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Abstract 

Cell division is fundamental for growth, maintenance and repair of cells and tissues. Dividing cells 

must distribute one copy of the duplicated genome into each new daughter nucleus. The fidelity of 

chromosome segregation relies on the correct attachment of sister kinetochores (KTs) to microtubules 

(MTs) of opposite spindle poles (amphitelic attachments) and on the Spindle Assembly Checkpoint 

(SAC), a biochemical pathway that prevents anaphase until the former state is achieved. Accurate KT-MT 

attachments result from a tightly controlled balance of microtubule stabilizing and destabilizing forces at 

KTs to allow the release of incorrectly attached MTs and selectively stabilize amphitelic attachments.  

Cancer cells are prone to chromosome segregation errors in mitosis. This was shown to cause 

chromosomal instability (CIN), the continuous gain and loss of chromosomes during cell division, which is 

intimately linked to aneuploidy and a proposed driver of tumorigenesis. Aneuploidy is observed in 65%–

70% of sporadic colorectal cancers (CRCs), but whether CIN represents its underlying cause is unclear 

due to the challenges associated with the analysis of mitotic fidelity in situ. Hence, the occurrence of CIN 

in vivo, its molecular underpinnings and its impact for CRC remain elusive. In vitro studies indicate that 

CRC cell lines have hyperstable KT-MT interactions that prevent the correction of erroneous attachments 

and thereof, thought to represent a major cause of CIN. This was however observed in immortalized cell 

lines, which typically accumulate genetic aberrations with increasing passage numbers. This causes 

variability, limits conclusion accuracy and precludes physiological/clinic correlation. In the present work 

we resorted to novel low passage primary cultures of CRC cell lines derived from primary tumors to 

examine the occurrence of CIN and characterize the genetic integrity and expression pattern of key 

mitotic regulators known to be involved in KT-MT attachments and SAC signaling. Human fibroblasts, a 

microsatellite instable (MSI) cell line and microsatellite stable (MSS) cell lines with varying levels of 

aneuploidy were used. Next-generation sequencing (NGS) revealed absence of mutations in the coding 

sequence of Aurora A, Aurora B, Plk1 and Mps1 genes. Expression of these genes at the transcript and 

protein levels was monitored by RT-qPCR and Western Blotting, respectively. The mitotic kinases were 

found to be prevalently overexpressed in MSS cell lines with higher levels of aneuploidy.  

This work sets the ground for future studies aiming to examine the cause of chromosome 

segregation errors in CRCs and their contribution for CIN. Importantly, as these novel CRC cell lines 

closely resemble the biology of the original tumor, a detailed knowledge of their mitotic behavior will be 

critical to design anti-cancer therapeutic strategies that will have an impact in vivo.        
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Resumo 

A divisão celular é fundamental para o crescimento, manutenção e reparação de células e 

tecidos. Este processo deve distribuir uma cópia do genoma já duplicado para cada um dos núcleos das 

novas células filhas. A fidelidade da segregação cromossómica depende não só de uma ligação correta 

entre os cinetocoros e os microtúbulos de polos opostos do fuso (ligações anfitélicas), mas também do 

Spindle Assembly Checkpoit (SAC), uma via bioquímica que previne a anafase até o estado anterior ser 

atingido. Uma ligação correta entre os cinetocoros e os microtúbulos resulta de um balanço equilibrado 

nos cinetocoros de forças estabilizantes e destabilizantes de microtúbulos, de forma a permitir que estes 

últimos se libertem quando incorretamente ligados e que as ligações anfitélicas sejam seletivamente 

estabilizadas.  

As células cancerígenas são propensas a erros de segregação cromossómica durante o 

processo de divisão mitótica. Tais erros podem causar instabilidade cromossómica, isto é, ganhos ou 

perdas contínuos de cromossomas durante a divisão celular. Este fenómeno está intimamente ligado a 

aneuploidia e poderá conduzir a tumorogénese. A aneuploidia é observada em 65%-70% dos cancros 

colorretais esporádicos, mas não é claro se a instabilidade cromossómica representa a sua causa 

subjacente, devido aos desafios associados à análise da fidelidade mitótica in situ. Assim, a ocorrência 

de instabilidade cromossómica in vivo, os seus fundamentos moleculares e o seu impacto para o cancro 

colorretal são ainda pouco descritos. Estudos in vitro indicam que as linhas celulares de cancro colorretal 

têm interações hiperestáveis entre cinetocoros e microtúbulos, que impedem a correção de ligações 

erradas e, assim, pensa-se que representam uma das principais causas de instabilidade cromossómica. 

No entanto, isto foi observado em linhas celulares imortalizadas que normalmente acumulam aberrações 

genéticas com o crescente número de passagens. Este facto causa variabilidade, limita a precisão da 

conclusão e impede a correlação fisiológica/clínica. No presente trabalho, recorremos a culturas 

primárias de baixa passagem de linhas celulares de cancro colorretal derivadas de tumores primários 

para examinar a ocorrência de instabilidade cromossómica e caracterizar a integridade genética e o 

padrão de expressão dos principais reguladores mitóticos conhecidos por estar envolvidos em ligações 

cinetocoros-microtúbulos e sinalização SAC. Foram utilizados fibroblastos humanos, uma linha celular 

microsatellite instable (MSI) e linhas celulares microsatellite stable (MSS) com diferentes níveis de 

aneuploidia. Next generation sequencing (NGS) revelou a ausência de mutações na sequência 

codificante dos genes Aurora A, Aurora B, Plk1 e Mps1. A expressão desses genes a nível de 

transcrição e a nível proteico foi monitorizada por RT-qPCR e Western Blot, respetivamente. As cinases 

mitóticas revelaram-se predominantemente sobre-expressas nas linhas celulares MSS com graus mais 

elevados de aneuploidia. 

Este trabalho estabelece a base para estudos futuros com o objetivo de examinar a causa dos 

erros de segregação cromossómica em cancro colorretal e a sua contribuição para a instabilidade 

cromossómica. De realçar que como as linhas celulares de cancro colorretal utilizadas se assemelham 

bastante à biologia do tumor original, um conhecimento detalhado do seu comportamento mitótico será 

crítico para projetar estratégias terapêuticas anticancerígenas que terão um impacto in vivo. 
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1.1. Cell division 

Cell division is critical for growth, maintenance and repair of cells and tissues (Clift et al., 

2013; Ohkura, 2016). The eukaryotic cell cycle is made up of two main phases, interphase and 

mitosis. Interphase prepares the cell for the actual genome division that takes place in mitosis. It 

consists of 3 sub-phases termed G1, S and G2. Firstly on G1, the cellular contents are 

duplicated and cells synthetize enzymes required for the next step (Lian et al., 2016; Salazar-

Roa et al., 2016). Secondly in S phase, the chromosomes and centrosomes are duplicated. 

Finally in G2 phase, the duplicated centrosomes separate and cells inspect for replication errors 

(Lian, 2016; Salazar-Roa, 2016). In mitosis (M phase) the duplicated genome is segregated into 

two new daughter cells. The cell cycle is tightly regulated by checkpoint mechanisms that delay 

progression into the next stage until errors are corrected. Thus, checkpoints ensure that 

genomic stability is maintained in dividing cells  (Lian, 2016). 

 

1.2. Mitosis 

The purpose of mitosis is to distribute one copy of each chromosome that has been 

duplicated in S phase into each one of the two daughter cells (Foley et al., 2013). It is a complex 

and highly regulated process encompassing five steps: prophase, prometaphase, metaphase, 

anaphase, telophase, (Figure 1) followed by cytokinesis (Lian, 2016). The major components of 

the mitotic apparatus are the kinetochores (KTs), spindle microtubules (MTs) and the spindle 

assembly checkpoint (SAC) (McEwen et al., 2007). 

 

 

 

 

 

 

 

 

 

Figure 1. Mitotic stages. Mitosis begins with prophase, where chromosomes condensation starts and 

nuclear envelope breaks down. The microtubule cytoskeleton begins to re-form as a bipolar spindle. 

Then, in prometaphase, KTs start to interact with the spindle MTs so chromosomes are directed to the 

equatorial plan of the cell. Metaphase describes the stage in which all chromosomes are aligned at the 

spindle equator and connected to MTs from opposite spindle poles. This biorientation is critical to ensure 

equal partitioning of the genome to the dividing daughter cells. Sister chromatids are separated in 

anaphase, moving to opposite spindle poles. Finally, during telophase, chromatids decondense and the 

nuclear envelope re-forms. As illustrated in Schatten, 2013. 
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1.2.1. Mitotic apparatus components: kinetochore, microtubules and SAC 

The structure of the KTs began to be elucidated through electron microscopy (McEwen, 

2007). The observation of vertebrate cells chromosomes showed that KTs have a trilaminar 

morphology composed by the inner KT, the outer KT and the fibrous corona (Figure 2). The 

inner plate contacts with the centromeric chromatin and the outer plate contacts with the spindle 

MTs. The fibrous corona is a dense array of fibers that extend away from the outer KT 

(Cheeseman et al., 2008; Gascoigne et al., 2011). 

Today it is known that KTs are macro-molecular complexes composed of more than 90 

proteins (McEwen et al., 2010). KTs mediate the attachment of chromosomes to spindle MTs, 

allowing their biorientation on the metaphase plate and the correct segregation of sister 

chromatids at anaphase (Gascoigne, 2011; McEwen, 2010). 

 

 

 

 

 

 

 

 

 

 

Figure 2. Scheme of the vertebrate kinetochore structure.  In the mitotic chromosome illustrated, one 

of the sister chromatids (right) is attached to MTs, unlike the other (left), which is unattached. The inner 

and outer kinetochore, the inner centromere and the fibrous corona, detectable on the unattached 

kinetochore, are also represented. Adapted from Cheeseman, 2008. 

 

MTs are 25-nm diameter polymers of --tubulin dimers (Cheeseman, 2008). During mitosis, 

KT establish a direct physical connection with the  bipolar spindle-shaped structure built from 

MTs (Cheeseman, 2008). This process requires a large number of structural and regulatory 

proteins. One of the most relevant players is the four-subunit Ndc80 complex, located on the KT 

outer plate (Cheeseman, 2014; McEwen, 2010). This hetero-tetramer is composed by Ndc80 

(Hec1), Nuf2, Spc24 and Spc25 in a 1:1:1:1 stoichiometry. It forms an extended rod-shaped 

structure that binds directly to microtubule polymers through a Calponin (calcium binding 

protein) homology domain and a positively charged amino-terminal tail (Cheeseman, 2014). 

Except for budding yeast, eukaryotic KTs bind to multiple spindle MTs. In humans 15-20 

MTs, known as kinetochore fibers (K-fibers), are able to bind to each KT (Cheeseman, 2008; 
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McEwen, 2010). The interaction between KTs and MTs is complex, as MTs are highly dynamic 

polymers undergoing constant changes in their length due to polymerization and 

depolymerization events (Cheeseman, 2014; McEwen, 2010). To establish stable KT-MT 

attachments, KT must have mechanisms that control the growth and shrinkage cycles of MTs 

accordingly to the direction of chromosome motion (Cheeseman, 2014; McEwen, 2010). 

The major cell cycle control mechanism that acts during mitosis is the mitotic checkpoint, 

also known as the spindle assembly checkpoint (SAC) (Rao et al., 2005; Weaver et al., 2006; 

Weaver, Silk, et al., 2007). It is a conserved molecular pathway that ensures the fidelity of 

chromosome segregation by delaying anaphase onset until all sister-KTs have made 

attachments to MTs from opposite spindle poles (Bakhoum, Thompson, et al., 2009; 

Malumbres, 2011; Weaver, 2006). This mechanism prevents chromosome mis-segregation and 

consequently aneuploidy in the newly formed cells (Malumbres, 2011; Weaver, 2006; Weaver & 

Cleveland, 2007).    Core components of SAC are the Ser/Thr kinases Mps1 (monopolar spindle 

protein 1, also known as Mps1 in humans) and Bub1 (budding uninhibited by benzimidazoles 1 

homolog), as well as non-kinase components BubR1 (budding uninhibited by benzimidazoles 1 

homolog β, also known as Mad3), Bub3 (budding uninhibited by benzimidazoles 3 homolog), 

Mad1 (mitotic arrest deficient-like 1) and Mad2 (mitotic arrest deficient-like 2) (Combes et al., 

2017; Foley, 2013; Heinrich et al., 2013; Ricke et al., 2008). Protein kinases Bub1 and Mps1 are 

critical for SAC activation; they are responsible for kinetochore recruitment of BubR1, Mad1 and 

Mad2 proteins (Diogo et al., 2016). Mad1 and Mad2 form a complex in which Mad2 adopts a 

closed conformation (C-Mad2) (Heinrich, 2013). The localization of all these proteins at the 

kinetochore is transient and Mad1, Mad2 and BubR1 are progressively dislodged as 

microtubule attach (Cheeseman, 2008). 

  The target of the SAC is the anaphase-promoting complex also known as the cyclosome 

(APC/C). It is a E3 ubiquitin ligase that targets Securin and Cyclin B for degradation by the 26S 

proteasome. Degradation of these proteins allows cells to undergo anaphase and exit mitosis 

(Diogo et al., 2016). 

The SAC is activated at unattached KTs (Figure 3, A) (Diogo et al., 2016; Hernando et al., 

2004).  Mad1-Mad2 heterodimers localized at unattached kinetochore recruit and convert 

cytosolic “open” inactive Mad2 into “closed” active Mad2. This interacts with cell division cycle 

20 (Cdc20), Bub3 and BubR1, to form the mitotic checkpoint complex (MCC), which acts as a 

pseudo-substrate of APC/C, hence blocking its activity (Diogo et al., 2016; Heinrich, 2013; 

Tanaka et al., 2009). This prevents the APC/C from targeting Cyclin B and Securin for 
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degradation by the 26S proteasome. The result is the inhibition of sister chromatids separation 

and of mitotic exit (Diogo et al., 2016; Hernando, 2004). 

When all chromosomes become attached to spindle MTs and achieve biorientation the SAC 

is silenced (Figure 3, B). MCC assembly ceases, which allows APC/C activation by Cdc20 and 

consequently ubiquitination of Securin and Cyclin B. APC/C-mediated ubiquitylation of Securin  

(Diogo et al., 2016) results in the activation of separase, the protease that  cleaves the cohesion 

complexes linking sister chromatid pairs,  and triggers their separation (Foley, 2013; Lu et al., 

2014).  Degradation of cyclin B renders cyclin-dependent kinase 1 (CDK1) inactive, inducing 

late mitotic events and promoting mitosis exit (Diogo et al., 2016; Tanaka, 2009). 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 3. Molecular View of the Spindle Assembly Checkpoint (SAC) Pathway. (A) Unattached KTs 

engage the SAC by promoting MCC assembly. Binding of the MCC to the APC/C precludes it from 

targeting Cyclin B and Securin for degradation, hence halting anaphase onset and mitotic exit.  (B) When 

KTs attach to MTs, MCC formation ceases allowing APC/C activation. Active APC/C ubiquitinates Securin 

and Cyclin B for degradation which allows separase to cleave the cohesion complex linking sister 

chromatid pairs and renders CDK1 inactive. Adapted from Diogo et al., 2016. 

1.2.2. The mitosis process 

Mitosis begins in prophase when the replicated chromosomes become condensed within the 

nucleus (Cheeseman, 2008; McEwen, 2007). Nuclear envelope breakdown sets the beginning 

of prometaphase, when KTs start to interact with the spindle MTs (Cheeseman, 2008). As KTs 

attach to MTs, chromosomes are directed to the equatorial plan of the cell. Metaphase 

describes the stage in which all chromosomes are aligned at the spindle equator and connected 
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to MTs from opposite spindle poles (biorientation). This is critical as it ensures equal partitioning 

of the genome (McEwen, 2007; Ye et al., 2015). After all chromosomes have attached to MTs, 

cohesin is cleaved and the sister chromatids are separated in anaphase (Foley, 2013). Then, 

during telophase, chromatids decondense and the nuclear envelope re-forms. Finally in 

cytokinesis an actin myosin ring bisects the cell between the separated chromatid masses, 

generating two daughter cells which have an exact copy of the duplicated genome 

(Cheeseman, 2008).  

1.2.3. Mitotic kinases in the spindle assembly checkpoint  

The reversible phosphorylation of proteins carried out by kinases and phosphatases 

represents a regulatory strategy common to most intracellular signaling pathways (Combes, 

2017). Several mitotic kinases required to control KT-MT attachments and SAC signaling are 

phosphorylated during mitosis, including Aurora A, Aurora B, Plk1 and Mps1 (Nigg, 2001). Their 

main functions are synthetized in Table I. A more detailed description will be discussed in the 

following sections.  

 

    Table I. Key mitotic players and respective main functions during cell division 

PROTEIN MAIN FUNCTIONS REFERENCES 

Mps1 

Mitotic progression 
Centrosome duplication 

Chromosome congression 
SAC 

(Conde et al., 2013) 
(Tandle et al., 2016) 

(Combes, 2017) 
(Sherr et al., 2017) 

Plk1 

Centrosome maturation 
Chromosome segregation 
Chromosome congression 

Cytokinesis 

SAC 

(Archambault et al., 2012) 
(Penna et al., 2017) 
(Otto et al., 2017) 

(Sherr, 2017) 
(Combes, 2017) 

AURKA 

Mitotic entry 
Chromosome alignment 
Centrosome maturation 
Centrosome separation 

SAC 

(Goldenson et al., 2014) 
(Otto, 2017) 
(Sherr, 2017) 

(Yu et al., 2017) 

AURKB 

Sister chromatid cohesion 
Bipolar spindle assembly 

KT-MT attachment correction 
Cytokinesis 

SAC 

(Goldenson, 2014) 
(Pitts et al., 2016) 

(Sherr, 2017) 
(Penna, 2017) 
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1.2.3.1. Aurora B 

The Chromosomal Passenger Complex (CPC) is a major mitotic regulator, which ensures 

faithful chromosome segregation through the regulation of different mitotic events (reviewed in 

Ruchaud et al., 2007; van der Waal et al., 2012). The complex is composed by Aurora B, a 

serine/threonine kinase, and three non-enzymatic subunits, Inner Centromere protein 

(INCENP), Borealin and Survivin, which function as a structural unit to control Aurora B location, 

activity and stability (Jeyaprakash et al., 2007). 

In early mitosis, the CPC moves from the chromosome arms to the centromeres. This 

location is mediated by Survivin, which recognizes the phosphorylation of histone H3 by Haspin 

kinase (Yu, 2017). Then, and until metaphase the complex localizes in the inner centromeres 

(Goldenson et al., 2015; Musacchio, 2015; Yu, 2017) where it is mainly involved in the 

correction of aberrant KT-MT attachments (Diogo et al., 2016; Moutinho-santos et al., 2012; 

Musacchio, 2015). Centromeric Aurora B directly phosphorylates KT proteins that mediate the 

attachment to MTs, leading to the destabilization of incorrect KT-MTs attachments and further 

establishment of new and correct KT-MT interactions  (Cimini et al., 2006; Krenn et al., 2015; 

Lin et al., 2012). This correction mechanism involves a transient state of unattached KTs, which 

can activate the SAC. Thus, Aurora B was initially proposed to have an indirect role in SAC 

function (Pinsky et al., 2006). However, Aurora B-dependent Mps1 KT recruitment indicates a 

more direct involvement of this kinase in SAC signaling (Santaguida et al., 2010; Saurin et al., 

2011).    

1.2.3.2. Mps1 

The serine-threonine kinase Mps1 was first identified in budding yeast where it was shown to 

be important for spindle pole body (SPB) duplication (Lauze et al., 1995; Winey et al., 1991). 

Later, it was discovered that Mps1 has critical roles in SAC function (Liu et al., 2012). Upon 

mitotic entry, Mps1 is recruited to unattached KTs in a Hec1/Ndc80 and Aurora B dependent 

manner, which correlates with a peak in its kinase activity (Higgs et al., 2005; Martin-Lluesma, 

2002; Santaguida, 2010; Saurin, 2011; Stucke et al., 2004). The dimerization and subsequent 

trans autophosphorylation of its activating T-loop renders Mps1 fully active (Hewitt et al., 2010; 

Kang et al., 2007). At the onset of mitosis, Mps1 promotes Mad1/C-Mad2 recruitment to 

unattached KTs (Hewitt, 2010; Tighe et al., 2008). Afterwards, Mps1 kinase activity continuously 

promotes O-Mad2 recruitment to the Mad1/C-Mad2 complex at KT, in order to promote the 

conformational change of Mad2 and subsequent Cdc20 binding to form the MCC (Hewitt, 2010; 

S. Kim et al., 2011). Additionally, studies in human cells and yeast have shown that Mps1 
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phosphorylates Met-Glu-Leu-Thr (MELT) motifs in Spc105/Blinkin/Kn11, which creates docking 

sites for recruitment of Bub3-Bub1 and possibly Bub3/BubR1 to the KTs (London et al., 2012; 

Shepperd et al., 2012; Yamagishi et al., 2012). 

Mps1 also has important roles in KT-MT attachments. It regulates Aurora B activity in at least 

two distinct ways. Mps1 can directly phosphorylate Borealin, which was shown to enhance 

Aurora B activity in human cells (Bourhis et al., 2009; Jelluma et al., 2008; Sliedrecht et al., 

2010). Mps1 can also contribute to CPC accumulation in the centromeres (van der Waal et al., 

2012). Both processes ensure an efficient correction of aberrant KT-MT attachments by Aurora 

B during the mitotic process (van der Waal et al., 2012). 

1.2.3.3. Polo kinase  

The polo-kinase (Plk) family was discovered in Drosophila approximately three decades ago 

(Llamazares et al., 1991; Sunkel et al., 1988). In humans, there are five polo kinases (Plk1-5) 

with different and specialized roles, from cellular proliferation to tissue-specific functions. Plk1 is 

the most studied member of the Plk family and it has a central role in cell cycle regulation and 

chromosome segregation.  

Plk1 contribution to SAC signaling is not fully understood (Archambault, 2012; Schmucker et 

al., 2014). Studies using a RPE-1 cell line demonstrated that Plk1 directly phosphorylates Mps1 

and stimulates its autophosphorylation in vitro. Moreover, it can also phosphorylate MELT 

motifs, promoting the recruitment of SAC components, just previously described for Mps1 

(Schubert et al., 2015). Studies showed that Aurora A, together with its cofactor Bora, can 

directly phosphorylate Plk1 before mitotic entry (Archambault, 2012; Goldenson, 2015; Yu, 

2017).  Once activated, Plk1 directly phosphorylates Cdc25B, a phosphatase needed for Cyclin 

B/Cdk1 centrosomal activation (Vader et al., 2008).  

The expression of Plk1 is tightly regulated during cell division, increasing during G2. The 

phosphorylation of the conserved Thr210 in the activation loop of the kinase domain reaches its 

maximum during mitosis (Bruinsma et al., 2012; Schmucker, 2014). In prometaphase and 

metaphase, Plk1 is preferentially in the KTs, where it was associated with the attachment of 

chromosomes to the spindle microtubules (Combes, 2017; Schmucker, 2014). It was 

demonstrated that Plk1 phosphorylation of BubR1 on Ser676 is important for the stability of KT-

MT interactions and chromosome alignment, as it promotes PP2A-B56 (protein phosphatase 

A) recruitment. This phosphatase counteracts Aurora B activity, stabilizing initial KT-MT 

attachments (Suijkerbuijk et al., 2012). 
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1.2.3.4. Aurora A 

Aurora A kinase is required for efficient mitotic entry and chromosome alignment. However, it 

is not so well study as Aurora B (Vader, 2008). This kinase can be activated by two distinct 

ways (Vader, 2008). The autophosphorylation of the kinase in its T288 segment usually occurs 

in the centrosomes and promotes Aurora A phosphorylation of downstream targets (Vader, 

2008; Zorba et al., 2014).  Nevertheless, Aurora A can also be activated by other proteins. 

Among them, TPX2 (Targeting protein for Xklp2) is considered its best characterized cofactor. 

TPX2-mediated Aurora A activation is tough to occur in the spindle microtubules (Zorba, 2014).  

The levels of Aurora A expression reach a maximum at the centrosomes in G2 phase 

(Goldenson, 2015; Zorba, 2014). This peak in early mitosis is justified by the involvement of the 

kinase in promoting timely mitotic entry (Goldenson, 2015). As previously described, Aurora A 

promotes Plk1 activation in G2 (Nikonova et al., 2013). Moreover, it was shown to directly 

phosphorylate Cdc25, leading to Cyclin B/Cdk1 activation at the centrosomes (Nikonova, 2013; 

Vader, 2008).  

A recent study demonstrated that Aurora A has also a role in chromosome segregation. 

During early mitosis, Aurora A phosphorylates and activates Haspin. In turn, Haspin 

phosphorylates histone H3. As previously said, Survivin recognizes the phosphorylated histone 

H3, leading to CPC accumulation in the centromeres, where it will correct possible aberrant KT-

MT attachments (Yu, 2017). 

 

1.3. Chromosomal instability and aneuploidy 

Aneuploidy describes the incorrect genomic content that occurs when there is a loss or gain 

of one or more chromosome, or a chromosome portion (Bakhoum, 2009; Lacroix et al., 2012; 

Zasadil et al., 2013). It frequently results from chromosome mis-segregation events during 

mitosis, (Bakhoum, 2009; Britigan et al., 2014; Mankouri et al., 2013). To prevent aneuploidy, 

cells evolved mechanisms to ensure that chromosome segregation is tightly regulated during 

mitosis (Figure 4, A). Erroneous KT-MT attachments are a commonplace but are usually 

corrected prior to anaphase. Thus, the rates of chromosome mis-segregation in normal diploid 

cells follow below 2% (Nicholson et al., 2013; Ye, 2015). 

Aneuploid cells, including near-polyploid cells, can maintain a stable karyotype or exhibit 

chromosomal instability (CIN) (Zasadil, 2013). CIN can be present in two forms: structural 

chromosome instability (S-CIN, also referred as segmental chromosome instability) and whole 

chromosome instability (W-CIN) (Nicholson, 2013; Ricke, 2008; Schvartzman et al., 2010). S-

CIN is represented by chromosome rearrangements such as reciprocal or nonreciprocal 
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chromosomal translocations, deletions of chromosome arms and amplifications of large 

chromosome regions; it is caused by inappropriate DNA damage response/repair (Kamata et 

al., 2011; Schvartzman, 2010). W-CIN is the major form of genomic instability (Kamata, 2011; 

Terradas et al., 2009) in which there is a persistent mis-segregation with gain or loss of entire 

chromosomes, leading to an unstable karyotype (Britigan, 2014; Ganem et al., 2009; Orr et al., 

2013; Weaver, 2006). The general cause of this type of CIN are defects during mitosis 

(Mankouri, 2013; Orr, 2013), namely  lagging chromosomes (Figure 4, B) (Cimini et al., 2001) 

resultant of persistent errors in KT-MT attachments (Bakhoum, Genovese, et al., 2009; Kleyman 

et al., 2014; Malterer et al., 2008). 

Cancer cells, which are generally aneuploid, (Britigan, 2014; Mantripragada et al., 2008; 

Weaver, 2006) often contain both W-CIN and S-CIN (Ricke, 2008; Schvartzman, 2010; 

Terradas, 2009). This stage likely contributes to the maintenance of transformed cell 

populations, drug resistance, and disease progression (Mooney et al., 2016). The CIN 

phenotype was also recently been associated with tumor metastasis (Gao et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Comparison a normal anaphase with an anaphase lagging chromosome. Chromosomes 

are represented in blue, KTs in yellow and MTs in orange. (A) In normal anaphase, chromosomes are 

equally segregated to opposite poles of the mitotic spindle. (B) However, some dividing cells display 

anaphase lagging chromosomes, single chromosomes that are left behind during anaphase, typically 

near the spindle equator, while all the others move to the spindle poles. This occurs due to defects in KT-

MT attachments and leads to W-CIN.  

 

1.4. Causes of CIN 

1.4.1. Defects in SAC signaling 

The SAC is a highly robust surveillance mechanism. A single unattached kinetochore is 

sufficient to delay anaphase onset for several hours. However, there are several ways to slip 
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past the SAC (Subramanian et al., 2013). First, an improper regulation of the abundance of 

mitotic key players can lead to cell errors in chromosome segregation (Heinrich, 2013; 

Subramanian, 2013). Second, merotelic attachments are not detected by the SAC and can lead 

to lagging chromosomes (Subramanian, 2013). Third, if chromosomes detach from the spindle 

immediately before anaphase, there is insufficient time to block the cell cycle and prevent mis-

segregation (Subramanian, 2013). 

Mutations in genes encoding SAC related proteins have been observed at very low 

frequency in CIN tumors (Bakhoum, 2009; Hernando, 2004; Orr, 2013; Ricke, 2008). This might 

be explained by the inability of cells to cope with complete loss of SAC function as this results in 

massive segregation defects (Orr, 2013). Instead, misexpression of SAC genes is more 

frequently observed in cancer (Table II) (Faisal et al., 2017).  

 
Table II. Key mitotic players overexpression was detected in different types of cancer 

Protein Expression level Type of cancer References 

Mps1 Overexpression 

Bladder 

Thyroid 

Breast 

Glioblastoma 

Pancreatic 

Colorectal 

Liver 

(Thykjaer et al., 2001) 

(Salvatore et al., 2007) 

(Daniel et al., 2010; Richardson et al., 2013; B. Yuan, 

2006) 

(Tannous et al., 2013) 

(Kaistha et al., 2014; Slee et al., 2014) 

(Ling et al., 2014; Zhang et al., 2016) 

(Miao et al., 2016) 

Plk1 Overexpression 

Lung 

Head and neck 

Endometrium 

Colorectal 

Prostate 

Ovary 

Breast 

Thyroid 

Glioma 

(Wolf et al., 1997) 
(Knecht et al., 1999) 
(Takai et al., 2001) 

(Takahashi et al., 2002) 
(Weichert et al., 2004) 

(Dietel et al., 2004) 
(Weichert et al., 2005) 

(Salvatore, 2007) 
(Cheng et al., 2012) 

 

Aurora A Overexpression 

Pancreatic 

Colon 

Thyroid 

Head and neck 

Breast 

Bladder 

(Li et al., 2003) 

(Belt et al., 2012) 

(Reiter et al., 2006) 

(Ulisse et al., 2006) 

(Treekitkarnmongkol et al., 2016; Xia et al., 2003) 

(Mobley et al., 2017) 

Aurora B Overexpression 

Thyroid 

Prostate 
Colorectal 

Lung 

Breast 

(Ulisse, 2006) 

(Chieffi et al., 2006) 

(Subramaniyan et al., 2016; Tuncel et al., 2012) 

(Takeshita et al., 2013) 

(Zhang et al., 2015) 
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Mps1 is overexpressed in several types of cancer, including breast (Daniel et al., 2010; 

Richardson et al., 2013; B. Yuan, 2006), colorectal (Ling, 2014; Zhang, 2016), pancreatic 

(Kaistha, 2014; Slee, 2014), thyroid (Salvatore, 2007), glioblastoma (Tannous, 2013), bladder 

(Thykjaer et al., 2001) and liver (Miao et al., 2016) cancers. This overexpression is usually 

related with a poor prognosis (Faisal, 2017). In CRC cell lines, Mps1 overexpression led to 

genomic instability and contributed to tumorigenesis due to SAC weakness. Moreover, it 

allowed the survival of the tumor cells with higher degrees of aneuploidy (Ling, 2014). This was 

also verified in glioblastoma, the most common and lethal type of primary brain tumor, where a 

high Mps1 expression was linked to an increase in tumor grade and a decrease on patients’ 

survival (Tannous, 2013).  

Like Mps1, Plk1 is also overexpressed in different types of human cancers (Schubert, 2015; 

Takai et al., 2005). Among them, in glioma (Cheng, 2012), head and neck (Knecht, 1999), 

colorectal (Takahashi, 2002), ovary (Dietel, 2004), thyroid (Salvatore et al., 2007), breast 

(Weichert, 2005), lung (Wolf, 1997), endometrium (Takai, 2001) and prostate (Weichert, 2004) 

cancers Plk1 overexpression was associated with cancer progression, aggressiveness, higher 

recurrence risk and, thus, a poor prognosis (Z. Liu et al., 2017; Rodel et al., 2010; Takai, 2005). 

A study analyzed Plk1 expression in a cohort of 158 benign and malignant colon tumors; in 

66,7% of them, Plk1 was not only overexpressed, but also linked to advanced tumor stages of 

the disease (Weichert et al., 2005). Overexpression of Plk1 was also observed in a cohort of 70 

sporadic human CRC; in 77,1% of the cases, Plk1 was overexpressed in the primary CRC 

tissues, when in comparison with normal mucosa (Macmillan et al., 2001). A similar study was 

made using 78 primary CRCs and 15 normal colorectal specimens. Overexpression of Plk1 was 

observed in 73,1% of the CRC cases (57 out of 78) (Takahashi, 2002). Thus, it can be used as 

target for cancer therapy (Z. Liu, 2017; Rodel, 2010; Takai, 2005; Weichert, 2005).  

As the previous mitotic regulators, Aurora A and Aurora B overexpression has been detected 

in several types of solid tumors and associated cancer progression and poor prognosis 

(Takeshita, 2013). Prostate (Chieffi, 2006) , colon (Belt, 2012), head and neck (Reiter, 2006), 

lung  (Takeshita, 2013), breast (Xia, 2003), pancreas (Li, 2003) and thyroid (Ulisse, 2006) 

cancers are some examples. Additionally, an aberrant expression of both kinases was also 

found in some types of leukemia, as reviewed by  (Goldenson, 2014).  

Overexpression of Aurora A is related with chromosomal instability, oncogenic transformation 

and chemoresistance (Jin et al., 2015; Treekitkarnmongkol, 2016). Aurora A activates Plk1 and 

downregulates tumor suppressor genes, like TP53, by phosphorylation (Ikezoe, 2008; 

Treekitkarnmongkol, 2016). The kinase can also phosphorylate BRCA1, a breast cancer 



29 
 

susceptibility gene, blocking its function as a G2/M checkpoint keeper (Ikezoe, 2008). A study 

using a transgenic mouse model showed that Aurora A overexpression in the mammary gland 

led to several genetic alterations, culminating in the development of mammary 

adenocarcinomas (Treekitkarnmongkol, 2016). Moreover, high levels of Aurora A kinase were 

detected in patients with advanced colon cancer and associated with an increase of disease 

recurrence (Belt, 2012). Aurora A overexpression was also related with colorectal adenoma to 

carcinoma progression (Carvalho et al., 2016). A recent study also reports that Aurora A 

overexpression is related with bladder cancer aggressiveness and poor prognosis (Mobley, 

2017).  

Aurora B was found overexpressed in non-small-cell lung cancer and associated with 

vascular invasion, poor differentiation, larger tumor size and lymph node metastasis (Takeshita, 

2013).  The elevated expression of Aurora B together with elevated levels of cytoplasmic 

Survivin and INCENP has been associated to lymph node metastasis in CRC (Subramaniyan, 

2016; Tuncel, 2012). Additionally, using tumor tissues from 312 invasive breast cancer patients, 

overexpression of Aurora B was correlated with poor survival and chemoresistance (Zhang, 

2015). 

 

1.4.2. Defects in KT-MT Attachments 

The most common cause of whole chromosome mis-segregation is thought to be the 

persistence of errors in chromosome-MTs attachments (Kleyman, 2014). In early mitosis, highly 

dynamic MTs search and capture KTs (Gregan et al., 2011; Lin, 2012). Each sister KT must 

bind MTs emanating from opposite spindle poles – amphitelic attachment (Figure 5, A) - in 

order to ensure proper chromosome segregation in anaphase (Gregan, 2011; Kleyman, 2014; 

Lin, 2012). However, due to the dynamic and stochastic nature of the attachment process, 

errors can take place.  

During early stages of mitosis, it is common for chromosomes to establish erroneous 

attachments. Usually, MTs bind first to one of the sister KTs in what is called a monotelic 

attachment (Figure 5, B). This represents an intermediate state that results from the difficulty of 

both sister KTs in establishing a simultaneous attachment to the mitotic spindle (Gregan, 2011). 

In this configuration, the unattached KT engages the SAC to prevent premature anaphase 

onset. Other types of erroneous KT-MT interactions are the syntelic and the merotelic 

attachments (Figure 5, C and D, respectively). The first one occurs when both sister KTs 

interact with MTs from the same spindle pole (Ganem, 2009; Gregan, 2011). As in monotelic 

attachments, syntelic attachments also lead to SAC activation due to the low centromeric 
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tension (Gregan, 2011).  Merotelic attachments take place when a single kinetochore attach to 

MTs emanating from both spindle poles (Bakhoum, 2009; Kleyman, 2014; Lin, 2012). This KT-

MT configuration is not detected by the SAC (Bakhoum, 2009; Ganem, 2009; Lin, 2012),  as 

KTs attain full (however improper) occupancy of MTs (Gregan, 2011; Orr, 2013).  

Aurora B activity is critical to ensure proper KT-MT attachments (Britigan, 2014; Kops, 2014; 

Lampson et al., 2017). When KTs are not under tension from opposing microtubule-based 

pulling forces, as in syntelic attachments, centromeric Aurora B directly phosphorylates 

kinetochore proteins that mediate the attachment to MTs. This results in the destabilization of 

incorrect KT-MTs attachments, hence providing opportunity to establish new and correct KT-MT 

interactions (Cimini, 2006; Krenn, 2015; Lin, 2012).  

Moreover, it was shown that partial inhibition of Aurora B results in an increase in the number 

of merotelic attachments, compromising appropriate chromosome segregation (Cimini, 2006). 

 

 

 

 

 

 

 

 

Figure 5. Types of KT-MT attachments during mitosis. Chromosomes are represented in dark blue, 

KTs in yellow, MTs in orange and spindle poles in light blue. (A) Amphitelic. Each sister kinetochore 

must bind MTs emanating from opposite spindle poles in order to ensure proper chromosome 

segregation in anaphase. (B) Monotelic. Nevertheless, at early stages of mitosis, it is common that only 

one of the two sister KTs is attached to spindle MTs (C) Syntelic. Occurs when both sister KTs interact 

with MTs from the same spindle pole. (D) Merotelic. It takes place when a single kinetochore attach to 

MTs emanating from both spindle poles. Unlike the other types of attachments, merotelic attachments are 

not detected by SAC, compromising chromosome segregation.  

 

If merotelic attachments are not corrected before anaphase, lagging chromosomes will occur 

(Ganem, 2009; Gregan, 2011). This is the primary cause of mis-segregation events and 

aneuploidy chromosomal-instable cancer cell lines (Ganem, 2009; Gregan, 2011; Kleyman, 

2014; Lin, 2012).  

Interestingly, KT-MT attachments in cancer cells with CIN were found to be inherently more 

stable than those in normal diploid retinal pigment epithilium (RPE-1) cells (Bakhoum, 2009; 

Orr, 2013). Mad2 overexpression might contribute for this hyperstabilization, which occurs 

independently of SAC (Kabeche et al., 2012). Thus, cancer cells have a diminished capacity to 
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correct merotelic attachments, which explains the widespread occurrence of CIN in tumors. 

Importantly, increasing the detachment rate of KT-MT improves error correction and is sufficient 

to restore faithful chromosome segregation in CIN cancer cells (Orr, 2013). 

 

1.5. CIN and Cancer 

Genetic instability is a hallmark of cancer (Maser et al., 2002; Rao, 2005). The mechanisms 

responsible for the maintenance of genome integrity and growth arrest are suppressed in 

cancer cells (Maser, 2002).  In 1914, Theodor Boveri proposed the aneuploidy hypothesis 

(Boveri, 1902; Weaver, 2007a). According to his observations, chromosome mis-segregation 

leading to aneuploidy was the cause of tumorigenesis (Boveri, 1902; Weaver, 2007b). However, 

in the 1970s and 1980s, with the discovery that oncogenes and tumor suppressors can be the 

point of transformation initiation, Boveri hypothesis lost part of the interest (Weaver, 2007a). 

Several theories have emerged, and a great deal of controversy has arisen in part due to the 

inability of generating and testing aneuploidy without causing other damage (Weaver, 2007a; 

Weaver, 2007b). In order to try to clarify the relation between aneuploidy and tumorigenesis, 

experiments using animals with reduced expression of mitotic checkpoint genes took place. 

However, this was difficult, as these genes are not only important for cell division, but also for 

other essential cellular processes (Weaver, 2007a; Weaver, 2007b).  

Aneuploidy is a hallmark of cancer and a proposed driving force of tumor progression 

(Britigan, 2014; Davoli et al., 2013; Nicholson, 2013). Inducing aneuploidy leads to higher level 

of spontaneous lymphomas and lung tumors in aged animals (Weaver, 2007b) Most solid 

tumors have an abnormal chromosome number (Orr, 2013; Tu et al., 2003; Zhang et al., 2008) 

with aneuploid karyotypes ranging from 40 to 90 or more chromosomes (Bakhoum, 2009); some 

of them are capable of accurately segregate their improper chromosome number, remaining 

genetically stable (Bakhoum, 2009). Nevertheless, others are genetically unstable and mis-

segregation events occur, leading to CIN (Bakhoum, 2009). Additionally, they display 

heterogeneity, not only in comparison with other tumors but also within the tumor itself (Burrell 

et al., 2013; Orr, 2013; Thompson et al., 2008). Heterogeneity is mainly caused by genomic 

instability (Burrell, 2013). The increasing rate of mutation generates a genetically extended and 

diverse pool of tumor cells (Dewhurst et al., 2014). Aneuploidy can stimulate the overexpression 

of loci responsible for cell growth leading to a selection of the most aggressively cells 

(Dewhurst, 2014; Mantripragada, 2008). 

   As aneuploidy, W-CIN is a distinguishing feature of most cancer cells (Cresta, 2012; 

Dewhurst, 2014; Ganem, 2009; Kamata, 2011; Orr, 2013). Experiments using mutant mice with 
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W-CIN demonstrate that these animals have a tendency to develop cancer (Ricke, 2008). 

Chromosome mis-segregation occurs 10 to 100 times more in CIN cells, comparing to diploid 

cancer cells chromosomally stable (Ganem, 2009; Thompson, 2008). As a cause of CIN, 

chromosome mis-segregation can be important in cancer adaptation and evolution (Covo et al., 

2014; Ganem, 2009). It may be correlated with high cell proliferation, metastasis, drug 

resistance, poor prognosis (Covo, 2014; Dewhurst, 2014; Ganem, 2009), tumor aggressiveness 

and recurrence (Kleyman, 2014), bringing therapeutic challenges (Covo, 2014; Ganem, 2009; 

Thompson, 2008). As tumor heterogeneity, genomic instability is also the responsible of cancer 

cells expansion because it allows cells to reach a higher proliferation capacity (Mantripragada, 

2008). Thus, understanding how genomic instability modulates tumor evolution is crucial for the 

development of cancer therapeutics (Burrell, 2013). 

1.5.1. Possible strategy to approach erroneous cell death: increase CIN through key 

mitotic players inhibition 

Although aneuploidy can drive tumorigenesis, recent studies describe a threshold level from 

which a higher aneuploidy can work as inhibitor for tumor development (Lee et al., 2016; 

Weaver, 2007b). Thus, increasing CIN as a mean to block tumor cells proliferation and tumor 

growth can be therapeutically attractive (Sansregret et al., 2017). As Mps1, Plk1, Aurora A and 

Aurora B kinases are critical mitotic regulators and frequently overexpressed in human tumors, 

it is tempting to envisage them as promising targets to increase chromosome segregation errors 

(Penna, 2017; Sansregret, 2017). Several of the inhibitors that have been developed bind to 

kinases in their ATP binding site, preventing its normal catalytic activity (Weiß et al., 2012).     

A small-molecule inhibitor for Mps1, SP600125, used in breast cancer cells decreased their 

viability and increased cell death, particularly in TP53 defective cells (Gyorffy et al., 2014). More 

recently, another inhibitor named NTRC 0066-0 showed also promising results in several 

human cancer cell lines. Moreover, the combination of this inhibitor with docetaxel, a 

chemotherapy medication, increased survival and extended tumor remission without toxicity in a 

murine breast cancer model (Maia et al., 2015). Another study with orthotopic mouse models 

tested the Mps1 inhibitor MPS1-IN-3 together with vincristine, another chemotherapeutic drug, 

in glioblastoma cells. The result was an increase in segregation defects, aneuploidy and tumor 

cells death (Tannous et al., 2013). Recently, it was described a Mps1 inhibitor, CC8271850, 

applied in several cancer cell lines (Faisal, 2017). The cells submitted to this drug lost KT 

location of important mitotic proteins (BubR1, Mad1, Mad2) and start to mis-segregate their 
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chromosomes. Cell death was observed after one or two mitosis; among the different cancer 

cell lines tested, the effect was higher in the colon cancer cell ones (Faisal, 2017).  

Inhibitors of Plk1 have also been developed. The combination of the small-molecule inhibitor 

Volasertib (BI 6727) with low doses of the chemotherapy agent Cytarabine in acute myeloid 

leukemia patients lead to higher response rates and improved survival (Michael et al., 2017; 

Penna, 2017). A small-molecule inhibitor for Plk1, GSK461364, was administered to patients 

with solid tumors. It was verified an overall decrease in the number of tumor cells (Olmos et al., 

2011). Moreover, the inhibition of Plk1 can increase the sensitivity of cancer cells to 

chemo/radiotherapy (Z. Liu, 2017; Takai, 2005). 

As for Aurora B, Barasertib (AZD1152) stands as a promising potent and selective inhibitor 

(Tsuboi et al., 2011). When tested in immunodeficient mice with human colon, lung and 

hematologic tumor xenografts, Barasertib efficiently inhibited tumor growth (Ikezoe, 2008; 

Wilkinson et al., 2007). When administered to patients with advanced myeloid leukemia, 

Barasertib exhibited preliminary efficacy (Falchook et al., 2015; Tsuboi, 2011). More recently, a 

combination of Barasertib with low doses Cytarabine was tested also in myeloid leukemia 

patients and showed higher responses when compared to the administration each one of the 

agents alone (Penna, 2017). 

The main Aurora A inhibitors currently in clinical trials are MLN8237 (Alisertib), MK-5108 and 

ENMD-2076 (Damodaran et al., 2017). Alisertib was already tested in Phase I trials with solid 

tumors and lymphomas, and some good responses were observed (Falchook, Bastida, & 

Kurzrock, 2015). MK-5108 is the most promising Aurora A inhibitor, as it proved to be the least 

toxic, even for higher doses than the therapeutic ones (Amin et al., 2016). ENMD-2076 has also 

low toxicity levels (Damodaran, 2017). It was tested in a cohort that included patients with 

ovarian cancer, CRC and refractory solid tumors. Promising anti-tumor activity was observed, 

particularly for ovarian cancer  (Diamond, 2010).  

Despite the encouraging outcomes of some of the mitotic drugs described, they are still 

below the response levels needed in clinical trials for single agents (Faisal, 2017; Z. Liu, 2017; 

Penna, 2017). On one hand, it is not possible to increase the administrated doses of this drugs, 

as the majority of them are toxic (Faisal, 2017). On the other hand, the cancer cells can develop 

resistance against a certain drug  (Sansregret, 2017; Yuan et al., 2016). However, the 

combination of those drugs with conventional treatments like chemotherapy or radiotherapy can 

be a promising strategy to overcome both of these problems (Falchook, 2015; Penna, 2017; 

Yuan, 2016). Additionally, a better comprehension of the functions of this kinases represents a 

key-point to develop specific and effective inhibitors (Damodaran, 2017). 
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1.6. Colorectal Cancer 

The incidence of cancer and consequent mortality have been decreasing as a result of a more 

preliminary detection and treatment development (Miller et al., 2016). Moreover, the availability 

of information led to an increase of the lifestyle care by the population; for example, all the 

campaigns against tobacco smoking (Siegel et al., 2017). However, cancer is still the second 

leading cause of death in the United States (Siegel et al., 2016). Among the variety of cancers, 

CRC is now the third most commonly diagnosed and the fourth leading cause of death in both 

women and men (Siegel, 2017; Vasuri et al., 2017). The majority of CRC metastases are 

located in the liver, followed by the lungs (Goos, 2013). About 95% of CRC are sporadic, 

meaning that the individuals have a predisposition that can turn into cancer as a consequence 

of the exposure to certain environmental factors (Watson et al., 2011). As the incidence is 

higher in the developed countries, diet factors can be a main cause. There is a correlation 

between the consumption of red meat, fat and alcohol and the incidence of CRC (Siegel, 2017; 

Watson, 2011). 

1.6.1. From normal tissue to cancer 

CRC is originated from the epithelial cells lining the colon or rectum of the large intestine 

and its main cause are mutations in Wnt Signaling Pathway (Choudhry et al., 2015). The 

evolution of CRCs begins with alteration of this normal colonic epithelium to an adenomatous 

polyp intermediate. Then, it can develop to an advanced adenoma with high dysplasia and 

finally become an invasive cancer (Markowitz et al., 2009; Pino et al., 2010). There are five 

general distinguishable stages (Figure 6). The stage 0 corresponds to cancer in situ, when 

cancer cells are in the mucosa or in the colon or rectum inner lining (Choudhry, 2015). If the 

tumor has grown through the mucosa and through the colon or rectum walls, it is classified as 

stages I and II, respectively (Markowitz, 2009). If untreated, it can extent to regional lymph 

nodes and become a stage III CRC. At this point, surgery with adjuvant chemotherapy is 

recommended. Lastly, if metastasis is generated in other organs, it constitutes a stage IV CRC, 

usually not treatable (Choudhry, 2015; Markowitz, 2009). 
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1.6.2. CRC classification: MSS vs MSI-H 

Genomic instability, namely aneuploidy, can contribute for tumor progression through two 

main pathways, microsatellite stability (MSS) or microsatellite instability (MSI) (Barresi et al., 

2017; Pino, 2010; Rao, 2005). These pathways are not mutually exclusive, and some tumors 

can be positive for both forms (Barresi, 2017; Pino, 2010), being the prognosis better for MSI 

CRC patients (Watson, 2011). 

Microsatellites are small mono-, di-, tri- or tetra-nucleotide repetitive sequences present in 

the genome. These locations are more prone to accumulate mutations (Kim et al., 2014; Parine 

et al., 2016). During DNA synthesis the DNA polymerase has difficulties to bind to the 

microsatellites leading to an incorrect reannealing. Consequently, base-base mismatches and 

insertion-deletion loops arise. When in an exonic region, those alterations will cause frameshift 

mutations (Parine et al., 2016). To prevent this, there is a system called DNA mismatch repair 

system. In human, it includes three main phases: recognition, excision and resynthesis (Figure 

7) (Groothuizen et al., 2016; Parine et al., 2016). Firstly, a protein complex formed by MutS - 

either MutSα, the MSH2-MSH6 heteroduplex (Figure 7 i.A) or MutSβ, the MSH2-MSH3 

heteroduplex (Figure 7 i.B) - together with proliferating cell nuclear antigen (PCNA) moves 

through DNA until it recognizes a base-base mismatch or a base insertion-deletion, respectively  

Figure 6. Illustration of the large 

intestine anatomy and CRC 

evolution. 1. Cecum, 2. Ascending 

colon, 3. Transverse colon, 4. 

Descending colon, 5. Sigmoid colon, 6. 

Rectum. The stage 0 is characterized 

by cancer cells in the inner lining of the 

colon or rectum.  The disease can grow 

through the mucosa and reach the 

muscle layer; the CRC is now in the 

stage I and II, respectively. Further 

proliferation of the cancer cells can 

spread the disease to regional lymph 

nodes, leading to a stage III disease. 

Lastly, reaching the blood vessels, 

metastasis can be generated in other 

organs, which constitutes a stage IV 

CRC. 
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(Goellner et al., 2014; Groothuizen, 2016). At this point, MutS conformation change and another 

protein complex, MutL (MLH1-PMS2) is recruited (it can also be MutLγ, MLH1-MLH2, when 

MutL levels are low) (Groothuizen, 2016; Kolodner, 2017). The nucleotides excision is made 

by exonuclease 1 (Exo1) (Figure 7 ii). By this time, replication protein A (RPA) stabilizes the 

single-stranded DNA and after the excision it inhibits Exo1 to prevent further degradation. PCNA 

together with replication factor C (RFC) helps in the resynthesizes step carried out by DNA 

polymerase  (Kolodner, 2017). Finally, DNA ligase ligates remaining leaks (Goellner, 2014; 

Parine et al., 2016) (Figure 7 iii). When there are mutations in DNA mismatch repair system 

genes, the system function is compromised and microsatellite instability arises. This instability 

form is present in about 15% of CRC (Orsetti et al., 2014; Parine et al., 2016); within these, 20% 

are hereditary and named Lynch syndrome, as a consequence of germline mutations mainly in 

the MLH1, MLH2, MSH6 or PMS2 genes. The 80% left are sporadic, mainly due to MLH1 

promotor hypermethylation (Kim et al., 2014; Watson, 2011). 

Approximately 85% of CRCs are microsatellite stable, revealing instead different levels of 

CIN  (Barresi, 2017). Moreover, studies suggest that it may occur at early stages of the 

tumorigenesis (Rao, 2005). However, CIN evaluation is not a focus in clinical practice (Barresi, 

2017). The explanation lies on the absence of an effective approach to quantify CIN and 

standardize a criterion to define that a tumor is chromosomally instable, as only a few genes 

responsible for this phenotype were identified (Barber et al., 2008; Barresi, 2017). Adenomatous 

polyposis coli (Apc) gene encodes a 310-kDa cytoplasmatic protein, APC protein, responsible 

for prevention of -catenin accumulation and thus controlling the Wnt output signaling 

(Choudhry, 2015; Dow et al., 2015; Rao, 2005). Mutations in Apc gene, in the tumor suppressor 

gene TP53 and in Kras are the most frequent ones in colon cancer, being present in about 80-

90%, 54% and 45% of the cases, respectively (Dow, 2015; Watson, 2011). Using a CRC mouse 

model it was demonstrated that Apc suppression leads to adenomas formation in the colon and 

the small intestine; moreover, it can turn into an invasive carcinoma when Kras and TP53 

mutations are also present (Dow, 2015).  As previously mentioned (section 4.1.), mutations in 

genes encoding SAC related proteins are rare in CIN tumor cells (Bakhoum, 2009; Hernando, 

2004; Orr, 2013; Ricke, 2008), as the absence of SAC function leads to cell death (Orr, 2013). 

However, the overexpression of several SAC components is observed in several cancer types, 

including CRC. Mps1 (Ling, 2014), Plk1 (Takahashi, 2002), Aurora A (Belt, 2012) and Aurora B 

(Subramaniyan, 2016; Tuncel, 2012) are found to be overexpressed in several CRC tissues and 

cell lines.  
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Figure 7. Illustration of the DNA mismatch repair system in humans. The process can be divided in 

three main phases. i. Recognition; base-base mismatches or base insertions-deletions are recognized 

by MutS (i.A) or MutS (i. B), respectively, together with PCNA and MutL. ii. Excision; Exo1 is 

responsible for taking the wrong nucleotides off the chain. RPA stabilizes this process. iii. 

Resynthesizes; DNA polymerase , helped by RFC, fills the chain with the right missing nucleotides and 

DNA ligase ligates remaining leaks. 

 

Despite being the major phenotype present in CRC cells the causes and consequences of 

CIN are not clearly understood (He et al., 2015). It is still unknown if CIN drives tumorigenesis, 

or if it happens in the other way around (Pino, 2010). There are some models suggesting CIN 

as the tumor initiator. However, this is not stablished for CRC (Pino, 2010). Further investigation 

may let us understand if the alteration in the expression of key mitotic regulators is responsible 

for the CIN acquired by cancer cell lines. If so, key mitotic player’s inhibition can be a promising 

approach in cancer therapeutics. 
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1.7. Objectives 

 

Analysis of whole chromosome karyotypic variability indicates that 44% of solid tumors and 

14% of hematopoietic cancers exhibit CIN (Zasaldi et al., 2013). The continuous gain or loss of 

chromosomes generates phenotypic variation within the tumor, which is thought to allow for 

adaptation to environmental stress, hence contributing for the maintenance of transformed cell 

populations, drug resistance, and disease progression (Mooney, 2016). Particularly, the majority 

of CRCs exhibit aneuploidy. However, the occurrence of CIN in vivo, its molecular 

underpinnings and its impact for CRC remains elusive (He, 2015). Although it has been 

demonstrated that CRC cell lines often exhibit erroneous KT-MT attachments that contribute for 

chromosome segregation errors, these findings were obtained in immortalized cell lines with 

high passage numbers (Baron et al., 2016). These cells have been in culture for decades and 

most likely diverged from initial cultures at both the genetic and epigenetic levels. Moreover, in 

most cases, the clinicopathological parameters and patient information from which these cells 

were established are incomplete. This causes variability, limits conclusion accuracy and 

precludes physiological/clinic correlation. 

Therefore, in the present work we resorted to novel low passage primary cultures of CRC cell 

lines derived from primary tumors to examine the occurrence of CIN and characterize the 

genetic integrity and expression pattern of key mitotic regulators known to be involved KT-MT 

attachments and SAC signaling. Cell lines exhibiting different levels of numerical aneuploidy 

were used and the mutational profiles of Mps1, Plk1 Aurora B and Aurora A kinases determined 

by NGS. The transcript and protein levels of each kinase were monitored by RT-qPCR and 

western blotting, respectively.       

Contrasting with cell lines of high passage, the low-passage CRC cell lines used in this study 

well reflect the biology of the original tumor, such as growth behavior, morphology, and 

mutational profile. Thus, results obtained in the present thesis will set the ground to understand 

how deregulation of critical mitotic regulators might impact CIN in CRC.    
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CHAPTER 2 

MATERIALS AND METHODS 
 

  



41 
 

  



42 
 

2.1. MATERIALS  

2.1.1. General reagents and materials 

A list of all reagents and materials, as well as supplier and catalogue number can be found in 

Table III.  

Table III. Reagents and materials used 

Reagent Supplier Catalogue number 

Acetic acid Merck 1.00063.1011 

Acrylamide mix Protogel EC-890 

Agarose Eurogentec EP-0010-05 

Ammonium persulfate Sigma 431532 

Ampure XP beads Beckman 15580500 

AMV-RT buffer Roche 11465368001 

Barcoded Primer NS* NS* 

100 Base Pair Ladder NEB New England Biolabs 390892 

cOmplete Roche 11697498001 

Deoxycholic acid sodium salt, 99% ACROS AC21859250 

Cell Culture dishes, 60x15mm CELLSTAR 628160 

DMEM/F12 (1:1) 1x Gibco 1830681 

dNTPs 10mM GE Healthcare US77119-500UL 

Ethanol  VWR 20823-293 

Eppendorfs NS* 61724987 

Falcons (15mL, 50mL) CELL STAR 227261,188271 

FastStart HiFi Reaction buffer + 

18mM MgCl2 
Roche 03698203001 

FastStart HiFi Enzyme Blend Roche 03553361001 

FBS Greiner bio one 750093 

HANKs’balanced salt solution 10x SIGMA RNBD7502 

Hard-shell PCR 96 well plate BIORAD HSP9635 

iQ SYBR mix BIORAD 170-8887 

4x Laemelli sample buffer BIORAD 161-0747 
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Magnet ALPAQUA A32782 

-Mercaptoethanol Baker 02-002-079 

Methanol Merck 1.06009.2511 

Molecular Weight marker nzytech MB17601 

Molico (powder milk) Nestlé - 

MicroAmp Optical 8-cap strip Applied Biosystems 4316567 

Microseal ‘B’ seal BIORAD MSB1001 

OdT NS* NS* 

P1-M13 primer Eurofins MWG operon 
Custom oligonucleotide 

order 

Pasteur pipette Wu Mainz NS* 

PBS  B/BRAUN 163448081 

Penicillin/Streptomycin Gibco 15140-122 

PhosSTOP Roche 04906837001 

Ponceau S Sigma P-3504 

Primer A Eurofins MWG operon 
Custom oligonucleotide 

order 

Primer P1 Eurofins MWG operon 
Custom oligonucleotide 

order 

2-Propanol SIGMA STBG3188V 

RNase inhibitor Promega N251A 

RT enzyme Roche 10109118001 

Scraper Greiner bio one 541070 

SDS Promega H5115 

Sodium Chloride EMSURE 1.06404.1000 

Sodium Hydroxide (powder) Merck B0428998 943 

SYBR Gold ThermoFisher S11494 

T-flasks (50mL and 200mL) CELL STAR 690160 

TBE NS* NS* 

TEMED BIORAD 161-0801 

10x TGS BIORAD 161-0772 
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Tris Merck 648311 

Triton X-100 Sigma 93443 

Tris Merck 648310 

2,5% Trypsin Gibco 15090-046 

Tween 20 Merck 817072 

X-ray film Fuji Medical X-Ray Film 47410 19318 

 *NS: not specified 

2.1.2. Kits  

A list of all the kits used, as well as supplier and catalogue number can be found in Table IV. 

Table IV. Kits used 

Kit Supplier Catalogue number 

High sensivity DNA Reagents Agilent Technologies 5067-4626 

Genomic DNA from Tissue, 
NucleoSpin® Tissue 

Macherey-Nagel 740952.250 

iBlot 2 NC Regular Stacks Invitrogen IB23001 

PCR clean-up Gel extraction 
kit, NucleoSpin® Gel and PCR 

clean-up 
Macherey-Nagel 740609.50 

Qubit® 2.0 Fluorometer Invitrogen Q32854 

RNA isolation kit, NucleoSpin® 
RNA 

Macherey-Nagel 740955.250 

Agarose gel kit BIORAD - 

2.1.3. Solutions 

Frequently used solutions were prepared as follows: 

 Blocking solution: 5% powder milk in PBST20 

 DMEM/F12 (1:1) 1x: add 10-20% FBS and 1:200 P/S  

 Hans 1x: Hanks 10x diluted in demi water 

 PBS 0,05% Tween: Tween 20 dissolved in 1xPBS 

 Ponceau staining: 0.25% Ponceau S in 40% methanol and 15% acetic acid 

 Trypsin (total volume of 50mL): 2,5mL 2,5% trypsin, 0,5mL TRIS EDTA, Hans medium to 

dilution 

 RIPA buffer: 150mM sodium chloride, Triton X-100, 0,5% sodium deoxycholate, 0,1% SDS, 

50Mm Tris, pH 8,0 
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2.1.4. Antibodies 

Primary and secondary antibodies used in the Western Blot are listed in Table V and Table VI, 

respectively. 

Table V. Primary antibodies used in the Western Blot 

Antibody Host Type 
Molecular 

weight (kDa) 
Dilution Supplier 

Catalogue 

number 

Aurora A Rabbit Monoclonal 48 1:1000 CST 14475 

Aurora B Mouse NS* 41 1:1000 Biosciences 611082 

Plk1 Rabbit Monoclonal 62 1:1000 CST 4513 

Mps1 Mouse Monoclonal 97 1:500 merckmillipore 05-682 

-Tubulin 

clone DM1A 
Mouse Monoclonal 55 1:10000 Sigma T9026 

Cyclin B Mouse Monoclonal 55 1:1000 CST 4135 

*NS: not specified 

 

          Table VI. Secondary antibodies used in the Western Blot 

Antibody Dilution Supplier 
Catalogue 

number 

Goat anti-mouse 
IgG-HRP 

1:2500 
Santa Cruz 

Biotechnology 
sc-2031 

Goat anti-rabbit 
IgG-HRP 

1:5000 
Santa Cruz 

Biotechnology 
sc-2004  
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2.2. METHODS 

2.1. Cell lines  

A total of seven cell lines, six colorectal cancer cell lines (JVE187, JVE207, KP363T, JVE528, 

JVE774, JVE059) and one commercial human dermal fibroblast cell line (VH10) were used in 

the present work. The CRC cell lines were obtained from colorectal cancer tissues of patients of 

the Leiden University Medical Centrum. The cell lines were cultured in DMEM/F12 (1:1) medium 

supplemented with FBS and Penicillin/Streptomycin, and incubated at 37ºC.  

2.2. Cell lines lysis 

At passage time, each cell line was not only passed to a new T-flask, but also to two culture 

petri dishes (CELLSTAR). When those become ≈70% full (after ≈3 days), the medium was 

taken from them using a vacuum pipette. The cells were then washed once with PBS. The PBS 

was discarded. To each one of the petri dishes, one lysis buffer was added: 

 DNA lysis buffer: 180µL Lysis 1 (in Genomic DNA from Tissue, NucleoSpin® Tissue, 

Macherey-Nagel) 

 RNA lysis buffer: 350µL RA1 (in RNA isolation kit, NucleoSpin® RNA, Macherey-Nagel) plus 

3,5µL -mercaptoethanol  

The petri dishes were scraped. The content was aspirated to the respective eppendorf, 

previously labeled. The RNA and DNA eppendorfs were stored in the freezer at -20ºC. 

2.3. DNA 

2.3.1. DNA isolation 

The DNA isolation was performed using the Genomic DNA from Tissue, NucleoSpin® Tissue kit 

from Macherey-Nagel. The Standard protocol for human or animal tissue and cultured cells was 

followed.  

2.3.2. DNA quantification 

Concentration measurements were performed using the nanodrop device and Qubit® 2.0 

Fluorometer from Invitrogen, by life technologies (according to manufacturer instructions). For 

the samples that missed a minimal concentration, a CentriVap concentrator (LABCONCO) was 

used. 
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2.3.3. M13 Ion Torrent NGS 

NGS is a powerful technique that allows the sequencing of thousands to billions of samples at 

the same time. Sample preparation for NGS requires a library, prepared by PCR technique. 

During the library preparation, unique index sequences – M13 barcodes in this case - are added 

to each sample. After the 2nd round PCR, libraries are pooled together, which is called 

multiplexing. The whole procedure can now be made with one sample that will be sequenced in 

one single time. Once NGS is finished, de-multiplexing takes place; this means that the pooled 

libraries are computationally identified and the samples with the same barcode are set together. 

Finally, the results are aligned with the reference sequence and possible mutation sites can 

emerge. Those can be analyzed with IGV software and classified as positive or false positive by 

a process called visual inspection (Goodwin et al., 2016). 

Here, Ion Torrent was the type of NGS used as sequencing method. It uses the release of 

hydrogen ions (H+) during the sequencing reaction. Each cluster of DNA, resultant from the 

library amplification, is located directly above a semiconductor transistor, which is capable of 

detecting changes in the pH of the solution. During nucleotide incorporation a single hydrogen 

ion is release into the solution, which makes a 0,02 unit change in the pH that is detected. If it’s 

not the correct nucleotide, no voltage will be found. In case there are two nucleotides added, the 

voltage will be doubled. In the end a collection of DNA sequences that were generated at each 

cluster is obtained (Goodwin, 2016).  

 

2.3.3.1. Panel test: 1st round PCR 

The panel was obtained from Integrated DNA Technologies in a total of 108 amplicons divided 

between two pools. 

In order to find the optimal primer concentration, three different concentrations (25nM, 50nM, 

100nM) were tested with one cell line isolated DNA. A sample and panel that worked before 

were also used as positive control. A first round PCR was performed using 1x FS HiFi Reaction 

Buffer + 18mM MgCl2, 200μM dNTPs, 0,05U/μL FastStart Hifi Enzyme Blend, 2ng/μL DNA,  

25nM OR 50nM OR 100nM of each primer, and prefacing with water to a final volume of 25μL. 

The PCR plate was covered with a Microseal ‘B’ seal, centrifuged briefly at 1000g and run 

(≈1,5h) according to the following programme. 

 95ºC, 10min 

 95ºC, 15s 

 60ºC, 30s 

 72ºC, 1min 

30x 
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 72ºC, 5min 

 15ºC, hold 

2.3.3.2. Panel test: Electrophoresis in agarose gel (SYBR gold) 

The PCR products were run in an electrophoresis in 2% agarose gel was performed. The gel 

was made mixing agarose and TBE in a flask (amounts calculated according to the volume of 

the plastic mold). After boiling the mixture in the microwave, the flask was cooled down using 

cold water in the outer part of it. The gel was introduced in the mold with the comb and possible 

bubbles were pushed away. When the gel became ready, it was introduced inside the BIORAD 

construct. The last one was filled with TBE, until the gel was covered. Once the loading buffer 

was added to the samples and the comb of the gel was removed, the samples were loaded. 

Finally, the construct was closed. A 120V run was performed. 

The staining was made using SYBR® Gold. A box with 1000x dilution SYBR Gold in TBE was 

prepared. The SYBR was added drop by drop in different spots of the box, and mixed with the 

TBE by gently shacking. 

Once the run was complete, the gel was placed inside the box. After 20 minutes, the gel was 

analyzed in UV light using the proper protection. 

2.3.3.3. Library preparation 

Having the optimal primer concentration (100nM) and using the DNA samples isolated from 

each one of the cell lines of study a 1st round PCR was performed just as described in section 

2.3.3.1. An hour before the 1st PCR ending, Ampure XP beads were placed at RT for half an 

hour. 

Once the first round PCR was finished, 20µL of each primer pool reaction were combined per 

sample (40µL in total) in a 96 well plate. Purification of the PCR product was made using the 

Ampure XP beads. The purification is important because the primer dimers and all the products 

with less than ≈150bp are discarded, while the PCR product remains attached to the beads. 

Firstly, 48µL (1,2x sample volume) of Ampure XP beads were added per sample and well 

mixed. While 5 minutes of incubation at RT were taking place, a solution of 80% ethanol was 

prepared. After the incubation period, the plate was placed on a magnet for 3 minutes and the 

supernatant was discarded. An amount of 150µL of ethanol was added per sample, followed by 

30 seconds incubation. The supernatant was then discarded. This process was repeated two 

times. The samples were dried at RT for 5 minutes. 25µL of water were added and 
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resuspended on each sample. After 2 minutes of incubation, the plate was placed again in the 

magnet. 10µL of the supernatant were transferred twice to a new well. 

A second round PCR was then prepared for the Forward and Reverse setup, using 1x FS HiFi 

Reaction Buffer + 18mM MgCl2, 0,3μM P1-M13 primer, 200μM dNTPs, 0,05U/μL FastStart Hifi 

Enzyme Blend, 0,3μM of M13 Barcoded Primers, and prefacing with water to a final volume of 

25μL. 

 

The following PCR program was run: 

 95ºC, 10min 

 95ºC, 15s 

 60ºC, 30s 

 72ºC, 1min 

 72ºC, 5min 

 15ºC, hold 

When the run was finished, a new purification of the PCR product was performed exactly as 

previously described, using the Ampure XP beads. In the end, 24µL of the supernatant were 

transferred to a new well. 

2.3.3.5. Sample pooling and qPCR 

The next step was the sample pooling and qPCR. A 1:1000 dilution of the previously PCR 

product was aliquoted.   

The qPCR reaction was prepared using 1x iQ SYBR mix, 250nM primer A, 250nM primer P1 

and prefacing with water to a final volume of 9μL. 1μL of the 1:1000 library dilution was added to 

the mixture. 

The following program was run: 

 95ºC, 5min 

 95ºC, 10s 

 60ºC, 10s 

 72ºC, 10s 

Plate read 

 72ºC, 10min 

 Melt curve 70ºC to 95ºC, ↑ 0,2ºC, 10s + plate read 

5x 

30x 
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2.3.3.6. Electrophoresis in agarose gel 

In order to verify the 2nd round PCR product amplification, an electrophoresis in 2% agarose gel 

was performed, like described in 2.3.3.2. 

2.3.3.7. DNA extraction from the agarose gel 

Having the expected product, DNA extraction was performed using the PCR clean-up Gel 

extraction kit, NucleoSpin® Gel and PCR clean-up according to the manufacturer’s instructions. 

The DNA extraction from agarose gels protocol was followed. Alteration to the protocol: for each 

100mg of agarose gel, 300µL (instead of 200µL) of Buffer NTI were used. 

2.3.3.8. Lab on a chip run 

In order to determine the DNA concentration, a Lab on a chip was performed according to the 

Agilent High sensivity DNA kit, Agilent Technologies. 

2.3.3.9. Ion Torrent chip run 

The sample was run in an Ion Torrent chip. 

2.4. RNA  

2.4.1. RNA isolation 

The RNA isolation was performed using the RNA isolation kit, NucleoSpin® RNA from 

Macherey-Nagel according to the manufacturer’s instructions. The RNA purification from 

cultured cells and tissue protocol was followed.  

2.4.2. RNA quantification 

Concentration measurements were performed using the nanodrop device. 

2.4.3. cDNA synthesis 

A master mix containing the following reagents was made (20µL per reaction): 2µL dNTPs, 1µL 

OdT, 4µL 5x AMV-RT buffer, 1µL RNase inhibitor, 0,2µL RT enzyme in a total volume of 11,8µL 

of 1µg RNA in water. The eppendorf strip was heated 1h at 42ºC. 80µL of water were added to 

each sample, and the stripe was stored in the freezer. 
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2.4.4. SYBR Green RT-qPCR 

For each gene (AurkA, AurkB, Plk1, Mps1) a forward and reverse primer was designed using 

the Primer BLAST software (Table VII).  In order to test the primers, standard dilutions (1:5, 

1:25, 1:125, 1:625, 1:3125; water) of the DNA mix of the 5 samples were made. A reaction mix 

containing cDNA (25x diluted), IQ sybr. Master mix (1x) and Primermix (3pmol) was prepared in 

a final volume of 10μL. The eppendorfs were vortexed and spun down before use. The Hard-

Shell PCR 96 well-plate was prepared on an ice block, sealed and spun down before the run. 

The following PCR program was introduced in the Bio-RAD CFX96 machine: 

 95ºC, 5min 

 95ºC, 10s 

 60ºC, 30s 

+ Plate read 

 GOTO 2, 38 more times 

 95ºC, 1min 

 Melt curve 65ºC to 95ºC, ↑ 0,5ºC, 10s + plate read 

 15ºC, hold 

For the final qPCR, a 1:25 dilution of each one of the cDNA samples was prepared. The 

previous protocol was then followed. Additionally to the 4 primermix (AurkA, AurkB, Plk1, Mps1) 

that were used in the primer test, housekeeping gene CPSF6 primers were used as control. The 

results were analyzed using CFX Manager, Microsoft Excel and GraphPad Prism v7.0.  

 

      Table VII. Set of forward (F) and reverse (R) primers used in the qPCR 

Gene Sequence (5’ 3’) 

Aurora A 
F: CAGTCCCACCTTCGGCATC 

R: GTTCCAAGTGGTGCATATTCCAG 

Aurora B 
F: CGACATCTTAACGCGGCACT 

R: GACGCAGGATGTTGGGATGG 

Plk1 
F: GTATTCCCAAGCACATCAACCC 

R: GGCAGTGGGATCTGTCTGAA 

Mps1 
F: GATTCTCAGGTTGGCACAGTT 

R: CATCCTAAGGACCAAACATCACT 
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2.5. Protein isolation 

At passage time, each cell line was not only passed to a new T-flask, but also to a culture petri 

dish (CELLSTAR). When the cells were ≈70% confluent, the medium was taken from them 

using a vacuum pipette. The cells were then washed with PBS once. The PBS was discarded 

using again the vacuum system. 200µL of RIPA lysis buffer was added to the petri dish. Using a 

scraper, the petri dish was scraped. The content was aspirated to an eppendorf, previously 

labeled and placed 5 minutes at 95ºC in a heating block, in order to improve the lysis process. 

After that, it was placed at -80ºC.  

A different method to obtain the protein lysates was also performed. During cell passage, 1x108 

cells of each cell line were counted and placed inside an individual eppendorf. The eppendorf 

was centrifuged 5min, 500g. The supernatant was discarded and the pellet was stored at -20⁰C. 

2.5.1. Western Blot 

Protein extracts were resolved in 8% SDS-PAGE. The resolved proteins were transferred to a 

nitrocellulose membrane, using the iBlot Dry Blotting System according to the manufacturer’s 

instructions. Transferred proteins were confirmed by ponceau staining. Membranes were 

blocked for 1 hour at room temperature with 5% powder milk prepared in PBST20. After an 

overnight incubation at 4⁰C with the primary antibodies diluted in blocking solution, membranes 

were washed three times for 10 minutes with PBST20 and incubated for one hour at room 

temperature with the HRP-conjugated secondary antibodies diluted in blocking solution. Blots 

were developed with ECL Chemiluminescent Detection System (Amersham) according to 

manufacturer’s protocol and detected on X-ray film. Quantification was made using Image J 

software. 

2.5.2. Stripping membranes 

To remove the primary and secondary antibodies from the membranes and detect other 

proteins, an agitating incubation of 2-3min with NaOH 2M was the starting point. Then, the 

membranes were washed 2 times, 3 minutes each with distilled water. After another washing 

step of 2 times, 3 minutes each, with PBST20 the membranes were ready for the blocking step. 

The next steps were performed like previously described in section 2.5.1. 
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3.1. Low Passage CRC cell lines classification 

Six low passage CRC cell lines and one fibroblast cell line were used in the present 

work. The morphology of all them can be observed in Figure 8, while in Table VIII a more 

detailed data about the patient and the tumor from which each cell line was established is 

specified.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Optical microscope images of the cell lines used in the present work. JVE187, JVE207, 

KP363T, JVE528 and JVE774 are MSS CRC cell lines. JVE059 is a MSI CRC cell line. VH10 is an 

immortalized non-malignant fibroblast cell line. Total magnification: 400x 

 

Colorectal cancer cells can display microsatellite stability (MSS) or microsatellite 

instability (MSI) (Barresi, 2017; Pino, 2010; Rao, 2005). MSS tumors may present different 

degrees of CIN and are associated with a worse prognosis in CRC (Barresi, 2017; Watson, 

2011). High-throughput SNP genotyping arrays can be used to measure instability degrees, 

through copy number alterations (CNA) analysis (Corver et al., 2008; Wu et al., 2014). CNAs 

are gains and/or losses of large segments of the genome, from a few kilo-bases to whole 

JVE528 JVE774 

JVE187 JVE207 KP363T 

JVE059 

VH10 
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*NA: not applicable 

chromosomes. Somatic CNAs that occur during a lifetime of an individual are a major 

contributor to cancer development (Wu, 2014). Thus, the study of specific chromosomal 

aberrations in different tumor samples can lead to the identification and validation of important 

cancer genes (Venkatraman et al., 2007). For example, recurrent aberrations in CRC include 

gains of chromosomes 7, 8q, 13, and 20q and losses of 4q, 8p, and 18q (De Angelis et al., 

1999; E. H. Lips et al., 2007; Esther H. Lips et al., 2005).  

MSI results from mutations in the DNA mismatch repair genes (Parine et al., 2016). A 

panel of five markers is recommended as reference to classify a tumor as microsatellite stable 

or instable. The mononucleotides BAT25 and BAT26 and the dinucleotides D5S346, D2S123 

and D17S250 constitute the reference panel (Boland et al., 1998). If two or more of those five 

markers are detected, the tumor is microsatellite instable high (MSI-H). Those tumors have 

unique histopathological features and are associated with a better prognosis; if only one of the 

five markers is detected, the tumor is microsatellite instable low (MSI-L); if none of the five 

markers is detected, the tumor can be microsatellite instable low or microsatellite stable. In 

order to distinguish these two genetic states, a greater number of markers should be used 

(Boland, 1998). 

 

      Table VIII. Cell lines used in this work. Patient and tumor data from which the cell lines used in the 

present work were established. Adapted from Boot et al., 2016. 

CELL 
LINE 

PATIENT TUMOR 
MSI 

Age Gender Morphology Location 

JVE059 58 M 

Adenocarcinoma 

Transverse 
Colon  

MSI-H 

JVE187 60 F Liver metastasis 

MSS 

JVE207 67 M 
Descending 

colon 

JVE528 57 F Ascending colon 

JVE774 61 M Rectum 

KP363T 80 M Left-sided colon 

VH10 
(anonymous; 

commercial cell line) 
Immortalized non-malignant fibroblast 

cell line 
NA* 
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From the six low passage CRC cell lines used in the present work, five of them are MSS 

(JVE187, JVE207, JVE528, JVE774, KP363T), while JVE059 is a MSI cell line. Figure A 1 

illustrates the CNA plots of each cell line, resultant from a SNP array. JVE207 and KP363T 

seem to have the higher degrees of aneuploidy, translated by gains and losses of genome 

segments in all chromosomes. JVE528, JVE774 and JVE187 have more than one chromosome 

without any/almost any gain or loss of genome fragments. Thus, the aneuploidy degree of this 

three cell lines should be lower than KP363T and JVE207. Finally, in JVE059 at least half of the 

chromosomes show total integrity. Moreover, in the remaining chromosomes, the uneven blue 

lines are not so evident as in JVE528, JVE774 and JVE187. Thus, JVE059 should have the 

lowest degree of aneuploidy. 

3.2. Aurora A, Aurora B, Plk1 and Mps1 are not mutated in CRC cell lines 

Mutations in genes encoding SAC related proteins have been observed at very low 

frequency, even in aneuploid tumor cells with CIN (Bakhoum, 2009; Hernando, 2004; Orr, 2013; 

Ricke, 2008). In order to see if there was any mutation in the genes that codify for the key 

mitotic players of interest, Ion Torrent Next Generation Sequencing (NGS) was performed as 

detailed in Materials and Methods section. A schematic representation of the procedure may be 

found in Figure 9. 

The NGS primer panel was obtained from Integrated DNA Technologies in a total of 108 

amplicons divided between two pools. The primers had the coding sequences of Aurora A, 

Aurora B, Plk1 and Mps1 as target. The primer panel was tested by PCR followed by 

electrophoresis in agarose gel. Three different concentrations (25nM, 50nM, 100nM) were 

tested with one cell line isolated DNA. Two positive controls, a sample and a panel that worked 

in previous experiments, were also used. The electrophoresis results are illustrated in Figure 

10.  

The concentration of 100nM was the primers concentration that worked the best. Using 

this concentration, a ≈200bp product can be detected not only in the sample used as positive 

control, but also in the cell line tested (JVE187). In the panel used as positive control there were 

no results because it was used a different PCR program from the one that worked before using 

that same panel. Having a proper primer concentration, a first and second round PCR were 

performed, each one followed by a beads purification step. After sample pooling, a qPCR was 

performed to confirm the PCR amplification, before running it on gel. Once verified that the 

PCRs worked, the sample pooling of the 2nd round PCR product was run in a 2% agarose gel 

electrophoresis (Figure 11). A clear band between 200 and 300bp can be observed.  
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The product was extracted from the agarose gel, digested and run in a lab-on-chip. With 

the previous result the sample concentration was adapted to the Ion Torrent chip run. The Ion 

Torrent NGS results show all the possible mutation sites, in a total of 72 positions. The sites 

were individually analyzed by visual inspection in order to classify them as mutation or false 

positive. An example of these positions is illustrated in Figure 12. For the complete file, please 

consult the Appendix data (Figure A 2). Moreover, a graph that translates the amount of reads 

per amplicon is represented in Figure 13. 

Figure 9. Schematic representation of the NGS 

experiment design. DNA was isolated from each one 

of the MSS CRC cell lines of study. After DNA 

quantification and having the primer panel for the genes 

of interest, a workable primer concentration was found. 

The library preparation involved two PCR rounds; in the 

first one, the sequences of interest were amplified; and 

in the second one, M13 tail barcodes were added to 

each DNA sample. A qPCR confirmed the DNA PCR 

amplification. The products of the second round PCR 

were then pulled together and run in an electrophoresis 

in agarose gel. The DNA was extracted of the gel, 

digested and quantified in a lab on a chip. The 

necessary amount of sample was then used in the NGS 

Ion Torrent run. The final data was analyzed by IGV 

software and Microsoft Excel. 
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Figure 10. SYBR Gold electrophoresis on agarose gel. A. Three different concentrations (25nM, 

50nM, 100nM) of the primer panel were tested with the DNA isolated from the cell line JVE187. An old 

DNA sample (Sample positive CTL) and a primer panel (Positive CTL) were also used as positive 

controls. The PCR results were run on 2% agarose gel. B. The blank, without DNA, is also illustrated.  

 

 

 

 

Figure 11. SYBR Gold electrophoresis results from the second round PCR samples after pooling.  

The second round PCR product containing the DNA sequences of interest amplified from all samples was 

run in an agarose gel. A clear product between 200-300bp can be observed. 1, 4 – Ladder; 2, 3 – Sample 

(duplicated) 

 

 

 

 

 

Figure 12. Excel fragment showing five possible mutation sites, in a total of 72. Ion Torrent NGS 

results showed all the possible mutation sites, in a total of 72 positions The sites were individually 

analyzed by visual inspection in the IGV software in order to classify them as mutation or false positive.  

The complete file can be found in the Appendix section. Chr: chromosome, Ref: reference, Alt: alteration, 

Func.refGene: Function in the reference gene; Gene.refGene: Gene of reference 
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Figure 13. Ion Torrent NGS coverage graph. The MSS CRC cell lines (JVE207, JVE187, JVE528, JVE774, KP363T) were tested for mutations 

in key mitotic player genes. Mps1, Plk1, Aurora B and Aurora A genes are located in chromosome 6, 16, 17 and 20 of the human genome, 

respectively. A panel of 108 amplicons, each one represented here by a dot, was used. The data shown is in logarithmic scale. For a number of 

reads below 10 it is not possible to take a viable conclusion about the amplicon of analysis. 

Mps1 Plk1 Aurora B Aurora A 
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Aurora A Aurora B 

Plk1 Mps1 

3.3. Key mitotic players expression at transcript level is higher in MSS CRC cell 

lines  

The NGS experiment revealed the absence of mutations in Aurora A, Aurora B, Plk1 and 

Mps1 genes in all cell lines under study. Next, we were interested in comparing the expression 

level of these genes in the different cell lines. To do so, a SYBR Green RT-qPCR based method 

was performed. For each gene (AurkA, AurkB, Plk1, Mps1) a forward and reverse primer were 

designed using the Primer BLAST software (see Table VII in Materials and Methods section).  

The house keeping gene CPSF6 was used to normalize the results. The relative transcript 

levels for each gene in the different CRC cell lines are summarized in Figure 14.  

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Transcript levels of Aurora A, Aurora B, Plk1 and Mps1 in different CRC cell lines. 

Graphs show the relative transcript levels of Aurora A, Aurora B, Plk1 and Mps1 in the cell lines of study 

assessed by RT-qPCR. For JVE774 only one replicate is represented. As this was a slow growth CRC 

Figure 14 continued on next page 
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cell line, it was not possible to repeat the essay due to time restrictions. For all the other cell lines the 

values are expressed as the mean ± standard deviation.  

 

Aurora A expression is higher in the CRC cell lines, in comparison to the fibroblast cell 

line used as control (VH10). The transcript level of this kinase in JVE059 and JVE207 cell lines 

is similar, although slightly lower in the MSI cell line. In the other four MSS cell lines, Aurora A 

expression in higher. JVE528 is the one where the difference in this kinase expression is more 

significant.   

Interestingly, JVE059 and JVE207 are also the cell lines with an Aurora B and Plk1 

expression closer to VH10. Regarding Aurora B, JVE774 and KP363T are the MSS cell lines 

with an expression more significantly different than VH10. Concerning Plk1, JVE774 is the MSS 

cell line with the higher expression. 

Mps1 expression is higher in JVE528, JVE774 and JVE207 in comparison to VH10 and 

JVE059. JVE187 has a slightly higher Mps1 expression than the three MSS CRC cell lines 

previously referred. The highest Mps1 expression is observed for KP363T. 

The transcript levels for each gene were higher in the CRC cell lines than in the 

fibroblast cell line used as control, VH10. Moreover, those levels were in general higher in the 

MSS cell lines than in the MSI cell line, JVE059. JVE207 constitutes an exception to this 

statement in terms of Aurora B expression, as in this case JVE059 has a slightly higher Aurora 

B transcript level than JVE207. 

3.4. Higher expression of the key mitotic players in MSS CRC cell lines is 

confirmed by protein analysis 

To monitor the expression at the protein level we performed western blot analysis for 

each kinase in the different cell lines. 

Aurora A, Aurora B, Plk1 and Mps1 protein expression was analyzed in four MSS CRC 

cell lines (JVE528, JVE207, JVE187, and KP363T), in one MSI CRC cell line (JVE059) and 

compared with a human fibroblast cell line (VH10) (Figure 15). The results were normalized for 

-Tubulin as well as for Cyclin B (Figure 16).  

 

 

Figure 14 continued 
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Figure 15. Western blot analysis. Protein cell lysates of a fibroblast cell line, VH10, and five CRC cell 

lines were run in gel. (A) Aurora A levels were assessed by western blotting. Cyclin B is a cell cycle 

marker. -Tubulin was set as loading control. (B) The ratio between the intensities of Cyclin B and -

Tubulin was calculated. (C) Mps1, Plk1 and Aurora B levels were assessed by western blotting. Cyclin B 

is a cell cycle marker. -Tubulin was set as loading control. (D) The ratio between the intensities of Cyclin 

B and -Tubulin was calculated. 
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Figure 16. Relative expression of Aurora A, Aurora B, Plk1 and Mps1 in each cell line of study. 

Graphs show the intensity ratio between each one of the kinases detected in the western blot analysis 

and -Tubulin (left) or Cyclin B (right) for each cell line of study. 
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After quantification of the proteins detected in both membranes, normalization 

calculations were made. On one hand, dividing the Aurora A, Aurora B, Plk1 or Mps1 

expression by -Tubulin, the total relative expression of each protein is obtained. On the other 

hand, the normalization with Cyclin B gives the relative expression of each protein taking into 

consideration the number of mitotic cells in each protein lysate. Analysing Figure 16, 

expression of Aurora A is higher in the MSS cell lines (JVE528, JVE207, JVE187, KP363T) in 

comparison with the MSI cell line (JVE059) and the control (VH10). This is not dependent on the 

number of mitotic cells, as when the normalization with cyclin B is made, those cell lines 

maintain a higher Aurora A expression. JVE528 shows the highest expression of Aurora A, 

taking into account the number of mitotic cells. Aurora B expression seemed also higher in the 

MSS CRC cell lines. However, the normalization with cyclin B revealed the highest Aurora B 

expression by JVE059, the MSI CRC cell line. KP363T also shows a very high expression, 

close to the one of JVE059. The normalization with cyclin B in the Plk1 quantifications revealed 

a higher expression in the CRC cell lines, comparing with the fibroblast cell line. This expression 

is particularly higher for KP363T. Finally, for Mps1, MSS CRC cell lines showed an overall 

higher expression, which was confirmed by normalization with cyclin B.   
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CHAPTER 4 

GENERAL DISCUSSION 
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In this work, we studied four key mitotic regulators, Aurora A, Aurora B, Plk1 and Mps1, 

in low passage CRC cell lines derived from primary tumors. The majority of the data published 

in the literature indicate that CRC cell lines have hyperstable KT-MT interactions that prevent 

the correction of erroneous attachments and thereof, thought to represent a major cause of CIN. 

However, this was observed in CRC cell lines that were established several decades ago. As 

the number of passages increases, there is a higher probability of errors occurrence during cell 

division. This causes variability, limits conclusion accuracy and precludes physiological/clinic 

correlation. Using low passage primary cultures of CRC cell lines derived from primary tumors, 

either MSI or MSS, and a human fibroblast cell line we characterized the genetic integrity and 

expression pattern of four key mitotic players known to be involved KT-MT attachments and 

SAC signaling. At genetic level, next-generation sequencing (NGS) revealed absence of 

mutations in the coding sequence of Aurora A, Aurora B, Plk1 and MPS1 genes. At transcript 

and protein level, expression of these genes was monitored by RT-qPCR and Western Blotting, 

respectively. The mitotic kinases were found to be prevalently overexpressed in CRC MSS cell 

lines with higher levels of aneuploidy.  

 

4.1. NGS revealed lack of mutation in Aurora A, Aurora B, Plk1 and Mps1 exons in 

several CRC cell lines 

NGS was performed using the DNA isolated from the CRC cell lines characterized by 

different degrees of aneuploidy.  

A total of 72 possible mutation sites initially detected (see Appendix, Figure A 2) but 

subsequently found to be false positives after detailed visual inspection.  This is not uncommon 

with the Ion Torrent sequencing, especially when the genes under analysis contain a lot of 

homopolymers, as in case of the mitotic regulators in this study. Homopolymers may lead to 

errors in the sequencing process. In fact, when one nucleotide aligns in Ion Torrent NGS, the 

change in pH, translated by a change in voltage, is very low. In the particular case of a 

homopolymer (X)n, there are n alignments of X following each other. It is difficult for the system 

to sum up all those small changes in voltage. Thus, errors like mismatches may occur, leading 

to false mutations in the analysis. Another common error occurs when a single nucleotide 

polymorphism (SNP) takes place. It is a variation in a single nucleotide at a specific position in 

the genome that is present in more than 1% of the population. Those are the most common type 

of genetic variation among people (Zeng et al., 2013). 

The coverage graph (Figure 13) shows that there are amplicons with a number of reads 

below 1 (corresponds to 10, as the graph is in the logarithmic scale).  Those amplicons were not 



71 
 

read enough times, so it is not possible to withdraw any conclusion about them. This situation 

happens particularly for Mps1. As the %GC on the Mps1 gene is low, the annealing temperature 

used for primer hybridization was likely higher than the optimal, which possibly underlies the 

higher number of inconclusive amplicons. 

To sum up, the NGS shows that there are no mutations in the DNA that codify our 

proteins of interest so far. This was predictable, once the proteins that emerge from those genes 

are very important in cell division. Without them, cells fail division and, inevitably, end up dying. 

Despite the low frequency of mutations in the genes that codify key mitotic players, Sanger 

sequencing of the amplicons with a number of reads below 10 should be performed. 

 

4.2. Aurora A, Aurora B, Plk1 and Mps1 are prevalently overexpressed in MSS cell 

lines with higher levels of aneuploidy 

The expression of Aurora A, Aurora B, Plk1 and Mps1 in different CRC cell lines was 

monitored by RT-qPCR and Western blotting. Transcript levels of all the key mitotic regulators 

are higher in CRC cell lines when compared with genomic stable human fibroblasts (Figure 14). 

For all other kinases, transcript levels are higher in the MSS CRC cell lines, than in the MSI 

CRC cell line. This is in line with previous studies describing the overexpression of several 

mitotic regulators in different tumor types (Faisal, 2017). Analysis of 18 expression data sets 

from 6 different tumor types revealed 70 genes that are overexpressed in CIN tumors. The so 

called CIN70 includes several genes related with the cell cycle control, namely Aurora A, Aurora 

B and Mps1 (Carter et al., 2006). In another study, qPCR analysis showed a higher expression 

of Plk1 in 41 of 56 colorectal cancer tissues, which was additionally correlated with an increase 

in the tumor size and lymphatic metastasis (Han et al., 2012).  

The western blot analysis confirmed the expression pattern obtained by RT-qPCR 

(Figure 16). The consistency of these results both at the transcript and protein levels highlight 

the higher expression of Aurora A, Aurora B, Plk1 and Mps1 in the CRC cell lines, particularly in 

the MSS ones with higher levels of genomic instability (Figure 17). The cell line KP363T stands 

out as the one with higher expression of Aurora B, Plk1 and Mps1. Interestingly, this cell line is 

the one with higher proliferation rate in culture (Boot, 2016). Our findings are in line with 

previous studies reporting the overexpression of these proteins in CRCs (Han, 2012; Katayama 

et al., 1999; Ling, 2014). 
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Figure 17. Comparison of Aurora A, Aurora B, Plk1 and Mps1 expression pattern obtained by RT-

qPCR (left) and Western Blot (right). JVE774 cell line was excluded from the RT-qPCR graphs so it is 

easier to compare both analyses (note that JVE774 is a CRC slow growth cell line that was not analyzed 

by Western Blot due to time restrictions). The RT-qPCR values (left) are expressed as the mean ± 

standard deviation.  
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4.3. Concluding remarks 

In this work, we analysed four key mitotic players in terms of gene integrity and at 

expression level. Aurora A, Aurora B, Plk1 and Mps1, known to be involved in SAC activity and 

in KT-MT attachments, were studied in low passage CRC cell lines.  Despite the absence of 

mutations so far, those genes were shown to be overexpressed, not only at transcript level, but 

also at protein level. Moreover, the upregulation observed seems to be directly related with the 

degree of instability found in the cells. Together, these findings are in line with what is currently 

described in the literature for CRC commercially cell lines. However, because we used novel 

CRC cell lines that closely resemble the biology of the original tumor, the results obtained 

regarding the expression profile of Aurora A, Aurora B, Plk1 and Mps1 assume higher 

relevance. More work is needed to dissect the importance of the results obtained. These 

findings set the ground for future studies aiming to examine the cause of chromosome 

segregation errors in CRCs and their contribution for CIN. A detailed knowledge of the mitotic 

behavior of these novel low passage CRC cell lines will be critical to design anti-cancer 

therapeutic strategies that will have an impact in vivo.   

  



74 
 

 

 

 

 

CHAPTER 5 

REFERENCES 

  



75 
 

  



76 
 

Amin, M., Minton, S. E., Lorusso, P. M., Krishnamurthi, S. S., Pickett, C. A., Lunceford, J., … Lockhart, A. 

C. (2016). A phase I study of MK-5108 , an oral aurora a kinase inhibitor , administered both as 

monotherapy and in combination with docetaxel , in patients with advanced or refractory solid 

tumors, 84–95. https://doi.org/10.1007/s10637-015-0306-7 

Archambault, V. and, & Carmena, M. (2012). Polo-like kinase-activating kinases, 11(8), 1490–1495. 

Bakhoum, S. F., Genovese, G., & Compton, D. A. (2009). Deviant Kinetochore Microtubule Dynamics 

Underlie Chromosomal Instability. Current Biology, 19(22), 1937–1942. 

https://doi.org/10.1016/j.cub.2009.09.055 

Bakhoum, S. F., Thompson, S. L., Manning, A. L., & Compton, D. a. (2009). Genome stability is ensured 

by temporal control of kinetochore-microtubule dynamics. Nature Cell Biology, 11(1), 27–35. 

https://doi.org/10.1038/ncb1809 

Barber, T. D., McManus, K., Yuen, K. W. Y., Reis, M., Parmigiani, G., Shen, D., … Hieter, P. (2008). 

Chromatid cohesion defects may underlie chromosome instability in human colorectal cancers. 

Proceedings of the National Academy of Sciences of the United States of America, 105(9), 3443–

3448. https://doi.org/10.1073/pnas.0712384105 

Baron, A. P., von Schubert, C., Cubizolles, F., Siemeister, G., Hitchcock, M., Mengel, A., … Nigg, E. A. 

(2016). Probing the catalytic functions of Bub1 kinase using the small molecule inhibitors BAY-320 

and BAY-524. eLife, 5(FEBRUARY2016), 1–26. https://doi.org/10.7554/eLife.12187 

Barresi, V., Castorina, S., Musso, N., Capizzi, C., Luca, T., Privitera, G., & Condorelli, D. F. (2017). 

Chromosomal instability analysis and regional tumor heterogeneity in colon cancer. Cancer 

Genetics, 210, 9–21. https://doi.org/10.1016/j.cancergen.2016.11.001 

Belt, E. J. T., Brosens, R. P. M., Diemen, P. M. D., & Bril, H. (2012). Cell Cycle Proteins Predict 

Recurrence in Stage II and III Colon Cancer, (February), 682–692. https://doi.org/10.1245/s10434-

012-2216-7 

Boland, C. R., Thibodeau, S. N., Hamilton, S. R., & Sidransky, D. (1998). A National Cancer Institute 

Workshop on Microsatellite Instability for Cancer of International Criteria Detection and Famitial 

Predisposition : Development ite •¡ lstabimty in colorectal Cancer for the Determinatton of Microsate 

•¡ , JameS Re Eshleman , b. Interpretation A Journal Of Bible And Theology, (4), 5248–5257. 

Boot, A., Eendenburg, J. Van, Crobach, S., Ruano, D., Calame, J., Oosting, J., … Wezel, T. Van. (2016). 

Characterization of novel low passage primary and metastatic colorectal cancer cell lines. 

Bourhis, E., Lingel, A., Phung, Q., Fairbrother, W. J., & Cochran, A. G. (2009). Phosphorylation of a 

borealin dimerization domain is required for proper chromosome segregation. Biochemistry, 48(29), 

6783–6793. https://doi.org/10.1021/bi900530v 

Boveri, T. (1902). Uber mehrpolige Mitosen als Mittes zur Analyse des Zellkerns. Verhandlungen Der 

Physikalisch-Medizinischen Gesellschaft Zu Wurzburg. Retrieved from 

http://10e.devbio.com/article.php?id=24 

Britigan, E. M. C., Wan, J., Zasadil, L. M., Ryan, S. D., & Weaver, B. a. (2014). The ARF tumor 

suppressor prevents chromosomal instability and ensures mitotic checkpoint fidelity through 

regulation of Aurora B. Molecular Biology of the Cell, 25(18), 2761–73. 

https://doi.org/10.1091/mbc.E14-05-0966 



77 
 

Bruinsma, W., Raaijmakers, J. A., & Medema, R. H. (2012). Switching Polo-like kinase-1 on and off in 

time and space. Trends in Biochemical Sciences, 37(12), 534–542. 

https://doi.org/10.1016/j.tibs.2012.09.005 

Burrell, R. a, McGranahan, N., Bartek, J., & Swanton, C. (2013). The causes and consequences of 

genetic heterogeneity in cancer evolution. Nature, 501(7467), 338–45. 

https://doi.org/10.1038/nature12625 

Carter, S. L., Eklund, A. C., Kohane, I. S., Harris, L. N., & Szallasi, Z. (2006). A signature of chromosomal 

instability inferred from gene expression profiles predicts clinical outcome in multiple human 

cancers. Nature Genetics, 38(9), 1043–1048. https://doi.org/10.1038/ng1861 

Carvalho, B., Postma, C., Mongera, S., Hopmans, E., Diskin, S., van de Wiel, M. A., … Meijer, G. A. 

(2016). Multiple putative oncogenes at the chromosome 20q amplicon contribute to colorectal 

adenoma to carcinoma progression. Gut, 58(1), 79–89. https://doi.org/10.1136/gut.2007.143065 

Cheeseman, I. M. (2014). The Kinetochore. Cold Spring Harbor Perspectives in Biology, 6(7). 

https://doi.org/10.1101/cshperspect.a015826 

Cheeseman, I. M., & Desai, A. (2008). Molecular architecture of the kinetochore–microtubule interface. 

Nature Reviews Molecular Cell Biology, 9(1), 33–46. https://doi.org/10.1038/nrm2310 

Cheng, M., Wang, B., Weng, Z., & Zhu, X. (2012). Acta Histochemica Clinicopathological significance of 

Polo-like kinase 1 ( PLK1 ) expression in human malignant glioma. Acta Histochemica, 114(5), 503–

509. https://doi.org/10.1016/j.acthis.2011.09.004 

Chieffi, P., Cozzolino, L., Kisslinger, A., Libertini, S., Staibano, S., Mansueto, G., … Ii, F. (2006). Aurora B 

Expression Directly Correlates With Prostate Cancer Malignancy and Influence Prostate Cell 

Proliferation, 333(August 2005), 326–333. https://doi.org/10.1002/pros.20345 

Choudhry, N., & Kaushal, A. (2015). An overview of colorectral cancer. Apollo Medicine, 12(3), 194–197. 

https://doi.org/10.1016/j.apme.2015.07.015 

Cimini, D., Howell, B., Maddox, P., Khodjakov, A., Degrassi, F., & Salmon, E. D. (2001). Merotelic 

kinetochore orientation is a major mechanism of aneuploidy in mitotic mammalian tissue cells. 

Journal of Cell Biology, 152(3), 517–527. https://doi.org/10.1083/jcb.153.3.517 

Cimini, D., Wan, X., Hirel, C. B., & Salmon, E. D. (2006). Aurora Kinase Promotes Turnover of 

Kinetochore Microtubules to Reduce Chromosome Segregation Errors. Current Biology, 16(17), 

1711–1718. https://doi.org/10.1016/j.cub.2006.07.022 

Clift, D., & Schuh, M. (2013). Restarting life: fertilization and the transition from meiosis to mitosis. Nat 

Rev Mol Cell Biol, 14(9), 549–562. https://doi.org/10.1038/nrm3643 

Combes, G., Alharbi, I., Braga, L. G., & Elowe, S. (2017). Playing polo during mitosis : PLK1 takes the 

lead, (January), 1–9. https://doi.org/10.1038/onc.2017.113 

Conde, C., Osswald, M., & Sunkel, C. E. (2013). All together now, 6934(May), 8–13. 

https://doi.org/10.4161/fly.26231 

 



78 
 

Corver, W. E., Middeldorp, A., Ter Haar, N. T., Jordanova, E. S., Van Puijenbroek, M., Van Eijk, R., … 

Van Wezel, T. (2008). Genome-wide allelic state analysis on flow-sorted tumor fractions provides an 

accurate measure of chromosomal aberrations. Cancer Research, 68(24), 10333–10340. 

https://doi.org/10.1158/0008-5472.CAN-08-2665 

Covo, S., Puccia, C. M., Argueso, J. L., Gordenin, D. A., & Resnick, M. A. (2014). The sister chromatid 

cohesion pathway suppresses multiple chromosome gain and chromosome amplification. Genetics, 

196(2), 373–384. https://doi.org/10.1534/genetics.113.159202 

Cresta, K. (2012). DNA breaks and chromosome pulverization from erros in mitosis, 482(7383), 53–58. 

https://doi.org/10.1038/nature10802.DNA 

Damodaran, A. P., Vaufrey, L., Gavard, O., & Prigent, C. (2017). Aurora A Kinase Is a Priority 

Pharmaceutical Target for the Treatment of Cancers. Trends in Pharmacological Sciences, xx, 1–

14. https://doi.org/10.1016/j.tips.2017.05.003 

Daniel, J., Coulter, J., Woo, J.-H., Wilsbach, K., & Gabrielson, E. (2010). High levels of the Mps1 

checkpoint protein are protective of aneuploidy in breast cancer cells. Proc Natl Acad Sci U S A, 

108(13), 5384–5389. https://doi.org/10.1073/pnas.1007645108 

Davoli, T., Xu, A. W., Mengwasser, K. E., Sack, L. M., Yoon, J. C., Park, P. J., & Elledge, S. J. (2013). 

XCumulative haploinsufficiency and triplosensitivity drive aneuploidy patterns and shape the cancer 

genome. Cell, 155(4), 948–962. https://doi.org/10.1016/j.cell.2013.10.011 

De Angelis, P. M., Clausen, O. P., Schjølberg, A., & Stokke, T. (1999). Chromosomal gains and losses in 

primary colorectal carcinomas detected by CGH and their associations with tumour DNA ploidy, 

genotypes and phenotypes. British Journal of Cancer, 80(3–4), 526–35. 

https://doi.org/10.1038/sj.bjc.6690388 

Dewhurst, S. M., McGranahan, N., Burrell, R. A., Rowan, A. J., Grönroos, E., Endesfelder, D., … 

Swanton, C. (2014). Tolerance of whole- genome doubling propagates chromosomal instability and 

accelerates cancer genome evolution. Cancer Discovery, 4(2), 175–185. 

https://doi.org/10.1158/2159-8290.CD-13-0285 

Diamond, J. R. (2010). Phase I safety, pharmacokinetic and pharmacodynamic study of ENMD-2076, a 

novel angiogenic and aurora kinase inhibitor, in patients with advanced solid tumors, (June 2009). 

https://doi.org/10.1158/1078-0432.CCR-10-2144 

Dietel, M., & Hauptmann, S. (2004). Polo-like kinase isoform expression is a prognostic factor in ovarian 

carcinoma, 1, 815–821. https://doi.org/10.1038/sj.bjc.6601610 

Diogo, V., Teixeira, J., Silva, P. M. A., & Bousbaa, H. (2016). Spindle Assembly Checkpoint as a Potential 

Target in Colorectal Cancer: Current Status and Future Perspectives. Clinical Colorectal Cancer, 1–

8. https://doi.org/10.1016/j.clcc.2016.06.006 

Diogo, V., Teixeira, J., Silva, P. M. A., & Bousbaa, H. (2017). Spindle Assembly Checkpoint as a Potential 

Target in Colorectal Cancer: Current Status and Future Perspectives. Clinical Colorectal Cancer, 

16(1), 1–8. https://doi.org/10.1016/j.clcc.2016.06.006 

Dow, L. E., O’Rourke, K. P., Simon, J., Tschaharganeh, D. F., Van Es, J. H., Clevers, H., & Lowe, S. W. 

(2015). Apc Restoration Promotes Cellular Differentiation and Reestablishes Crypt Homeostasis in 

Colorectal Cancer. Cell, 161(7), 1539–1552. https://doi.org/10.1016/j.cell.2015.05.033 



79 
 

Faisal, A., Mak, G. W. Y., Gurden, M. D., Xavier, C. P. R., Anderhub, S. J., Innocenti, P., … 

Linardopoulos, S. (2017). Characterisation of CCT271850 , a selective , oral and potent MPS1 

inhibitor , used to directly measure in vivo MPS1 inhibition vs therapeutic efficacy, (February), 1166–

1176. https://doi.org/10.1038/bjc.2017.75 

Falchook, G. S., Bastida, C. C., & Kurzrock, R. (2015). Aurora Kinase Inhibitors in Oncology Clinical 

Trials: Current State of the Progress, 42(6), 832–848. 

https://doi.org/10.1053/j.seminoncol.2015.09.022 

Foley, E. a, & Kapoor, T. M. (2013). Microtubule attachment and spindle assembly checkpoint signalling 

at the kinetochore. Nature Reviews. Molecular Cell Biology, 14(1), 25–37. 

https://doi.org/10.1038/nrm3494 

Ganem, N. J., Godinho, S. a, & Pellman, D. (2009). A mechanism linking extra centrosomes to 

chromosomal instability. Nature, 460(7252), 278–82. https://doi.org/10.1038/nature08136 

Gao, C., Su, Y., Koeman, J., Haak, E., Dykema, K., Essenberg, C., … Vande Woude, G. F. (2016). 

Chromosome instability drives phenotypic switching to metastasis. Proceedings of the National 

Academy of Sciences of the United States of America, 201618215. 

https://doi.org/10.1073/pnas.1618215113 

Gascoigne, K. E., & Cheeseman, I. M. (2011). Kinetochore assembly: If you build it, they will come. 

Current Opinion in Cell Biology, 23(1), 102–108. https://doi.org/10.1016/j.ceb.2010.07.007 

Goellner, E. M., Smith, C. E., Campbell, C. S., Hombauer, H., Desai, A., Putnam, C. D., & Kolodner, R. D. 

(2014). PCNA and Msh2-Msh6 Activate an Mlh1-Pms1 Endonuclease Pathway Required for Exo1-

Independent Mismatch Repair. Molecular Cell, 55(2), 291–304. 

https://doi.org/10.1016/j.molcel.2014.04.034 

Goldenson, B., & Crispino, J. D. (2015). HHS Public Access, 34(5), 537–545. 

https://doi.org/10.1038/onc.2014.14.The 

Goldenson, B., & Crispino, J. D. (2014). The aurora kinases in cell cycle and leukemia, 34(5), 537–545. 

https://doi.org/10.1038/onc.2014.14 

Goodwin, S., Mcpherson, J. D., & Mccombie, W. R. (2016). Coming of age : ten years of next- generation 

sequencing technologies. Nature Publishing Group, 17(6), 333–351. 

https://doi.org/10.1038/nrg.2016.49 

Goos, J. A. C. M. et all. (2013). Aurora kinase A ( AURKA ) expression in colorectal cancer liver 

metastasis is associated with poor prognosis, (June), 2445–2452. 

https://doi.org/10.1038/bjc.2013.608 

Gregan, J., Polakova, S., Zhang, L., Tolić-Nørrelykke, I. M., & Cimini, D. (2011). Merotelic kinetochore 

attachment: Causes and effects. Trends in Cell Biology, 21(6), 374–381. 

https://doi.org/10.1016/j.tcb.2011.01.003 

Groothuizen, F. S., & Sixma, T. K. (2016). The conserved molecular machinery in DNA mismatch repair 

enzyme structures. DNA Repair, 38, 14–23. https://doi.org/10.1016/j.dnarep.2015.11.012 

 



80 
 

Gyorffy, B., Bottai, G., Lehmann-Che, J., Kéri, G., Orfi, L., Iwamoto, T., … Santarpia, L. (2014). TP53 

mutation-correlated genes predict the risk of tumor relapse and identify MPS1 as a potential 

therapeutic kinase in TP53-mutated breast cancers. Molecular Oncology, 8(3), 508–519. 

https://doi.org/10.1016/j.molonc.2013.12.018 

Han, D., Zhu, Q., Cui, J., Wang, P., Qu, S., Cao, Q., … Lu, A. (2012). Polo-like kinase 1 is overexpressed 

in colorectal cancer and participates in the migration and invasion of colorectal cancer cells. Medical 

Science Monitor : International Medical Journal of Experimental and Clinical Research, 18(6), 

BR237-46. Retrieved from 

http://www.ncbi.nlm.nih.gov/pubmed/22648245%5Cnhttp://www.pubmedcentral.nih.gov/articlerende

r.fcgi?artid=PMC3560731 

He, Q., Johnston, J., Zeitlinger, J., City, K., & City, K. (2015). HHS Public Access, 33(4), 395–401. 

https://doi.org/10.1038/nbt.3121.ChIP-nexus 

Heinrich, S., Geissen, E.-M., Kamenz, J., Trautmann, S., Widmer, C., Drewe, P., … Hauf, S. (2013). 

Determinants of robustness in spindle assembly checkpoint signalling. Nature Cell Biology, 15(11), 

1328–1339. https://doi.org/10.1038/ncb2864 

Hernando, E., Nahlé, Z., Juan, G., Diaz-Rodriguez, E., Alaminos, M., Hemann, M., … Cordon-Cardo, C. 

(2004). Rb inactivation promotes genomic instability by uncoupling cell cycle progression from 

mitotic control. Nature, 430(7001), 797–802. https://doi.org/10.1038/nature02820 

Hewitt, L., Tighe, A., Santaguida, S., White, A. M., Jones, C. D., Musacchio, A., … Taylor, S. S. (2010). 

Sustained Mps1 activity is required in mitosis to recruit O-Mad2 to the Mad1-C-Mad2 core complex. 

Journal of Cell Biology, 190(1), 25–34. https://doi.org/10.1083/jcb.201002133 

Higgs, H. N., & Peterson, K. J. (2005). Phylogenetic analysis of the formin homology 2 domain. Molecular 

Biology of the Cell, 16(1), 1–13. https://doi.org/10.1091/mbc.E04 

Ikezoe, T. (2008). Aurora kinases as an anti-cancer target, 262, 1–9. 

https://doi.org/10.1016/j.canlet.2008.01.005 

Jelluma, N., Brenkman, A. B., McLeod, I., Yates, J. R., Cleveland, D. W., Medema, R. H., & Kops, G. J. P. 

L. (2008). Chromosomal instability by inefficient Mps1 auto-activation due to a weakened mitotic 

checkpoint and lagging chromosomes. PLoS ONE, 3(6), 1–8. 

https://doi.org/10.1371/journal.pone.0002415 

Jeyaprakash, A. A., Klein, U. R., Lindner, D., Ebert, J., Nigg, E. A., & Conti, E. (2007). Structure of a 

Survivin-Borealin-INCENP Core Complex Reveals How Chromosomal Passengers Travel Together. 

Cell, 131(2), 271–285. https://doi.org/10.1016/j.cell.2007.07.045 

Jin, H., Ryang, K., Jeong, H., Lee, J., Kim, J., Kim, Y., & Han, S. (2015). Effects of KRC-108 on the 

Aurora A activity and growth of colorectal cancer cells. Biochemical and Biophysical Research 

Communications, 461(4), 605–611. https://doi.org/10.1016/j.bbrc.2015.04.073 

Kabeche, L., & Compton, D. A. (2012). Checkpoint-independent stabilization of kinetochore-microtubule 

attachments by Mad2 in human cells. Current Biology, 22(7), 638–644. 

https://doi.org/10.1016/j.cub.2012.02.030 

 



81 
 

Kaistha, B. P., Honstein, T., Müller, V., Bielak, S., Sauer, M., Kreider, R., … Buchholz, M. (2014). Key role 

of dual specificity kinase TTK in proliferation and survival of pancreatic cancer cells. British Journal 

of Cancer, 111(9), 1780–7. https://doi.org/10.1038/bjc.2014.460 

Kamata, T., & Pritchard, C. (2011). Mechanisms of aneuploidy induction by RAS and RAF oncogenes. 

American Journal of Cancer Research, 1(7), 955–71. Retrieved from 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3196290&tool=pmcentrez&rendertype=ab

stract 

Kang, J., Chen, Y., Zhao, Y., & Yu, H. (2007). Autophosphorylation-dependent activation of human Mps1 

is required for the spindle checkpoint. Proceedings of the National Academy of Sciences, 104(51), 

20232–20237. https://doi.org/10.1073/pnas.0710519105 

Katayama, H., Ota, T., Jisaki, F., Ueda, Y., Tanaka, T., & Odashima, S. (1999). Mitotic Kinase Expression 

and Colorectal Cancer Progression Masaaki Tatsuka Loss of chromosomal integrity as well as 

genomic stability is considered. Journal of the National Cancer Institute, 91(13), 1–2. 

Kim, J. H., & Kang, G. H. (2014). Molecular and prognostic heterogeneity of microsatellite-unstable 

colorectal cancer, 20(15), 4230–4243. https://doi.org/10.3748/wjg.v20.i15.4230 

Kim, S., & Yu, H. (2011). Mutual regulation between the spindle checkpoint and APC/C. Seminars in Cell 

and Developmental Biology, 22(6), 551–558. https://doi.org/10.1016/j.semcdb.2011.03.008 

Kleyman, M., Kabeche, L., & Compton, D. a. (2014). STAG2 promotes error correction in mitosis by 

regulating kinetochore-microtubule attachments. Journal of Cell Science, 4225–4233. 

https://doi.org/10.1242/jcs.151613 

Knecht, R., Elez, R., Oechler, M., Solbach, C., Ilberg, C. Von, & Strebhardt, K. (1999). Advances in Brief 

Prognostic Significance of Polo-like Kinase ( PLK ) Expression in Squamous Cell Carcinomas of the 

Head and Neck 1, 2794–2797. 

Kolodner, R. D. (2017). A personal historical view of DNA mismatch repair with an emphasis on 

eukaryotic DNA mismatch repair, 7804(858), 3–13. https://doi.org/10.1016/j.dnarep.2015.11.009.A 

Kops, G. J. P. L. (2014). Cell division: SACing the anaphase problem. Current Biology, 24(6), R224–

R226. https://doi.org/10.1016/j.cub.2014.02.020 

Krenn, V., & Musacchio, A. (2015). The Aurora B Kinase in Chromosome Bi-Orientation and Spindle 

Checkpoint Signaling. Frontiers in Oncology, 5(October), 225. 

https://doi.org/10.3389/fonc.2015.00225 

Lacroix, B., & Maddox, A. S. (2012). Cytokinesis, ploidy and aneuploidy. Journal of Pathology, 226(2), 

338–351. https://doi.org/10.1002/path.3013 

Lampson, M., & Grishchuk, E. (2017). Mechanisms to Avoid and Correct Erroneous Kinetochore-

Microtubule Attachments. Biology, 6(1), 1. https://doi.org/10.3390/biology6010001 

Lauze, E., Stoelcker, B., Luca, F. C., Weiss, E., Schutz, A. R., & Winey, M. (1995). Yeast spindle pole 

body duplication gene MPS1 encodes an essential dual specificity protein kinase. Embo J, 14(8), 

1655–1663. Retrieved from http://www.hubmed.org/display.cgi?uids=7737118 

 



82 
 

Lee, H. S., Lee, N. C. O., Kouprina, N., Kim, J. H., Kagansky, A., Bates, S., … Larionov, V. (2016). 

Effects of anticancer drugs on chromosome instability and new clinical implications for tumor-

suppressing therapies. Cancer Research, 76(4), 902–911. https://doi.org/10.1158/0008-5472.CAN-

15-1617 

Li, D., Zhu, J., Firozi, P. F., Abbruzzese, J. L., Evans, D. B., Cleary, K., … Sen, S. (2003). Overexpression 

of Oncogenic STK15 / BTAK / Aurora A Kinase in Human Pancreatic Cancer 1, 9(March), 991–997. 

Lian, A. T. Y., & Chircop, M. (2016). Mitosis in Animal Cells. Encyclopedia of Cell Biology (Vol. 3). 

Elsevier Ltd. https://doi.org/10.1016/B978-0-12-394447-4.30064-5 

Lin, G. G., & Scott, J. G. (2012). NIH Public Access, 100(2), 130–134. 

https://doi.org/10.1016/j.pestbp.2011.02.012.Investigations 

Ling, Y., Zhang, X., Bai, Y., Li, P., Wei, C., Song, T., … Xu, Q. (2014). Overexpression of Mps1 in colon 

cancer cells attenuates the spindle assembly checkpoint and increases aneuploidy. Biochemical 

and Biophysical Research Communications, 450(4), 1690–1695. 

https://doi.org/10.1016/j.bbrc.2014.07.071 

Lips, E. H., de Graaf, E. J., Tollenaar, R. A. E. M., van Eijk, R., Oosting, J., Szuhai, K., … Morreau, H. 

(2007). Single nucleotide polymorphism array analysis of chromosomal instability patterns 

discriminates rectal adenomas from carcinomas. Journal of Pathology, 212(3), 269–277. 

https://doi.org/10.1002/path.2180 

Lips, E. H., Dierssen, J. W. F., Van Eijk, R., Oosting, J., Eilers, P. H. C., Tollenaar, R. A. E. M., … Van 

Wezel, T. (2005). Reliable high-throughput genotyping and loss-of-heterozygosity detection in 

formalin-fixed, paraffin-embedded tumors using single nucleotide polymorphism arrays. Cancer 

Research, 65(22), 10188–10191. https://doi.org/10.1158/0008-5472.CAN-05-2486 

Liu, X., & Winey, M. (2012). The MPS1 family of protein kinases. Annual Review of Biochemistry, 561–

585. https://doi.org/10.1146/annurev-biochem-061611-090435.The 

Liu, Z., Sun, Q., & Wang, X. (2017). PLK1 , A Potential Target for Cancer Therapy. Translational 

Oncology, 10(1), 22–32. https://doi.org/10.1016/j.tranon.2016.10.003 

Llamazares, S., Moreira, A., Tavares, A., Girdham, C., Spruce, B. A., Gonzalez, C., … Sunkel, C. E. 

(1991). polo encodes a protein kinase homolog required for mitosis in Drosophila. Genes and 

Development, 5(12 A), 2153–2165. https://doi.org/10.1101/gad.5.12a.2153 

London, N., Ceto, S., Ranish, J. A., & Biggins, S. (2012). Phosphoregulation of Spc105 by Mps1 and PP1 

regulates Bub1 localization to kinetochores. Current Biology, 22(10), 900–906. 

https://doi.org/10.1016/j.cub.2012.03.052 

Lu, D., Hsiao, J. Y., Davey, N. E., van Voorhis, V. A., Foster, S. A., Tang, C., & Morgan, D. O. (2014). 

Multiple mechanisms determine the order of APC/C substrate degradation in mitosis. Journal of Cell 

Biology, 207(1), 23–39. https://doi.org/10.1083/jcb.201402041 

Macmillan, J. C., Hudson, J. W., Bull, S., Dennis, J. W., & Swallow, C. J. (2001). Comparative expression 

of the mitotic regulators SAK and PLK in colorectal cancer. Annals of Surgical Oncology, 8(9), 729–

40. https://doi.org/10.1245/aso.2001.8.9.729 

 



83 
 

Maia, A. R. R., De Man, J., Boon, U., Janssen, A., Song, J. Y., Omerzu, M., … Medema, R. H. (2015). 

Inhibition of the spindle assembly checkpoint kinase TTK enhances the efficacy of docetaxel in a 

triple-negative breast cancer model. Annals of Oncology, 26(10), 2180–2192. 

https://doi.org/10.1093/annonc/mdv293 

Malterer, M. B., Glass, S. J., & Newman, J. P. (2008). NIH Public Access, 44(3), 735–745. 

https://doi.org/10.1038/jid.2014.371 

Malumbres, M. (2011). Oncogene-induced mitotic stress: P53 and pRb get mad too. Cancer Cell, 19(6), 

691–692. https://doi.org/10.1016/j.ccr.2011.05.023 

Mankouri, H. W., Huttner, D., & Hickson, I. D. (2013). How unfinished business from S-phase affects 

mitosis and beyond. The EMBO Journal, 32(20), 2661–71. https://doi.org/10.1038/emboj.2013.211 

Mantripragada, K., Caley, M., Stephens, P., Jones, C., Kluwe, L., Guha, A., … Upadhyaya, M. (2008). 

Telomerase Activity is a Biomarker for High Grade Malignant Peripheral Nerve Sheath Tumors in 

Neurofibromatosis Type 1 Individuals. Genes, Chromosomes & Cancer, 47(April), 238–246. 

https://doi.org/10.1002/gcc 

Markowitz, S., & Bertagnolli, M. (2009). Molecular Basis of Colorectal Cancer. The New England Journal 

of Medicine. 

Martin-Lluesma, S. (2002). Role of Hec1 in Spindle Checkpoint Signaling and Kinetochore Recruitment of 

Mad1/Mad2. Science, 297(5590), 2267–2270. https://doi.org/10.1126/science.1075596 

Maser, R. S., & DePinho, R. a. (2002). Connecting chromosomes, crisis, and cancer. Science (New York, 

N.Y.), 297(5581), 565–9. https://doi.org/10.1126/science.297.5581.565 

McEwen, B. F., & Dong, Y. (2010). Contrasting models for kinetochore microtubule attachment in 

mammalian cells. Cellular and Molecular Life Sciences, 67(13), 2163–2172. 

https://doi.org/10.1007/s00018-010-0322-x 

McEwen, B. F., Dong, Y., & VandenBeldt, K. J. (2007). Using Electron Microscopy to Understand 

Functional Mechanisms of Chromosome Alignment on the Mitotic Spindle. Methods in Cell Biology, 

2007(79), 259–293. https://doi.org/10.1016/S0091-679X(06)79011-2 

Miao, R., Wu, Y., Zhang, H., Zhou, H., Sun, X., Csizmadia, E., … Zhao, H. (2016). Utility of the dual-

specificity protein kinase TTK as a therapeutic target for intrahepatic spread of liver cancer. 

Scientific Reports, 6(October), 33121. https://doi.org/10.1038/srep33121 

Michael, L., Fiedler, W., Fouillard, L., Haaland, A., Brandwein, J. M., Raffoux, E., … Fritsch, H. (2017). 

Randomized , phase 2 trial of low-dose cytarabine with or without volasertib in AML patients not 

suitable for induction therapy, 124(9), 1426–1434. https://doi.org/10.1182/blood-2014-03-

560557.wishes 

Miller, K. D., Siegel, R. L., Lin, C. C., Mariotto, A. B., Kramer, J. L., Rowland, J. H., … Jemal, A. (2016). 

Cancer Treatment and Survivorship Statistics , 2016, 66(4), 271–289. 

https://doi.org/10.3322/caac.21349. 

Mobley, A., Zhang, S., Bondaruk, J., Wang, Y., Majewski, T., Caraway, N. P., … Czerniak, B. (2017). 

Aurora Kinase A is a Biomarker for Bladder Cancer Detection and Contributes to its Aggressive 

Behavior. Nature Publishing Group, (January), 1–13. https://doi.org/10.1038/srep40714 



84 
 

Mooney, P., Sulerud, T., Bisht, J., & Gatlin, J. C. (2016). Centrosomal clustering contributes to 

chromosomal instability and cancer. Current Opinion in Biotechnology, 40, 113–118. 

https://doi.org/10.1016/j.copbio.2016.03.011 

Moutinho-santos, T., Conde, C., & Sunkel, C. E. (2012). POLO ensures chromosome bi-orientation by 

preventing and correcting erroneous chromosome – spindle attachments, 1, 576–583. 

https://doi.org/10.1242/jcs.092445 

Musacchio, A. (2015). The Molecular Biology of Spindle Assembly Checkpoint Signaling Dynamics. 

CURBIO, 25(20), R1002–R1018. https://doi.org/10.1016/j.cub.2015.08.051 

Nicholson, J. M., & Cimini, D. (2013). Cancer Karyotypes: Survival of the Fittest. Frontiers in Oncology, 

3(June), 148. https://doi.org/10.3389/fonc.2013.00148 

Nigg, E. A. (2001). Mitotic kinases as regulators of cell division and its checkpoints. Nature Reviews. 

Molecular Cell Biology, 2(1), 21–32. https://doi.org/10.1038/35048096 

Nikonova, A. S., Astsaturov, I., Serebriiskii, I. G., Dunbrack, R. L., & Golemis, E. A. (2013). Aurora A 

kinase (AURKA) in normal and pathological cell division. Cellular and Molecular Life Sciences, 

70(4), 661–687. https://doi.org/10.1007/s00018-012-1073-7 

Ohkura, H. (2016). Meiosis : An Overview of Key Differences from Mitosis. 

https://doi.org/10.1101/cshperspect.a015859 

Olmos, D., Barker, D., Sharma, R., Brunetto, A. T., Yap, T. A., Taegtmeyer, A. B., … Blagden, S. P. 

(2011). Phase I study of GSK461364, a specific and competitive polo-like kinase 1 inhibitor, in 

patients with advanced solid malignancies. Clinical Cancer Research, 17(10), 3420–3430. 

https://doi.org/10.1158/1078-0432.CCR-10-2946 

Orr, B., & Compton, D. A. (2013). A double-edged sword: how oncogenes and tumor suppressor genes 

can contribute to chromosomal instability. Front Oncol, 3(June), 164. 

https://doi.org/10.3389/fonc.2013.00164 

Orsetti, B., Selves, J., Bascoul-mollevi, C., Lasorsa, L., Gordien, K., Bibeau, F., … Theillet, C. (2014). 

Impact of chromosomal instability on colorectal cancer progression and outcome, 1–13. 

Otto, T., & Sicinski, P. (2017). Cell cycle proteins as promising targets in cancer therapy. Nature 

Publishing Group, 17(2), 93–115. https://doi.org/10.1038/nrc.2016.138 

Parine, N. R.,  et al. (2016). Microsatellite Instability in Colorectal Cancer. 

Penna, L. S., Antonio, J., Henriques, P., & Bonatto, D. (2017). Anti-mitotic agents : Are they emerging 

molecules for cancer treatment ? ☆. Pharmacology and Therapeutics, 173, 67–82. 

https://doi.org/10.1016/j.pharmthera.2017.02.007 

Pino, M. S., & Chung, D. C. (2010). The Chromosomal Instability Pathway in Colon Cancer. 

Gastroenterology, 138(6), 2059–2072. https://doi.org/10.1053/j.gastro.2009.12.065 

Pinsky, B. A., Kung, C., Shokat, K. M., & Biggins, S. (2006). The Ipl1-Aurora protein kinase activates the 

spindle checkpoint by creating unattached kinetochores. Nature Cell Biology, 8(1), 78–83. 

https://doi.org/10.1038/ncb1341 



85 
 

Pitts, T. M., Bradshaw-pierce, E. L., Bagby, S. M., Stephanie, L., Selby, H. M., Spreafico, A., … Eckhardt, 

S. G. (2016). Antitumor activity of the aurora a selective kinase inhibitor , alisertib , against 

preclinical models of colorectal cancer, 7(31). 

Rao, C. V, Yang, Y.-M., Swamy, M. V, Liu, T., Fang, Y., Mahmood, R., … Dai, W. (2005). Colonic 

tumorigenesis in BubR1+/-ApcMin/+ compound mutant mice is linked to premature separation of 

sister chromatids and enhanced genomic instability. Proceedings of the National Academy of 

Sciences of the United States of America, 102(12), 4365–70. 

https://doi.org/10.1073/pnas.0407822102 

Reiter, R., Gais, P., Ju, U., Steuer-vogt, M. K., Pickhard, A., Bink, K., … Walch, A. (2006). Aurora Kinase 

A Messenger RNA Overexpression Is Correlated withT umor Progression and Shortened Survival in 

Head and Neck Squamous Cell Carcinoma, 12(17), 5136–5142. https://doi.org/10.1158/1078-

0432.CCR-05-1650 

Richardson, M., Tesson, B., Vincent-, A., Maire, V., Koning, L. De, Gentien, D., … Dubois, T. (2013). TTK 

/ hMPS1 Is an Attractive Therapeutic Target for Triple- Negative Breast Cancer, 8(5). 

https://doi.org/10.1371/journal.pone.0063712 

Ricke, R. M., van Ree, J. H., & van Deursen, J. M. (2008). Whole chromosome instability and cancer: a 

complex relationship. Trends in Genetics, 24(9), 457–466. https://doi.org/10.1016/j.tig.2008.07.002 

Rodel, F., Keppner, S., Capalbo, G., Bashary, R., Kaufmann, M., Strebhardt, K., & Spa, B. (2010). Polo-

Like Kinase 1 as Predictive Marker and Therapeutic Target for Radiotherapy in Rectal Cancer, 

177(2), 918–929. https://doi.org/10.2353/ajpath.2010.100040 

Ruchaud, S., Carmena, M., & Earnshaw, W. C. (2007). Chromosomal passengers: conducting cell 

division. Nature Reviews Molecular Cell Biology, 8(10), 798–812. https://doi.org/10.1038/nrm2257 

Salazar-Roa, M., & Malumbres, M. (2016). Fueling the Cell Division Cycle. Trends in Cell Biology, 0(0), 

757–765. https://doi.org/10.1016/j.tcb.2016.08.009 

Salvatore, G., Nappi, T. C., Salerno, P., Jiang, Y., Garbi, C., Ugolini, C., … Santoro, M. (2007). A Cell 

Proliferation and Chromosomal Instability Signature in Anaplastic Thyroid Carcinoma, (21), 10148–

10159. https://doi.org/10.1158/0008-5472.CAN-07-1887 

Sansregret, L., Patterson, J. O., Dewhurst, S., López-garcía, C., Koch, A., Mcgranahan, N., … Swanton, 

C. (2017). APC/C Dysfunction Limits Excessive Cancer Chromosomal Instability. 

https://doi.org/10.1158/2159-8290.CD-16-0645 

Santaguida, S., Tighe, A., D’Alise, A. M., Taylor, S. S., & Musacchio, A. (2010). Dissecting the role of 

MPS1 in chromosome biorientation and the spindle checkpoint through the small molecule inhibitor 

reversine. Journal of Cell Biology, 190(1), 73–87. https://doi.org/10.1083/jcb.201001036 

Saurin, A. T., Waal, M. S. Van Der, & Lens, S. M. A. (2011). Aurora B potentiates Mps1 activation to 

ensure rapid checkpoint establishment at the onset of mitosis, (May). 

https://doi.org/10.1038/ncomms1319 

Schatten, H. (2013). Mitosis. Brenner’s Encyclopedia of Genetics, 3, 448–451. 

https://doi.org/10.1016/B978-0-12-374984-0.00962-1 

 



86 
 

Schmucker, S., & Sumara, I. (2014). Molecular dynamics of PLK1 during mitosis. Molecular & Cellular 

Oncology, 1(2), e954507. https://doi.org/10.1080/23723548.2014.954507 

Schubert, C. Von, Cubizolles, F., Bracher, J. M., Sliedrecht, T., Kops, G. J. P. L., Nigg, E. A., … Kops, G. 

J. P. L. (2015). Plk1 and Mps1 Cooperatively Regulate the Spindle Assembly Checkpoint in Human 

Cells Plk1 and Mps1 Cooperatively Regulate the Spindle Assembly Checkpoint in Human Cells. 

CellReports, 12(1), 66–78. https://doi.org/10.1016/j.celrep.2015.06.007 

Schvartzman, J.-M., Sotillo, R., & Benezra, R. (2010). Mitotic chromosomal instability and cancer: mouse 

modelling of the human disease. Nature Reviews. Cancer, 10(2), 102–15. 

https://doi.org/10.1038/nrc2781 

Shepperd, L. A., Meadows, J. C., Sochaj, A. M., Lancaster, T. C., Zou, J., Buttrick, G. J., … Millar, J. B. A. 

(2012). Phosphodependent recruitment of Bub1 and Bub3 to Spc7/KNL1 by Mph1 kinase maintains 

the spindle checkpoint. Current Biology, 22(10), 891–899. https://doi.org/10.1016/j.cub.2012.03.051 

Sherr, C. J., & Bartek, J. (2017). Cell Cycle – Targeted Cancer Therapies. 

https://doi.org/10.1146/annurev-cancerbio-040716-075628 

Siegel, R. L., Miller, K. D., Fedewa, S. A., Ahnen, D. J., Meester, R. G. S., Barzi, A., & Jemal, A. (2017). 

Colorectal Cancer Statistics , 2017, 67(3), 177–193. https://doi.org/10.3322/caac.21395. 

Siegel, R. L., Miller, K. D., & Jemal, A. (2016). Cancer statistics. CA Cancer J Clin, 66(1), 7–30. 

https://doi.org/10.3322/caac.21332. 

Slee, R. B., Grimes, B. R., Bansal, R., Gore, J., Blackburn, C., Brown, L., … Colombo, R. (2014). 

Selective Inhibition of Pancreatic Ductal Adenocarcinoma Cell Growth by the Mitotic MPS1 Kinase 

Inhibitor NMS-P715, 307–316. https://doi.org/10.1158/1535-7163.MCT-13-0324 

Sliedrecht, T., Zhang, C., Shokat, K. M., & Kops, G. J. P. L. (2010). Chemical Genetic Inhibition of Mps1 

in Stable Human Cell Lines Reveals Novel Aspects of Mps1 Function in Mitosis. PLoS ONE, 5(4), 

1–12. https://doi.org/10.1371/journal.pone.0010251 

Stucke, V. M., Baumann, C., & Nigg, E. A. (2004). Kinetochore localization and microtubule interaction of 

the human spindle checkpoint kinase Mps1. Chromosoma, 113(1), 1–15. 

https://doi.org/10.1007/s00412-004-0288-2 

Subramanian, R., & Kapoor, T. M. (2013). Slipping past the spindle assembly checkpoint. Nature Cell 

Biology, 15(11), 1261–3. https://doi.org/10.1038/ncb2876 

Subramaniyan, B., Jagadeesan, K., Ramakrishnan, S., & Mathan, G. (2016). Targeting the interaction of 

Aurora kinases and SIRT1 mediated by Wnt signaling pathway in colorectal cancer : A critical 

review. Biomedicine et Pharmacotherapy, 82, 413–424. 

https://doi.org/10.1016/j.biopha.2016.05.027 

Suijkerbuijk, S. J. E., Vleugel, M., Teixeira, A., & Kops, G. J. P. L. (2012). Integration of Kinase and 

Phosphatase Activities by BUBR1 Ensures Formation of Stable Kinetochore-Microtubule 

Attachments. Developmental Cell, 23(4), 745–755. https://doi.org/10.1016/j.devcel.2012.09.005 

Sunkel, C. E., & Glover, D. M. (1988). polo, a mitotic mutant of Drosophila displaying abnormal spindle 

poles. Journal of Cell Science, 89 ( Pt 1), 25–38. https://doi.org/10.1016/j 



87 
 

Takahashi, T., Sano, B., Nagata, T., Kato, H., Sugiyama, Y., Kunieda, K., … Saji, S. (2002). Polo-like 

kinase 1 (PLK1) is overexpressed in primary colorectal cancers, 1. 

Takai, N., Hamanaka, R., Yoshimatsu, J., & Miyakawa, I. (2005). Polo-like kinases ( Plks ) and cancer, 

287–291. https://doi.org/10.1038/sj.onc.1208272 

Takai, N., Miyazaki, T., Fujisawa, K., & Nasu, K. (2001). Polo-like kinase ( PLK ) expression in 

endometrial carcinoma, 169, 41–49. 

Takeshita, M., Koga, T., Takayama, K., Ijichi, K., & Yano, T. (2013). Aurora-B overexpression is 

correlated with aneuploidy and poor prognosis in non-small cell lung cancer. Lung Cancer, 80(1), 

85–90. https://doi.org/10.1016/j.lungcan.2012.12.018 

Tanaka, K., & Hirota, T. (2009). Chromosome segregation machinery and cancer. Cancer Science, 

100(7), 1158–1165. https://doi.org/10.1111/j.1349-7006.2009.01178.x 

Tandle, A., & Camphausen, K. (2016). Mitotic Protein Kinase 1 : Role in Spindle Assembly Checkpoint 

Revisited, 1(2), 1–2. 

Tannous, B. A., Kerami, M., Stoop, P. M. Van Der, Kwiatkowski, N., Wang, J., Zhou, W., … Würdinger, T. 

(2013). Effects of the Selective MPS1 Inhibitor MPS1-IN-3 on Glioblastoma Sensitivity to Antimitotic 

Drugs, 105(17). https://doi.org/10.1093/jnci/djt168 

Tannous, B., Kerami, M., Van Der Stoop, P., Kwiatkowski, N., Wang, J., Zhou, W., … Würdinger, T. 

(2013). Effects of the selective MPS1 inhibitor MPS1-IN-3 on glioblastoma sensitivity to antimitotic 

drugs. Journal of the National Cancer Institute, 105(17), 1322–1331. 

https://doi.org/10.1093/jnci/djt168 

Terradas, M., Martín, M., Tusell, L., & Genescà, A. (2009). DNA lesions sequestered in micronuclei 

induce a local defective-damage response. DNA Repair, 8(10), 1225–1234. 

https://doi.org/10.1016/j.dnarep.2009.07.004 

Thompson, S. L., & Compton, D. A. (2008). Examining the link between chromosomal instability and 

aneuploidy in human cells. Journal of Cell Biology, 180(4), 665–672. 

https://doi.org/10.1083/jcb.200712029 

Thykjaer, T., Workman, C., Demtro, K., Wolf, H., & Knudsen, S. (2001). Identification of Gene Expression 

Patterns in Superficial and Invasive Human Bladder Cancer 1. International Journal of Cancer, 

2492–2499. 

Tighe, A., Staples, O., & Taylor, S. (2008). Mps1 kinase activity restrains anaphase during an 

unperturbed mitosis and targets Mad2 to kinetochores. Journal of Cell Biology, 181(6), 893–901. 

https://doi.org/10.1083/jcb.200712028 

Treekitkarnmongkol, W., Katayama, H., Kai, K., Sasai, K., Jones, J. C., Wang, J., … Sen, S. (2016). 

Aurora kinase-A overexpression in mouse mammary epithelium induces mammary 

adenocarcinomas harboring genetic alterations shared with human breast cancer, 37(12), 1180–

1189. https://doi.org/10.1093/carcin/bgw097 

 

 



88 
 

Tsuboi, K., Yokozawa, T., Sakura, T., Watanabe, T., Fujisawa, S., Yamauchi, T., … Miyawaki, S. (2011). 

A Phase I study to assess the safety , pharmacokinetics and efficacy of barasertib ( AZD1152 ), an 

Aurora B kinase inhibitor , in Japanese patients with advanced acute myeloid leukemia. Leukemia 

Research, 35(10), 1384–1389. https://doi.org/10.1016/j.leukres.2011.04.008 

Tu, R., Lu, W., Chen, J., McCabe, C. J., & Melmed, S. (2003). Overexpressed Pituitary Tumor-

Transforming Gene Causes Aneuploidy in Live Human Cells. Endocrinology, 144(11), 4991–4998. 

https://doi.org/10.1210/en.2003-0305 

Tuncel, H., Shimamoto, F., Kaneko, H., Qi, G., & Aoki, E. (2012). Nuclear Aurora B and cytoplasmic 

Survivin expression is involved in lymph node metastasis of colorectal cancer, 1109–1114. 

https://doi.org/10.3892/ol.2012.633 

Ulisse, S., Delcros, J., Baldini, E., Toller, M., Curcio, F., Giacomelli, L., … Ifr, G. F. A. S. (2006). 

Expression of Aurora kinases in human thyroid carcinoma cell lines and tissues, 282(February), 

275–282. https://doi.org/10.1002/ijc.21842 

Vader, G., & Lens, S. M. A. (2008). The Aurora kinase family in cell division and cancer. Biochimica et 

Biophysica Acta (BBA) - Reviews on Cancer, 1786(1), 60–72. 

https://doi.org/10.1016/j.bbcan.2008.07.003 

van der Waal, M. S., Hengeveld, R. C. C., van der Horst, A., & Lens, S. M. A. (2012). Cell division control 

by the Chromosomal Passenger Complex. Experimental Cell Research, 318(12), 1407–1420. 

https://doi.org/10.1016/j.yexcr.2012.03.015 

Vasuri, F., & Giunchi, F. (2017). Pathology and Epidemiology of Cancer, 455–469. 

https://doi.org/10.1007/978-3-319-35153-7 

Venkatraman, E. S., & Olshen, A. B. (2007). A faster circular binary segmentation algorithm for the 

analysis of array CGH data. Bioinformatics, 23(6), 657–663. 

https://doi.org/10.1093/bioinformatics/btl646 

Waal, M. S. Van Der, Saurin, A. T., Vromans, M. J. M., Vleugel, M., Medema, H., Kops, G. J. P. L., … 

Gerlich, D. W. (2012). Mps1 promotes rapid centromere accumulation of Aurora B, 13(9). 

https://doi.org/10.1038/embor.2012.93 

Watson, A. J. M., & Collins, D. (2011). Colon Cancer : A Civilization Disorder, 222–228. 

https://doi.org/10.1159/000323926 

Weaver, B., & Cleveland, D. W. (2007). Aneuploidy: Instigator and inhibitor of tumorigenesis. Cancer 

Research, 67(21), 10103–10105. https://doi.org/10.1158/0008-5472.CAN-07-2266 

Weaver, B., & Cleveland, D. W. (2006). Does aneuploidy cause cancer? Current Opinion in Cell Biology, 

18(6), 658–667. https://doi.org/10.1016/j.ceb.2006.10.002 

Weaver, B., Silk, A. D., Montagna, C., Verdier-Pinard, P., & Cleveland, D. W. (2007). Aneuploidy Acts 

Both Oncogenically and as a Tumor Suppressor. Cancer Cell, 11(1), 25–36. 

https://doi.org/10.1016/j.ccr.2006.12.003 

Weichert, W., Kristiansen, G., Schmidt, K. M., Gekeler, V., & Noske, A. (2005). Polo-like kinase isoforms 

in breast cancer : expression patterns and prognostic implications, 442–450. 

https://doi.org/10.1007/s00428-005-1212-8 



89 
 

Weichert, W., Kristiansen, G., Schmidt, M., Gekeler, V., Noske, A., Niesporek, S., & Dietel, M. (2005). 

Polo-like kinase 1 expression is a prognostic factor in human colon cancer, 11(36), 5644–5650. 

Weichert, W., Schmidt, M., Gekeler, V., Denkert, C., Stephan, C., Jung, K., … Kristiansen, G. (2004). 

Polo-Like Kinase1Is Overexpressedin Prostate Cancer and Linked to HigherT umor Grades, 

245(December 2003), 240–245. https://doi.org/10.1002/pros.20050 

Weiß, L., & Efferth, T. (2012). Polo-like kinase 1 as target for cancer therapy, 1–6. 

Wilkinson, R. W., Odedra, R., Heaton, S. P., Wedge, S. R., Keen, N. J., Crafter, C., … Green, S. (2007). 

AZD1152 , a Selective Inhibitor of Aurora B Kinase , Inhibits Human umor Xenograft Growth by 

Inducing Apoptosis, 13(12), 3682–3689. https://doi.org/10.1158/1078-0432.CCR-06-2979 

Winey, M., Goetsch, L., Baum, P., & Byers, B. (1991). MPS1 and MPS2: Novel yeast genes defining 

distinct steps of spindle pole body duplication. Journal of Cell Biology, 114(4), 745–754. 

https://doi.org/10.1083/jcb.114.4.745 

Wolf, G., Elez, R., Doermer, A., Holtrich, U., & Strebhardt, K. (1997). Prognostic significance of polo-like 

kinase (PLK) expression in non-small cell lung cancer, (April 2014). 

https://doi.org/10.1038/sj.onc.1200862 

Wu, H. T., Hajirasouliha, I., & Raphael, B. J. (2014). Detecting independent and recurrent copy number 

aberrations using interval graphs. Bioinformatics, 30(12), 195–203. 

https://doi.org/10.1093/bioinformatics/btu276 

Xia, W., Sahin, A. A., Katayama, H., Ph, D., Johnston, D. A., Ph, D., … Ph, D. (2003). STK15 / Aurora-A 

Expression in Primary Breast Tumors Is Correlated with Nuclear Grade but Not with Prognosis, 12–

19. https://doi.org/10.1002/cncr.11879 

Yamagishi, Y., Yang, C.-H., Tanno, Y., & Watanabe, Y. (2012). MPS1/Mph1 phosphorylates the 

kinetochore protein KNL1/Spc7 to recruit SAC components. Nature Cell Biology, 14(7), 746–752. 

https://doi.org/10.1038/ncb2515 

Ye, A. A., Deretic, J., Hoel, C. M., Hinman, A. W., Cimini, D., Welburn, J. P., & Maresca, T. J. (2015). 

Aurora A Kinase Contributes to a Pole-Based Error Correction Pathway. Current Biology, 25(14), 

1842–1851. https://doi.org/10.1016/j.cub.2015.06.021 

Yu, F., Jiang, Y., Lu, L., Cao, M., Qiao, Y., Liu, X., … Yang, Z. (2017). Aurora-A promotes the 

establishment of spindle assembly checkpoint by priming the Haspin-Aurora-B feedback loop in late 

G2 phase, 1–17. https://doi.org/10.1038/celldisc.2016.49 

Yuan, B. (2006). Increased Expression of Mitotic Checkpoint Genes in Breast Cancer Cells with 

Chromosomal Instability. Clinical Cancer Research, 12(2), 405–410. https://doi.org/10.1158/1078-

0432.CCR-05-0903 

Yuan, X., Anqiang, W., Jianzhen, L., Liangcai, W., Haohai, Z., Xiaobo, Y., … Haitao, Z. (2016). 

Mps1/TTK: a novel target and biomarker for cancer. Journal of Drug Targeting, 0(0), 000. 

https://doi.org/10.1080/1061186X.2016.1258568 

Zasadil, L. M., Britigan, E. M. C., & Weaver, B. A. (2013). 2n or not 2n: Aneuploidy, polyploidy and 

chromosomal instability in primary and tumor cells. Seminars in Cell and Developmental Biology, 

24(4), 370–379. https://doi.org/10.1016/j.semcdb.2013.02.001 



90 
 

Zeng, F., Jiang, R., & Chen, T. (2013). PyroHMMsnp: An SNP caller for Ion Torrent and 454 sequencing 

data. Nucleic Acids Research, 41(13), 1–13. https://doi.org/10.1093/nar/gkt372 

Zhang, N., Ge, G., Meyer, R., Sethi, S., Basu, D., Pradhan, S., … Pati, D. (2008). Overexpression of 

Separase induces aneuploidy and mammary tumorigenesis. Proceedings of the National Academy 

of Sciences of the United States of America, 105(35), 13033–8. 

https://doi.org/10.1073/pnas.0801610105 

Zhang, X., Ling, Y., Guo, Y., Bai, Y., Shi, X., Gong, F., … Ma, R. (2016). Mps1 kinase regulates tumor cell 

viability via its novel role in mitochondria. Cell Death and Disease, 7, 1–12. 

https://doi.org/10.1038/cddis.2016.193 

Zhang, Y., Jiang, C., Li, H., Lv, F., Li, X., Qian, X., … Guo, X. (2015). Elevated Aurora B expression 

contributes to chemoresistance and poor prognosis in breast cancer, 8(1), 751–757. 

Zorba, A., Buosi, V., Kutter, S., Kern, N., Pontiggia, F., Cho, Y. J., & Kern, D. (2014). Molecular 

mechanism of Aurora A kinase autophosphorylation and its allosteric activation by TPX2. eLife, 3, 

e02667. https://doi.org/10.7554/eLife.02667 



91 
 

 



92 
 

APPENDIX 
  JVE059 JVE187 



93 
 

 

 

  

JVE207 JVE528 



94 
 

JVE774 KP363T 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A 1. CNA plots of the low passage CRC cell lines used as model of study in the present work. For each CRC cell line (JVE059, 

JVE187, JVE207, JVE528, JVE774, KP363T) the 23 chromosomes that constitute the karyotype are represented. The blue lines translate the 

gains and losses (CNAs) in a specific chromosome; if the line is above the chromosome, it represents a gain; if the line is below the chromosome, 

it translates a loss. More gains and losses translate an increase in genetic instability.  
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Figure A 2. All possible mutation sites after NGS data analysis. These 72 positions were analyzed 

one by one in the IGV software. Chr: chromosome, Ref: reference, Alt: alteration, Func.refGene: Function 

in the reference gene; Gene.refGene: Gene of reference 

 

 


