paclitaxel and Navitoclax, spheroid viability was significantly reduced, relative
to the individual treatments. Interestingly, when comparing the results with previous data on 2D
monolayers, lower doses of Navitoclax were required to induce a significant cytotoxic effect in 3D
spheroids. Overall, the knockdown of the SAC silencer p31°™t improved the efficacy of the MTA
paclitaxel and the pro-apoptotic Navitoclax in spheroids derived from NSCLC cells, which is in
agreement with the outcomes obtained in 2D culture. The results emphasize the potential of

targeting SAC silencing to improve the therapy with MTAs and pro-apoptotic drugs.
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2. Introduction

Cancer accounted for one in six deaths in 2018, being the second leading cause of death
worldwide (1), and chemotherapy is still a gold standard strategy for cancer treatment (304).
Antimitotic drugs, which have been widely used for the treatment of several cancers, are mainly
represented by MTAs, such as vinca alkaloids (vinblastine and vincristine) and taxanes (paclitaxel,
docetaxel), (117). However, adverse effects and drug resistance associated with the action of MTAs
in microtubules still limit their efficacy (70,125,126). Therefore, alternative antimitotic strategies

such as those targeting spindle assembly checkpoint (SAC) have been investigated.

Spindle assembly checkpoint (SAC) is a control mechanism that prevents metaphase to anaphase
transition until all chromosomes are perfectly attached to the microtubules of the mitotic spindle
and bi-oriented in the metaphase plate. SAC acts through the mitotic checkpoint complex (MCC),
which is formed by Bub3, BubR1, Mad2 and Cdc20. By sequestering Cdc20, MCC precludes the
ubiquitination of cyclin B1 and securin by APC/C, and their consequent degradation by 26S
proteasome, preventing premature mitotic exit (14,305,306). Small molecules targeting SAC
components and regulators have been developed and tested (128). In addition, targeting of non-
enzyme proteins has also been studied, such as spindly and the SAC-silencer p31e°met (167—
169,263,274). Some small molecules inhibiting proteasome have been approved (307). However,
these inhibitors generally failed in clinical trials, which were frequently limited by side effects
(62,133,134,141,142,152,160-162,308).

Moreover, the fact that most therapies with positive outcomes at the preclinical stage do not
succeed in clinical trials may also be related to the type of preclinical models. The most frequently
used are animal models, which can lead to biased results (14,309). Animal models allow to
recreate complex systems and to assess pharmacokinetic parameters but display some limitations
(14,309). For instance, animal models are not adequate to rebuild the tumor microenvironment
(TEM), as the stroma is different and human cancer cells proliferate at higher rates in tumor
xenografts (14,309). In this context, several advances have been made in the development of 3D
cell culture models, which comprise spheroids, organoids, and organs-on-chips (14,310). For
example, spheroids allow rebuilding the tridimensional architecture of the tumor, through the
formation of heterogeneous regions made of proliferative cells (the most external layer),

quiescent cells (intermediate layer), necrotic cells (the most inner layer). This conformation favors
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the recreation of the Oz, nutrients, and pH gradients, which makes 3D spheroids trustworthy

models. Therefore, 3D spheroids have emerged as attractive models to assess drug efficacy (14).

In the addition to the investment in more reliable models at preclinical studies, there is the
constant need of developing innovative strategies that allow overcoming the constraints
associated with side effects and drug resistance. In this regard, combination approaches involving
conventional and new antimitotic drugs have been explored (143,167 —-169,263,274). The objective
is either to arrest cells in mitosis until death or to promote aberrant mitosis that is incompatible
with cell viability. Moreover, combination of antimitotics with pro-apoptotic drugs, such as BH3-
mimetics, has been investigated (120,127,128,175,184,186,190,192,193,311). Considering the
competing networks model (69,120,279), the cell fate of a mitotic-arrested cell can be shifted to
death over slippage, either through delaying cyclin-b degradation, or by increasing death signals

(see section 4.3.2 of Introduction).

The p371eemet js involved in SAC silencing at least by two main mechanisms, one by preventing the
activation of Mad2, and the other by promoting MCC disassembly (72,73,208,213,216—
218,231,232,289). We previously showed that delaying slippage by antagonizing SAC silencing,
through p31@met knockdown, enhanced the efficacy of paclitaxel and Navitoclax in 2D cultures of
lung cancer cells (312). Mechanistically, p31©met knockdown increased mitotic block duration and,
consequently, enhanced mitotic death in the presence of nanomolar concentrations of paclitaxel.
Also, the BH3-mimetic Navitoclax accelerated post-mitotic death in the absence of p31cmet, |n
order to validate these results in an environment that is close to the in vivo tumor, here we
evaluated the effect of the p371@met depletion + paclitaxel and p31 depletion + Navitoclax
combinations on the viability of 3D spheroids of lung cancer cells. Spheroids allow mimicking the
3D conformation of cells in tumors, reproducing some traits that are responsible for drug
resistance (14,266).

Here it is shown that p31©mt knockdown enhances the cytotoxicity of clinically relevant doses of
paclitaxel and Navitoclax in NSCLC spheroids. Therefore, this study validates the results previously
obtained with NSCLC cells in a 2D model, highlighting the potential of targeting SAC silencing for

the development of new therapeutic approaches for the treatment of lung cancer.
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3. Material and methods

3.1. Cell lines and culture conditions

Cell culture was performed as described early (144). A549 (human adenocarcinoma alveolar basal
epithelial) and NCI-H460 (human non-small cell lung cancer) were purchased from American Type
Culture Collection. A549 cells were grown in DMEM culture medium with 10% fetal bovine serum
(FBS, Biochrom) and 1% non-essential amino acids (Sigma Aldrich Co., Saint Louis, MO, USA),
while NCI-H460 were grown in RPMI-1640 culture medium (Lonza, Basel, Switzerland) with 5%

FBS. Cells were maintained at 37 °C, in a 5% CO humidified incubator.

3.2. 3D spheroid formation

Lung cancer spheroids were formed by seeding NCI-H460 and A549 cells in ultra-low attachment
96-well plate. Briefly, 100 uL of cell suspension was added to each well, and the following seeding
densities were tested for each cell line: 1000, 2000, 3000, 5000, and 1000 cells/spheroid. NCI-
NCI-H460 and A549 spheroids were cultured, respectively, in DMEM culture medium with 10%
FBS, and RPMI-1640 culture medium 10% FBS. Culture media were exchanged every two days.

3.3. Spheroid size measurement

Spheroid size was determined at 2, 4, 7, and 10 days of culture. At the referred time-points,
contrast-phase images were obtained using a Nikon TE 2000-U microscope (Amsterdam,
Netherlands), with a DXM1200F digital camera (Amsterdam, Netherlands) and a Nikon ACT-1
software (version 2.62, Melville, NY, USA). Contrast phase images were analyzed using ImageJ
software, and the average size was determined from two measurements of diameter per spheroid,

measured in at least three spheroids. Three independent experiments were performed.

3.4. Cell Metabolic Activity of 3D spheroids

Cell viability was determined using CellTiter-Glo® 3D cell viability assay (promega), according to
manufacturer instructions. Briefly, spheroids were transferred to an opaque 96-well plate. After
equilibrating the reagent at 22 °C, CellTiter-Glo® 3D reagent was added in an equal volume to
each well, and mixed. Luminescence signal was recorded 30 min later, using an integration time

of 1 second. For spheroids characterization, the assay was performed at 2, 4, 7, and 10 days of
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culture.  For siRNA transfection, 4-day-old spheroids, seeded at the density of 3000
cells/spheroid, were transfected, and cell viability was measured 48 h or 96 h later. For the
treatment with paclitaxel or Navitoclax, spheroids were treated on the 4th day of culture, during
48 h or 72 h. In combination experiments, 4-day-old spheroids were transfected with siRNA and
treated with paclitaxel or Navitoclax during 48 h or 72 h. In each case, three individual experiments

were performed, with three spheroids per data point.

3.5. Histological Analysis of 3D spheroids

For histological analysis, 48 spheroids collected at 4 and 8 days of culture (seeding density = 3000
cells / spheroid) and fixed in PFA 4% (v/v in PBS 1x; 1 mL) for 1 h. Spheroids were then washed
2 times in PBS 1x and included in agarose 1.5% (w/v). Spheroids embedded in agarose were
embedded in paraffin and processed in an automated system. Paraffin blocks were sectioned into
3 uM sections. Samples were deparaffinized in xylol, rehydrated in graded alcohol series, and

stained with hematoxylin and eosin for general morphology analysis.

3.6. Immunohistochemistry of 3D spheroids

For immunohistochemistry, spheroids (4 and 8 days of culture, seeding density = 3000 cells/well)
were first processed and embedded in paraffin, as described above. 3 pM sections were
deparaffinized and rehydrated in decreasing concentrations of ethanol. Antigen retrieval was
performed with citrate buffer (10 x 10 M, pH 6), at 98°C, for 30 minutes. Following procedures
were accomplished with Novolink™ Polymer Detection System (Leica, Biosystems), according to
manufacturer instructions. Samples were incubated for 1 h, at room temperature, with ki-67
antibody (cat. no. sc-23900; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). For antigen
detection, a system that links H20:-horseradish peroxidase (HRP) to the primary antibody was
used, and the signal was obtained through the system of 3,3'-diaminobenzidine (DAB)-H:0:-
horseradish peroxidase (HRP) At the end, sections were counterstained with Mayer's hematoxylin

and dehydrated with increasing concentrations of ethanol.
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3.7. RNA isolation and quantitative real-time PCR

RNA isolation was performed with PureZOL RNA Isolation Reagent (Bio-Rad Laboratories,
Hercules, CA, USA), according to the manufacturer’s instructions. In the case of 3D culture, RNA
was extracted from, at least, 36 spheroids. For the analysis of p31cmet, Bcl2, Bel-xL, and Mcl-1
expression in 3D versus 2D cultures, spheroids were collected on the 4t day of culture. For the
assessment of p31cmet knockdown in 3D culture, 4-day-old spheroids were transfected and
collected for RNA isolation two and four days after transfection. RNA was quantified by
spectrophotometry, with NanoDrop 2000 (Thermo Scientifc, Waltham, MA, USA). cDNA synthesis
was carried out with the iScript cDNA Synthesis Kit (Bio-Rad), according to the supplier's
instructions. gRT-PCR was performed using the iQ SYBR Green Supermix Kit (Bio-Rad) and the iQ
Termal Cycler (Bio-Rad) coupled to CFX Manager Sofware (version 3.1, Bio-Rad). The following
amplification program was used: initial denaturing step at 95.0°C for 3 min; 40 cycles at 94.0°C
for 20 s; 65.0°C (p31°met amplification) or 57°C (Bcl2, Bcl-xL, and Mcl-1 amplification) for 30 s and
72.0°Cfor 30 s. Temperatures from 65.0 to 95.0°C, with increments of 0.5°C for 5 s were included
in the melt curves. Primers were used at final concentration of 0.1 pM. The following primer
sequences were employed: p31cmet,  5'-AGTCCCTGATTTGGAGTGGT-3' (forward), 5'-
GTAAACTCACAGCAGCCTTCC-3" (reverse); Mcl-1, 5'-CCAAGGCATGCTTCGGAAA-3" (forward), 5'-
TCACAATCCTGCCCCAGTTTS3' (reverse) (286); Bcl-2, 5'-ATCGCCCTGTGGATGACTCAGT-3' (forward),
5'-GCCAGCACAAATCAAACAGAGGC-3' (reverse) (287); Bel-xL, 5'-GCCACTTACCTGAATGACCACC-3
(forward), 5'-AACCAGCGGTTGAAGCGTTCCT-3' (reverse) (287) actin, 5'-
AATCTGGCACCACACCTTCTA-3" (forward), 5'-ATAGCACAGCCTGCATAGCAA-3" (reverse) (144);
GAPDH, 5'-ACAGTCAGC CGCATCTTC-3' (forward), 5’-GCCCAATACGACCAAATCC-3' (reverse) (288).
The AACt method was used for relative quantification. Results were normalized against GAPDH

and actin genes.

3.8. Spheroid transfection with siRNAs.

For siRNA transfection, 4-day-old spheroids (seeding density = 3000 cells/spheroid) were
transfected using INTERFERin siRNA Transfection Reagent (PolyPlus, New York, USA). An
alteration to the manufacturer instructions was tested: forming complexes between siRNA and
the cationic complexes of INTERFERin in the presence of 10 % FBS (313). For each spheroid, 1 uL
of INTERFERIin per spheroid was used, and complexes were formed in 50 pL of RPMI with 10 %
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FBS. After the formation of complexes, the 50 pL were added to a spheroid-containing well with
150 puL of RPMI with 5% FBS. The culture medium was removed 24 h after transfection. Different
concentrations of a validated siRNA sequence against p31cmet (205) were tested (50 to 300 nM).
A validated negative control siRNA (AllStars Negative Control siRNA, Qiagen, Germantown MD,
USA) was used.

3.9. Statistical analysis.
For statistical analysis, Unpaired Student t-test or ordinary two-way ANOVA with Tukey's multiple

comparisons test, or Kruskal—Wallis with Dunn’s multiple correction test were performed in
GraphPad Prism version 7 (GraphPad software Inc., CA, USA). Data are shown as the means +

standard deviation (SD) of at least three independent experiments.

4. Results

4.1. Optimization and characterization of lung cancer monotypic spheroids
In order to obtain a tridimensional model of lung cancer cells, two NSCLC cells, NCI-H460 and
A549, were tested at five seeding densities (1000 to 10000 cells per well). The diameter and

viability of spheroids were monitored over 10 days post-culture (figure 26).
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Figure 26. Characterization of lung cancer spheroids along ten days.

(a) Contrast phase images of NCI-H460 and (b) A549 monotypic spheroids with seeding densities from 1000 to 10000
cells/spheroid along ten days. (c) Diameter of NCI-H460 and (d) A549 spheroids seeded at different densities over
time. (e) Viability evolution of NCI-H460 and (f) A549 spheroids over ten days, according to seeding densities. The
viability results were normalized to the values obtained on the second day at the lowest density (1000 cells/well).

The error bars represent the mean + SD of at least 3 independent experiments.

Spheroids from both cell lines initially presented an irreqular shape, particularly during the first
four days of culture. However, they acquired a spheric and compact morphology over time. For
NCI-H460 cells, the diameter increased for all seeding densities, except for the highest one (10000
cells/well) (figure 26a). On the other hand, A549 showed a size reduction until day seven, which
accompanied the increasing compaction over the days (figure 26b). In general, the viability of NCI-

H460 spheroids increased up to the seventh day of culture, and a reduction was observed from
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that day to the tenth day (Figure 26e). On the other hand, in A549 spheroids, the viability
decreased over time, but slightly increased from the seventh to the tenth day (Figure 26e). The
fact that the viability of AS49 spheroids decreased over the first week of culture and seemed to
stabilize only around the tenth day, indicates that it would be necessary to wait roughly 10 days
to use these spheroids in further assays. On the other hand, NCI-H460 spheroids revealed an
active metabolic status at least, during the first seven days of culture, suggesting that these
spheroids could be used for additional experiments during the first week of culture. Therefore,
considering practical and logistic issues, NCI-H460 spheroids were selected to go on with the
following experiments. According to the literature, spheroids with a diameter over 400 pum in
generally exhibit a three-dimensional architecture typical of an /n vivo solid tumor (314,315). With
the increase of spheroid mass, gradients of nutrients and 02 are formed, leading to the generation
of a necrotic core, an intermediate region made of quiescent cells, and an external layer of
proliferative cells. Hence, as NCI-H460 spheroids cultured at a seeding density of 3000 cells/well
presented a diameter of approximately 400 um at the fourth day of culture (Figure 26c), it was
decided to use 4-day-old spheroids cultured at a seeding density of 3000 cells/well to start the
following experiments. In order to confirm that those spheroids comprised the aimed three-
dimensional morphology, an H&E coloration was performed in NCI-H460 spheroids with 4 and 8
days of culture, seeded at the density of 3000 cells/well. Spheroids with four (Figure 27a) and
eight days of culture (Figure 27b) showed a core with few cells exhibiting micronucleation, and
cell debris; an intermediate layer displaying more cells, but still showing micronucleation and
some lack of cohesion; and a more cohesive external region. Positive immunostaining with ki-67
in this region was concordant with the presence of an external proliferative layer (figure 27). These
results confirm that NCI-H460 spheroids seeded at the density of 3000 cells/well reproduce and
maintain the morphologic traits characteristic of /n vivo solid tumors during the first eight days

of culture.
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Figure 27. Representative images of sections from NCI-H460 spheroids with four and eight days of culture showing

the morphology and cellular organization.
(a) H&E staining reveals higher cellular organization in the outer region, which is progressively lost as going to the

center, where cell loss and micronucleation predominates. (b) Immunostaining for ki-67 targeting at day eight of

culture confirms the presence of an external proliferative layer.

4.2. p31cemet knockdown

It was already established that p31«met was overexpressed in NCI-H460 cells comparatively to the
non-tumoral HPAEpIC cell line in a 2D model (312). We first evaluated whether the 3D
conformation affected p31c«met expression, by comparing the mRNA levels of p31©met between 4-
day-old NCI-H460 spheroids and a 2D culture of NCI-H460 cells. We observed that there was no

significant difference in p31°mt mRNA levels between 3D and 2D culture models (Figure 28).
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Figure 28. Relative expression of p31°°™ mRNA levels in NCI-H460 cell line, under 2D or 3D culture, as determined by

gRT-PCR. The error bars represent mean + SD of three independent experiments.

We then wanted to investigate if p31cmet knockdown could affect cell viability in NCI-H460
spheroids. We could observe that when we transfected 4-day-old spheroids with 200 nM of
sip31comet the levels of p31emet RNA decreased about 40%, four days after transfection (Figure
29a). We then transfected spheroids with concentrations of sip31©mt ranging from 50 to 300 nM,
and analyzed them for viability and diameter size, two and four days after transfection (Figure
29b and c). As Figure 29b shows, cell viability was mainly affected four days after transfection.
Interestingly, the variation in viability was not accompanied by a diameter decrease, as a result
of this treatment (Figure 29c). Therefore, in further combination assays with paclitaxel and
Navitoclax, spheroid viability was assessed 96 h after sip31©met transfection. This result could be
due to a higher proportion of apoptotic or necrotic cells, which does not translate into a smaller
diameter. As such, the determination of viability proved to be a more reliable method to assess

the effect of the spheroid treatment with siRNA.
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Figure 29. siRNA-mediated p31°met knockdown in NCI-H460 spheroids.

(a) Relative expression of p371cme RNA in NCI-H460 spheroids 96 h (4 days) after treatment with sip31cmet and
siControl, as determined by qRT-PCR. Statistical analysis was performed through the Student t-test. (b) Cell viability
in spheroids 2 and 4 days after transfection with different concentrations of sip31°™mt vs siControl, as determined by
CellTiter-Glo® 3D Cell Viability Assay. (c) Comparison between diameter and cell viability in spheroids 4 days after
the treatment with different concentrations of sip31©mt vs siControl. Representative contrast phase images of
spheroids are shown (above). Statistical analysis was performed through the Student t-test. The error bars represent

the mean + SD of at least 3 independent experiments.
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4.3. p31emet knockdown potentiate the cytotoxic activity of clinically relevant
concentrations of paclitaxel and Navitoclax in lung cancer spheroids

We have previously reported in a 2D culture that p31cemet depletion enhanced paclitaxel cell death
in an additive manner (312). This is relevant since paclitaxel is widely used in the treatment of
several malignancies. On the other hand, p31®™t knockdown accelerated cell death in the
presence of the BH3 mimetic Navitoclax (312). Hence, we wanted to investigate if p37comet
knockdown also potentiates cancer cell death in 3D spheroids treated with clinically relevant
concentrations of paclitaxel and Navitoclax. First, we determined that the IC50 of paclitaxel was
50.50 nM + 13.51, and 7.96 nM =+ 2.26, after 48 and 72 h of treatment, respectively; and that the
IC50 of Navitoclax was 1.82 uM+2.35 and 1.04 uM + 0.52 after 48 and 72 h after treatment,
respectively (Table 3). Considering these results, we opted to use drug concentrations nearly or
slightly below the IC50 in further combination treatments with sip31©™, in order to see in what
extent p31®mt knockdown can increase paclitaxel and Navitoclax efficacy. Therefore, the
concentrations of 2 nM paclitaxel and 1 uM Navitoclax were selected. A treatment interval of 72 h
was chosen for the two drugs since it allows the use of lower concentrations at a time. We found
that cell viability decreased to values near 70% either with 72 h paclitaxel treatment or 96 h after
transfection with sip31°mt (Figure 30a). Notably, the cell viability of spheroids depleted of p37comet
and treated with 2 nM paclitaxel, significantly decreased (45.38% + 2.51), compared to the

individual treatment.

Table 3. IC50 values of 4-day-old spheroids treated with paclitaxel and Navitoclax during 48 h or 78 h.

Drug Duration of treatment IC50
48 h 50.50 nM £ 13.51
paclitaxel
72h 796 nM +2.26
48 h 1.82 uM £ 2.35
Navitoclax
72h 1.04 pM £ 0.52

When 72 h Navitoclax treatment was performed in sip31emet-transfected spheroids, cell viability
dropped to more than a half (45.00%+0.49) comparatively to Navitoclax only treated spheroids
(83.99%=7.47) (Figure 30b).

96



D
=
|

CESPU

INSTITUTO UNIVERSITARIO
DE CIENCIAS DA SAUDE
a b
Il Control siRNA sip31°omet Il Control siRNA sip31°omet
p <0,0001 p<0,0001
| p < 0,0001 I I p<0,01 !
| | I |
p<0,0001 p <0,0001
| | | |
p<0,0001 p<0,001
1 1 p<0,0001
100 100
p<0,0001
> 754 I l > 754
3 3
£ s0 2 50
s s
X 25 X 25
0 0-
Q Vv Q N
paclitaxel (nM) Navitoclax (uM)

Figure 30. p31<met knockdown enhances cytotoxicity in NCI-H460 spheroids, under low doses of paclitaxel and

Navitoclax.
Cell viability was determined by CellTiter-Glo® 3D Cell Viability Assay. Twenty-four hours after transfection with
sip31emet, spheroids were treated with 2 nM paclitaxel (a) or 1 pM Navitoclax (b) for 72 hours. Statistical analysis was

performed by two-way ANOVA with Tukey's multiple comparisons test. The error bars represent mean + SD of three

independent experiments.

The results suggested that spheroids could be more sensitive to Navitoclax than a 2D culture of
NCI-H460 cells. Indeed, while previous results in 2D culture showed that 3.5 pM for 48 h were
needed to inhibit long-term survival in ~ 75% (see section 4.3 of chapter Ill), 1.82 uM were needed
to inhibit 50% of cell viability during 48 hours of treatment. To elucidate this difference, we
compared the mRNA levels of the antiapoptotics Bcl-2, Bcl-xL, and Mcl-1, in 2D vs 3D cultures of
NCI-H460. We observed that mRNA levels of the three antiapoptotics were significantly lower in
spheroids (Figure 31). As Navitoclax inhibits Bcl-2 and Bcl-xL, this result helps to explain the lower

resistance of 3D spheroids to Navitoclax, compared with 2D cultures.
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Figure 31. Relative expression of mRNA levels of Bcl2, Bcl-xL, and Mcl-1 genes in NCI-H460 cell line, in 2D or 3D

culture.

All targets are underexpressed in 3D spheroids. Statistical analysis was performed through the Student t-test. The

error bars represent mean + SD of three independent experiments.

5. Discussion

In this study, we used lung cancer spheroids to demonstrate that knockdown of the SAC silencer
p31cemet potentiates cell death in the presence of clinically relevant doses of paclitaxel and
Navitoclax. In theory, the fate of a mitotic-arrested cell can be shifted to death either by delaying
mitotic slippage or by increasing apoptotic signals (120,175). One way to delay mitotic slippage is
through the impairment of SAC silencing (143,144,277). Therefore, we have explored the strategy
of preventing SAC silencing in combination with a microtubule poison or with an apoptosis-
promoting agent. In a previous work with 2D cultured NSCLC cells, we demonstrated that p37comet
knockdown potentiated mitotic arrest and mitotic death in the presence of paclitaxel, as well as
accelerated post-mitotic death under Navitoclax treatment (see chapter Ill). Here, p37comet
knockdown was shown to significantly potentiate the cytotoxic activity of low doses of paclitaxel

and Navitoclax in 3D spheroid.

3D spheroids allow to recreate the three-dimensional architecture of /7 vivo solid tumors and

thus constitutes a more representative model than 2D culture (266).

Interestingly, spheroids seemed to be more sensitive to Navitoclax, compared to 2D cultured cells
(see section 4.3 of the chapter Ill), and this could be in part explained by the lower levels of the

pro-survivals Bcl2, Bcl-xL. and Mcl-1in spheroids (Figure 31).
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It was also found that the diameter of the spheroids did not decrease in the presence of the same
sip31cemet concentrations that induced a decrease in viability. Although it is not clear why spheroid
diameter did not decrease in the described conditions, we suspect that this fact may be related
tothe presence of a higher proportion of apoptotic or necrotic cells or with the loss of spheroid
integrity. Therefore, the evaluation of the spheroid diameter proved to be ineffective for the

assessment of treatment efficacy.

It is important to refer that siRNA-mediated knockdown induced approximately 40% depletion of
p31cemet in NCI-H460 spheroids. This result may be related with the type of methodology used to
carry out the transfection. As an /n situ delivery of siRNA to spheroids was performed, which
presupposes the internalization of complexes formed by siRNA and cationic polymers in
successive layers of cells (transfection was performed using INTERFERIN® Polyplus — Materials
and Methods section of this chapter). siRNAs are short double-stranded RNA molecules that have
been widely used for transient inhibition of gene expression in basic and applied research, by
blocking protein translation (316,317). However, due to its molecular weight, negative charge, and
sensitivity to nuclease-degradation, its delivery to the cells can be challenging, particularly /n vivo
(316,317). Many cationic transfection reagents are successfully used in 2D culture cells, and some
nanoparticles-based systems have been developed to improve /n vivo siRNA delivery and to target
cells and tissues (317). Nonetheless, efforts are still needed to increase the knockdown efficiency
in solid tumors (317). Studies that perform spheroid transfection using commercial transfection
reagents often involve the disruption of established spheroids before transfection and subsequent
reseeding (313,318), or the transfection of the cells before spheroid formation (319). However, /n
situ transfection of spheroids allows recreating a scenario that better represents the treatment
of /n vivotumors. Nevertheless, it is important to note that although the efficiency of the p37comet
knockdown had fallen short from the desired in this work, the cytotoxicity of paclitaxel and
Navitoclax was potentiated in sip31emt-transfected spheroids, in comparison with non-
transfected spheroids. This result, which is in line with previous outcomes obtained in a 2D model
(312), reinforces the potential of p31c™t inhibition to improve the efficacy of paclitaxel and
Navitoclax treatment, lowering the effective doses of these drugs. Therefore, it would be
interesting to explore more advanced methods of siRNA delivery to spheroid cells in the future. In
fact, advances for /n s/itu spheroid transfection have been recently reported, such as those using
nanoparticle systems (for example, size-shrinkable matrix metallopeptidase-2-sensitive delivery

nanosystem, nanodiamond-based drug delivery, and cation-free siRNA micelles), and peptides
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that facilitate spheroid penetration (316,317,320,321). In addition, further experiments on
heterotypic spheroids would also be useful to access the influence of the tumoral

microenvironment in the treatment response.

Overall, this work confirms the cytotoxic efficacy of combining p31«met knockdown with low doses
of paclitaxel and Navitoclax in a model that closely mimics the /7 vivo tumor microenvironment,
such as monotypic spheroids of NSCLC cells. This highlights the potential of targeting SAC

silencing in combination therapy for cancer treatment.
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CHAPTER V

Clinical relevance of p31©met targeting to oral cancer

The information provided on this chapter was partially based in the following manuscript to be
submitted:

Henriques, A.C.; Silva, P.M.A; Sarmento, B.; Bousbaa, H. "Clinical relevance of p31©mttargeting to
oral cancer”. To be submitted.
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1. Abstract

Drug combination therapy against cancer has been explored as a strategy to overcome or, at least,
to attenuate the constraints associated with resistance to chemotherapy. Cisplatin is a first-line
chemotherapeutic drug used in the treatment of several cancers, including head and neck
squamous cell carcinomas (HNSCC), such as oral squamous cell carcinomas (0SCC), and it is also
used in combination with other drugs, including antimitotics, such as paclitaxel, a microtubule-
targeting agent (MTA) that arrest cells in mitosis. Indeed, MTAs are also extensively used in cancer
treatment but are still impaired by the development of resistance mechanisms, which are, in part,
related to changes that occur at the microtubule level (for example, mutations occurring in tubulin
sites that affect drug binding and/or GTPase activity). Therefore, targeting of mitotic components
that do not interfere with microtubules, such as spindle assembly checkpoint (SAC) regulators,
has been studied. Furthermore, some of these molecules are also deregulated in cancer cells. For
instance, Bub3 and spindly, two molecules with important functions in the regulation of mitosis,
were found to be overexpressed in OSCC cells, and Bub3 or spindly inhibition was demonstrated
to sensitize these cells to the cisplatin effect. The present work explored the significance of the
spindle assembly checkpoint (SAC) silencer p31©™t in oral cancer. In the first place, the clinical
relevance of p31cemet 3s 3 biomarker for oral cancer was investigated. Secondly, the significance of
p31cemet 35 3 therapeutic target to potentiate the antitumoral activity of cisplatin in oral cancer,

using OSCC cell lines was evaluated.

First, it was found that p31cmet was overexpressed in HNSCC cases analyzed through UALCAN web
resource. Particularly, p31cemet upregulation was observed in HNSCC cases that revealed an altered
chromatin status, or changes in mTOR and SWI/SNF pathways. However, the analysis of the
p31cemet expression impact on the survival of HNSCC patients was not conclusive, and the possibility
arises that this analysis should include the analysis of p31©mt partners. In agreement, Pearson
correlation analysis demonstrated that p31mt gene expression was positively correlated with the
p31cemet interactors Mad2 and TRIP13, as well as with TP53 gene and E2F family members. In
accordance with the data retrieved from UALCAN, /n vitro results showed overexpression of
p31cemet in two OSCC cell lines, compared to non-tumor oral keratinocytes. Remarkably, p37comet
knockdown potentiated the lethality of clinically relevant doses of cisplatin in OSCC cells. An
interesting fact is that this result was more evident in the SCCO9 cell line, which revealed a higher

resistance to cisplatin treatment than the SCC25 cell line. Notably, despite being upregulated in
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both OSCC cell lines, p31eomet expression was significantly higher in SCC25 cells, compared with the
SCCO9 cell.

In conclusion, the relevance of p31©mt as a clinical biomarker for survival oral cancer should be
explored in @ more global context that includes other factors, such as p31cmet interactors.
Targeting of p31©met potentiated the cytotoxicity of cisplatin in OSCC cell line that displayed more
resistance to this drug. As p31°mt was moderately upregulated in these cells, p31©met expression
should not be used as an isolated factor for predicting the response to treatment. Therefore, the
combination of p31c°met inhibition and cisplatin is a promising strategy that deserves to be explored

for oral cancer in the context of cisplatin resistance.
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2. Introduction

Chemotherapy has been increasingly investigated and applied to cancer treatment since the
1950s (322). Despite all the concerns related to therapeutic resistance and side effects,

chemotherapy remains a key component in the therapeutic strategies against cancer (322,323).

One of the approaches used to impair the limitations associated with chemotherapy is to combine
drugs (80). For instance, arresting cells in mitosis followed by the use of drugs that accelerate
apoptosis, either by delaying mitotic slippage or by increasing death signals, is an interesting
strateqy proposed by Taylor and colleagues (120). The mitotic arrest of cancer cells can be
achieved through the use of antimitotic drugs. Microtubule-targeting agents (MTAs) have been
the gold standard of antimitotic drugs in cancer treatment. However, the efficacy of MTAs is still
limited by drug resistance and side effects (80). The resistance to MTAs is, in part associated with
mutations in tubulin sites that affect drug binding or GTPase activity (125). Therefore, alternative
antimitotics drugs that do not target microtubules have been intensively explored (80). In this
context, SAC regulators have emerged as promising microtubule-independent targets (80). The
SAC silencer p31©met has arisen as a new potential target to increase the mitotic duration and to
potentiate the lethality of MTAs or pro-apoptotic drugs in cancer cells (118,312). Furthermore, SAC
silencing was also demonstrated to sensitize oral squamous carcinoma (0SCC) cells to cisplatin,
through inhibition of spindly (199).

Cisplatin main target is genomic DNA (gDNA), resulting in the formation of a variety of cisplatin-
DNA adducts, and cisplatin-induced DNA damage can drive apoptosis through a set of different
mechanisms (195,196). For instance, p53 activation via ATR and ATM may induce a set of
processes that promote apoptosis either through intrinsic or extrinsic pathways, and the
abrogation of the G1-S phase arrest induced by the activation of the cell cycle checkpoint kinases
(CHK1 and CHK2) may force a premature re-entry in the cell cycle and the apoptosis through the
DNA repair pathway (195). In addition to the direct-targeting, cisplatin induces the formation of
reactive oxygen species (ROS), which can not only damage gDNA, but also cause mitochondrial
DNA damage, and mitochondrial permeability transition, promoting the release of cytochrome C
and pro-caspase 9, and the activation of apoptosis (195). Since cisplatin discovery in 1978, it
remains a crucial chemotherapeutic drug for the treatment of a wide range of malignancies (324).
This platinum-based drug is also the first-line chemotherapeutic drug for the treatment of the

0SCC, which is very frequent among oral malignancies. Indeed, head and neck cancer was recently
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referred to as the seventh most common cancer worldwide (325). This cancer type encompasses
a heterogeneity of malignant tumors developing in the region of the head and neck (325). Head
and neck squamous cell carcinomas (HNSCC) develop from the mucosal surfaces of the oral and
sinonasal cavity, as well as larynx and pharynx, representing about 90% of head and neck
malignancies (324—328). In fact, oral squamous cell carcinoma (OSCC) is the most common type

of oral cancer, which is the sixth cause of cancer-related deaths on a global scale (329).

The preferred treatment for OSCC early stages (I and Il) are surgery alone or radiotherapy alone,
being the choice dependent on anatomical accessibility (325,329). For the late stages (Il and IV),
the main treatment is surgery — surgical resection of the oral cavity and elective neck resection,
and adjuvant radiotherapy or chemoradiotherapy (325,329). Cisplatin is the first-line
chemotherapeutic agent for OSCC (329), but due to toxicity issues, in some cases, it is replaced
by carboplatin, although the later shows, in general, less efficacy (325). Furthermore, adjuvant
systemic therapy may include not only platinum agents, but also taxanes, antifolates, and
cetuximab (epidermal growth factor receptor antibody), either alone or in combination (325).
Despite all the efforts that have been made, the development of resistance and/or cross-

resistance continue to hamper the success of therapy (195,196).

In this chapter, the relevance of p31cmt as 3 prognostic biomarker in oral cancer is firstly
addressed. This task is accomplished with the support of the web resource UALCAN, and involves:
to access the existing data on p31°mt expression in HNSCC; to evaluate the association between
p31cemet expression in HNSCC patients with changes in pathways that are often altered in cancer,
as well as with clinicopathological features; the analysis of the correlation of p31cmet expression
in HNSCC with the expression of genes that play an important role in p31®™t function or
regulation; to investigate the effect of p31°™t expression on the survival of HNSCC patients. In the
second part, the main aim is to evaluate the significance of p31©mt as a target to potentiate the
cytotoxicity of cisplatin using OSCC cell lines. To achieve this objective: p31°met expression is first
analyzed in two OSCC cell lines compared to a non-tumor cell line of human keratinocytes; then,
SiIRNA-mediated p31cmet knockdown is performed in OSCC cells; and finally, OSCC cells are
subjected to the combined treatment of p31cmet siRNA and cisplatin, and viability assays are

conducted to evaluate the impact of p31©met depletion in cisplatin-treated cells.

105



CESPU

INSTITUTO UNIVERS‘ITARIO
DE CIENCIAS DA SAUDE

3. Material and methods

3.1. UALCAN analysis

The UALCAN web resource (http://ualcan.path.uab.edu/) was used for the analysis of p37comet
expression in HNSCC, and its association with clinicopathologic characteristics of HNSCC patients
(258). Within UALCAN, transcriptomic data were retrieved from The Cancer Genome Atlas (TCGA),
while proteomic data was obtained from Clinical Proteomic Tumor Analysis Consortium (CPTAC)
(258,330). For transcriptomic data, the results were provided by UALCAN as transcripts per million,
while in proteomic information, the results were expressed as Z-values, which represented
standard deviations from the median across samples for HNSCC. For correlation analysis, UALCAN
used Pearson correlation analysis and provided the Pearson correlation coefficient values. For
survival plots, Kaplan-Meyer curves were generated to express HNSCC patient survival according

to p31cemetexpression and clinicopathological features.

3.2. Cell lines and culture conditions

The cell lines used in this study were all grown at 37°C, in a 5% COz humidified incubator. Human
oral keratinocytes (HOK) were cultured in a specific HOK medium (Innoprot, Derio, Biscaia, Spain),
while for oral squamous carcinoma cell lines SCCO9 and SCC25, DMEM-F12 culture medium
(Biochrom, Sdo Mamede de Infesta, Portugal), supplemented with 10% fetal bovine serum (FBS,

Biochrom) and 40 ng/ml hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA) was used.

3.3. RNA isolation and quantitative real time PCR

Total RNA isolation from culture cells and cDNA synthesis were performed as previous (312) using
PureZOL RNA Isolation Reagent (Bio-Rad Laboratories, Hercules, CA, USA) and iScript cDNA
Synthesis Kit (Bio-Rad), according to supplier's instructions. Amplification was performed with iQ
SYBR Green Supermix Kit (Bio-Rad), on an iQ Termal Cycler (Bio-Rad) coupled to CFX Manager
Sofware (version 3.1, Bio-Rad), as follows: initial denaturing step at 95.0°C for 3 min; 40 cycles at
94.0°C for 20 s; 65.0°C for 30 s and 72.0°C for 30 s. Temperatures from 65.0 to 95.0°C, with
increments of 0.5°C for 5 s were included in the melt curves. The following primers were used:
primers 5'-AGTCCCTGATTTGGAGTGGT-3' (forward), 5-GTAAACTGACAGCAGCCTTCC-3’ (reverse)
for p31comet (312); 5'-AATCTGGCACCACACCTTCTA-3' (forward), 5'-ATAGCACAGCCTGGATAGCAA-3'
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(reverse), for actin  (144); GAPDH, 5'-ACAGTCAGCCGCATCTTC-3' (forward), 5'-
GCCCAATACGACCAAATCC-3', for GAPDH (288). Triplicated experiments were performed, and
results were analyzed through the AACT method, as previously described (312). GAPDH and actin

were used as reference controls.

3.4. siRNAs transfection

Transfection was performed using INTERFERin siRNA Transfection Reagent (PolyPlus, New York,
USA), according to the manufacturer's instructions. Briefly, 24 h after being seeded at the density
of 0.12 x 108 cells/well, cells were transfected with 50 nM of a validated siRNA sequence against
p371eemet (205) or a validated negative control siRNA (AllStars Negative Control siRNA, Qiagen,
Germantown MD, USA).

3.5. Cell extracts and Western blotting

Protein extraction and western blot analysis were carried out as previously described (312). Briefly,
protein extracts were prepared with lysis buffer, in the presence of protease inhibitors cocktail
(Sigma-Aldrich), and a total of 15 pg were separated by molecular weight using 12% SDS-PAGE
gel and transferred to a nitrocellulose membrane. Rabbit anti-p31c™et (abcam) and mouse anti-
a-tubulin (Sigma-Aldrich) primary antibodies were diluted at 1:1000 and 1:5000, respectively. The
secondary antibodies horseradish peroxidase (HRP)-conjugated secondary antibodies were
diluted at 1:4000 (anti-mouse, Sigma-Aldrich) or at 1:1000 (anti-rabbit, Sigma-Aldrich). The
intensity of the protein signal was quantified using ImageJ 1.4v software was used for. a-Tubulin

expression levels were used for normalization.

3.6. Cell viability assay

To determine cell viability, the MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide) assay (Sigma-Aldrich) was used. 24 h after being transfected with control or p37comet
siRNA, cells were seeded in 96-well plates (cell density = 6000 cells per well), and 6 h later
cisplatin was added at a range of concentrations from O to 100 pM. 24 h later, MTT assay was
performed as described previously described (312). Measurements were performed in a microplate
reader (Biotek Synergy 2, Winooski, VT, USA) coupled with the Gen5 software (version 1.07.5,
Biotek, Winooski, VT, USA), at the optical density of 570 nm. Cell viability values were normalized
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against control siRNA-treated cells. Three independent experiments were performed for each

condition.

3.7. Colony forming assay

For colony formation assay, 24 h after transfection with control or p31™t siRNA, cells were seeded
in 6-well plated at the density of 1000 cells per well. 6 h after seeding, cisplatin was added at the
concentrations of 0.25 and 0.5pM. 24 h later, cells were washed with PBS and allowed to grow
in fresh medium for 10 days. Colonies were fixed with 3.7% (w/v) paraformaldehyde in PBS and
stained with 0.05% (w/v) violet crystal (Merck Millipore, Billerica, MA, USA), as previous (312).
Three independent experiments were performed on duplicate dishes for each condition. Plating
efficiency (PE) was calculated as the percentage of the number of colonies over the number of
cells seeded in control, and the survival fraction (the number of colonies over the number of cells

seeded x 1/PE) was determined.

3.8. Statistical analysis
For statistical analysis, Unpaired Student t-test or ordinary two-way ANOVA with Tukey's multiple
comparisons test were performed in GraphPad Prism version 7 (GraphPad software Inc., CA, USA).

Data are shown as the means + standard deviation (SD) of at least three independent experiments.

4. Results

4.1. p31emet expression analysis in head and neck squamous carcinoma using UALCAN
resource

Previous analysis on p31®mt mRNA using data retrieved from oncomine database revealed
overexpression across several cancers, including head and neck - floor of the mouth carcinoma
(www.oncomine.org) (102). This is in agreement with the data observed in the pan-cancer analysis
performed using the web resource UALCAN (258), as shown in chapter | (Introduction). Transcript
levels of p31cmet n HNSCC through UALCAN were assessed using data from TCGA (The Cancer
Genome Atlas). p31°met ypregulation was observed in primary tumors of HNSCC at mRNA (median

value of transcripts per million 1.59 times higher in tumor samples). p31©mt was also
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overexpressed at protein levels, according to data from CPTAC (Clinical Proteomic Tumor Analysis
Consortium) (UALCAN)(Figure 32).

p <0,001

70 p < 0,0001 27

40 <

Transcript per million
w
o
1
Z-value
o
1

Normal Primary tumor Normal Primary tumor
(h=44) {n=520) (n=71) (n=108)

TCGA samples CPTAC samples

Figure 32. p31comet is overexpressed in head and neck squamous cell carcinoma (HNSCC) tissue.

p31cemet expression in HNSCC at the mRNA (a) and protein (b) levels were assessed through UALCAN. Transcriptomic
data was retrieved from The Cancer Genome Atlas (TCGA samples), while proteomics was provided by Clinical
Proteomic Tumor Analysis Consortium (CPTAC samples). Boxplots were adapted from UALCAN. Statistical significance

provided by UALCAN is represented as p-value.

Notably, p31©mt was also overexpressed across all tumor stages and grades relatively to normal
samples, except for stage 2 at protein level (Figure 33 a-d). However, it is also worth noting that
different cohorts were used for mRNA or protein analysis, as well as different size samples. For
example, focusing on mRNA analysis (TCGA), 27 samples were evaluated from patients in stage 1,
while the analysis of stage 4 comprised 264 samples. In the case of CPTAC samples (protein
analysis), the n value was 71in the normal cohort, and 7 in stage 1. On the other hand, considering
stage 4, it was possible to observe a difference of 218 samples analyzed at mRNA (n = 264) or
protein (n = 46) levels. Interestingly, p31°mt upregulation in HNSCC was more accentuated in
males at mRNA levels (median value of transcripts per million 1.63 times higher relative to normal
samples, and 1.11 times higher when compared to female samples), a result also confirmed at

protein levels (Figure 33e and f).

Remarkably, p31©mt protein levels were higher in tumor samples with mammalian target of
rapamycin (mTOR), SWltch/Sucrose Non-Fermentable (SWI/SNF), HIPPO, nuclear factor erythroid
2-related factor 2 (NRF2), receptor tyrosine kinases (RTK) or MYC/MYCN altered pathways.
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Dysregulation of any of those pathways is frequently associated with cancer (331-335).
Particularly, p31emet was significantly increased in tumor samples with changes in mTOR and
SWI/SNF mTOR pathways (Figure 33a and b). mTOR plays a key role in the modulation of
metabolic pathways, being responsible for inducing several anabolic processes as a response to
a wide range of environmental cues, and the mTOR pathway is frequently dysregulated in cancer
(334). SWI/SNF are ATP-dependent chromatin remodeling complexes with reported functions in
DNA damage repair, and numerous cancers present mutations in the genes encoding SWI/SNF
subunits (335). p31©™t was also found to be up-requlated in HNSCC cases where chromatin-
modifier status was altered, compared with HNSCC samples that did not present this condition
(Figure 34c). This may be interesting since mutations in chromatin modifiers are associated with

altered splicing profiles and contribute to carcinogenesis (336).
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Figure 33. Relationship between p31©mtexpression in HNSCC and clinicopathologic characteristics, assessed through
UALCAN at mRNA (TCGA samples), and protein (CPTAC samples) levels.
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p31cemet expression and tumor stage, tumor grade, and gender were analyzed at mRNA (3, ¢, and e) and protein (b, d,

f) levels. Boxplots were adapted from UALCAN. Statistical significance provided by UALCAN is represented as p-value.
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Figure 34. p31omet js upregulated in HNSCC cases (protein expression, CPTAC samples) with altered cancer-

related pathways, as determined through UALCAN.

(a) mTOR-altered pathway; (b) SWI-SNF-altered pathway; (c) chromatin-modified status. Boxplots were adapted from
UALCAN. Statistical significance provided by UALCAN is represented as p-value.

Pearson correlation analysis

In addition to the aforementioned analysis of p31©™t expression, a Pearson correlation analysis
was also performed in UALCAN with mRNA transcript levels from TCGA, and Pearson correlation
coefficient (Pearson-CC) values were provided. Among the genes whose expression was positively
correlated with p31emet, are MAD2L1 (Pearson-CC = 0.33), TRIP13 (Pearson-CC = 0.30), TP53
(Pearson-CC = 0.30), E2F3 (Pearson-CC = 0.38), E2F6 (Pearson-CC = 0.35), E2F7 (Pearson-CC =
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0.36), Ef38 (Pearson-CC = 0.30) genes. In fact, it was previously reported that senescence
occurring in p53-proficient lung cancer cells after the induction of p31c«met gverexpression was
dependent on p53 status and also on p21 W="/Cr (261). Furthermore, the mechanism of action of
p31cemet on SAC silencing is straightly connected to the interaction of p371emt with Mad2 and
TRIP13, as previously reviewed (206). It must be noted that both p31«mt and MAD2 expression are
requlated by the Rb-E2F pathway (108). Indeed, the coordinated expression of p31°met and MAD2
seems to be significant in cancer development and/or treatment, as p31©mt/Mad2 ratio was
reported to be altered in some cancers, and different p31cmet/Mad2 ratios were proposed to be
associated with the type of response of cancer cells to spindle poisons (sensitive versus resistant)
(118).

The observed patterns of p31©met expression point to it as an interesting candidate for therapeutic

target in HNSCC. Patient survival as a function of p31©met expression was then assessed.
p3remet expression and survival of HNSCC patients

The survival probability of HNSCC patients over time, according to p31c«met expression and other
clinicopathological characteristics was assessed through UALCAN. A Kaplan-Meier analysis was
performed, based on TCGA data. Unexpectedly, HNSCC patients with high p31cmet expression
showed better survival than those with low/medium p31cmet expression (Figure 35a). However, it
is important to note that cohorts have different sizes (129 patients with high p31met expression,
and 390 with low/medium p31emet expression), a fact that might influence the results, as the
group of HNSCC patients with high p31emet expression is smaller. Furthermore, it is possible to
observe different scenarios, if other variables are considered, such as tumor grade and gender
(Figure 35b and c). For instance, a higher expression of p31°mt in samples from patients with
tumor grade 2 is linked to worse survival, when compared with samples from tumor 2-grade
patients with low/medium p31emet expression, after 2000 days. In addition, female samples with
high p31©mt expression had lower survival probability, compared to female samples with
low/medium p371emet expression, or with male samples in general. These data do not allow to
conclude about the significance of p31©met as 3 prognostic biomarker. However, it must be noted
that p31comet acts in concert with other molecules, such as Mad2 and TRIP13 (206). As such, it
would not be surprising that a balance between these molecules could be more determinant in a

clinical context than the individual expression of each of these partners. Therefore, the impact of
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p31cemet expression in the survival of HNSCC patients should not be performed separately from

these partners.
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Figure 35. Kaplan-Meier curves for patient’s survival according to p31©mt expression and/or clinicopathologic
features.
(a) p31comet expression; (b) p31cemet expression and tumor grade; (c) p31©met expression and race; (d) p31cmet expression

and gender. pvalue indicates statistical significance of survival correlation between groups.

These findings suggest that the possible role of p31«met as 3 prognostic marker in HNSCC should
be analyzed in @ more global context and also include p31®mt interactors. Nevertheless, further
experiments will be required to investigate this issue. However, it does not invalidate the

therapeutic potential of p31c°met targeting. p31«met targeting will be next investigated in OSCC cells.

4.2. p31cemet expression in OSCC cell lines

Cisplatin is the first-line chemotherapeutic drug in the treatment of OSCC but is still impaired by
resistance and side effects (325). Combination therapy has been used as a strategy to overcome
these issues, and cisplatin has been administered in combination with other drugs, including

antimitotics, mostly MTAs (325). As MTAs also face limitations, in part due to the development of
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resistance associated with their action on microtubules, alternative antimitotic approaches have
been investigated, such as the targeting of SAC regulators (325,337). Therefore, we sought to
investigate if p31cmet knockdown could be a valuable strategy to lower the effective dose of
cisplatin in OSCC cancer. To this end, two human OSCC cell lines, SCCO9 and SCC25 were used.
p31cemet expression levels were first determined in both cell lines, in comparison with non-tumor
human oral keratinocytes (HOK). Although both OSCC lines presented higher mRNA p31emt |evels
than the non-tumor cell line, SCC25 showed a higher p31emet expression than SCCO9 (Figure 36a).
These observations were consistent at protein levels (Figure 36b). In conclusion, p31emt |evels
were upregulated in OSCC cells, a result that was significantly more pronounced in the SCC25 cell
line. The p31e°met gverexpression in OSCC cells is in line with the data obtained from UALCAN on

HNSCC patients and reinforces the hypothesis that p31©mt targeting can be a valuable strategy in

oral cancer.
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Figure 36. p31emet is overexpressed in oral squamous cell carcinoma (0SCC) cells.

(a) Relative p31comet mRNA expression levels were determined by qRT-PCR in OSCC cell lines SCC09 and SCC25
comparatively to non-tumor human oral keratinocytes (HOK). (b) Representative western blot (on the right) showing
differential p31emet protein expression levels were determined by western blot in cells analyzed in (a) and the
respective quantification (on the left). a-tubulin was used as a loading control. Statistical analysis was performed

through the Student t-test of three independent experiments. The error bars represent mean + SD.

4.3. p31emet knockdown in OSCC cell lines

As p31met gverexpression in OSCC cell lines reinforced the relevance of targeting p31comet, siRNA-
mediated p31°mt knockdown was then performed. 48 hours after transfection with p31met siRNA
(sip31emet) (Figure 37), p31emet-depletion levels were between 90 and 86% (90.38 + 0.84 in SCCO9
cells; 86.05 + 1.58% in SCC25 cells) (Figure 37a and c) at the mRNA level, and between 56 and
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52% in both cell lines (56.45 +17.22% in SCCO9 cells; 52.40 + 19.74% in SCC25 cells) at the protein
levels (Figure 37b and d), when compared with p31emt |evels of cells transfected with Control
SIRNA. As the siRNA-mediated p371©mt knockdown was achieved in OSCC cells, it was next

performed in combination with cisplatin treatment.
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Figure 37. p31©°mt knockdown in oral squamous cell carcinoma (OSCC) cells.

(@) p31cemet depletion in SCCO9 cells at the mRNA level, as determined by qRT-PCR, and (b) at the protein level, as
shown by the representative western blot (on the right) with the respective quantification results (on the left). In (c)
and (d), the same analysis as in (a) and (b), respectively, was performed in SCC25 cells. mRNA and protein were
extracted 48 h after transfection. Statistical analysis was performed through the Student t-test of three independent

experiments. The error bars represent mean + SD.
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4.3. p31met knockdown potentiates cisplatin-mediated toxicity in SCCO9 cells

After confirming the efficiency of siRNA-mediated p31©met knockdown, it was investigated
whether of p31®mt knockdown could potentiate the cytotoxic effect of cisplatin in the OSCC cell
lines SCCO9 and SCC25. For this purpose, 24 hours after transfection with control or p31e©met siRNA,
cells were treated with cisplatin concentrations ranging from O to 100 uM and incubated for
another 24 hours. The results from MTT assays demonstrated that p31°met knockdown significantly
decreased the viability of SCCO9 cells exposed to 10 uM of cisplatin (a decrease of 22% or 23%
relative to the individual treatment with cisplatin or sip31mt, respectively; p< 0.01) (Figure 38a).
In agreement, the IC50 value of cisplatin in SCCO9 cells was lower under the treatment with
sip31comet plus cisplatin (19.24 uM), compared to the individual treatment with cisplatin, (29.12 uM)
(Figure 38c). However, in SCC25 cells, the combined treatment of cisplatin and sip31c™t did not
show efficacy in MTT assay, when compared with the individual treatments, at any cisplatin
concentration (Figure 38b), a fact that was also reflected in the IC50 values (Figure 38d). Notably,
in 10 days’ colony formation assays, 0.5 uM of cisplatin were enough to significantly decrease the
survival of SCCO9 cells in combination with sip31©met, compared with individual treatments with
cisplatin (a decrease of 22%, p < 0.01) or sip31e@met (a decrease of 15%, p < 0.05) (Figure 38e).
Regarding SCC25 cells, the combined treatment of sip31©met plus 0.5 uM cisplatin decreased the
survival compared to the individual treatment with cisplatin (a decrease of 12%), but the

difference was not statistically significant (Figure 38f).

The MTT assay was used to evaluate the viability immediately after the removal of the drugs, and
the colony formation assay to assess the survival ten days after drug removal. Therefore, as in
colony formation assays lower cisplatin concentrations were needed (0.5 uM) to observe the
efficacy of the combined treatment (sip31mt plus cisplatin) compared to individual treatments,
the effects of the treatment may not be completely manifested immediately after drug removal.
Interestingly, when comparing the 48 h viability and 10 days’ survival values of the two cell lines
treated with cisplatin only, SCCO9 cells presented higher values than SCC25 cells, for the same
concentrations of cisplatin. This is evident, for example, at 50 uM of cisplatin in MTT assays (a
difference of 22% in cell viability between both cell lines), as well as for 0.5 uM of cisplatin in
clonogenic assays (a difference of 44% in cell survival between both cell lines) (Figure 39). This
is also observable with the IC50 under cisplatin individual treatment (29.12 uM, SCCOY; 17.57 uM,
SCC25). These results suggest that the SCCO9 cell line is more resistant than SCC25 to cisplatin.
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Therefore, the results hint at the premise that targeting SAC silencing through p31°™t knockdown

can be a valuable strategy, particularly in the OSCC cases that display resistance to cisplatin
treatment.
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Figure 38. p31mt knockdown enhances cisplatin-mediated toxicity in SCCO9 cells under clinically relevant doses of
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(a) Cell viability of SCC09 and (b) SCC25, as determined by MTT assay. Cisplatin was added to SCC09 (a) and SCC25
(b) cells at the indicated concentrations (0—100 pM) twenty-four hours after transfection with control or p37comet
siRNAs, and cells were incubated for an extra 24 h. (c) Dose response curves and IC50 values for cisplatin treatment
of SCCO9 and (d) SCC25 cells transfected with control or p371comet siRNA-. () SCCO9 and (f) SCC25 cells were treated
as in (a) and (b), washed and allowed to grow for 10 days for colony formation assays. For each condition,
representative images of surviving colonies (top) are shown. Results are the mean from three independent
experiments, expressed as % of survival fraction. Statistical analysis was performed by two-way ANOVA with Tukey's

multiple comparisons test. The error bars represent mean + SD of three independent experiments.
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Figure 39. SCCOY cells exhibit more resistance to cisplatin than SCC25 cells.

The results of MTT and colony formation assays shown in Figure 26 were compared between SCCO9 and SCC25 cells
for the individual treatment with cisplatin. Statistical analysis was performed by two-way ANOVA with Tukey's

multiple comparisons test. The error bars represent mean + SD of three independent experiments.

5. Discussion

Squamous carcinomas represent the majority of the head and neck cancers, and oral squamous
carcinoma cells are very common among oral cancers (329). When chemotherapy is needed,
cisplatin is the first-line drug, although resistance is still a major concern (325). To overcome this
problem, combined therapy with other drugs has been explored and applied, including the
combination of cisplatin with MTAs. However, the efficacy of MTAs is still hindered by the
development of resistance mechanisms and side effects, and cross-resistance still occurs after
the combined treatment of cisplatin and MTAs (195,196). As, in part, the development of resistance

to MTAs is related to their action on microtubules, antimitotics that do not directly interfere with
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microtubules have been studied (80). For instance, targeting spindly or Bub3 was already found

to sensitize OSCC cancer cells to clinically relevant doses of cisplatin (199).

In this context, p31cemet also emerges as an interesting target. p31©mtwas previously demonstrated
to potentiate the lethality of the pro-apoptotic Navitoclax, or the MTA paclitaxel in non-small cell
lung cancer (NSCLC) cells (312). Therefore, this study sought to exploit the relevance of the SAC
silencer p31emet 3s 3 prognostic biomarker in oral cancer, and as a possible target to potentiate

the efficacy of cisplatin in OSCC cell lines.

To investigate p31met significance as a biomarker, the UALCAN web resource was used to assess
transcriptomics and proteomics data on HNSCC samples and to analyze its association with
clinicopathological features. The fact that p31©met was overexpressed across HNSCC samples at
the mRNA and protein levels was in line with previous p31emet transcriptomics analysis based on
oncomine data (257). Moreover, p31©°mt mRNA levels were upregulated in a wide range of cancers,
according to data from oncomine (257), and from The Cancer Genome Atlas (TCGA) (see section
5.3 of introduction). In agreement, p31™t was also overexpressed in the OSCC cell lines analyzed
in this work. These results suggest a clinical relevance for p31©mt in oral cancer, either as a
prognostic biomarker, or a therapeutic target. To reinforce this premise, it was also found that
p31cemet gyverexpression in HNSCC cases coincided with alterations in pathways that are often
associated with carcinogenesis, mainly in mTOR and SWI/SNF-altered pathways, and also with

the presence of an altered chromatin-modified status.

Surprisingly, HNSCC samples with a low or medium expression of p31emet were associated with
poorer survival than those where p31®™t was upregulated. However, this result may also be
influenced by other factors, such as gender and tumor grade. Curiously, preliminary results from
our lab based on tissue microarray analysis (TMAs) of oral cancer samples also indicated that the
cases with high p31«met |evels were related to a better prognosis [ unpublished data). Nevertheless,
it should be noted that p371emet function depends on the interaction with other partners, such as
Mad2 and TRIP13, and that their expression should also be considered in survival analysis.
Therefore, studying the changes occurring in the balance between those molecules can be more
relevant than the analysis of their isolated expression. In agreement, p31cemet/Mad2-altered ratios
were found in hepatocellular carcinoma and non-small cell lung cancer (NSCLC) cells (277).
Moreover, the Pearson correlation analysis performed through UALCAN, demonstrated that

p31cemet expression was positively correlated with the expression of its interactors MAD2 and
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TRIP13, as well as with genes that may be involved in the regulation of its expression, like E2F
genes (206). Notably, Mad2 mRNA levels were previously found to be upregulated in OSCC cells
and immunohistochemistry analysis also revealed Mad2 overexpression in OSCC cases (338). In
addition, immunoexpression analysis demonstrated overexpression of Mad2 in oral leukoplakias
(339). Interestingly, it was also observed that a high expression of TRIP13 in HNSCC TMAs was
associated with poor-free recurrence survival (340). These findings indicate that the significance
of p31cmet 3s 3 prognostic biomarker requires further investigation and that the influence of
p31cemet expression on the survival of HNSCC patients should not be analyzed separately, but also
contemplates interactors. Nevertheless, although the relationship between p31cmet and HNSCC
survival remains to be clarified, this finding does not invalidate the potential of p31°™ttherapeutic
targeting. Indeed, this study demonstrated that p31cmet knockdown was able to potentiate the
cisplatin effect in the OSCC cell line SCCO9. However, this effect was not observed in the SCC25
cell line, except for a slight decrease of cell survival in clonogenic experiments using sip31<°mt and
0.5 uM of cisplatin. It would be expectable that this strategy would be well succeeded, as the
targeting of SAC silencing through spindly knockdown was previously shown to sensitize both
SCC25 and SCCO9 cell lines to cisplatin. (199). On the other hand, SCC25 displayed more sensitivity
to cisplatin than SCCO9 cells, suggesting that SCCO9 cells are more resistant to cisplatin. Another
interesting fact was that the expression of p31«met was significantly higher in the SCC25 cell line
(~188% at mRNA level and ~449% at the protein level) than in the SCCO9 line (~127% at mRNA
level and ~183% at the protein level). Therefore, based on these results, it is not possible to
associate the efficacy of silencing SAC through p31©met targeting with the basal expression of
p31cemet Consequently, rather than p31©mt expression levels, other factors, including drug

resistance, may dictate if p31°mt knockdown can be a useful strategy in the treatment of OSCC.

Therefore, the combination of p31cmet inhibition and cisplatin is a promising strategy that deserves
to be explored for oral cancer in the context of cisplatin resistance, independently of p37comet

expression status.

In conclusion, p31®mt overexpression is frequently found in human oral cancer and shows
association with alterations in cancer-related pathways. However, the impact of p37comet
overexpression in patient survival was not conclusive and should not be analyzed in separately.
As such, the relevance of p31cmet 3s 3 prognostic biomarker for oral cancer must be further

explored together with p31®mt interactors. Notably, p31®mt knockdown potentiated cisplatin
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effect in the most resistant OSCC cell line. Although further studies are needed to confirm this

finding, the results open the wind for an alternative antimitotic strategy to potentiate the cisplatin

effect in oral cancer.
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CHAPTER VI

Conclusions and future perspectives
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Chemotherapy keeps being a point of reference in the treatment of several cancers, and MTAs are
among the most used chemotherapeutic drugs. However, their efficacy is limited by resistance
mechanisms, in part related to their action on microtubules. Therefore, in recent years, numerous
efforts have been made to find alternative antimitotic strategies that could overcome the
obstacles to the efficacy of the classical MTAs. In this context, SAC-related proteins have been
regarded as attractive targets. Moreover, combination strategies have paved the way for
promising approaches. For instance, combining antimitotics, or antimitotics with pro-apoptotics
(such as BH3-mimetics) has been revealed to be interesting on overcoming mitotic slippage

(63,143,149,165,274,277), one of the main problems associated with MTAs resistance.

In this work, the SAC silencer p31°mt has been explored as a target to potentiate the effect of
anti-cancer drugs. In agreement with the competing network model, delaying mitotic slippage or
accelerating apoptosis can shift the fate of a mitotic-arrested cell to death. Primarily, p37comet
knockdown was investigated in combination with the MTA paclitaxel and the BH3-mimetic
Navitoclax, using NSCLC as a model. Furthermore, p31met targeting was also explored in OSCC in

combination with cisplatin, a first-line chemotherapeutic drug used in cancer treatment.

The first main objective of this work “to explore the anti-tumoral potential of p31«°mt knockdown
in NSCLC cells in combination with paclitaxel and Navitoclax” has been achieved. In a 2D model,
we were able to demonstrate that siRNA-mediated p31c«met knockdown was able to improve the
anti-tumoral effect of clinically relevant doses of both drugs, through distinct mechanistic. It was
revealed that, in the presence of clinically relevant doses of paclitaxel, p31«°mt depleted cells were
forced to arrest in mitosis until death. Although nanomolar concentrations of paclitaxel interfere
with microtubule dynamics, generally SAC can still be satisfied in those conditions, and the mitosis
procced (291,297). Notably, the mitotic delay induced by the absence of p31emt shifted the fate of
the paclitaxel-treated cells to death. On the other hand, cells died preferentially after mitosis, in
the presence of Navitoclax. Moreover, when those cells were transfected with sip31©met, post-
mitotic death was anticipated. This was in line with previous findings suggesting that cells
exposed to a mitotic blocker tend to be more dependent on Bcl-xL after mitosis, due to Mcl-1
degradation that occurred during the prolonged mitotic arrest (128). Therefore, the mitotic delay
induced by p31@met knockdown could result in an increased dependence on other pro-survival
molecules, such as Bcl-xL and Bcl2, which could explain the anticipated cell mortality with

Navitoclax. Interestingly, we could also observe that the combinatory strategy (sip31cemet plus
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Navitoclax) was efficient in cells with higher levels of Mcl-1, which had shown a weaker response
to Navitoclax individual treatment. Thus, this approach revealed the potential for the therapy of

cancers overexpressing Mcl-1.

Regarding the second main objective, “To validate this strategy in 3D-cancer models, through the
generation of tumor spheroids”, p31®mt knockdown improved the cytotoxic ability of paclitaxel
and Navitoclax clinically relevant concentrations, confirming the efficacy of the strategy in a 3D
environment. Further investigation should proceed on heterotypic spheroids, which would include
fibroblasts, immune cells, and endothelial cells. This would allow to recreate a microenvironment
closer to that of the tumor and to evaluate in more accurately the efficacy of the strategy, before
advancing to in vivo experiments. It should be noted, however, that /n situ spheroid transfection
is @ challenging procedure, so the depletion of p31«met fell short of the intended. Therefore, it
would be interesting to exploit methods that allow performing a more efficient siRNA delivery,
such as nanoparticle-based strategies. Overall, this study highlights the relevance of targeting

SAC silencing as a strategy that deserves to be explored in the context of cancer treatment.

The third objective, covered in chapter V, sought to investigate the clinical relevance of p37comet
targeting to oral cancer. The first specific aim “to access the clinical relevance of p31©met 3s g
biomarker in oral cancer, by assessing p31cmet expression in HNSCC and the correlation with
clinicopathological features of patients” was performed through the web resource UALCAN.
Notably, p31cemet was overexpressed in HNSCC. Moreover, higher levels of p31©™t were observed in
cases that revealed an altered chromatin status, and changes in pathways whose dysregulation
is frequently associated with carcinogenesis. These data reinforced the clinical relevance of
p31cemet in oral cancer. Curiously, and considering factors such as tumor grade and gender, the
influence of p31©met expression in the survival of HNSCC patients was not conclusive. In further
studies, this analysis should also contemplate p31cmet interactors, such as Mad2 and TRIP13, as
the balance between these molecules may assume a higher clinical relevance in oral cancer than
the individual levels of each of these partners. In agreement, previous studies showed the
presence of p31°mt/Mad2 altered ratios in cancer cells (277). The second specific objective was
“to investigate the effect of p31©™t knockdown in combination with clinically relevant doses of
cisplatin, using OSCC cells”. In agreement with UALCAN data on HNSCC patients, p37comet
overexpression was also observed in OSCC cells, although it was subtler in one of the two cell lines

analyzed. Remarkably, p31©mt knockdown potentiated cisplatin cytotoxicity in the OSCC cell line
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that displayed more resistant cisplatin. As p31°met |evels were only slightly upregulated in this cell
line, the results suggest that p31™t basal levels do not correlate with the efficacy of this strategy
in OSCC cells. Therefore, p31emt-mediated SAC is a strategy that deserves to be explored in oral
cancer. Further studies with a larger sample size would help not only to confirm this approach

but also to clarify its relevance in the context of cisplatin resistance.

The outcomes presented here indicate that targeting of p31©™t is a3 promising strategy to
potentiate the efficacy of chemotherapeutic drugs in NSCLC and OSCC. However, some aspects
still need to be clarified. For instance, studies including a larger number of cell lines would be
useful to confirm the relevance of the sip31®™t plus Navitoclax in NSCLC when the pro-survival
Mcl-1 is overexpressed, as well as to elucidate the potential of using p31«met knockdown to treat
oral cancer in a situation of cisplatin-resistance. Moreover, the investigation of the combination
strategies presented in this thesis would benefit from the use of 3D heterotypic spheroids that
better mimic the tumor microenvironment. In this context, nanoparticle-based strategies would
be advantageous. On the one hand, it could increase the efficiency of siRNA delivery, on the other
hand, it could allow the specific targeting of cancer cells, as well as to overcome constraints

associated with in vivo drug delivery.

In conclusion, SAC targeting through p31emt knockdown opens the window for new strategies to
potentiate the efficacy of anti-cancer drugs in NSCLC and oral cancer that deserves to be explored

in further studies.
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Supplementary tables

CHAPTER Ill. ANTAGONIZING THE SPINDLE ASSEMBLY CHECKPOINT SILENCING ENHANCES

PACLITAXEL AND NAVITOCLAX MEDIATED APOPTOSIS WITH DISTINCT MECHANISTIC

Summplementary table S1. Primers used to test the amplification of the transcript variants 1and 2 of p31°™t, Primers

were designed using PerlPrimer Software v1.1.21.

Transcript variant

Primer sequence (5" >3')

Amplicon size (bp)

CTCTGCCTCAGTTTCTTCCC

! CCACTCCAAATCTATAATCTCAGC 174
5 AGTCCCTGATTTGGAGTGGT 179
GTAAACTGACAGCAGCCTTCC

Supplementary figures

CHAPTER [Il. ANTAGONIZING THE SPINDLE ASSEMBLY CHECKPOINT SILENCING ENHANCES

PACLITAXEL AND NAVITOCLAX MEDIATED APOPTOSIS WITH DISTINCT MECHANISTIC

GRS
Universal

Supplementary figure S1. End-point PCR products resulting from the amplification with primers directed to the tran-

script variant 2, using an annealing temperature of 65 °C. Electrophoresis was performed in a 2 % agarose gel, at 120

V, 40 min.
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Supplementary Figure S2. Full-length blots of p31©met expression in HPAEpIC, A549, NCI-H460, and Calu-3 cell lines.
The two blots are from the same membrane but were separated to avoid oversaturation of tubulin signal, because

a-tubulin needed short exposure time, while p31©™t protein needed a long exposure time

Control
Untreated sjRNA  sip31comet
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pslwmet

Supplementary Figure S3. Full-length blots of p31©met siRNA-mediated knockdown in NCI-H460 cells. The two blots

are from the same membrane but were separated to avoid oversaturation of tubulin signal, because a-tubulin needed

short exposure time, while p31°mt protein needed a long exposure time
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Supplementary figure S4. Relative expression of p31©m mRNA in control siRNA and in sip31°met-treated A549 cells,
as determined by qRT-PCR. RNA was extracted 48 h after transfection. Statistical analysis was performed through

the Student t-test. The error bars represent mean + SD of three independent experiments.

Movie legends

CHAPTER Il. ANTAGONIZING THE SPINDLE ASSEMBLY CHECKPOINT SILENCING ENHANCES
PACLITAXEL AND NAVITOCLAX MEDIATED APOPTOSIS WITH DISTINCT MECHANISTIC

Movie 1. Time-lapse sequence (DIC microscopy) from Control siRNA transfected NCI-H460 cells,

showing a 30-minute mitosis. Time is shown in hours:minutes.

Movie 2. Time-lapse sequence (DIC microscopy) from NCI-H460 cells treated with paclitaxel
(10nM), showing a paclitaxel-treated cell spending 1 h and 30 min in mitosis. Time is shown in

hours:minutes.

Movie 3. Time-lapse sequence (DIC microscopy) from sip31cmet-transfected NCI-H460 cells. A
sip31cemet-transfected cell dies through PMD, and an increase of only 20 min in mitosis duration
relative to the Control siRNA-treated cell is enough to trigger death. One of the daughter-cell

survives and divides, but her daughter cells die after mitosis. Time is shown in hours:minutes.
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Movie 4. Time-lapse sequence (DIC microscopy) from NCI-H460 cells treated with sip31met and
paclitaxel (10nM). A cell treated with sip31emet plus paclitaxel is trapped in mitosis and undergoes

membrane blebbing after 5 h. Time is shown in hours:minutes.

Movie 5. Time-lapse sequence (DIC microscopy) from NCI-H460 cells treated with Navitoclax (3.5
uM). A Navitoclax-treated cell spends the same time in mitosis as the Control siRNA-treated cell

(30 min), and the first daughter cell (1) dies 23 h after division. Time is shown in hours:minutes

Movie 6. Time-lapse sequence (DIC microscopy) from NCI-H460 cells treated with sip31met and
Navitoclax (3.5 pM). A cell spends only 30 min in mitosis (20 min less than the cell only transfected
with sip31cmet), and both the daughter-cells die approximately 2 h after cell division, 21 h or 11 h
less than cells individually treated with Navitoclax or sip31®™t, respectively. Time is shown in

hours: minutes.
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