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Abstract 
 Based on the uncontrolled proliferation of cancer cells, anticancer drugs have 

been developed to block the cell cycle, particularly at mitosis. Antimitotic agents rely on 

spindle assembly checkpoint activation which leads to prolonged mitotic arrest, expected 

to induce subsequent cell death. Classical antimitotic drugs have been widely used in 

cancer therapy, however, due to some limitations associated with these drugs, novel 

antimitotic molecules have been developed, known as second-generation antimitotics 

(SGAs). SGAs inhibit the activity of mitotic proteins, namely the kinases Mps1, Plk1, 

Aurora kinases A and B, and the motor proteins Eg-5 and CENP-E, that play crucial roles 

in different processes during mitosis. Globally, SGAs have demonstrated poor efficacy 

in clinical trials. In the first aim of this thesis, we proposed a strategy to improve the 

efficacy of the SGA BI2536, a Plk1 inhibitor, through its combination with Navitoclax, an 

apoptosis potentiator, in the non-small cell lung cancer cell line A549. We showed that 

Navitoclax precipitated the death of cells arrested in mitosis by BI2536, which reduced 

the risk of mitotic slippage, one of the reasons for therapeutical failure of SGAs. We 

found that Navitoclax and BI2536 synergize to induce tumor cell death by apoptosis. 

 Additionally, the second aim of this thesis focused on the identification of new 

antimitotics. A total of four molecules were analyzed: three tetracyclic thioxanthene 

derivates, namely TX2.1a, TX2.17, and TX2.19, and a diarylpentanoid, the BP-M345. 

Among the tetracyclic thioxanthene derivates, TX2.1a emerged as a hit compound with 

the lowest GI50 in the tested cell lines, which led us to further investigate whether it 

harbored antimitotic properties. We observed that TX2.1a did not interfere with mitosis 

progression. Yet, we found that it exhibited fluorescence activity, making it a potential 

theranostic drug candidate. Relatively to the diarylpentanoid BP-M345, we found that it 

exhibited a potent antitumor activity. We further unveil that it exerted its cytotoxic activity 

acting as an antimitotic agent. We showed that BP-M345 induced persistent 

chromosome congression defects which led to chronic activation of spindle assembly 

checkpoint resulting in mitotic arrest that culminated into cell death by apoptosis, mostly 

in mitosis.  

 The work presented contributed to the development of new strategies to target 

mitosis for cancer therapy by improving the efficacy of the SGA BI2536 combining it with 

the apoptosis potentiator Navitoclax, and by providing a new antimitotic agent, the BP-

M345, with promising antitumor activity. 
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Resumo 
 Devido à proliferação descontrolada das células tumorais, foram desenvolvidos 

ao longo dos últimos anos vários fármacos anticancerígenos que visam bloquear a 

progressão da mitose. Estes agentes antimitóticos dependem da ativação crónica do 

checkpoint mitótico para induzir a paragem das células em mitose, o que leva á ativação 

do programa de morte celular (apoptose). Os antimitóticos clássicos, têm sido 

amplamente utilizados na terapia de vários tipos de cancro, no entanto devido a 

limitações da sua eficácia e a mecanismos de resistência desenvolvidos pelas células 

tumorais, novos antimitóticos foram desenvolvidos. Coletivamente, estas moléculas são 

designadas de antimitóticos de segunda geração (SGA), e ao contrário dos antimitóticos 

clássicos que têm como alvo as subunidades β-tubulina, estas moléculas visam inibir 

proteínas que desempenham papéis cruciais em diferentes processos durante a mitose, 

nomeadamente as cinases Mps1, Plk1, Aurora A e B e as proteínas motoras Eg-5 e 

CENP-E. No entanto, os SGAs demonstraram uma fraca eficácia em ensaios clínicos. 

No primeiro objetivo deste estudo, propusemo-nos a desenvolver uma estratégia para 

melhorar a eficácia do SGA BI2536, um inibidor da Plk1, através da sua combinação 

com Navitoclax, um composto potenciador da apoptose. A eficácia desta combinação 

foi analisada na linha celular de cancro do pulmão de não pequenas células, A549. Na 

análise do destino celular após tratamento com dois compostos, observamos que após 

paragem das células em mitose, provocado pelo BI2536, o Navitoclax acelerou a morte 

celular destas células. Como consequência, diminuiu o risco de as células saírem 

prematuramente da mitose sem se dividir, um fenómeno conhecido como slippage, que 

é apontado como um dos motivos para o insucesso terapêutico dos SGAs. 

Adicionalmente, verificámos também que o BI2536 e Navitoclax apresentaram uma 

ação sinérgica na indução da morte celular por apoptose.  

 No segundo objetivo deste estudo focamo-nos em identificar novas moléculas 

com atividade antimitótica. Um total de quatro moléculas foram analisadas: três 

derivados de tioxanteno, denominados de TX2.1a, TX2.17 e TX2.19, e um 

diarilpentanóide designado de BP-M345. Entre os tioxantenos, o composto TX2.1a 

emergiu como a molécula com atividade antitumoral mais promissora apresentando o 

GI50 mais baixo nas linhagens celulares testadas, o que nos levou a investigar se ele 

possuía atividade antimitótica. Verificámos que o composto TX2.1a não interferia com a 

progressão da mitose, no entanto, observámos que o composto TX2.1a apresentava 

atividade fluorescente, o que em conjunto com a sua atividade antitumoral, torna-o um 

potencial candidato a fármaco teranóstico. Em relação ao diarilpentanóide BP-M345, 

descobrimos que exercia uma potente atividade antitumoral. Verificámos ainda que 
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exerceu a sua atividade citotóxica atuando como agente antimitótico. Mostramos que 

BP-M345 induziu defeitos no alinhamento dos cromossomas que levou à ativação 

crónica do checkpoint mitótico, resultando na paragem das células em mitose 

culminando na morte celular por apoptose, maioritariamente durante a mitose. 

 Globalmente, este trabalho contribuiu para o desenvolvimento de novas 

estratégias anticancerígenas que visam impedir a progressão da mitose, melhorando a 

eficácia do SGA BI2536 combinando-o com o potenciador de apoptose Navitoclax, e 

descobrindo um novo agente antimitótico, o BP-M345, que demonstrou uma atividade 

antitumoral promissora.  
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Thesis Outline 
This thesis is organized into six chapters and one appendix 

Chapter I provides a general introduction of the current literature. An overview of the cell 

cycle, its regulation and control with particular emphasis in mitosis. A brief review of 

apoptosis pathways and of the clinical approach to target apoptosis for cancer therapy 

focusing on BH3-mimetic molecules. Lastly, targeting mitosis for cancer therapy was 

focused, providing an overview of the current approaches and the second-generation 

antimitotics. 

Chapter II describes the motivation and aims of this project as well as its specific 

objectives. 

Chapters III and IV are related to the experimental work and are structured according 

to two main aims: improving the efficacy of the second-generation antimitotic BI2536 

(Chapter III) and identifying new molecules with antimitotic properties (Chapter IV), 

which is divided into two groups, tetracyclic thioxanthene derivatives: study on 

fluorescence and antitumor activity (Group I) and the diarylpentanoid BP-M345 is a 

potent antitumor agent with antimitotic activity (Group II). 

Chapter V provides overall conclusions and perspectives for future research. 

Chapter VI comprises a list of all cited references is available. 

Appendix contains the legends of the movies that were annexed to this thesis. 
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1.Cancer overview 
 Cancer comprises a group of diseases that can start in any organ or tissue and 

consists of abnormal cells which proliferate uncontrollably and can invade adjoining 

tissues and spread to other organs. Despite the increased knowledge of cancer biology 

and the huge advances in cancer therapy, its incidence and mortality are rapidly growing 

worldwide. According to World Health Organization, there were approximately 19.2 

million new cancer cases and 9.9 million deaths during 2020 (Global Cancer 

Observatory, 2020). Thereby, understanding the molecular mechanisms of 

tumorigenesis and cancer progression is extremely important to develop new anti-cancer 

therapies and to improve the existing ones.  

 Tumorigenesis is a stepwise process in which normal cells suffer consecutive 

genetic and/or epigenetic alterations that gradually transforms them into tumor cells. The 

successive accumulation of these alterations originates tumor cells with increasingly 

aggressive phenotypes driving tumor progression. There are two groups of genes that 

are frequently mutated in tumor cells and are the main contributors to cell transformation: 

proto-oncogenes and tumor suppressors genes. Proto-oncogenes are normal genes that 

when mutated (gain-of-function mutations) or with their expression altered become 

oncogenes and stimulate cell proliferation and survival (Lee & Muller, 2010). On the other 

hand, tumor suppressor genes prevent tumor development and are usually divided into 

gatekeepers that regulate cell growth by either inhibiting cell cycle progression or 

inducing apoptosis, and caretakers that are involved in the maintenance of genome 

integrity (Fanale et al., 2017). Mutations on these genes usually lead to its loss of function 

allowing tumor progression (Lee & Muller, 2010). 

 The remarkable progress of cancer biology research allowed the establishment 

of several tumor cell characteristics that are acquired during the transformation process, 

known as hallmarks of cancer (Hanahan & Weinberg, 2011). Genomic instability is one 

of the features observed in tumor cells and is related to the loss of function of caretaker 

genes which leads to the increase of mutation rate. Since tumorigenesis depends in large 

part on successive alterations in genomes, genomic instability is considered an enabling 

characteristic that is causally associated with the acquisition of all other hallmarks 

(Hanahan & Weinberg, 2011). To guarantee a high proliferation rate, tumor cells sustain 

the proliferative signaling through different mechanisms like synthesizing growth factors 

to which they are responsive, or through mutations on transcellular and intracellular 

traducers of growth pathways (Hanahan & Weinberg, 2011). Furthermore, tumor cells 

can also evade antigrowth suppressors, like retinoblastoma (Rb) (described below) 
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permitting persistent cell proliferation (Hanahan & Weinberg, 2011; Schaal et al., 2014). 

Another important feature of tumor cells that ensures tumor growth is their limitless 

replicative potential, which has been associated with the reactivation of telomerase in 

tumor cells (Bernardes de Jesus & Blasco, 2013; Hanahan & Weinberg, 2011). 

Additionally, tumor cells have the ability to escape apoptosis by several mechanisms like 

disrupting the balance between pro-apoptotic and anti-apoptotic proteins, reducing 

caspase function, or impairing the function of p53 (Pistritto et al., 2016). Another feature 

of tumor cells is that conversely to normal cells, which under aerobic conditions produce 

most of ATP through oxidative phosphorylation, tumor cells favored glycolysis to 

generate energy even in presence of oxygen. This phenomenon is known as the 

Warburg effect or aerobic glycolysis (Vaupel et al., 2019). Importantly, the tumor 

microenvironment encompasses different cell types besides tumor cells, like endothelial 

and inflammatory immune cells, as well as cancer-associated fibroblasts, that establish 

complex interactions with each other and with tumor cells to promote tumor progression 

(Hanahan & Weinberg, 2011). For instance, immune cells by producing several 

biomolecules like growth, survival, and proangiogenic factors, or extracellular matrix-

modifying enzymes, generate a more tumor-permissive microenvironment and facilitates 

angiogenesis, invasion, and metastasis (Greten & Grivennikov, 2019; Hanahan & 

Weinberg, 2011). Furthermore, tumor cells can escape destruction either from innate or 

adaptative immune cells. All these characteristics cooperate with each other to drive 

tumor progression. 

 This increased knowledge of cancer biology has been allowing the development 

of new therapies targeting specific proteins that are mis-regulated in tumor cells through 

small molecule inhibitors, antibodies, and siRNAs (Baudino, 2015; Hanahan & Weinberg, 

2011; Singh et al., 2018). Targeted therapies are more precise than classic 

chemotherapeutic agents and generally display fewer side effects. One of the most 

successful examples of targeted therapy is imatinib a small inhibitor of the abnormal 

kinase BCR-ABL which is responsible for promoting chronic myeloid leukemia (Claudiani 

& Apperley, 2018). Even so, classic chemotherapeutic agents continue to be widely used 

in the clinic. Classic chemotherapeutic drugs target rapidly dividing cells like tumor cells. 

However, they also affect other cells with high rates of division such as cells from bone 

marrow, the digestive tract, and hair follicles leading to their side effects (Baudino, 2015). 

Most of the chemotherapeutic drugs induce DNA damage or impair its synthesizes, 

thereby preventing cell division and inducing cell death. Other drugs, known as 

antimitotics, block the cell cycle at mitosis which leads to cell death by apoptosis. 
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2. Cell cycle 
 The cell cycle is a tightly regulated process in which a parental cell gives rise to 

two genetically identical daughter cells. It is an essential process to the maintenance of 

adult tissues allowing cell renewal. The eukaryotic cell cycle is divided into two main 

phases: the interphase and the M phase (Figure 1). The interphase is a time of synthesis 

and growth which represents the largest phase of the cycle contemplating the 

consecutive phases Gap 1 (G1), synthesis phase (S), and Gap 2 (G2). The M phase is 

the final step of the cell cycle during which the chromosomes are equally segregated 

(mitosis), followed by cytoplasmic division (cytokinesis) (Schafer, 1998). 

2.1 Overview 
 During G1 the cell prepares for the next division. It is marked by a pronounced 

biosynthetic activity, primarily of proteins required for the following S phase, as well as 

the synthesis of other macromolecules and organelles, increasing the cell size. In late 

G1, the cell decides whether to commit or not to a new cycle based on nutrients and 

growth factors supply to overcome the major cell cycle control, known as restriction point. 

The restriction point is primarily regulated by extracellular growth factors and 

determinates the fate of the cell. If the amount of growth factors is satisfactory, the cell 

overcomes the restriction point and irreversible commits to a new division. On the other 

hand, in the absence of a proper growth factor stimulus, the cell is delayed in G1 or 

returns to the quiescent state G0, a non-proliferating state but metabolically active 

(Figure 1). Some cells remain in G0 for their entire lifespan, while others can reenter the 

cell cycle in response to proper stimulus and continue dividing. During the S phase, the 

DNA is replicated, and each sister chromatid remains linked to each other by cohesin 

complexes. The centrosome is also duplicated in the S phase to assemble the mitotic 

spindle during the early stages of mitosis. During G2 the cell continues to grow and 

synthesize macromolecules in preparation for mitosis. In the M phase, the genetic 

material and the cytoplasm are divided, rising two daughter cells (Schafer, 1998). 
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Fig. 1- Representation of the eukaryotic cell cycle. Interphase encompasses three phases G1, S, and G2. G1 is marked 

by cell growth and high biosynthetic activity; During the S phase the DNA and centrosome are replicated; At G2 the cell 

continues to grow and synthesizes macromolecules preparing itself for mitosis.  Cells in the absence of a proper growth 

factor stimulus can exit the cycle, becoming quiescent, a non-proliferating state known as Gap 0 (G0). The M phase 

comprises mitosis when chromosomes are segregated and cytokinesis which represents the division of the cytoplasm 

and the final step of the cell cycle. Created in BioRender. 

 

2.2 Regulation and control 
 The regulation of the cell cycle depends on the crosstalk between several 

proteins that control the timing of each event and ensure the unidirectionality of the cell 

cycle preventing for instance that the cell division occurs before the duplication of DNA. 

In the center of this orchestrated network are a family of serine/threonine kinases known 

as Cyclin-dependent kinases (Cdks 1, 2, 4, and 6) and its regulatory partners called 



FCUP 
Targeting mitosis for cancer therapy: improving the efficacy of the second-generation antimitotics 

and identifying new antimitotics 

 

 

6 

cyclins (A, B, D, and E) (Roskoski, 2019). Cdks phosphorylate several proteins essential 

for cell cycle progression, changing its activity or its interaction with other proteins. The 

concentration levels of Cdks are roughly constant throughout the cell cycle, and its 

activation primarily depends on binding to cyclins. In turn, cyclins are synthesized and 

degraded according to the cell cycle stage, resulting in the formation of specific Cdk-

cyclin complexes at different phases (Figure 2). Cdks could be inhibited by some 

proteins, known as Cdk inhibitors (CKIs), namely the INK4 family (p16, p15, p18, and 

p19) which inhibit the complexes Cdk4/6-cyclin D, and the CIP/KIP family (p21, p27, and 

p57) capable of inhibiting all Cdks-cyclin complexes (Figure 2) (L. Ding et al., 2020). 

 Given the oscillatory levels of cyclin concentration throughout the cell cycle, they 

could be classified into four classes: G1 cyclins (D); G1/S cyclins (E); S cyclins (A); and 

G2/M cyclins (A and B). The control of cyclin levels relies on cyclin gene expression and 

its degradation by the ubiquitin-proteolytic system. Transcription of cyclin D starts in early 

G1 upon growth factor stimulus, allowing Cdk4/6-cyclin D activation. The activated 

Cdk4/6-cyclin D complexes phosphorylate the protein Rb which is the key component of 

the network that controls the restriction point (Blagosklonny & Pardee, 2002) (Figure 2). 

Briefly, the Rb when unphosphorylated binds to the transcriptional factor E2F which is 

responsible to activate the transcription of many genes whose products are essential for 

the following S phase, including cyclin E. Phosphorylation of Rb by Cdk4/6-cyclin D 

complex releases E2F which starts to induce cyclin E transcription. In turn, cyclin E binds 

to Cdk2 and this complex collaborates with Cdk4/6-cyclin D to complete Rb 

phosphorylation allowing the cell to overcome the restriction point and enter in the S 

phase (Blagosklonny & Pardee, 2002). Cyclin A levels increase at the onset of S phase 

and decline in early mitosis. Initially, cyclin A binds to Cdk2 to promote DNA synthesis 

and completion of S phase. Later in G2, cyclin A binds to Cdk1 and this complex 

cooperates with Cdk1-cyclin B to induced the mitotic entry (Johnson & Walker, 1999). 

Cyclin B levels peak at late G2 and its association with Cdk1 forms the major force that 

drives mitotic entry, known as Mitosis-Promoting Factor (MPF). Later in mitosis, cyclin B 

is degraded triggering mitotic exit (described below). 

 To ensure that the genetic material is equally segregated to the two daughter 

cells and with no damaged DNA, there are control mechanisms throughout the cell cycle 

called checkpoints (Figure 2). The G1/S, intra-S, and G2/M checkpoints respond to 

damage in DNA and delay the cell cycle until the errors are corrected. The central players 

of DNA damaged response are the kinases ATM and ATR that play as DNA damage 

sensors (Smith et al., 2020). Both induce the phosphorylation of the tumor suppressor 
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p53, reducing the affinity to its negative regulator, MDM2, a ubiquitin ligase that targets 

p53 for degradation. P53 plays an important role in DNA damage checkpoints since it 

induces the transcription of several genes including the CKI p21 and genes involved in 

DNA damage repair (Roos & Kaina, 2013; Smith et al., 2020) If DNA damage cannot be 

repaired, p53 is also capable of triggering apoptosis or cell senescence. Additionally, 

there is also a checkpoint during mitosis, known as spindle assembly checkpoint (SAC) 

which ensures that the chromosomes are equally segregated to the daughter cells 

(described below). 

 

 

Fig.2- Cell cycle regulation by Cdk-cyclin complexes. Cdk4/6-cyclin D and Cdk2-cyclin E cooperate to overcome the 

restriction point (R). Cdk2-cyclin A promotes DNA synthesis, and it is required for S phase completion. Cdk2-cyclin A 

facilitates G2/M transition together with Cdk1-cyclin A which is the major force that drives mitotic entry. During interphase, 

the DNA damage checkpoints (G1/S, Intra-S, and G2/M) promote cell cycle arrest until the damaged DNA is repaired. In 

mitosis, the spindle assembly checkpoint (SAC) ensures the fidelity of chromosome segregation. The Cdk inhibitors (CKI) 

inhibit Cdk-cyclin complexes to delay the cell cycle. CKI comprises two families: INK4 (p16, p15, p18, and p19) which 

inhibit the complexes Cdk4/6-cyclin D, and the CIP/KIP family (p21, p27, and p57) capable of inhibit all Cdk-cyclin 

complexes. Created in BioRender. 
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3. Mitosis 
 Mitosis is the phase of the cell cycle when the genetic material is divided and it is 

followed by the division of the cytoplasm (cytokinesis), giving rise two independent 

daughter cells. Mitosis is a highly dynamic cell cycle phase during which the cells pass 

through several structural changes. Based on these structural changes, mitosis is divided 

into five sequential phases: prophase, prometaphase, metaphase, anaphase, and 

telophase (Figure 3). 

3.1 General description 
 At the onset of prophase, the filaments of chromosomal DNA start to condense, 

and the centrosomes, the main microtubule-organizer center (MTOC) of animal cells, 

separate and start to migrate towards the opposite sites of the cell to initiate the bipolar 

microtubule array for the mitotic spindle assembly (Figure 3). The beginning of 

prometaphase is marked by the nuclear envelope breakdown (NEBD). At this phase, the 

chromosomes become accessible to the spindle microtubules allowing their dynamic 

interaction. Microtubules interact with chromosomes by attaching to kinetochores, a 

specialized protein complex localized on centromeric DNA of each sister chromatid, and 

then start to align at the spindle equator, a process known as chromosome congression. 

The metaphase is achieved when all chromosomes are bipolarly attached to spindle 

microtubules and aligned at metaphase plate (McIntosh et al., 2012). At this phase, the 

SAC which ensures the fidelity of chromosome segregation is turned off, allowing the 

transition to anaphase. During anaphase, the two sister chromatids are segregated 

(Figure 3). Anaphase is commonly described in two phases: anaphase A and anaphase 

B. Anaphase A is promoted by the shrinkage of microtubules that are attached to 

kinetochores (kinetochore microtubules), while anaphase B is driven by the elongation 

of microtubules that rise from each pole and interact at the cell middle zone (interpolar 

microtubules) pushing the spindle poles to opposite sides (Vukušić et al., 2019). During 

telophase, the filaments of chromosomal DNA start to decondense, and the nuclear 

envelope reassembles and packages the chromosomes and the other nuclear 

components, forming two daughter nuclei. The interpolar microtubules and the de novo 

assembled microtubules mediated by augmin complexes build the central spindle which 

provides the template for midbody assembly, a target platform for abscission factors 

required at cytokinesis. At late telophase, an actin-myosin contractile ring attached to the 

cell membrane is assembled at the equatorial cortex. Following its assembly, the 

contraction of this ring, at cytokinesis, leads to ingression of the attached plasma 
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membrane, which divides the cytoplasm, emerging two daughter cells, a process known 

as abscission (Fededa & Gerlich, 2012) (Figure 3). 

 

Fig. 3- Representative immunofluorescence images showing the cell morphology at each mitotic phase. Cells were 

stained with an anti-α-tubulin antibody to visualize spindle microtubules (green) and the DNA was stained with DAPI 

(blue). Description of the main cellular events during mitosis are shown. The progression throughout mitosis is monitored 

by the spindle assembly checkpoint activity (SAC ON and SAC OFF) that ensures the fidelity of chromosome segregation. 

Bar, 5 µm. 

 

3.2 Chromosome bi-orientation and congression  
 Microtubules are hollow cylindrical polymers formed by αβ-tubulin heterodimers 

and are highly dynamic capable of polymerizing (growing) or depolymerizing (shrinking), 

a behavior known as dynamic instability. The transition of a polymerizing state to 

depolymerization is called catastrophe and the reverse is known as rescue. These 

processes occur in both microtubule ends however, the minus-end grows slowly and 

suffer catastrophe less frequently than the plus-end (Akhmanova & Steinmetz, 2015). 
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Microtubules rise from centrosomes which consists of a pair of centrioles surrounded by 

pericentriolar material (PCM). PCM is manly composed by γ-tubulin, which assembles 

into γ-tubulin ring complexes (γ-TuRC) that serve as nucleation template for microtubule 

formation (Pimenta-Marques & Bettencourt-Dias, 2020). Based on the orientation of 

spindle microtubules plus-end, they are divided into three classes: astral microtubules 

(aMT) with the plus-end connecting the cell cortex; interpolar microtubules (iMT) which 

emanates from centrosomes toward the cell center connecting with the iMT from the 

other centrosome at the spindle midzone; and kinetochore microtubules (kMT) which 

attach kinetochores thought their plus-end (Sharp et al., 2000). Furthermore, 

kinetochores attach to more than one kMT, creating a unique bundle known as 

kinetochore fiber (K-fiber).  

 Kinetochore-microtubule attachments are essential for chromosome congression 

and further segregation without errors. After NEBD, the chromosomes become 

accessible to microtubules which start with multiple cycles of shrinkage and growth in 

order to capture the dispersed chromosomes throughout kinetochores, a process known 

as “search and capture” (Kirschner & Mitchison, 1986). Initially, kinetochores interact 

with the lateral surface of microtubule (lateral attachment), which facilitates their capture 

by microtubules once the area of contact is much larger than the microtubule plus-end 

(K. Tanaka et al., 2005). The chromosomes positioned outside the spindle initially 

migrate to the spindle pole, driven by the minus end-directed motor protein dynein which 

slides along the aMTs (Barisic et al., 2014; C L Rieder & Alexander, 1990) (Figure 4). 

Once at spindle poles chromosomes start to move towards the cell equator promoted by 

the plus end-directed motor protein CENP-E, sliding either through iMT or K-fibers 

(Barisic et al., 2015; Kapoor et al., 2006) (Figure 4). Once within the spindle, the lateral 

attachment is converted to mature end-on attachment, in which the kinetochores attach 

to the microtubule plus-end (Cheeseman et al., 2006). When both sister kinetochores 

are end-on attached to K-fibers from opposite spindle poles, a condition known as 

amphitelic attachment, the chromosomes become bi-oriented. Once bi-oriented, diffuse 

gradients, that control K-fibers dynamics and length, ensure the complete alignment of 

chromosomes at the spindle equator (Auckland & McAinsh, 2015; Maiato et al., 2017). 

Additionally, there is also a force on chromosome arms, known as polar ejection force, 

that eject the chromosome arms away from the spindle poles and is driven by the 

chromokinesins Kid and Kif4 (Wandke et al., 2012; Yajima et al., 2003) (Figure 4). All 

these forces operate in parallel to drive chromosome congression.  
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 Amphitelic attachment (bi-orientation) is required for correct chromosome 

segregation at anaphase. However, other connections could occur namely monotelic, 

syntelic, and merotelic attachments. Monotelic attachment, which is frequently observed 

at the beginning of prometaphase and occurs when one sister kinetochore is unattached, 

and the other is attached to microtubules. The condition when both sister kinetochores 

are attached to microtubules from the same spindle pole is known as syntelic attachment. 

Merotelic attachment occurs when a sister kinetochore is simultaneously attached to 

microtubules from both spindle poles (T. U. Tanaka, 2010) (Figure 4). These errors are 

usually corrected by the kinase Aurora B. Aurora B, which is present at centromeres, 

acts as a tension sensor and destabilizes these mis-attachments by phosphorylating 

several components of kinetochores that mediate kinetochore-microtubule attachment. 

(D. Liu & Lampson, 2009; Welburn et al., 2010). 

 

 

Fig. 4- Forces that drive chromosome congression and kinetochore-microtubule mis-attachments. Mitotic spindle 

encompasses three types of microtubules: astral (aMT), interpolar (iMT), and the kinetochore-fibers (K-fiber). The 

chromosomes laterally attached to microtubules and positioned outside the spindle are transported by dynein to the 

spindle poles, while chromosomes within the spindle are moved by CENP-E towards the spindle equator. Then, the lateral 

kinetochore-microtubule attachment is converted to end-on attachment in both sister kinetochores, resulting in 

chromosome bi-orientation. Once bi-orientated, the chromosomes align at the spindle equator moved by the pulling forces 

generated by the K-fibers. The chromokinesins apply a force on chromosome arms ejecting them away from the pole. 

Other kinetochore-microtubule attachments than amphitelic attachment (a) could occur: Monotelic (b), when one sister 

kinetochore is end-on attached and the other is unattached; Syntelic (c), when both kinetochores are attached to 
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microtubules from the same spindle pole; Merotelic (d), when the kinetochore (left) is simultaneously attached to 

microtubules from opposite spindle poles. Adapted from (Maiato et al., 2017). 

 

3.3 Spindle assembly checkpoint 
 For a correct cell division, the genetic material must be equally segregated to the 

two daughter cells. As mention above, chromosome bi-orientation and alignment at the 

spindle equator are required for correct chromosome segregation. Therefore, the cell 

must delay the onset of anaphase until all chromosomes are aligned and correctly 

attached to K-fibers from opposite spindle poles, which is guaranteed by the spindle 

assembly checkpoint (SAC). The SAC operates like a surveillance mechanism that 

monitors kinetochore-microtubule attachments and acts through the assembly of the 

mitotic checkpoint complex (MCC) that ultimately inhibits the downstream SAC target, 

the anaphase promoting complex/cyclosome (APC/C) (Henriques et al., 2019) (Figure 

5). A single unattached kinetochore is capable of activating the SAC signaling (Conly L 

Rieder et al., 1994, 1995).  

 The kinase Mps1 has been suggested to be the key regulator of SAC signaling 

(X. Liu & Winey, 2012b; Pachis & Kops, 2018; Stucke et al., 2002). Mps1 is recruited 

early in mitosis to unattached kinetochores, which is promoted by Aurora B and Cdk1-

cyclin B (Hayward et al., 2019; Nijenhuis et al., 2013; Zhu et al., 2013). Once at 

kinetochores, Mps1 phosphorylates the outer kinetochore protein Kln1 at specific 

Methionine-Glutamate-Leucine-Threonine (MELT) motifs, generating docking sites for 

the complexes Bub1-Bub3 and Bub1-BubR1 (Primorac et al., 2013; Vleugel et al., 2013; 

Zhang et al., 2014). Further, phosphorylation of Bub1 by Mps1 establishes its interaction 

with Mad1, recruiting the complex Mad1-Mad2 to kinetochores (Ji et al., 2017; Moyle et 

al., 2014; Zhang et al., 2017). Mad1 can be also recruited to kinetochores in an 

alternative pathway by the RZZ complex (Allan et al., 2020). The protein Mad2 could 

adopt two conformations, open (O-Mad2) or closed (C-Mad2). When bound to Mad1, 

Mad2 adopts the close conformation, forming the complex Mad1-C-Mad2. This complex 

catalyzes the conversion of novel O-Mad2 to C-Mad2, which directly binds to Cdc20, a 

co-activator of APC/C. Mps1 was also reported to promote the recruitment of O-Mad2 to 

Mad1-C-Mad2 complex. Furthermore, the phosphorylated Mad1, by Mps1, can directly 

interact with Cdc20 (Hewitt et al., 2010; Ji et al., 2017). The complex Cdc20-C-Mad2 

further interacts with Bub3 and BubR1, completing the MCC assembly (Sudakin et al., 

2001). Therefore, Mps1 facilitates the assembly of the MCC by promoting the spatial 

proximity of MCC subunits at unattached kinetochores. The MCC ultimately inhibits the 
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APC/C, a ubiquitin ligase, which is responsible to target securin and cyclin B for 

proteasomal degradation. Securin is the inhibitor of the protease separase which cleaves 

the cohesin complexes allowing the segregation of sister chromatids (anaphase onset). 

Cyclin B degradation, and consequent Cdk1 inactivation, leads to the mitotic exit. 

Thereby, inhibition of APC/C stabilizes securin and cyclin B, preventing the onset of 

anaphase and mitotic exit, respectively, until all kinetochores are correctly attached to 

microtubules. Once all chromosomes are bi-oriented and aligned at the spindle equator, 

the SAC must be silenced. SAC silence implies the interruption of MCC assembly and 

the disassembly of the existing ones. The motor protein dynein is responsible for the 

transport of SAC proteins from kinetochores towards the spindle pole, a process known 

as stripping, preventing the formation of more MCCs (Famulski et al., 2011; Silva et al., 

2014). Furthermore, the phosphatases PP1 and PP2A-B56 counteracts the activity of 

the kinases Mps1 and Aurora B promoting the disassociation of the SAC proteins from 

kinetochores (Espert et al., 2014; Nijenhuis et al., 2014; Qian et al., 2017). The 

disassembly of existing MCCs is ensured by two proteins, the p31comet which binds to 

Mad2, and the TRIP13, an AAA + family ATPase. These proteins cooperate to convert 

C-Mad2 to O-Mad2 which leads to MCC disassembly releasing the Cdc20 that binds and 

activates APC/C, which further ubiquitinates cyclin B and securin (M. Yang et al., 2007; 

Q. Ye et al., 2015). 
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Fig. 5- Spindle assembly checkpoint. During prometaphase (SAC ON), Mps1 is recruited to unattached kinetochores und 

promotes the recruitment of the remaining SAC components. The complex Mad1-C-Mad2 converts the open Mad2 (O-

Mad2) to close Mad2 (C-Mad2) which further associates with Bub3, BubR1 and Cdc20 to assembly the mitotic checkpoint 

complex (MCC). The MCC inhibits the ubiquitin ligase APC/C, preventing the proteasomal degradation of cyclin B and 

securin, resulting in mitotic arrest. When all kinetochores are correctly attached to microtubules (SAC OFF), the motor 

protein dynein transport the SAC components towards the spindle pole, and the phosphatases PP1 and PP2A-B56 

dephosphorylates the Kln1 and Bub1, both processes promote the silencing of the SAC by preventing the formation of 

new MCCs. The proteins p31comet and TRIP13 cooperates to convert the C-Mad2, present in the MCC, to O-Mad2, 

promoting the disassembly of the MCC, releasing the APC/C co-activator Cdc20. Once activated, the APC/C target the 

securin and cyclin B for proteasomal degradation, leading to the cleavage of cohesin complexes by separase, and mitotic 

exit induced by Cdk1-cyclinB inactivation. Adapted from (Novais et al., 2021). 

 

4. Apoptosis 
 Apoptosis, also known as programmed cell death, is a vital mechanism for 

multicellular organisms, participating in several events such as development, 

differentiation, defense against infections, and maintenance of homeostasis (Fuchs & 

Steller, 2011; Galluzzi et al., 2016; Jorgensen et al., 2017). Apoptosis is a complex 

process, which is regulated by various proteins, and differs from other types of cell death 
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based on its morphological and biochemical features. Morphological changes of 

apoptotic cells consist of nuclear condensation and fragmentation, cell shrinkage, 

membrane blebbing, and loss of adhesion to extracellular matrices or to neighbor cells, 

while biochemical alterations encompass chromosomal DNA cleavage, 

phosphatidylserine externalization, and activation of a family of cysteine proteases 

known as caspases that are the central effectors of the apoptotic machinery (Ouyang et 

al., 2012). Caspases are expressed in cells as inactive zymogens, known as 

procaspases, and are activated by cleavage. The caspases are classified into two 

groups, based on their position in the apoptotic signaling pathway: initiator caspases (8, 

9, and 10), and the effector caspases (3, 6, and 7) (Julien & Wells, 2017).  

4.1 Pathways 
 There are two well characterized apoptotic pathways: the extrinsic pathway, 

which involves cytoplasmatic receptors, and the mitochondrial-mediated intrinsic 

pathway (Figure 6). Both mechanisms culminate in the same execution pathway by 

activating the effector caspases. The extrinsic pathway is initiated by extracellular 

perturbations and is driven by death receptors, like the Fas receptor (FasR), tumor 

necrosis factor (TNF) receptor 1 (TNFR1), and the TNF-related apoptosis-inducing 

ligand receptor 1 and 2 (TRAILR1, TRAILR2), that upon binding to the respective ligands 

they trimerize. These receptors have a death domain at the intracellular tail, which is 

responsible to recruit several proteins, to assemble the death-inducing signaling complex 

(DISC), which differs in its composition depending on the type of receptor. A central 

component of DISC is the Fas-associated protein with death domain (FADD) which is 

responsible to recruit procaspase 8, finalizing the assembly of DISC (Dickens et al., 

2012). Caspase 10 can also be recruited by FADD but its function seems to be primarily 

in the apoptosis of lymphoid cells (Fan et al., 2005). The recruitment of several molecules 

of procaspase 8 by FADD, facilitates its homodimerization followed by autoproteolytic 

cleavage leading to their activation (Tummers & Green, 2017). Activation of caspase 8 

is negatively regulated by the protein c-FLIP which is a component of DISC (Irmler et al., 

1997). The caspase 8 cleavages and activates the caspase 7 and caspase 3 which in 

turn is able to activate caspase 6 (Fan et al., 2005; Tummers & Green, 2017). The 

effector caspases 3, 6, and 7 are responsible for cell demolition and the consequent 

morphological and biochemical changes of apoptotic cells by cleaving several substrates 

including, among others, ICAD leading to DNA fragmentation, actin and α-fodrin resulting 

in cell shrinkage and apoptotic bodies formation, and nuclear lamins promoting nuclear 

fragmentation (Fan et al., 2005; Nuñez et al., 1998). 
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 The intrinsic pathway is triggered by stress resulting from a variety of stimulus 

like DNA damaged, chemotherapy, radiation, mitotic defects, among others. The critical 

step of this pathway is the mitochondrial outer membrane permeabilization (MOMP), 

which is regulated by pro-apoptotic and anti-apoptotic members of the BCL-2 family, that 

share some BCL-2 homology domains (BH1, BH2, BH3, BH4) (Tait & Green, 2010). 

MOMP is promoted by the pro-apoptotic effector proteins BAX, BAK, and BOK that 

encompass the domains BH1, BH2, and BH3. After a stimulus, they oligomerize and 

inserts into the outer mitochondrial membrane, creating pores along the membrane that 

leads to the releasing of apoptogenic factors present in the mitochondrial intermembrane 

space to cytosol, such as the cytochrome c, and the second mitochondrial activator of 

caspases (SMAC) (Tait & Green, 2010). Activity of BAX and BAK is regulated by the 

other Bcl-2 family members. They are antagonized by the anti-apoptotic members BCL-

2, BCL-XL, BCL-W, MCL-1, and BFL-1 that contain all BH domains. The anti-apoptotic 

proteins exert their inhibitory activity either by directly binding to BAK and BAX preventing 

their oligomerization or by sequestration of the other pro-apoptotic BCL-2 family 

members, known as BH3-only protein activators (Cheng et al., 2001; Tait & Green, 

2010). The BH3-only proteins are activated transcriptionally or post-translationally after 

a harmful stimulus operating as transducers of stress signaling (Tait & Green, 2010). 

They are usually divided into two groups: activators, such as BID, BIM, NOXA, and 

PUMA that can directly activate BAX and BAK; and sensitizers like BAD, BMF, BNIP3, 

and HRK that sequestrate the anti-apoptotic proteins. BH3-only activators can also inhibit 

the anti-apoptotic proteins (Chen et al., 2015; Czabotar et al., 2014; Du et al., 2011; Kim 

et al., 2006). Once at cytosol, the cytochrome c binds to apoptotic peptidase activating 

factor 1 (APAF1) and procaspase 9 to form the complex known as apoptosome, which 

is responsible to activate caspase 9 (Li et al., 1997). Caspase 9 in turn, activates caspase 

3 and 7 (Fan et al., 2005). Cytosolic SMAC is responsible to associate and inhibit the 

inhibitor of apoptosis (IAP) family proteins, which can physically block caspases (Fan et 

al., 2005). Despite both pathways are usually described by separated molecular 

mechanisms that culminate in the same execution pathway, there is a crosstalk point 

between the pathways ensured by the caspase 8, which is activated through the extrinsic 

pathway and can cleave the BCL-2 family member BID, generating a truncated BID 

(tBID) which is capable of activating BAX and BAK (Tummers & Green, 2017). Several 

other proteins have been reported to participate in apoptosis, primarily by regulating the 

activity of anti-apoptotic and pro-apoptotic proteins. For instance, after DNA damage, 

p53 promotes the transcription of the pro-apoptotic proteins BAX, NOXA, and PUMA. 
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Furthermore, cytosolic p53 can also antagonize the inhibitory activity of BCL-2 and BCL-

XL promoting the oligomerization of BAK and BAX at mitochondria (Amaral et al., 2010).  

 

 

Fig. 6- Apoptotic pathways. Intrinsic pathway is triggered by stressful stimulus leading to activation of BAX and BAK that 

are responsible of permeabilize the outer mitochondrial membrane, resulting in the releasing of cytochrome c and SMAC 

to cytosol. Cytochrome c further associates with APAF1 and procaspase 9 that oligomerize to form the apoptosome which 

responsible to activate caspase 9. In turn caspase 9 activates caspase 3 and 7 responsible for cell demolition. SMAC 

inhibit the proteins of IAP family that in turn can inhibit caspases. Extrinsic pathway is driven by death receptors that after 

binding to their extracellular ligand, recruit procaspase 8 to their intracellular tail mediated by the protein complex DISC, 

resulting in the activation of caspase 8. Caspase 8, in turn activates the effector caspases 3 and 7, and cleavages the 

pro-apoptotic protein BID, which further activates BAK and BAX. c-FLIP is responsible to inhibit caspase 8. Created in 

BioRender. 

 

4.2 Targeting apoptosis for cancer therapy: BH3 mimetics 
 Apoptosis is a fundamental mechanism to eliminate damaged cells, and its 

dysregulation is implicated in the development of various diseases, particularly cancer. 
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In fact, cancer cells usually have the apoptotic machinery altered, and the evasion of 

apoptosis is considered a hallmark of cancer (Hanahan & Weinberg, 2011). Reduced 

caspase function, mutations on p53, impaired death receptors signaling, and unbalanced 

levels of pro-apoptotic and anti-apoptotic proteins are the major mechanisms used by 

cancer cells to evade apoptosis (Carneiro & El-Deiry, 2020a). Therefore, block of 

apoptosis may promote tumorigenesis by keeping cells with damaged DNA alive, 

allowing them to proliferate and further accumulate more neoplastic features. 

Furthermore, several chemotherapeutic agents, including antimitotics, depend on 

apoptosis to exert their cytotoxic activity, thus, dysregulation of apoptosis has been also 

associated with drug resistance (Czabotar et al., 2014). For instance, the expression of 

the pro-apoptotic protein BIM and the anti-apoptotic proteins BCL-2, BCL-XL and MCL-

1 determinates the response of tumors to paclitaxel (X. Shi et al., 2017; T. T. Tan et al., 

2005). In this regard, several cancer therapies that target molecules of the apoptotic 

machinery have been developed.  

 One of these strategies comprises a group of molecules, known as BH3-

mimetics, that are able to inhibit the anti-apoptotic BCL-2 family members. Various 

compounds have been developed and a few of them entered in clinical trials (Carneiro 

& El-Deiry, 2020b). Moreover, the BCL-2 selective inhibitor venetoclax was already 

approved by FDA for the treatment of patients with chronic lymphocytic leukemia 

(Stilgenbauer et al., 2018). Navitoclax, also known as ABT-263, is a BH3-mimetic 

capable of inhibiting both BCL-2 and BCL-XL (Tse et al., 2008). Pre-clinical studies of 

Navitoclax demonstrated its antitumor activity against several tumor cell lines that 

prompted Navitoclax to enter clinical trials (Mohamad Anuar et al., 2020). At least twelve 

phase I/II clinical trials were completed with Navitoclax as monotherapy or in combination 

with other anticancer agents in patients with hematologic and solid tumors (U.S National 

Library of Medicine, 2021). Overall, these studies indicate that combinational treatments 

with Navitoclax, especially with drugs that indirectly induce the activation of apoptosis, 

like antimitotics, should be the best strategy to enhance its antitumor activity. 

Furthermore, the clinical trial outcomes showed that Navitoclax provokes severe 

thrombocytopenia, thus combinational treatments could permit to reduce its dose, which 

could minimize its side effects (Mohamad Anuar et al., 2020).  
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5. Targeting mitosis for cancer therapy 
 Based on the uncontrolled proliferation of cancer, anticancer drugs have been 

developed to block the cell cycle, particularly at mitosis. Antimitotic agents rely on SAC 

activation which leads to mitotic arrest, expecting to induce subsequent cell death. 

Classical antimitotic drugs have been widely used in cancer therapy, however, due to 

some limitations associated with these drugs, novel molecules with different action 

mechanisms have been developed to disrupt the normal progression of mitosis, known 

as second-generation antimitotics (SGAs). 

5.1 Classical antimitotic drugs 
 Classical antimitotic drugs target microtubule dynamics, for this reason there are 

commonly called microtubule-targeting agents (MTAs). MTAs are typically divided into 

two groups, based on their action mechanism: microtubule destabilizers and stabilizers 

(Jordan & Wilson, 2004). Microtubule destabilizers consists of vinca alkaloids such as 

vinblastine and vincristine that bind to β-tubulin subunits inducing microtubule 

depolymerization. On the other hand, microtubule stabilizers including epothilones and 

taxanes like paclitaxel and docetaxel, bind to β-tubulin subunits resulting in the 

stabilization of microtubules and increased polymerization (Perez, 2009). Both classes 

impair a functional mitotic spindle, leading to SAC activation and subsequent mitotic 

arrest (Matson & Stukenberg, 2011). Following prolonged mitotic arrest cells respond to 

MTAs by different ways: die in mitosis by apoptosis, divide unequally producing 

aneuploid daughter cells or exit mitosis without dividing, a process known as slippage, 

which results from a constant and slow degradation of cyclin B even when SAC is on, 

originating tetraploid cells (Brito & Rieder, 2006; Gascoigne & Taylor, 2009) (Figure 7). 

In turn, slipped cells can follow three possible fates: become senescent, undergo post 

mitotic death, or continue dividing (Gascoigne & Taylor, 2009; Nakayama & Inoue, 2016). 

Therefore, mitotic slippage, together with efflux pumps, mutations in tubulin genes, and 

deficient apoptotic signaling, represent the main reasons for the therapeutic failure of 

MTAs (Dumontet & Jordan, 2010). Additionally, MTAs treatment is frequently associated 

with neurological and myeloid toxicity due to the disruption of microtubule dynamics 

(Dumontet & Jordan, 2010).  
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Fig. 7- Cell fates after treatment with MTAs. After mitotic arrest imposed by MTAs, cells could die in mitosis, divide 

unequally, or exit mitosis without divide (slippage). After slippage, cells could die, become senescent, or continue diving. 

Adapted from (Henriques et al., 2019). 

 

5.2 Second-generation antimitotics  
 Due to the aforementioned limitations of MTAs, alternative approaches to block 

mitosis than directly targeting microtubules were developed. These new strategies 

consist of inhibiting the activity of mitotic proteins, especially the kinases Mps1, Plk1, 

Aurora A and B, and the motor proteins Eg-5 and CENP-E, that play crucial roles in 

different process during mitosis such as mitotic entry, spindle assembly, chromosome 

congression, or SAC regulation (Figure 8). The inhibition of these proteins is made 

through small molecules or small interfering RNAs (siRNAs), known as the second-

generation antimitotics (Novais et al., 2021). From a SAC response point of view, SGAs 

could be divided into two groups with different mechanisms whereby they kill cancer 

cells: mitotic blockers and mitotic drivers. Similar with MTAs, the mitotic blockers induce 

SAC activation leading to prolonged mitotic arrest followed by apoptosis. This group 

includes inhibitors of the proteins Eg-5, Plk1, Aurora A, and CENP-E. In contrast, mitotic 

drivers which consist of Mps1 and Aurora B inhibitors, induce SAC silencing provoking 

a premature mitotic exit with extensive chromosome missegregation, resulting in 

chromosome aberrations that are incompatible with the cell viability of daughter cells.  

 As mentioned above, CENP-E is a plus end-directed motor protein that plays a 

crucial role in cytokinesis, chromosome congression and alignment, and in SAC 

signaling through modulation of BubR1 function (Mao et al., 2005; Ohashi et al., 2016; 

Yu et al., 2019). Inhibition of CENP-E leads to defects on chromosome alignment that 
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results in chronic activation of SAC and consequent mitotic arrest (Kung et al., 2014; 

Ohashi et al., 2015; Tanudji et al., 2004). Some CENP-E inhibitors have been tested in 

pre-clinical studies, but only one small molecule, GSK923295, has reached clinical trials. 

GSK923295 was generally well tolerated but demonstrated a modest efficacy (Chung et 

al., 2012).  

 Eg-5 kinesin is a plus end-directed motor protein that plays a critical role in bipolar 

spindle assembly (Blangy et al., 1995; Sawin et al., 1992). The inhibition of Eg-5 results 

in monopolar spindles, which leads to SAC activation and mitotic arrest, and has 

demonstrated antitumor activity in human xenografts models (M. Liu et al., 2008; Weil et 

al., 2002; X. S. Ye et al., 2015). Together with its overexpression in several tumors, 

makes Eg-5 an attractive target for cancer therapy (S. Ding et al., 2011; C. Liu et al., 

2017; L. Liu et al., 2016; M. Liu et al., 2010). Conversely to the kinesin CENP-E, ten Eg-

5 inhibitors have reached clinical trials: 4SC-205, ARRY-520 (Filanesib), AZD4877, MK-

0731, SB-715992 (Ispinesib), LY2523355 (Litronesib), SB-743921, EMD 534085, ARQ 

621, and ALN-VSP02. Forty-five phase I/II trials against solid and hematological tumors, 

in monotherapy or in combinational treatments, have been completed or terminated. The 

most promising efficacy results were achieved with Filanesib in multiple myeloma 

patients, especially when combined with the proteasome inhibitors Bortezomib and 

Carfilzomib. It is expected that Filanesib will enter phase III trials. 

 Mps1 is a dual-specificity protein kinase phosphorylating serine/threonine and 

tyrosine residues (Lauzé et al., 1995). As already mentioned, Mps1 is recruited early in 

mitosis to unattached kinetochores, where it is responsible for SAC activation through 

the recruitment of several SAC components to kinetochores and subsequent MCC 

formation. It has also been involved in DNA damage checkpoint response, chromosome 

alignment, meiosis, cytokinesis, centrosome duplication, and error-correction of 

kinetochore–microtubule attachment (X. Liu & Winey, 2012a; Maciejowski et al., 2017; 

H. Yang et al., 2019). Mps1 is overexpressed in various tumors, correlating with poor 

prognosis (Xie et al., 2017). The inhibition of Mps1 activity compromises the SAC, which 

leads to premature mitotic exit, resulting in massive aberrant chromosome segregation 

and subsequent cell death (Jemaà et al., 2013; Kwiatkowski et al., 2010). Furthermore, 

inhibition of Mps1 has been shown to sensitize cancer cells to paclitaxel (Janssen et al., 

2009). Hence, Mps1 became an attractive target for cancer therapy, and a variety of 

small molecules that inhibit Mps1 have been developed. So far, five Mps1 inhibitors have 

been approved to begin clinical trials in combination with paclitaxel, namely, 

BOS172722, BAY1217389, BAY1161909, CFI-402257 and S81694. Six phase I/II 
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studies have been undertaken: two have been completed, one has been terminated, two 

are recruiting participants and another one is ongoing. It is too early to draw a conclusion 

on the clinical efficacy and safety of these combinations, as only the outcomes of BAY 

1161909 have been published to date. Nevertheless, in this trial, the combinational 

treatment was generally well tolerated, and partial responses were reported (Lorusso et 

al., 2018). Inhibition of Mps1 also demonstrated a synergic effect with cisplatin in 

malignant mesothelioma cisplatin-resistant cell lines in vitro. Therefore, it will be 

interesting to evaluate the clinical efficacy of Mps1 inhibitors combined with anti-cancer 

drugs other than taxanes, in particular with platinum-based agents (Szymiczek et al., 

2017). 

 Aurora kinases A, B, and C are a family of serine/threonine kinases that play 

critical functions during mitosis. Aurora A is implicated in centrosome maturation and 

separation, cytokinesis, and bipolar spindle assembly, whereas Aurora B is involved in 

chromosome condensation and alignment, kinetochore–microtubule attachments, SAC 

activation, and cytokinesis (Bolanos-Garcia, 2005; Willems et al., 2018). All Aurora family 

members are overexpressed in several tumors and have been related to improving the 

survival and proliferation of tumor cells (Willems et al., 2018). The inhibition of Aurora A 

and Aurora B results in cell death through different mechanisms. Aurora B inhibition 

leads to defects in kinetochore–microtubule attachments that override the SAC, resulting 

in extensive aneuploidy and cell death (Girdler et al., 2006; Hauf et al., 2003). In contrast, 

inhibition of Aurora A provokes a shortened and disorganized microtubule spindle, 

inducing SAC activation and subsequent mitotic arrest, followed by apoptosis (Glaser et 

al., 2012; Kaestner et al., 2009). For these reasons, Aurora kinases were seen as 

attractive targets for cancer therapy. Therefore, several small molecules with broad-

spectrum inhibition activity against Aurora kinases, known as pan-Aurora inhibitors, have 

entered clinical studies, including VX-680 (Tozasertib), CYC116, PHA739358 

(Danusertib), SNS-314 Mesylate, PF-03814735, AS703569 (Cenisertib), TAK-901, ABT-

348 (Ilorasertib), AMG-900, GSK1070916 (NIM-900), AT9283, and BI-847325. 

Additionally, various selective inhibitors for each kinase have also been developed and 

some of them entered clinical trials, such as the Aurora A inhibitors MLN8237 (Alisertib), 

LY3295668 (Erbumine), TAS-119, ENMD-2076, MK-5108/VX-689, KW-2449, and 

MLN8054; and the Aurora B inhibitors Chiauranib, AZD1152 (Barasertib), BI-811283, 

and BI-831266. In summary, considering all Aurora inhibitors, either those with broad-

spectrum or with selective activity, the efficacy outcomes were better in hematological 

tumors than in solid tumors. There is a substantial debate as to whether it is more efficient 

to inhibit Aurora A, Aurora B, or both simultaneously. A pre-clinical study in pancreatic 
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cancer cells has pointed to Aurora A as a better target than Aurora B (Warner et al., 

2006). However, another pre-clinical study has demonstrated that colon cancer cells 

were more sensitive to Aurora B inhibition compared to Aurora A (Girdler et al., 2006). 

In fact, the molecule with better efficacy outcomes in trials was the Aurora A inhibitor 

Alisertib, but both strategies have demonstrated antitumor activity, especially against 

hematological tumors. Perhaps, some tumors may be more sensitive to inhibition of one 

of the two kinases, but further studies are required to address this question.  

 Plk1 is a cell cycle-regulating serine/threonine kinase implicated in centrosome 

maturation and separation, mitotic entry, spindle assembly, kinetochore–microtubule 

attachment, the SAC, DNA damage checkpoint activation, and cytokinesis (Bruinsma et 

al., 2012; Colicino & Hehnly, 2018; Combes et al., 2017). Knockdown or inhibition 

through small molecules of Plk1 leads to monopolar spindle formation, G2/M arrest, and 

polyploidy, which ultimately leads to cell death (Pajtler et al., 2016; Ueda et al., 2019; 

Wang et al., 2020). Plk1 is overexpressed in several tumors, correlated with poor 

prognosis, and has been associated with resistance to chemotherapeutics such as 

Doxorubicin, Gemcitabine, and Paclitaxel (Gutteridge et al., 2016; Z. Liu et al., 2016). 

Taken together, these facts led to the development of several small molecules that target 

Plk1 for cancer therapy. Nine Plk1 inhibitors have already entered clinical trials: CYC 

140, GSK461364, TAK-960, NMS-1286937 (Onvansertib), BI 6727 (Volasertib), BI 2536, 

Rigosertib, MK-1496, and lipid nanoparticles carrying the siRNA, TKM-080301. Seventy-

nine phase I/II clinical trials with solid and hematological tumor patients have been 

initiated: fifty-two completed, five ongoing, fifteen terminated/withdrawn, and seven are 

recruiting participants. Additionally, three phase III studies with metastatic pancreatic 

adenocarcinoma and myelodysplastic syndrome (MDS) patients have been completed, 

and two studies with acute myeloid leukemia (AML) and MDS patients are ongoing. 

BI2536 is a potent ATP-competitive Plk1 inhibitor developed by Boehringer Ingelheim 

(Lénárt et al., 2007). Several clinical trials have been undertaken with this compound. 

Overall, the most common AEs were neutropenia and leukopenia. Partial responses 

were reported in non-small-cell lung cancer patients as monotherapy (2.1%, 

NCT00376623) and in combination with pemetrexed (5.2%, NCT02211833). Partial 

responses were also reported in pancreatic cancer patients (2.3%, NCT00710710) as a 

monotherapy (Ellis et al., 2013; Mross et al., 2012; Sebastian et al., 2010). Nevertheless, 

the greatest efficacy was observed in acute myeloid leukemia patients (NCT00701766), 

in which two complete remissions (3.7%) and three partial responses (5.5%) were 

reported, and in non-Hodgkin’s lymphoma patients (NCT00243087), also as 
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monotherapy, in which three complete remissions (17.7%) and one partial response 

(5.9%) were achieved (Müller-Tidow et al., 2013; Vose et al., 2013).  

 Despite several inhibitors of these proteins entered clinical trials, until now, no 

small molecule was approved for clinical use. Either blocking mitosis with mitotic blockers 

or inducing premature mitotic exit with mitotic drivers, seem to be reasonable approaches 

to kill cancer cells. However, the clinical efficacy of SGAs was generally modest, and 

there are some concerns either with mitotic drivers or mitotic blockers. Mitotic drivers can 

fuel genomic instability. In case of the incomplete inhibition of mitotic driver targets, which 

is more likely to occur in vivo than in vitro, chromosome segregation errors may be 

generated below the threshold required to kill cancer cells, which, theoretically, increases 

genomic instability, thereby fueling malignancy. On the other hand, there is profound 

variability in terms of cell fates following the prolonged mitotic arrest of cancer cells 

treated with mitotic blockers, as it happens with MTAs. Therefore, mitotic slippage also 

represents a resistance mechanism against mitotic blockers. In this regard further 

research is required to improve the clinical efficacy of SGA by developing new molecules 

and combinational treatments with synergistic effects.  
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Fig. 8- Targeting mitosis for cancer treatment. Representation of the activity of Mps1, Plk1, Aurora A and B, CENP-E, and 

Eg-5 throughout mitosis and the cell fate upon their inhibition. Overview of the current clinical trials state of the inhibitors 

of each protein. Adapted from (Novais et al., 2021) 
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Chapter II: 

Motivations and aims 
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  The present study aims to provide new strategies to target mitosis for cancer 

therapy and comprises two specific objectives: 

 i) improving the efficacy of the second-generation antimitotic BI2536  

 ii) identifying new molecules with antimitotic properties 

 Targeting mitosis to kill cancer cells has been one of the most successful 

strategies in the past few years (Perez, 2009). Even so, antimitotic agents have been 

facing some limitations that impair their clinical efficacy. Antimitotic agents such as MTAs 

and the SGAs mitotic blockers, induce mitotic arrest which is expected to lead to cell 

death by apoptosis. However, cancer cells display a profound cell fate variation after 

exposure to antimitotic agents (Gascoigne & Taylor, 2008). The ability of cancer cells to 

undergo slippage, thereby escaping apoptosis has been pointed as a mechanism of 

resistance to antimitotics (Sinha et al., 2019). Slippage occurs due to the slow 

degradation of cyclin B even when SAC is on, triggering mitotic exit. What dictates 

whether cell die in mitosis or undergo slippage is the rate of cyclin B degradation versus 

the accumulation of the apoptotic signal. If cyclin B levels reach the mitotic exit threshold 

before the levels of death signals reach the threshold to trigger apoptosis, slippage 

occurs. On the other hand, if death signals reach the threshold to trigger cell death before 

the cyclin B levels fall below the mitotic exit threshold, cells die in mitosis (Figure 9). 

 

 

Fig. 9- Model explaining cell fate variation after treatment with antimitotic agents. Relationship between cyclin B 

degradation and apoptotic activity determines whether cells die in mitosis or undergo slippage. In cells that die in mitosis 

(left), the levels of death signals reach the death threshold before the cyclin B levels fall below the threshold to trigger 

mitotic exit, resulting in cell death. In cells that undergo slippage (right), the rate of cyclin B degradation is faster than the 

accumulation of death signals, consequently cyclin B levels reach the threshold to trigger mitotic exit before the death 

signals reach the death threshold, resulting in slippage. Adapted from (Gascoigne & Taylor, 2008) 
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Thus, the combination of apoptosis potentiators, like BH3-mimetics, with SGA is a 

reasonable strategy to improve their efficacy, once after a mitotic arrest imposed by SGA, 

the apoptosis potentiator may induce a faster accumulation of death signals, resulting in 

cell death and consequently decreasing the risk of slippage. In this regard, the first aim 

of this thesis focused on the improvement of the efficacy of the Plk1 inhibitor BI2536, an 

SGA mitotic blocker, by combining it with the apoptosis potentiator Navitoclax, a BH3-

mimetic (Figure 10), (Chapter III), in the human lung adenocarcinoma epithelial cells 

A549. Lung cancer exhibits the highest mortality rate among all cancer types (Global 

Cancer Observatory, 2020). Approximately 85% of patients have a group of histological 

subtypes collectively known as non-small cell lung cancer (NSCLC), of which lung 

adenocarcinoma and lung squamous cell carcinoma are the most common subtypes. 

Therefore, the A549 cell line was chosen as NSCLC model for this study. The IC50 of 

both compounds was previously determined by our group in the A549 cell line (Table 1). 

The clinical trial outcomes of BI2536 and Navitoclax revealed that both molecules 

provoked severe hematologic toxicity, with neutropenia and leukopenia being the main 

side effects of BI2536 and thrombocytopenia as the main adverse event induced by 

Navitoclax (Mohamad Anuar et al., 2020; Novais et al., 2021). We explored a 

combination using a lower concentration than IC50 of both compounds: 15 nM BI2536 (6-

fold less) and 220 nM of Navitoclax (4-fold less), that could minimize their adverse 

events. To evaluate the effect of the combinational treatment on cell fate it was 

performed a live-cell imaging assay, for 48h, using time-lapse differential interference 

contrast (DIC) microscopy, and apoptosis detection assays were performed to access 

the effect of both compounds on cell death.  

Fig. 10- Structure of Plk1 inhibitor BI2536 and the BH3-mimetic Navitoclax 
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Table 1- IC50 values of BI2526 and Navitoclax in A549 cells after 48 of exposure 

Compound IC50 (nM) 

BI2536 100.2± 17.3 

Navitoclax 657.3± 40.1 
Results are expressed as mean ± SD of three independent experiments. 

 

 The MTAs, such as taxanes and vinca alkaloids, are the current antimitotics used 

in the clinic (Perez, 2009). However, MTAs have limited effectiveness in several cancer 

due to hematopoietic and neurologic toxicities, owing to the role of microtubules in non-

tumor cells. Additionally, resistance mechanisms have been developed by cancer cells 

such as upregulation of efflux pumps that lowers their intracellular concentration, and 

tubulin mutations that affect MTA binding sites (Perez, 2009). Therefore, discovery of 

new antimitotics that can overcome these disadvantages are required. Accordingly, the 

second aim of this thesis focused on identification of new antimitotic agents (Chapter IV). 

Two different groups of molecules were analyzed.  

 First, three tetracyclic thioxanthenes derivates were evaluated, TX2.1a, TX2.19, 

and TX2.17 (Group I) (Figure 11). Recently, tetracyclic thioxanthenes were described to 

exhibit potential antitumor activity (Hedidi et al., 2017; Mokhtari Brikci-Nigassa et al., 

2020). The three tetracyclic thioxanthenes of this study were previously synthesized 

based on a thioxanthone which emerged as hit compound with antitumor properties, 

highlighting the potential of these molecules (Barbosa et al., 2016; Lima et al., 2016). 

Thus, to evaluate the potential antitumor activity of these tetracyclic thioxanthenes 

derivates, we accessed the growth inhibitory activity of the analyzed compounds in 

cancer cells, by a Sulforhodamine B (SRB) assay. The compounds with promising 

growth inhibitory activity were selected to further investigate whether they possessed 

antimitotic activity.  
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Fig. 11- Structure of tetracyclic thioxanthenes TX2.1a, TX2.17, and TX2.19. 

 

 The second molecule evaluated was a diarylpentanoid, BP-M345 (Group II) 

(Figure 12). Diarylpentanoids have been reported to exhibit antitumor activity by 

interfering with multiple biologic process, including cell cycle (Moreira et al., 2021; Paulraj 

et al., 2019). A recent study explored the activity of BP-M345 on activation of the p53 

pathway through inhibition of p53 interaction with MDM2. Despite BP-M345 has 

demonstrated growth inhibitory activity in colon tumor cells HCT116, the results showed 

that BP-345 did not inhibit the interaction of p53 with MDM2 (Moreira et al., 2021). Thus, 

we investigated whether BP-M345 exerts its antitumor activity, by acting as an antimitotic 

agent. 

 

 

Fig. 12- Structure of the diarylpentanoid BP-M345. 

 

  



FCUP 
Targeting mitosis for cancer therapy: improving the efficacy of the second-generation antimitotics 

and identifying new antimitotics 

 

 

31 

  



FCUP 
Targeting mitosis for cancer therapy: improving the efficacy of the second-generation antimitotics 

and identifying new antimitotics 

 

 

32 

 

 

Chapter III 

Targeting the anti-apoptotic pathway sensitizes lung cancer cells to 

Plk1 inhibition  
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1. Introduction 
 Cancer cells display a profound cell fate variation after exposure to antimitotic 

agents (Gascoigne & Taylor, 2008). The ability of cancer cells to undergo slippage, 

thereby escaping apoptosis has been pointed as a mechanism of resistance to 

antimitotics (Sinha et al., 2019). Slippage occurs due to the slow degradation of cyclin B 

even when SAC is on, triggering mitotic exit. What dictates whether cell die in mitosis or 

undergo slippage is the rate of cyclin B degradation versus the accumulation of the 

apoptotic signal. The combination of apoptosis potentiators, like BH3-mimetics, with 

SGA is a reasonable strategy to improve their efficacy, once after a mitotic arrest 

imposed by SGA, the apoptosis potentiator may induce a faster accumulation of 

apoptotic signals, resulting in cell death and consequently decreasing the risk of 

slippage. Here we evaluate the cell fate of the human lung adenocarcinoma epithelial 

cells A549, after treatment with the Plk1 inhibitor BI2536, an SGA mitotic blocker in 

combination with the apoptosis potentiator Navitoclax, a BH3-mimetic. 

2. Material and methods 

2.1. Compounds 
BI2536 and Navitoclax (MedChem Express) were reconstituted in sterile dimethyl 

sulfoxide (DMSO, Sigma-Aldrich Co. Ltd.) to a stock concentration of 10 mM. To 

preserve compound activity, several aliquots were prepared and stored at -20 °C. In the 

day of experiments, all compounds were diluted in fresh culture medium at desired 

concentrations. 

2.2. Cell lines and culture conditions  
NCI-H460 (non-small cell lung cancer) cell line was obtained from European Collection 

of Cell Culture was grown in RPMI-1640 culture medium (Roswell Park Memorial 

Institute, Biochrom) supplemented with 5% heat-inactivated fetal bovine serum (FBS, 

Biochrom). A549 (Human Lung Adenocarcinoma Epithelial Cells) was obtained from 

American Type Culture Collection, and HPAEpiC (Human Pulmonary Alveolar Epithelial 

Cells) was obtained from ScienCell Research Laboratories, both cell lines were grown in 

DMEM medium (Dulbecco’s Modified Eagle’s, Biochrom), supplemented with 5% heat-
inactivated FBS and 1% of non-essential amino acids (Sigma-Aldrich Co. Ltd). Cell lines 

were cultured in 25 cm2 VWR cell culture flasks with complete respective growth culture 

medium and maintained in a humidified incubator at 37 °C with 5% CO2 (Hera Cell, 

Heraeus).  
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2.3 RNA isolation and quantitative real-time PCR 
Total RNA was extracted using the PureZOLTM RNA Isolation Reagent (Bio-Rad 

Laboratories, Inc. Hercules), according to the manufacturer’s instructions and quantified 

through spectrophotometry (NanoDrop 2000, Thermo Scientific). cDNA synthesis was 

performed using the iScriptTM cDNA Synthesis Kit (Bio-Rad), following supplier’s 

instructions and was amplified using iQTM SYBR Green Supermix Kit (Bio-Rad) on iQ 

Thermal Cycler (Bio-Rad), according to the following program: initial denaturing step at 

95.0°C for 3 min; 40 cycles at 94.0°C for 20 sec; 54.0°C for 30 sec and 72.0°C for 30 

sec. The following primers were used at final concentration of 10 μM: Plk1: forward 5’-

CCCCTCACAGTCCTCAATAA-3’ and reverse 5’-TGTCCGAATAGTCCACCC-3’; 

GAPDH: forward 5’-ACAGTCAGCCGCATCTTC-3’ and reverse 5’- 

GCCCAATACGACCAAATCC-3’; Actin: forward 5’-AATCTGGCACCACACCTTCTA-3’ 

and reverse 5’-ATAGCACAGCCTGGATAGCAA-3’. Experiments were performed in 

triplicate for each data point. Data were acquired with CFX ManagerTM Software (version 

1.0, Bio-Rad) and the results were analyzed according ΔCT and normalized against Actin 

and GAPDH expression levels, which was used as control template. A fold value of 

mRNA level ≥ or ≤ 1.5 relatively to that of normal cells was considered as over- or 

subexpression, respectively. 

2.4 Mitotic index determination 
A total of 9.0 x 104 A549 tumor cells were seeded, with complete culture medium, in 6-

weel plates, for 24h. Cells were then treated for 24h, with 15 nM of BI2536, 220 nM of 

Navitoclax, with the combination of both, and with 1 μM of Nocodazole (Sigma-Aldrich 

Co. Ltd.) used as a positive control. DMSO, up to 0.25% concentration, were included 

as compound solvent control. Cells were then observed by phase contrast microscopy, 

using Zeiss Primo Vert microscope (Carl Zeiss) and a Nikon TE 2000-U microscope 

(Nikon) with a 10× objective were used. The Nikon microscope used a DXM1200F digital 

camera, with Nikon ACT-1 software (Melville). Then at least 3000 cells were accounted 

for the determination of the mitotic index (MI), from random phase contrast microscope 

fields. MI was calculated using the following formula: MI (%) = (number of mitotic 

cells/total number of cells) × 100. 

2.5 Flow cytometry analysis  
A total of 9.0 x 104 A549 tumor cells were seeded, with complete culture medium, in 6-

weel plates, for 24h. Cells were then treated for 48h with 15 nM of BI2536, 220 nM of 

Navitoclax, and with the combination of both. DMSO, up to 0.25% concentration, were 
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included as compound solvent control. Then A549 floating and adherent cells were 

collected and processed with the “Annexin V-FITC Apoptosis Detection Kit” 

(eBioscience) according to manufacturer’s instructions. Fluorescence was assessed by 

BD Accuri™ C6 Plus Flow cytometer (BD Biosciences) and data was analyzed with BD 

Accuri TM C6 Plus software, version 1.0.27.1 (www.bdbiosciences.com), at least 20.000 

events per sample were collected. 

2.6 TUNEL assay 
A total of 9.0 x 104 of A549 cells were grown on poly-L-lysine-coated coverslips, for 24h. 

Then cells were treated with treated with 15 nM of BI2536, 220 nM of Navitoclax, with 

the combination of both. DMSO, up to 0.25% concentration, were included as compound 

solvent control. After treatment, cells were immediately fixed in 4% paraformaldehyde 

(w/v, Sigma-Aldrich Co. Ltd) in PBS for 10 min, followed by PBS wash and 

permeabilization with 0.2% (v/v) Triton X-100 (Sigma-Aldrich Co. Ltd.) in PBS for 5 min. 

The TUNEL labeling was performed using DeadEnd Fluorometric TUNEL System 

(Promega), according to the manufacturer’s instructions. DNA was stained with 2 μg/ml 

of 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich Co. Ltd) in Vectashield mounting 

medium. For image acquisition, an Axio Observer Z.1 SD microscope (Carl Zeiss) was 

used, coupled to an AxioCam MR3, and with the Plan Apochromatic 63×/NA 1.4 

objective. The deconvolution was performed with the software AxioVision Release 4.8.2 

SPC and the images were processed using ImageJ version 1.51. The level of apoptosis 

was established by counting TUNEL-positive cells in a total of approximately 500 cells in 

10 random fields under fluorescence microscope. The apoptotic index was calculated as 

the percentage of positively TUNEL-stained cells over the cells. 

2.7 Live-Cell Imaging 
For live-cell imaging experiments, a total of 9.0 x 104 A549 cells were seeded onto 

LabTek II chambered cover glass (Nunc) containing complete culture medium, for 24 h 

at 37 °C with 5% CO2. Cells were then treated with 15 nM of BI2536, 220 nM of 

Navitoclax, or with the combination of both. Images were captured at 5 min intervals up 

to 48h under differential interference contrast (DIC) optics, with a 63× objective on an 

Axio Observer Z.1 SD inverted microscope, equipped with an incubation chamber with 

the temperature set to 37 °C and an atmosphere of 5% CO2. Movies were generated 

from the time-lapse images using ImageJ software version 1.51. Cell fate was followed 

since the first mitosis. Dead cells were classified into death in mitosis (DiM), post mitotic 

death (PMD) when death occurred after complete cell division, or post slippage death 
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(PSD) when death occurred after cells exited mitosis without dividing. Cells that exit 

mitosis without diving and survive were classified as post slippage survival (PSS). 

2.8 Statistical analysis  
Statistical analysis was performed using One-way ANOVA with Tukey’s multiple 

comparisons test or unpaired t-test in the GraphPad Prism version 6 Data are presented 

as the mean ± standard deviation (SD) of three independent experiments and the level 

of statistical significance was established considering the probabilities of ** p < 0.01, *** 

p < 0.001 and **** p < 0.0001. 

 

3. Results 

3.1 Plk1 is overexpressed in non-small cell lung cancer cell lines 
 To gain insight into the relevance of Plk1 as a potential target for therapy of non-

small cell lung cancer, we first analyzed its expression in the non-small cell lung cancer 

cell lines A549 and NCI-H460. Analysis of Plk1 mRNA levels by qRT-PCR demonstrated 

that it was overexpressed in both cancer cell lines compared with mRNA levels in the 

non-tumor cell line HPAEpiC (Figure 13). There was a 3.3± 0.3 and 3.4± 0.6 fold increase 

in Plk1 expression in A549 and NCI-H460 cell lines, respectively, compared to the non-

tumor cell line. These results were in concordance with previous studies that reported 

that Plk1 is overexpressed in NSCLC. These results highlight the relevance of targeting 

Plk1 for therapy of NSCLC (Wolf et al., 1997; Zeng et al., 2020).  
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Fig. 13- Plk1 is overexpressed in NSCLC cell lines. Relative expression of Plk1 mRNA as determined by RT-PCR in NCI-

H460 and A549 cell lines, comparatively to non-tumor HPAEpiC showing overexpression of Plk1 in tumor cell lines with 

statistical relevance of *** p < 0.001 by unpaired t-test. 

 

3.2 PLK1 inhibition by BI2536 arrests cells in mitosis  
 We started to analyze A549 cells by phase contrast microscopy after 24h 

treatment with 15 nM of BI2536 (6-fold less IC50), 220 nM of Navitoclax (4-fold less IC50), 

and combination of both, to verify whether BI2536 was effectively affecting progression 

of mitosis at this concentration. Nocodazole (an antimitotic agent) and DMSO (compound 

solvent) were included as control. We found an accumulation of bright and rounded cells 

reminiscent of cells arrested in mitosis after treatment with BI2536 either alone or in 

combination with Navitoclax (Figure 14 A). Then, we calculated the mitotic index (MI) 

which was increased in both treatment conditions (75.4± 8.0% for BI2536 alone, and 

74.3± 6.8% for combinational treatment) compared to untreated (17.1± 0.2%) and 

DMSO-treated cells (16.9± 1.0%) (Figure 14 B). Thus, these results indicated that  
BI2536 was effectively blocking cells in mitosis. 
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Fig. 14- Treatment with BI2536 at low concentration induces mitotic arrest. (A) Representative phase contrast microscopy 

images of untreated, BI2536-, and Navitoclax-treated cells, for 24 hours, showing accumulation of rounded and bright 

cells (mitotic cells). Cells treated with DMSO (compound solvent) and Nocodazole (antimitotic agent) were used as 

controls. (B) Mitotic index of data shown in A with statistical relevance of *** p < 0.001 by One-way ANOVA with Tukey’s 

multiple comparisons test. 

 

3.3 Inhibition of an anti-apoptotic pathway by Navitoclax accelerates 

death of cells arrested in mitosis by BI2536 
 As mentioned before, different cell fates are observed after treatment with 

antimitotic agents. To access the effect of the combinational treatment on cell fate, we 
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performed live-cell imaging using time-lapse differential interference contrast (DIC) 

microscopy (Figure 15 A). A549 tumor cells were treated with 15 nM of BI2536 and 220 

nM of Navitoclax alone or in combination for 48h. Cell fate was followed since the first 

mitosis. As expected, BI2536-treated cells arrested in mitosis for several hours (918.2± 

263.5 min) (Figure 15 B), while untreated and Navitoclax-treated cells undertook mitosis 

for about 30 min (30.5± 7.3 min and 36.0± 14.1 min) (Figure 15 B, Movie 1 and Movie 2, 

respectively). Curiously, cells treated with the combinational treatment arrested in 

mitosis during a shorter period than BI2536-treated only cells (558.2± 232.0 min) (Figure 

15 B). Focusing on cell fate, Navitoclax-treated cells were able to divide normally, 

suggesting that at this concentration Navitoclax alone is not toxic to tumor cells (Figure 

15 C and Movie 2). Different fates were observed in BI2536-treated cells, 21.1% of cells 

died in mitosis (DiM), which is the desired fate of cells treated with antimitotics (Figure 

15 C and Movie 3). However, 78.9% of BI2536-treated cells exited mitosis without 

dividing, of which 53.3% died after slippage (post slippage death, PSD) and 46.7% have 

survived (post slippage survival, PSS) during the recorded time (Figure 15 C, Movie 5 

and Movie 4, respectively). Interestingly, when treated with both compounds, 76.5% of 

cells died in mitosis (Figure 15 C and Movie 6). 5.9% of cells were able to complete 

mitosis but died in the following interphase (post mitotic death, PMD) (Figure 15 C). 

Additionally, percentage of cells that exited mitosis without dividing (17.6%) was 

significantly reduced compared to treatment with BI2536 alone (78.9%), of which 66.7% 

died after slippage and 33.3% have survived (Figure 15 C). Thus, the observation that 

cells treated with both compounds arrested in mitosis for a shorter period than BI2536-

treated cells, is suggestive of an acceleration of cell death in mitosis potentiated by 

Navitoclax. Taken together, these results are indicative that inhibiting the anti-apoptotic 

pathway by Navitoclax, facilitates a faster accumulation of pro-apoptotic signals, 

resulting in an accelerated death in mitosis. 
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Fig. 15- Navitoclax enhances cell death in mitosis after mitotic arrest induced by BI2536. (A) Representative time-lapse 

sequences of untreated, individual, or combinatorial treated cells. Untreated and Navitoclax-treated cells undertake 

mitosis for about 30 min. BI2536-treated cells arrest in mitosis during several hours (918.2 ± 263.5 min) and die in mitosis 

(top) or undergo slippage followed by death (bottom) or stay alive (middle). Combinational treated cell arrest in mitosis for 

less time than BI2526-treated cells (558.3 ± 232.0 min) once Navitoclax accelerates cell death in mitosis. Numbers 

indicate times in 00 h:00 min. (B). Quantification of mitosis duration over different treatments as determined by time-lapse 

microscopy with statistical relevance of **** p < 0.0001 by one-way ANOVA with Tukey's multiple comparisons test. Each 

spot represents one cell. (C). Quantification of cell fate after treatment. Percentage of cells undergoing death in mitosis 

(DiM),post mitotic death (PMD), post slippage death (PSD), cells that remain alive after slippage (post slippage survival, 

PSS), and cells with normal cycling, over the total number of cells are represented. 

 

3.4 The combination of Navitoclax and BI2536 enhances cancer cell 

death over individual treatments 
 Once after a prolonged arrest in mitosis induced by antimitotic agents, cells are 

expected to die by apoptosis, and as Navitoclax is an apoptotic potentiator, we explored 

whether the cell death observed in time-lapse assay was mediated by apoptosis. For 

this, A549 cells were treated with 15 nM of BI2536 and 220 nM of Navitoclax alone and 
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in combination for 48h. First, cells were observed by phase contrast microscopy. We 

found an accumulation of cells with characteristics that closely resembled apoptotic 

morphological changes (loss of adherence and shrinkage) when treated with BI2536 and 

with the combinational treatment (Figure 16 A). Thus, we next performed an Annexin 

V/PI flow cytometry assay (Figure 16 B). Annexin V is capable of binding to 

phosphatidylserine that is exposed on the plasma membrane outer leaflet of apoptotic 

cells. On the other hand, propidium iodide (PI) is and DNA intercalant fluorescent agent, 

which is not membrane-permeable, making it useful to differentiate necrotic, apoptotic, 

and healthy cells based on membrane integrity. The percentage of apoptotic cells after 

treatment with Navitoclax was residual (5.4± 2.4%), as well as in untreated (1.6± 0.7%) 

and DMSO-treated cells (2.3± 0.6%), in agreement with the phase contrast microscopy 

analysis (Figure 16 C). On the other hand, it was observed an increase of apoptotic cells 

after treatment with BI2536 alone (29.8± 2.7%) compared to untreated and DMSO-

treated cells. After combinational treatment, the percentage of apoptotic cells was 

significantly higher (44.9± 4.3%) than with BI2536 alone (Figure 16 C). To confirm these 

results, we further performed a TUNEL assay. TUNEL assay allows detecting DNA 

fragmentation, a process that occurs in apoptotic cells (Figure 16 D). This assay relies 

on the activity of the terminal deoxynucleotidyl transferase (TdT) that is able to catalyze 

the attachment of deoxynucleotides (linked to a fluorochrome) to 3'-hydroxyl terminal of 

DNA breaks. Thus, the level of apoptosis was established by counting TUNEL-positive 

cells over the total number of cells for each condition. As observed in the previous results, 

Navitoclax alone did not induce a significant increase of apoptosis (2.3± 0.7%) compared 

to untreated (0.2± 0.3%) and DMSO-treated cells (0.4± 0.2%) (Figure 16 E). While in 

BI2536-treated cells it was observed an increase of apoptotic cells (14.5± 6.6%), and 

when treated with both compounds, the extension of apoptosis was even higher (56.9± 

10.1%) (Figure 16 E). These results indicates that inhibition of the anti-apoptotic pathway 

by Navitoclax sensitizes tumor cells to the Plk1 inhibitor BI2536. Furthermore, since the 

extension of apoptosis in both assays was significantly higher in the combinatorial 

treatment than the sum of the effect of the individual treatments, this suggests that 

BI2536 and Navitoclax had a synergistic effect on promoting cancer cell death by 

apoptosis. 
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Fig. 16- Combination of Navitoclax and BI2536 potentiates cancer cell death by apoptosis. (A) Representative phase 

contrast microscopy images after treatment with BI2536 and Navitoclax for 48h showing accumulation of death cells when 

treated with BI2536 alone and in combination with Navitoclax. DMSO was included as negative control. Flow cytometry 

analysis of apoptosis by Annexin V/PI co-staining, 48 hours treatment. (B) Representative cytogram and (C). 
Quantification of Annexin V-positive cells are shown with statistical relevance of *** p < 0.001 by one-way ANOVA with 

Tukey's multiple comparisons test. The quadrants Q were defined as Q1 = live cells (Annexin V- and PI-negative), Q2 = 

early stage of apoptosis (Annexin V-positive/PI-negative), Q3 = late stage of apoptosis (Annexin V- and PI-positive) and 

Q4 = necrosis (Annexin V-negative/PI-positive). (D) Representative images of apoptotic cells are shown after 48 hours of 

individual or Navitoclax and BI2536 co-treatment by TUNEL assay to detect DNA fragmentation (green). DNA (blue) was 

stained with DAPI. Bar, 5 µm. (E) Quantification of TUNEL-positive cells. **** p < 0.0001, by one-way ANOVA with Tukey's 

multiple comparisons test. The error bars represent mean ± SD. 

 

4. Discussion 
 Inhibition of Plk1 has been extensively explored as a therapeutic strategy against 

cancer. We showed that Plk1 is overexpressed in NSCLC cell lines highlighting the 

relevance of Plk1 as drug target for cancer therapy. Several Plk1 inhibitors entered 

clinical trials and generally demonstrated poor efficacy (Novais et al., 2021). Mitotic 

slippage has been pointed as one of the reasons for the therapeutical failure of mitotic 

blockers, including Plk1 inhibitors (De Martino et al., 2018; Raab et al., 2015). In this 

study, we demonstrate that Navitoclax can influence cancer cell death and slippage, after 

mitotic arrest imposed by the Plk1 inhibitor BI2536. Since what dictates whether cells die 

in mitosis or undergo slippage in response to antimitotic agents is the relationship 

between the rate of degradation of cyclin B and the amount of death signals, this study 

suggests that after mitotic arrest, Navitoclax by inhibiting the anti-apoptotic proteins BCL-

2 and BCL-XL, favors the accumulation of death signals, thereby, accelerating cell death 

in mitosis by apoptosis, and consequently preventing slippage. These results are in 

agreement with previous studies in which Navitoclax potentiated cell death after mitotic 

arrest imposed by antimitotic agents namely Eg-5 inhibitors and paclitaxel (J. Shi et al., 

2011; N. Tan et al., 2011). Importantly, we showed that BI2536 and Navitoclax 

synergizes to induce tumor cell death by apoptosis, at concentrations lower than their 

respective IC50 previously determined by our group. Thus, this provides an opportunity 

to reduce the dose of both compounds in clinical trials which is expected to minimize 

their hematologic toxicity. For this, further in vivo studies are required to explore this 

combinational treatment. In sum, we demonstrate that Navitoclax by inhibiting the anti-

apoptotic pathway sensitizes lung cancer cells to the second-generation antimitotic 

BI2536, providing a promising combinational treatment for cancer therapy.  
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Tetracyclic thioxanthene derivatives: Study on fluorescence and 

antitumor activity 
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1. Introduction 
 The MTAs are the current antimitotics used in the clinic (Perez, 2009). However, 

MTAs have limited effectiveness in several cancer due to their side effects and various 

resistance mechanisms (Perez, 2009). Therefore, discovery of new antimitotics that can 

overcome these disadvantages are required. Recently, tetracyclic thioxanthenes were 

described to exhibit potential antitumor activity (Hedidi et al., 2017; Mokhtari Brikci-

Nigassa et al., 2020). In this study three tetracyclic thioxanthenes derivates were 

evaluated, TX2.1a, TX2.19, and TX2.17 .The three tetracyclic thioxanthenes of this study 

were previously synthesized based on a thioxanthone which emerged as hit compound 

with antitumor properties, highlighting the potential of these molecules (Barbosa et al., 

2016; Lima et al., 2016). Thus, to evaluate the potential antitumor activity of these 

molecules, we accessed their growth inhibitory activity in cancer cells, by a 

Sulforhodamine B (SRB) assay. The compounds with promising growth inhibitory activity 

were selected to further investigate whether they possessed antimitotic activity.  

2. Material and methods 

2.1 Compounds 
The tetracyclic thioxanthenes TX2.1a, TX2.19, and TX2.17, were provided by Faculty of 

Pharmacy, U. Porto. All compounds were reconstituted in sterile dimethyl sulfoxide 

(DMSO, Sigma-Aldrich Co. Ltd.) to a stock concentration of 60 mM. To preserve 

compound activity, several aliquots were prepared and stored at -20 °C. In the day of 

experiments, all compounds were diluted in fresh culture medium at desired 

concentrations. 

2.2 Cell lines and culture conditions 
A375-C5 (melanoma), MCF-7 (breast adenocarcinoma) and NCI-H460 (non-small cell 

lung cancer) cells were obtained from European Collection of Cell Culture were grown in 

RPMI-1640 culture medium (Roswell Park Memorial Institute, Biochrom) supplemented 

with 5% heat-inactivated fetal bovine serum (FBS, Biochrom). HPAEpiC (Human 

Pulmonary Alveolar Epithelial Cells) was obtained from ScienCell Research Laboratories 

and grown in DMEM medium (Dulbecco’s Modified Eagle’s, Biochrom) supplemented 

with 5% heat-inactivated FBS and 1% of non-essential amino acids (Sigma-Aldrich Co. 

Ltd.). Cell lines were cultured in 25 cm2 VWR cell culture flasks with complete respective 

growth culture medium and maintained in a humidified incubator at 37 °C with 5% CO2 

(Hera Cell, Heraeus).  
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2.3 Sulforhodamine B (SRB) assay 
A total of 5.5 x 104 NCI-H460, A375-C5, and MCF-7 tumor cells, and 6 x 104 of HPAEpiC 

non-tumor lung cell lines were seeded, with complete culture medium, in 96-weel plates, 

and incubated for 24h at 37 °C and 5% of CO2. The cells were then treated with two-fold 

dilutions of TX2.1a, TX2.19, and TX2.17 ranging from 0 to 75 μM and doxorubicin, used 

as a positive control, ranging from 0 to 0.07 µM. After 48h, cells were fixed with 50% 

(m/v) trichloroacetic acid (Merck Millipore), for 1h at 4 °C, and then washed with distilled 

water and left to dry. Then, cells were stained with Sulforhodamine B (SRB, Sigma-

Aldrich Co. Ltd.), for 30 min at room temperature, and washed 5 times with 1% (v/v) 

acetic acid (Merck Millipore) and left to dry. SRB complexes were then solubilized with 

10 mM Tris buffer (Sigma-Aldrich Co. Ltd.) for 30 min, and the absorbance was 

measured at 515 nm in a microplate reader (Biotek Synergy 2, BioTek Instruments, Inc.). 

A dose-response curve was obtained for each cell line treated with the compounds, and 

the concentration that caused cell growth inhibition of 50% (GI50) was determined. The 

non-tumor cells HPAEpiC were used to assess the degree of selectivity of the 

compounds, as the ratio of GI50 in non-tumor cells over GI50 in cancer cells. 

2.4 Phase contrast microscopy 
A total of 9.0 x 104 NCI-H460 were seeded, with complete culture medium, in 6-weel 

plates, for 24h. Cells were then treated for 24h, with 5.66 μM and 11,32 μM of compound 

TX2.1a, and with 1 μM of Nocodazole (Sigma-Aldrich Co. Ltd.) used as a positive control. 

DMSO, up to 0.25% concentration, were included as compound solvent control. Cells 

were then observed by phase contrast microscopy, using Zeiss Primo Vert microscope 

(Carl Zeiss) and a Nikon TE 2000-U microscope (Nikon) with a 10× objective were used. 

The Nikon microscope used a DXM1200F digital camera, with Nikon ACT-1 software 

(Melville). 

2.5 Fluorescence microscopy 
To analyze compound-associated intracellular fluorescence, a total of 9.0 × 104 cells 

were seeded on coverslips, allowing attachment for 24h, and were treated with 5.66 μM 

of compound TX2.1a. After 48h, cells were fixed with fresh 2% (w/v) paraformaldehyde 

(Sigma-Aldrich Co. Ltd) in PBS for 12 min, followed by 3 times wash in PBS for 5 min 

and then permeabilized with 0.5% (v/v) Triton X-100 (Sigma-Aldrich Co. Ltd.) diluted in 

PBS for 7 min. DNA was stained with 2 μg/ml 4′,6-diamidino-2-phenylindole (DAPI, 

Sigma-Aldrich Co. Ltd) diluted in Vectashield mounting medium (Vector, H-1000). Data 

analysis and image acquisition were performed using an Axio Observer Z.1 SD 
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microscope (Carl Zeiss), coupled to an AxioCam MR3, and with the Plan Apochromatic 

63x/NA 1.4 objective. Fluorescence images were processed using ImageJ version 1.51 

2.6 Flow Cytometry Analysis 
For flow cytometry analysis, cells exposed to 5.66 μM of TX2.1a for 48 h were harvested, 

washed twice in PBS and the mean fluorescence intensity (MFI) of FITC-A was recorded 

in BD AccuriTM C6 Plus Flow cytometer (BD Biosciences). Cells treated with 1 μM of 

Rhodamine-123 (Sigma-Aldrich Co. Ltd.) were used as positive control. A total of 20.000 

events per sample were collected. Data were analyzed with BD Accuri TM C6 Plus 

software, version 1.0.27.1 

3. Results 

3.1 Tetracyclic thioxanthenes exhibit tumor growth inhibitory activity 
 Firstly, all compounds were tested for their capability of inhibiting the growth of 

human tumor cell lines by Sulforhodamine B (SRB) assay which allowed to determine 

the GI50, which represents the concentration that causes 50% cell growth inhibition. SRB 

assay was performed in three human cancer cell lines: A375-C5 (malignant melanoma), 

MCF-7 (breast adenocarcinoma), and NCI-H460 (non-small cell lung cancer). Among 

three thioxanthenes, TX2.1a has emerged as hit compound presenting the lowest GI50 

ranging from 5 to 7 μM in the tested cell lines, while TX2.19 and TX2.17 harbored a GI50 

with a range from 8 to 11 μM and 16 to 23 μM, respectively (Table 2).  

Table 2- Cell growth inhibitory activity of tetracyclic thioxanthenes 

GI50 (μM) 

 A375-C5 MCF-7 NCI-H460 

TX2.1a 6.48± 0.88 6.37± 0.49 5.66± 0.89 

TX2.19 22.88± 3.75 18.85± 1.42 16.97± 3.12 

TX2.17 8.02± 3.59 9.04± 0.89 10.64± 0.31 

Doxorubicin 0.016± 0.005 0.018 ±0.003 0.024 ±0.006 
The antitumor activity is presented as the concentrations that cause 50% cell growth inhibition (GI50) after a continuous 

exposure for 48 h and represents mean ± SD from at least three independent experiments. Doxorubicin was used as 

positive control for the SRB assay. 

 We also performed cell toxicity study of the compounds using non-tumor Human 

Pulmonary Alveolar Epithelial Cells (HPAEpiC). We found that the GI50 of the four 

compounds in the non-tumor was higher than that in cancer cell lines under study (Table 

3). The compounds exhibited a high degree of selectivity, as determined by selectivity 
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index calculation, suggesting that they are not toxic to healthy cells, at least at 

concentrations that are toxic to cancer cells. 

Table 3- Selectivity index of tetracyclic thioxanthenes 

 HPAEpiC Selectivity Index 

 GI50 (μM) A375-C5 MCF-7 NCI-H460 

TX2.1a 26.75± 1.20 4.13 4.19 4.73 

TX2.19 >150 - - - 

TX2.17 127.9± 1.56 5.59 6.79 7.54 

Doxorubicin 0.054± 0.005 3.38 3.00 2.25 
Results are expressed as mean ± SD of three independent experiments. 

 

3.2 Tetracyclic thioxanthene TX2.1a does not interfere with mitosis  
 Because it presented the lowest GI50, the compound TX2.1a was selected to 

further investigate whether it harbored antimitotic activity. NCI-H460 tumor cells were 

selected for further studies once was the cell line in which TX2.1a presented the lowest 

GI50. Cells were treated with 5.66 μM or 11,32 μM of TX2.1a (one and two-fold GI50, 

respectively), and after 24h treatment, were analyzed by phase contrast microscopy 

(Figure 17). Nocodazole (antimitotic agent) was used as positive control and DMSO as 

compound solvent control. In cells treated with nocodazole, it was observed an 

accumulation of bright and rounded cells, reminiscent of mitotic cells, as expected. 

However, we did not notice an accumulation of mitotic cells after treatment with TX2.1a 

at both concentrations. We also analyzed TX2.1a-treated cells by fluorescence 

microscopy upon staining of DNA with DAPI (Figure 17). Based on chromatin 

morphology and condensation, we observed that most of the TX2.1a-treated cells were 

in interphase, and few cells in mitosis. Therefore, as we did not notice an accumulation 

of mitotic cells, TX2.1a does not exert its growth inhibitory activity by inhibiting mitosis.  
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Fig. 17- TX2.1a does not interfere with mitosis. Representative phase contrast microscopy (Left) and DAPI staining (Right) 

images of untreated, DMSO-, nocodazole- and TX2.1a-treated cells, after 24 hours exposure to TX2.1a showing no 

accumulation of mitotic cells. Bar, 5 µm. 

 

3.3 Tetracyclic thioxanthene TX2.1a exhibit fluorescence activity 
 Thioxanthene derivates have been shown to harbor photochemical properties 

(Ataci et al., 2018, 2020) In this regard, a fluorescence microscopy analysis was 

undertaken to check the brightness of the TX2.1a in culture cells. The analysis revealed 

that compound TX2.1a emitted a bright intracellular fluorescence in the green channel, 

when cells were excited with 470 nm light (Figure 18 A). The fluorescence staining 

accumulated within intracellular round-shaped structures that closely resemble 

endosome/lysosome structures, which led us to suggest that the compound may 

accumulate in those structures. However, this was not confirmed by the colocalization 

study using the lysosome marker LAMP-1 antibody (data not shown). The fluorescence 

staining remained associated with the cells until cell death (Figure 18 A). The 

fluorescence property of the compound TX2.1a was confirmed when treated cells were 

analyzed by flow cytometry (Figure 18 B). A peak of fluorescent cells was obtained in 

the green channel, near the peak of Rhodamine 123, used as positive control. Moreover, 

the fluorescence was stable after keeping the cell preparations in the refrigerator for 

more than two weeks. Additional studies are needed to elucidate the exact subcellular 

localization of compound TX2.1a. 



FCUP 
Targeting mitosis for cancer therapy: improving the efficacy of the second-generation antimitotics 

and identifying new antimitotics 

 

 

50 

 

 

Fig. 18- Cancer cells treated with TX2.1a emitted fluorescence in the green channel. (A) Representative images of 

untreated (top) and TX2.1a-treated cells (middle and bottom), showing intracellular green fluorescence as emitted by the 

compound. Middle: representative microscopic field showing (still) living cells treated with the compound: intact nuclei can 

be seen after DAPI staining of DNA (blue); in the green channel, fluorescence staining of the compound is seen in the 

cytoplasm, excluding the nuclei. Bottom: representative microscopic field showing treated cells undergoing cell death 

(white arrows): micronuclei can be seen after DAPI staining (blue), and a bright fluorescence is seen due to chromatin 

over-condensation and shrinking of dead cells. Bar, 5 μm. (B) Representative flow cytometry histogram of cell count 

versus FITC-A intensity in untreated (unstained) and TX2.1a-treated cells. Rhodamine-123, green fluorescent dye, was 

used as positive control. 

 

4. Discussion 
 In this study we reported that three newly synthesized tetracyclic thioxanthene 

derivates harbors potent tumor growth inhibitory activity in vitro, with a high degree of 

selectivity to tumor cells. Among all molecules, TX2.1a emerged as promising compound 

with the lowest GI50. Despite TX2.1a does not exert its inhibitory activity as an antimitotic 

agent, we found that it harbors fluorescence characteristic. These two characteristics 

(antitumor and fluorescence activity) make TX2.1a a potential theranostic cancer drug 

candidate. Theranostic, the combination of therapy and diagnostic, has been gathering 

importance, particularly in cancer, through the application of molecular imaging towards 

the identification of cancer targets and the optimization of therapy (Penet et al., 2012). 

Importantly, the fluorescence of TX2.1a was stable for more than two weeks, highlighting 

its potential use as a stable theranostic agent. We showed that TX2.1a accumulates 
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within subcellular structures, therefore, it could be used to target the respective 

subcellular structure, as a plausible therapeutic intervention to potentiate cancer cell 

death. For this, future work is needed to unveil the subcellular localization of the 

compound and its relevance for potential application to cancer therapy. 
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Chapter IV 

Identifying new antimitotics 

 

GROUP II 

The diarylpentanoid BP-M345 is a potent antitumor agent with 

antimitotic activity  
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1. Introduction 
In addition to the tetracyclic thioxanthene derivates, we also evaluate a diarylpentanoid, 

BP-M345. Diarylpentanoids have been reported to exhibit antitumor activity by interfering 

with multiple biologic process, including cell cycle (Moreira et al., 2021; Paulraj et al., 

2019). A recent study explored the activity of BP-M345 on activation of the p53 pathway 

through inhibition of p53 interaction with MDM2. Despite BP-M345 has demonstrated 

growth inhibitory activity in colon tumor cells HCT116, the results showed that BP-345 

did not inhibit the interaction of p53 with MDM2 (Moreira et al., 2021). Thus, we 

investigated whether BP-M345 exerts its antitumor activity, by acting as an antimitotic 

agent. 

2. Material and Methods  

2.1 Compound 
The diarylpentanoid BP-M345 was provided by Faculty of Pharmacy, U. Porto. BP-M345 

was reconstituted in sterile dimethyl sulfoxide (DMSO, Sigma-Aldrich Co. Ltd) to a stock 

concentration of 60 mM. To preserve compound activity, several aliquots were prepared 

and stored at -20 °C. In the day of experiments, all compounds were diluted in fresh 

culture medium at desired concentrations. 

2.2 Cell lines and culture conditions 
A375-C5 (melanoma), MCF-7 (breast adenocarcinoma) and NCI-H460 (non-small cell 

lung cancer) cells were obtained from European Collection of Cell Culture and were 

grown in RPMI-1640 culture medium (Roswell Park Memorial Institute, Biochrom) 

supplemented with 5% heat-inactivated fetal bovine serum (FBS, Biochrom). HPAEpiC 

(Human Pulmonary Alveolar Epithelial Cells) was obtained from ScienCell Research 

Laboratories and grown in DMEM medium (Dulbecco’s Modified Eagle’s, Biochrom) 

supplemented with 5% heat-inactivated FBS and 1% of non-essential amino acids 

(Sigma-Aldrich Co. Ltd.). Cell lines were cultured in 25 cm2 VWR cell culture flasks with 

complete respective growth culture medium and maintained in a humidified incubator at 

37 °C with 5% CO2 (Hera Cell, Heraeus).  

2.3 Sulforhodamine B (SRB) assay 
A total of 5.5 x 104 NCI-H460, A375-C5, and MCF-7 tumor cells, and 6.0 x 104 of 

HPAEpiC non-tumor lung cell lines were seeded, with complete culture medium, in 96-

weel plates, and incubated for 24h at 37 °C and 5% of CO2. The cells were then treated 

with two-fold dilutions of BP-M345 ranging from 0 to 1.17 μM and doxorubicin, used as 
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a positive control, ranging from 0 to 0.07 µM. After 48h, cells were fixed with 50% (m/v) 

trichloroacetic acid (Merck Millipore), for 1h at 4 °C, and then washed with distilled water 

and left to dry. Then, cells were stained with Sulforhodamine B (SRB, Sigma-Aldrich Co. 

Ltd.), for 30 min at room temperature, and washed 5 times with 1% (v/v) acetic acid 

(Merck Millipore) and left to dry. SRB complexes were then solubilized with 10 mM Tris 

buffer (Sigma-Aldrich Co. Ltd.) for 30 min, and the absorbance was measured at 515 nm 

in a microplate reader (Biotek Synergy 2, BioTek Instruments, Inc.). A dose-response 

curve was obtained for each cell line treated with the compounds, and the concentration 

that caused cell growth inhibition of 50% (GI50) was determined. The non-tumor cells 

HPAEpiC were used to assess the degree of selectivity of the compounds, as the ratio 

of GI50 in non-tumor cells over GI50 in cancer cells. 

2.4 Mitotic index determination 
A total of 9.0 x 104 NCI-H460 tumor cells were seeded, with complete culture medium, 

in 6-weel plates, for 24h. Cells were then treated for 16h, with 0.74 μM of BP-M345 and 

with 1 μM of Nocodazole (Sigma-Aldrich Co. Ltd.) used as a positive control. DMSO, up 

to 0.25% concentration, were included as compound solvent control. Cells were then 

observed by phase contrast microscopy, using Zeiss Primo Vert microscope (Carl Zeiss, 

and a Nikon TE 2000-U microscope (Nikon) with a 10× objective were used. The Nikon 

microscope used a DXM1200F digital camera, with Nikon ACT-1 software (Melville) 

Then at least 3000 cells were accounted for the determination of the mitotic index (MI), 

from random phase-contrast microscope fields. MI was calculated using the following 

formula: MI (%) = (number of mitotic cells/total number of cells) × 100. 

2.5 Flow Cytometry 
For cell cycle analysis, after 16h treatment with 0.74 μM of BP-M345 and with 1 μM of 

Nocodazole used as a positive control, NCI-H460 cells were harvested, washed twice in 

PBS and fixed in ice-cold 70% ethanol (PanReac AppliChem) at 4 °C for 30 min. DMSO, 

up to 0.25% concentration, were included as compound solvent control. Then, cells were 

treated with 5 μg/mL of propidium iodide and 100 μg/mL of RNase in PBS for 30 min and 

analyzed in the flow cytometer.  

For apoptosis detection, after 24h treatment with 0.74 μM of BP-M345, floating and 

adherent cells were collected and processed with the “Annexin V-FITC Apoptosis 

Detection Kit” (eBioscience) according to manufacturer’s instructions. Fluorescence was 

assessed by BD Accuri™ C6 Plus Flow cytometer (BD Biosciences) and data was 

analysed with BD AccuriTM C6 Plus software, version 1.0.27.1 
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(www.bdbiosciences.com). DMSO, up to 0.25% concentration, were included as 

compound solvent control. For cell cycle and apoptosis analysis, at least 20.000 events 

per sample were collected. 

2.6 Indirect Immunofluorescence 
NCI-H460 cells were grown on poly-L-lysine-coated coverslips, for 24h. Then cells were 

treated with 0.74 µM of BP-M345 and after 16h were fixed with methanol (PanReac 

AppliChem) for 10 min at -20 °C and washed 3 times with PBS for 5 min. After washing 

in PBS, cells were blocked with 10% FBS in 0.05% Tween-20 (Sigma-Aldrich Co. Ltd.) 

in PBS (PBST) for 30 min at room temperature. Cells were then incubated with primary 

antibodies diluted in 5% FBS in PBST, for 1h. The following primary antibodies were 

used: human anti-CREST (1:4000, gift from E. Bronze-da-Rocha) mouse anti-α-tubulin 

(1:2500, Sigma-Aldrich Co. Ltd.) mouse anti-BubR1 (1:200, Milipore Chemicon). Cells 

were then washed 3 times with PBST for 5 min, and incubated, for 1h with Alexa Fluor 

488 and 568 conjugated secondary antibodies (Molecular Probes), diluted at 1:1500. 

DNA was stained with 2 µg/mL 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich Co. 

Ltd.) diluted in Vectashield mounting medium (Vector, H-1000,). 

2.6.1 MG-132 Proteasome Inhibitor Assay 
Cells were treated with 0.74 µM of BP-M345, for 16h, followed by addiction of 10 µM of 

the proteasomal inhibitor MG-132 (Sigma-Aldrich Co. Ltd.) for 1 h. Then was performed 

the immunofluorescence using an antibody mouse anti-α-tubulin (1:2500, Sigma-Aldrich 

Co. Ltd.). Untreated and DMSO-treated cells were included as controls. The number of 

metaphases with full alignment and metaphases with misaligned chromosomes was 

quantified in 10 random microscope fields.  

2.6.2 Cold treatment assay 
NCI-H460 cells were prepared as in the MG-132 assay and then subjected at 4 °C for 5 

min followed by immunofluorescence using the follows antibodies: human anti-CREST 

(1:4000, gift from E. Bronzeda-Rocha) mouse anti-α-tubulin (1:2500, Sigma-Aldrich Co. 

Ltd). The numbers of attached and free kinetochores were counted from, at least, 6 

random cells. 

2.7 Colony Formation Assay 
NCI-H460 cells were resuspended in culture medium and seeded at 500 cells/well onto 

6-well plates, allowed to attach for 24h Then, cells were treated with 0.185 µM of BP-

M345. Untreated and DMSO-treated cells were included as controls. 48h later, cells were 
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washed with PBS and maintained for 5 days in complete culture medium without drugs. 

Following 10 min methanol fixation, colonies were stained with 0.05% crystal violet for 

20 min and were counted to determine the efficiency of clonal formation (percentage of 

grown colonies from 500 seeded cells). Only colonies with more than 50 cells were 

accounted for.  

2.8 Live-Cell Imaging 
For live-cell imaging experiments, 9.0 × 104 NCI-H460 cells were seeded onto LabTek II 

chambered cover glass (Nunc) containing RPMI, for 24 h at 37 °C with 5% CO2. Cells 

were then treated with 0.74 μM of BP-M345 and images were captured at 5 min intervals 

up to 48 h under differential interference contrast (DIC) optics, with a 63× objective on 

an Axio Observer Z.1 SD inverted microscope, equipped with an incubation chamber 

with the temperature set to 37 °C and an atmosphere of 5% CO2. Movies were generated 

from the time-lapse images using ImageJ software version 1.51. Cell fate was followed 

since the first mitosis. Dead cells were classified into death in mitosis (DiM) or post mitotic 

death (PMD) when death occurred during or following cell division, respectively. 

2.9 Image Acquisition and Processing 
For phase contrast microscopy, a Zeiss Primo Vert microscope (Carl Zeiss) and a Nikon 

TE 2000-U microscope (Nikon) with a 10× objective were used. The Nikon microscope 

used a DXM1200F digital camera, with Nikon ACT-1 software (Melville). For experiments 

where image acquisition was performed using fluorescence, an Axio Observer Z.1 SD 

microscope (Carl Zeiss) was used, coupled to an AxioCam MR3, and with the Plan 

Apochromatic 63×/NA 1.4 objective. The deconvolution was performed with the software 

AxioVision Release 4.8.2 SPC and the images were processed using ImageJ VERSION 

1.51.  

2.10 Statistical Analysis 
Statistical analysis was performed using an unpaired Student’s t test or two-way ANOVA 

with Tukey’s multiple comparisons test in the GraphPad Prism version 6. Data are 

presented as the mean ± standard deviation (SD) of three independent experiments and 

the level of statistical significance was established considering the probabilities of * p < 

0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 
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3. Results 

3.1 BP-M345 exhibits a potent tumor anti-growth activity 
 In order to evaluate the inhibitory activity of BP-M345 on tumor cell growth, it was 

performed a Sulforhodamine B (SRB) assay to determine the GI50 of the compound in 

three human cancer cell lines: A375-C5 (malignant melanoma), MCF-7 (breast 

adenocarcinoma), and NCI-H460 (non-small cell lung cancer). BP-M345 demonstrated 

a potent growth inhibitory activity against the three human cancer cell lines tested with a 

GI50 range from 0.24 μM to 0.45 μM (Table 4).  

Table 4- Tumor cell growth inhibitory activity of compound BP-M345 

GI50 (μM) 

 A375-C5 MCF-7 NCI-H460 

BP-M345 0.24± 0.01 0.45± 0.06 0.37± 0.01 

Doxorubicin 0.030± 0.04 0.028 ±0.01 0.028 ±0.01 
GI50 represents the concentration that causes 50% cell growth inhibition at 48h. Doxorubicin was used as positive control. 

The results are expressed as mean ± standard deviation from three independent experiments. 

 Additionally, the GI50 of BP-M345 in the non-tumor cells HPAEpiC was 1.07± 0.16 

μM, at least two-fold higher than in the tumor cells, suggesting that BP-M345 is less toxic 

to non-tumor cells, at least at concentrations that is toxic to tumor cells. Importantly, from 

selectivity index calculation (Table 5), we found a notable degree of selectivity of 

compound BP-M345 in all cell lines studied. Interestingly, the selectivity index of BP-

M345 demonstrated a better degree of selectivity than Doxorubicin. These results 

pointed to BP-M345 as a promising and selective anticancer agent that led us to further 

investigate the mechanism behind their cytotoxicity 

Table 5- Selectivity index of compound BP-M345 

 HPAEpiC Selectivity Index 

 GI50 (μM) A375-C5 MCF-7 NCI-H460 

BP-M345 1.07± 0.16 4.45 2.38 2.89 

Doxorubicin 0.054± 0.012 1.81 1.91 1.95 
Doxorubicin was used as positive control. 

 

3.2 BP-M345 arrests tumor cells in mitosis 
 To unveil the cytotoxic mechanism of BP-M345, we firstly analyzed by phase 

contrast microscopy, NCI-H460 tumor cells (which was the cell line selected to perform 
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the further studies due to its suitability for quantitative evaluation of morphological 

changes) treated with BP-M345 for 16h (Figure 19 A). Untreated cells and cells treated 

with Dimethyl sulfoxide (DMSO), a compound solvent, were used as control. We found 

an accumulation of bright and rounded cells, reminiscent of mitotic cells, under BP-M345 

treatment, that mirrored nocodazole-treated cells, an antimitotic agent, used here as a 

positive control (Figure 19 A). Then, we calculated the mitotic index (MI) in which was 

observed a significant increase of MI in BP-M345-treated cells (29.8 ± 5.6%) compared 

to the untreated (5.3 ± 1.8%) or DMSO-treated (5.7 ± 1.7%) cells (Figure 19 B). We 

further investigate the cell cycle distribution by flow cytometry. Cells were treated for 16h 

with BP-M345 and then stained with propidium iodide, which allowed to distinguish the 

cell cycle phases (G0/G1, S, G2/M,) based on DNA content. We noticed that the 

percentage of cells in the G2/M phase was significantly higher upon treatment with BP-

M345 (35.2 ± 7.0%) compared to untreated (22.75 ± 1.5 %) or DMSO-treated cells (24.56 

± 1.4%), thereby corroborating the results above obtained by contrast microscopy. Taken 

together, it was suggestive that the compound BP-M345 was inducing mitotic arrest, 

thereby, exerting its anti-growth activity by acting as an antimitotic agent. 
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Fig. 19- Treatment with BP-M345 induces mitotic arrest of tumor cells. (A) Representative phase contrast microscopy 

images of untreated and BP-M345-treated tumor cells, for 16 hours, showing accumulation of rounded and bright cells 

(mitotic cells). Cells treated with DMSO (compound solvent) and Nocodazole (antimitotic agent) were used as controls. 

Bar, 100 µm. (B) Mitotic index of data shown in A with statistical relevance of ** p < 0.01 and **** p < 0.0001 by unpaired 

t-test. (C) Representative flow cytometry histogram for cell cycle distribution using propidium iodide staining, after 

exposure of cells to BP-M345, for 16 hours. (D) Bar graphic showing the percentage of cell cycle stages (G0/G1, S G2/M) 

and <2N and 4N demonstrating an increase of cells in G2/M phase with statistical relevance of * p < 0.05 and **** p < 

0.0001 by unpaired t-test. 

 

3.3. BP-M345 disturbs mitotic spindle morphology and harms 

chromosome congression 
 To access the mechanism behind the mitotic arrest of BP-M345-treated cells, we 

performed an immunofluorescence assay using DAPI to visualize DNA and an anti-α-

tubulin antibody to visualize the mitotic spindle morphology. After 16h treatment, we 

observed that most of BP-M345-treated cells exhibited various misaligned chromosomes 

and mitotic spindles with abnormal morphology, including spindles with decreased 

microtubule density, and some monopolar spindles, contrasting with the robust and 

bipolar spindle of control cells (Figure 20 A). To find out whether the misaligned 

chromosomes observed were a transitory or an irreversible phenotype, we quantified the 

number of full metaphases and metaphases with misaligned chromosomes in the 

presence or absence of the proteosome inhibitor MG-132. The MG-132 blocks the 

metaphase to anaphase transition by preventing the proteasomal degradation of cyclin 

B and securin (Logarinho et al., 2008; Logarinho & Bousbaa, 2008). Thus, by treating 

the cells with MG-132, cells have more time to align all chromosomes in the equatorial 

region before anaphase onset. We observed that in untreated and DMSO-treated cells 

the percentage of metaphases with all chromosomes aligned was significantly increased 

after addiction of MG-132 (52.2 % to 78.5 % and 49.7% to 81.8%, respectively) (Figure 

20 B). While in BP-M345-treated cells, the large majority of cells continued to exhibit 

misaligned chromosomes even after addiction of MG-132 (96.7 % and 95.5 %, before 

and after addiction of MG-132, respectively), suggesting that chromosome misalignment 

was a permanent defect that could not be corrected over time (Figure 20 B). Taken 

together these results indicated that the compound BP-M345 was disturbing the mitotic 

spindle and inducing irreversible defects in chromosome congression. 

 



FCUP 
Targeting mitosis for cancer therapy: improving the efficacy of the second-generation antimitotics 

and identifying new antimitotics 

 

 

60 

 

Fig. 20- BP-M345 disturbs mitotic spindle morphology. (A) Immunofluorescence images of untreated and BP-M345-

treated cells, showing abnormal spindle configuration and misaligned chromosomes after the treatment, compared to 

bipolar spindle from untreated cells, in prometaphase (PM) and metaphase (M). Microtubules (green) were stained with 

anti-α-tubulin antibody and DNA (blue) with DAPI. Bar, 5 µm. (B) Graphical representation of metaphases with misaligned 

vs aligned chromosomes, in absence (−) or presence (+) of proteasome inhibitor MG-132 at indicated conditions with 

statistical relevance of * p < 0.05 by two-way ANOVA with Tukey’s multiple comparisons test. 

 

3.4 BP-M345 interferes with the stability of kinetochore-microtubule 

attachments and promotes SAC activation 
 As robust and functional kinetochore-microtubule (KT-MT) attachments are 

required for chromosome congression and alignment, and because BP-M345 was 

inducing persistent misaligned chromosomes, we wondered if it was interfering with the 

stability of the KT-MT attachments. To evaluate this hypothesis, we performed a classic 

cold treatment assay. Unstable or weakened KT-MT attachments are disassembled 

when exposed to low temperature for a short time period, while stable and robust 

attachments (K-fibers) are resistant to this condition (Conly L. Rieder, 1981). Thus, we 

subjected the cells to 4 °C for 5 minutes under MG-132 treatment and then we performed 

an immunofluorescence assay using a human CREST (Raynaud’s phenomenon, 

esophageal dysmotility, sclerodactyly, and telangiectasias) antibody to localize 

kinetochores, and an anti-α-tubulin antibody to visualize the spindle microtubules. In 

untreated and DMSO-treated cells, almost all KTs remain attached to MTs (98.6± 0.4 % 



FCUP 
Targeting mitosis for cancer therapy: improving the efficacy of the second-generation antimitotics 

and identifying new antimitotics 

 

 

61 

and 98.2± 0.6 %, respectively) (Figure 21 A,B ), while BP-M345-treated cells showed 

only few cold-stable KT-MT attachments (39.2± 8.1 %) but several free kinetochores 

(60.8± 8.1 %) (Figure 21 A,B ). This result suggested that the BP-M345 weakened KT-

MT attachments compromising chromosome congression, that results in the 

aforementioned persistent chromosome misalignment phenotype. 

 

Fig. 21- BP-M345 interferes with the stability of kinetochore-microtubule attachments. (A) Representative 

immunofluorescence images after cold treatment assay, showing several unattached kinetochores (free red spots pointed 

by the white arrowheads) in cells with BP-M345 treatment, whereas most kinetochores were attached (Red spots with 

attached green fibers) in untreated cells. Microtubules (green) were stained with anti-α-tubulin antibody and the 

kinetochores (red) with anti-CREST antibody. Bar, 5 µm (B) Quantification of cold-stable microtubules (as percentage of 

attached kinetochores per cell) after treatment with BP-M345 with statistical relevance of **** p < 0.001 by two-way 

ANOVA with Tukey’s multiple comparisons test. 

 

 We then investigated whether BP-M345 was promoting the activation of SAC to 

sustain the observed mitotic arrest. The SAC is activated when there are unattached or 

improperly attached kinetochores, leading to mitotic checkpoint complex (MCC) 

assembly that ultimately inhibits the anaphase-promoting complex/cyclosome (APC/C) 

preventing metaphase to anaphase transition. The kinase BubR1 is a component of 

MCC and it is present at kinetochores when SAC is on. When kinetochores become 

correctly attached to microtubules and aligned at the metaphase plate, the BubR1 leaves 

the kinetochores during the process of MCC disassembly and SAC silencing. Thus, the 

BubR1 localization at kinetochores is a strong indicator that SAC is activated. In this 

context, we performed an immunofluorescence assay using antibodies against BubR1 

and kinetochores (CREST), in untreated and BP-M345-treated cells. In untreated cells 

at metaphase, BubR1 localization at kinetochores was drastically reduced, as judged by 

the weak staining, indicating SAC inactivation (Figure 22). In contrast in BP-M345-

treated cells, a strong and bright BubR1 staining was detected in all kinetochores, 

demonstrating that the compound was promoting SAC activation. (Figure 22) Taken 

together these results suggested that BP-M345 compromises the stability of KT-MT 
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attachments and chromosome congression resulting in a chronic activation of the SAC 

which induces cell arrest at mitosis. 

 

 

Fig. 22- Treatment with BP-M345 leads to spindle assembly checkpoint activation. Immunofluorescence staining using 

antibodies against BubR1 (green) and CREST (red), in untreated and BP-M345-treated cells. DNA was stained with DAPI. 

In untreated cells, BubR1 strongly localizes at kinetochores, in prometaphase (PM) and clearly decreases in metaphase 

(M) consistent with their normal localization pattern. In BP-M345-treated cells (bottom panel), BubR1 is present in all 

mitotic cells, indicating mitotic checkpoint activation. Bar, 5 µm. 

 

3.5 Fate of BP-M345-treated cells arrested in mitosis 
 In order to investigate the fate of cells that were arrested in mitosis by BP-M345, 

we performed a live-cell imaging using time lapse differential interference contrast (DIC) 

microscopy (Figure 23 A), during 48h. We firstly found that BP-M345-treated cells remain 

in mitosis for 218.7 ± 335.6 min (Figure 23 B), an average 7-fold higher than untreated 

cells (31.8 ± 5.6 min) (Figure 23 B and Movie 7). Fate analysis of mitotic cells showed 

that 35.9 % of BP-M345-treated cells died in mitosis (DiM) (Figure 23 C and Movie 8), 
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and 20.5% underwent post mitotic death (PMD) (Figure 23 C and Movie 9) , while 43.6% 

were able to continue normal cycling.  

 

Fig. 23- BP-M345 promotes tumor cell death, mostly in mitosis (A) Representative time-lapse sequences of untreated and 

BP-M345-treated cells. Untreated cells undertake mitosis in 31.8 ± 5.6 min (top) while BP-M345-treated cells arrest in 

mitosis for 218.7 ± 335.6, bottom followed by death in mitosis or post mitosis. Numbers indicate times in 00 h:00 min (B) 
Quantification of mitosis duration as determined by time-lapse microscopy in untreated and BP-M345-treated cells 

showing an increase of time spent in mitosis of tumor cells with statistical relevance of **** p < 0.0001 by unpaired t-test. 

Each spot represents one cell (C) Quantification of cell fate after treatment with BP-M345. The percentage of cells 

undergoing post mitotic death (PMD) and death in mitosis (DIM), and cells with normal cycling, over the total number of 

cells are represented. 
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 We also evaluated the tumor cells after 24h treatment with BP-M345 by phase 

contrast microscopy and after DAPI staining (Figure 24 A). By phase contrast microscopy 

analysis, we found the presence of floating cells indicative of death cells after treatment 

with BP-M345, in agreement with time-lapse analysis. By DAPI staining we observed 

that several cells displayed micronucleation and morphology like reminiscent of 

apoptosis. Thus, to confirm this observation we performed an Annexin V/PI staining in 

cells treated for 24h with BP-M345 and analyzed in flow cytometer (Figure 24 B). In 

untreated cells the percentage of apoptosis was residual (2.7 ± 1.8 %), while in BP-

M345-treated cells, it was observed a significant increase in apoptotic cells (16.8 ± 6.2 

%) (Figure 24 C). These results indicated that after a mitotic arrest, imposed by BP-M345 

treatment, the cells died by apoptosis.   

Fig. 24- Tumor cells treated with BP-M345 undergo apoptotic cell death. (A). Representative phase contrast microscopy 

(Top) and DAPI staining (Bottom) images of untreated and BP-M345-treated cells, after 24 hours exposure, showing 

accumulation of floating (arrows) and condensing cells (arrows), respectively, suggesting cell death. Bar, 5 µm (B). 
Representative flow cytometry histogram of Propidium iodide (PI) versus Annexin V (FITC-A) intensity in untreated and 

BP-M345-treated cells, at 24 hours. DMSO was used as negative control. The quadrants (Q) were defined as Q1 = live 

cells (Annexin V- negative/PI-negative), Q2 = early stage of apoptosis (Annexin V-positive/PI-negative), Q3 = late stage 

of apoptosis (Annexin V-positive/PI-positive) and Q4 = necrosis (Annexin V-negative/PI-positive). (C). Quantification of 

AnnexinV-positive cells of the data shown in B with statistical relevance of ** p < 0.01 by unpaired t-test.  
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3.6 BP-M345 impairs long-term tumor cell proliferation  
 To evaluate the long-term effect of BP-M345 on tumor cell proliferation, we 

performed a colony formation assay. Cells were treated with 0.185 μM of BP-M345 (2-

fold less than the GI50) for 48h. Cells were then washed and incubated in a drug-free 

culture medium. After 6 days, the number of colonies formed was scored. As expected, 

untreated and DMSO-treated cells extensively proliferated, while cells treated with BP-

M345 were unable to form colonies (Figure 25). Therefore, this result suggested that, 

although the time-lapse assay indicated that 43.6% of BP-M345-treated cells survived 

48h post-treatment, the cells would not be able to further proliferate beyond this 

treatment time, indicating that BP-M345 exerts a long-term inhibitory effect on cell 

proliferation. 

 

 

Fig. 25- BP-M345 inhibits long-term tumor cell proliferation. NCI-H460 cells were treated with 0.185 μM of BP-M345 for 

48h. Colonies were stained with crystal violet and a representative figure is shown for each condition. Results are the 

mean of three independent experiments, expressed as % of survival fraction with statistical relevance of **** p <0.0001 

by unpaired t-test. 
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4. Discussion 
 Antimitotic drugs, such as taxanes and vinca alkaloids, have been widely used in 

cancer therapy. However, there are some issues that need to be overcome, namely their 

severe side effects and the resistance mechanisms developed by cancer cells, 

motivating the need to discover new antimitotics. Here, we uncover the cytotoxic 

mechanism of the diarylpentanoid BP-M345. We demonstrate that BP-M345 interferes 

with the stability of KT-MT attachments that leads to chromosome congression defects 

in NCI-H460 tumor cells. Although of most of BP-M345-treated cells exhibited bipolar 

spindles, they were less robust than in untreated cells. BP-M345-treated cells chronically 

activate the SAC resulting in mitotic arrest. A significant fraction of cells died by apoptosis 

in mitosis after a prolonged arrest. These results are consistent with the observation that 

during a prolonged mitotic arrest the cells accumulate apoptotic signals leading to cell 

death (Gascoigne & Taylor, 2008). However, other cells were able to exit mitosis. As BP-

M345 was inducing misaligned chromosomes, it is possible that these cells exited mitosis 

with missegregation chromosomes, therefore, generating aneuploid cells. Different cell 

fates are expected after missegregation errors. The cells could die in the following 

interphase if the errors are massive, as we observed in the time-lapse assay in which a 

percentage of cells suffer post mitotic death. Other cells could even become senescent 

or continue to proliferate (Gascoigne & Taylor, 2008). In the time-lapse assay we 

observed that a percentage of cells exit mitosis and survived during the period recorded 

(48h). However, in the colony formation assay when we treated the cells with BP-M345 

no colonies were observed. This indicates that the cells that survive during the 48h 

exposure to BP-M345, were not able to proliferate, possibly due to an accumulation of 

chromosome missegregation errors. In sum, here we demonstrate that the 

diarylpentanoid BP-M345 harbors a potent anti-tumor activity in vitro, acting as an 

antimitotic agent. Further in vivo studies are required to explore the potential use of BP-

M345 in cancer therapy. 
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Chapter V 

General Discussion and Future Perspectives 
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 In this work, we achieved the main goals that we have proposed in the beginning, 

namely the improvement of the efficacy of the second-generation antimitotic BI2536, and 

the identification of new antimitotic agents. 

 Focusing on the first objective, we proposed that the combination of Navitoclax 

with the mitotic blocker BI2536 could be an interesting approach to improve the efficacy 

of the Plk1 inhibitor. We first demonstrated that Plk1 was overexpressed in the NCSLC 

cell lines A549 and NCI-H460. Importantly, overexpression of Plk1 has been associated 

with poor prognosis in several cancers emphasizing the relevance of targeting Plk1 for 

the treatment of cancer (Z. Liu et al., 2016). The ability of tumor cells to slip mitosis 

without dividing represents one of the main reasons for the therapeutical failure of mitotic 

blockers including Plk1 inhibitors. We showed that the apoptosis potentiator Navitoclax 

accelerated and enhanced cell death in mitosis, by apoptosis of cells arrested in mitosis 

by BI2536. As a consequence, mitotic slippage was significantly reduced in the 

combinational treatment compared to BI236 alone. Hence, Navitoclax by inhibiting the 

anti-apoptotic proteins BCL-2 and BCL-XL accelerated the accumulation of death signals 

that reached more quickly the threshold to trigger apoptosis and, consequently, 

prevented the cell from reaching the threshold of cyclin B degradation that triggers mitotic 

exit. Moreover, BI2536 and Navitoclax demonstrated a synergistic effect on inducing cell 

death by apoptosis. Thus, this study demonstrated that combining Navitoclax with 

BI2536 is a valuable strategy that decreases the risk of mitotic slippage, thereby 

improving the efficacy of Plk1 inhibitors. Despite mitotic slippage represents one of the 

main reasons for the therapeutical failure of mitotic blockers in clinical trials, there are 

other issues that must be addressed to improve the efficacy of the SGA. Patients with 

the same tumor type respond differently to the same agents, probably due to different 

genetic and/or epigenetic modifications that alter the sensitivity to a specific drug (Lv et 

al., 2016; Mountzios et al., 2010). Thus, patient stratification using predictive biomarkers 

should pave the way to their effective clinical use. For instance, inhibition of Plk1 has 

been suggested to be more effective in tumors with high levels of Plk1 and mutated p53, 

thus selection of patients with these tumor characteristics may improve the clinical 

outcomes of Plk1 inhibitors (Guan et al., 2005; King et al., 2012). Another important 

aspect is that in clinical trials the most common adverse events in patients treated with 

SGA, including Plk1 inhibitors, were related to hematologic dysfunction. The 

development of drug-delivery systems could be a valuable approach to overcome this 

issue, facilitating better targeting towards cancer cells and in- tumor drug retention, while 

increasing the therapeutic window (Sgorla et al., 2016).  
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 In the second objective of these thesis, we focused on discovery of new 

molecules with antimitotic properties. We first analyzed three tetracyclic thioxanthene 

derivatives of which TX2.1a emerged as hit compound with potent inhibitory growth 

activity in the tested tumor cell lines. According to the second aim that we have proposed, 

we further explored whether TX2.1a harbored antimitotic activity. The compound TX2.1a 

did not block cells in mitosis, although we found that it exhibited fluorescent activity. We 

also showed that TX2.1a accumulates in rounded-shaped subcellular structures. Further 

studies are needed to unveil the subcellular localization of TX2.1a, and its relevance for 

potential application to cancer therapy. Although TX2.1a does not act as an antimitotic 

agent, it does exhibit antitumor and fluorescent activity which makes it a potential 

theranostic drug.  

 Lastly, we showed that the diarylpentanoid BP-M345 exhibited a potent antitumor 

activity and unveiled their cytotoxic mechanism in the non-small cell lung cancer NCI-

H460 cell line. We demonstrated that treatment with BP-M345 compromised the stability 

of KT-MT attachments which lead to chromosome congression defects and chronic SAC 

activation resulting in mitotic arrest. We further showed that the cells arrested in mitosis, 

after treatment with BP-M345, died by apoptosis, either during mitosis or in the following 

interphase. Moreover, BP-M345 exerted a long-term inhibitory effect on cell proliferation. 

More studies are required to determine the specific target of BP-M345. Possible targets 

are the tubulin subunits or proteins that regulates microtubule dynamics since we 

observed that the mitotic spindle after treatment with BP-M345, exhibited abnormal 

morphology, including spindles with decreased microtubule density, and some 

monopolar spindles. For instance, in vitro microtubule polymerization assay could permit 

to access whether BP-M345 is directly targeting microtubules. It will be also interesting 

in the future to evaluate the therapeutic benefit of combining BP-M345 with currently 

chemotherapeutical drugs, namely with antimitotics like paclitaxel, which could permit to 

reduce its dose, in a goal to minimize the side effects. In sum, this study reported a new 

molecule with promising antitumor activity that acts as an antimitotic agent. 

 Importantly, all studies were carried out in one cell line, and these results must 

be validated in other tumor cells. Furthermore, in vivo studies are also required to confirm 

the efficacy of the BI2536 and Navitoclax combination and whether the combination of 

both compounds at lower doses could minimize their hematologic toxicity. As well as for 

BP-M345 and TX2.1a, further in vivo research will allow explore their anticancer potential 

and access their side effects, of note that both molecules demonstrated selectivity to 

tumor cells in vitro. Additionally, since mitotic drivers and mitotic blockers differ in their 
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mechanism of action in a SAC response point of view, it will be also interesting to 

investigate the combination of Navitoclax with SGAs mitotic drivers, like Mps1 inhibitors 

and compare its effect to the combination of SGA mitotic blockers and Navitoclax.  

 Globally, the work presented in this thesis contributed to the development of new 

strategies to target mitosis for cancer therapy by improving the efficacy of the SGA 

BI2536 combining it with the apoptosis potentiator Navitoclax, and by providing a new 

antimitotic agent, the BP-M345, with promising antitumor activity. Additionally, it was also 

found a new molecule, the TX2.1a as potential theranostic drug against cancer. 
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Chapter III 

Targeting the anti-apoptotic pathway sensitizes lung cancer cells to 

Plk1 inhibition  

Movie 1- Time-lapse imaging (DIC microscopy) of a normal mitosis in untreated A549 

cell. Time is shown in hours:minutes. 

Movie 2- Time-lapse imaging (DIC microscopy) of a A549 cell treated with Navitoclax 

undergoing a normal mitosis.  

Movie 3- Time-lapse imaging (DIC microscopy) of a A549 cell treated with BI2536 

undergoing death in mitosis after spent more than 13h in mitosis. Time is shown in 

hours:minutes. 

Movie 4- Time-lapse imaging (DIC microscopy) of a A549 cell treated with BI2536 

undergoing slippage and remaining alive. Time is shown in hours:minutes. 

Movie 5- Time-lapse imaging (DIC microscopy) of a A549 cell treated with BI2536 

undergoing slippage followed by death.Time is shown in hours:minutes. 

Movie 6- Time-lapse imaging (DIC microscopy) of a A549 cell treated with BI2536 and 

Navitoclax undergoing cell death in mitosis after arresting in mitosis for only 

approximately 3h. Time is shown in hours:minutes. 

 

Chapter III 

Identifying new antimitotics 

Group II 

The diarylpentanoid BP-M345 is a potent antitumor agent with 

antimitotic activity 

Movie 7- Time-lapse imaging (DIC microscopy) of a normal mitosis in untreated NCI-

H460 cell. Time is shown in hours:minutes. 

Movie 8- Time-lapse imaging (DIC microscopy) of NCI-H460 cell undergoing death in 

mitosis. Time is shown in hours:minutes. 
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Movie 9- Time-lapse imaging (DIC microscopy) of NCI-H460 cell undergoing post mitotic 

death. Time is shown in hours:minutes. 

 


