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ABSTRACT 

We investigated the relationship between checkpoint adaptation and chromosomal change in 

human cancer cells. HT-29 and M059K cells treated with pharmacological concentrations of 

camptothecin acquired damaged DNA, overcame the DNA damage checkpoint and entered mitosis 

with damaged DNA, a phenomenon named checkpoint adaptation. We observed that cells that 

survived checkpoint adaptation acquired major chromosomal rearrangements. Surviving cells had 

fewer chromosomes and increased numbers of interchromosomal rearrangements per cell, 

compared to cells that did not undergo checkpoint adaptation. We investigated whether the DNA 

repair enzyme polynucleotide kinase 3’-phosphatase (PNKP) participates in checkpoint adaptation 

by using the PNKP inhibitor A12B4C50. We showed that A12B4C50 reduced the interaction 

between the DNA repair complex PNKP-XRCC1 in cells; however, no effect on checkpoint 

adaptation was observed. Future studies would need to focus on DNA repair pathways that may 

reduce the chromosomal change caused by checkpoint adaptation. This can provide insight into the 

biology of genotoxic treatments used in cancer patients.  
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GENERAL INTRODUCTION 

This thesis is about how checkpoint adaptation can change chromosome number and structure in 

human cells. There are increasing amounts of evidence that checkpoint adaptation occurs in human 

cancer cells when they are treated by genotoxic agents. The most commonly used cancer therapies 

are genotoxic agents, however, they are not as effective as hoped (Helleday et al., 2008). Therefore, 

a better understanding of how cancer cells respond to them is needed to improve treatment outcomes 

(Swift & Golsteyn, 2014). One example of a genotoxic agent is the chemical camptothecin (CPT). 

CPT and its derivatives are frequently used to treat colon cancer (Giovanella et al., 1989). This 

genotoxic agent inhibits topoisomerase I (Topo1), which is an essential enzyme that nicks DNA 

strands to relieve topological constraints that arise during replication. Inhibition of Topo1 by CPT 

leads to DNA breaks and cell death in some types of cancer cells, such as those from the colon 

(Chen & Liu, 1994). 

As their name indicates, genotoxic agents damage DNA and lead to the activation of the 

DNA damage response (DDR). One of the proteins involved in this response is the protein histone 

H2AX, which becomes phosphorylated (ɣH2AX) upon recognition of double-strand DNA breaks 

(DSBs) by ataxia telangiectasia mutated (ATM) or ATM and RAD30-related (ATR) kinases. 

Protein complexes involved in DNA repair are recruited by histone ɣH2AX to the sites of DSBs, 

promoting cell cycle arrest and DNA repair (Jackson & Bartek, 2009). An important protein 

involved in DNA repair is polynucleotide kinase 3’-phosphatase (PNKP). It modifies the 

phosphorylation status of DNA termini at breaks to make these sites accessible for DNA 

polymerases and ligases. PNKP forms a complex with other proteins, such as X-ray repair cross-

complementing protein 1 (XRCC1) and X-ray repair cross-complementing protein 4 (XRCC4), to 

initiate single-strand DNA break (SSB) repair and DSB repair, respectively. The inhibition of 

PNKP has shown to increase the sensitivity of cancer cells to genotoxic agents (Rasouli-Nia et al., 

2004; Freschauf et al., 2010). 
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When cells are unable to repair DNA, they arrest their progress in cell cycle phases and 

either die, enter senescence or undergo G2/M-checkpoint adaptation (from here on named 

checkpoint adaptation) (Helleday et al., 2008). Checkpoint adaptation is a recently discovered 

process and little is known about it. It is characterized by three steps: the first step is cell cycle arrest 

in the G2/M-checkpoint upon activation by damaged DNA; the second step is the overriding of this 

cell cycle arrest, and the last step is the entrance into mitosis with damaged DNA (Syljuasen, 2007; 

Kubara et al., 2012; Swift & Golsteyn, 2014, 2016a). The majority of cells that undergo checkpoint 

adaptation will die in mitosis and it is therefore suggested that checkpoint adaptation is a primary 

cell death pathway in cancer cells that are treated with pharmacological concentrations of genotoxic 

agents (Brown & Attardi, 2005; Swift & Golsteyn, 2016a). However, it has been previously shown 

that a small number of cells that enter mitosis with damaged DNA can survive and are able to 

proliferate (Kubara et al., 2012). 

During mitosis, DNA repair is inhibited to maintain genome fidelity (Orthwein et al., 2014). 

This suggests that cells that are able to exit mitosis after checkpoint adaptation transfer their damage 

to daughter cells. In these cells, damage could be repaired in G1 phase, however, it is possible that 

genomic change has occurred due to mitosis with damaged DNA and micronuclei formation 

(Tkacz-Stachowska et al., 2011). Additionally, many cancer cells have defective p53, resulting in 

a defective G1/S checkpoint. This could cause cells to go through a second cell cycle with damaged 

DNA after checkpoint adaptation, which might contribute to genomic change (Swift & Golsteyn, 

2016b). For these reasons, checkpoint adaptation survival cells are predicted to have altered 

genomes due to processes of DNA damage repair and adaptation to the checkpoint (Kubara et al., 

2012; Orthwein et al., 2014; Swift & Golsteyn, 2016a). 

It has been proposed that checkpoint adaptation creates an opportunity for genomic change, 

which is suggested to be one of the factors that may contribute to treatment inefficiency seen in 

cancer patients (Kandoth et al., 2013). This led to our hypothesis that cancer cells that survive 

checkpoint adaptation after treatment with genotoxic agents have genomic changes, which is 
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supported by the finding of micronuclei acquisition upon checkpoint adaptation (Palmitelli et al., 

2015; Lewis & Golsteyn, 2016). In collaboration with Dr. Michael Weinfeld at the University of 

Alberta, we tested the role of PNKP inhibitors in checkpoint adaptation. To investigate our 

hypothesis we had two objectives:  

Objective 1: To determine if chromosome structure and number in cancer cells that survive 

checkpoint adaptation are different from those of not-treated cells.  

Objective 2: To investigate whether inhibitors of the DNA repair enzyme PNKP affect the number 

of cells undergoing or surviving checkpoint adaptation. 

Our laboratory has developed an experimental model using colon cancer cells (HT-29) 

treated with CPT to study checkpoint adaptation. In this model, about 90% of the cancer cells treated 

with clinically relevant genotoxic agents will enter mitosis with damaged DNA and approximately 

2% of these cells are able to exit mitosis and survive (Kubara et al., 2012). A key question about 

this process is whether cells that survive checkpoint adaptation acquire chromosomal changes 

relative to the not-treated parental cells, which may be significant in the understanding of treatment 

inefficiency seen in cancer patients. It is known that patients that are treated with anti-cancer agents 

can develop a secondary tumour that is genetically different from the primary tumour and therefore 

more difficult to treat (Bartek & Lukas, 2007). This research project is built on published and 

unpublished data prior to joining the laboratory, in which it was observed that checkpoint adaptation 

survival cells had fewer chromosomes, a reduction of telomeres, and acquired micronuclei. These 

promising data provided the building blocks for this research project.  

In this thesis, we first discuss checkpoint adaptation and micronuclei formation as 

mechanisms contributing to genomic instability in human cells in our published review paper 

(chapter I). In chapter II, we investigated changes in chromosome structure and number in cancer 

cells that survived checkpoint adaptation compared to not-treated cells. Lastly, in chapter III we 

test PNKP inhibitors and their effect on checkpoint adaptation entrance and survival.  
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CHAPTER I – REVIEW PAPER 

G2/M-Phase Checkpoint Adaptation and Micronuclei Formation as Mechanisms 

That Contribute to Genomic Instability in Human Cells 

Danî Kalsbeek and Roy M. Golsteyn 

 

This chapter has been published by the “International Journal of Molecular Sciences” 

November 2017 

 

Abstract  

One of the most common characteristics of cancer cells is genomic instability. Recent research has 

revealed that G2/M phase checkpoint adaptation—entering mitosis with damaged DNA—

contributes to genomic changes in experimental models. When cancer cells are treated with 

pharmacological concentrations of genotoxic agents, they undergo checkpoint adaptation; however, 

a small number of cells are able to survive and accumulate micronuclei. These micronuclei harbor 

damaged DNA, and are able to replicate and reincorporate their DNA into the main nucleus. 

Micronuclei are susceptible to chromothripsis, which is a phenomenon characterised by extensively 

rearranged chromosomes that reassemble from pulverised chromosomes in one cellular event. 

These processes contribute to genomic instability in cancer cells that survive a genotoxic anti-

cancer treatment. This review provides insight into checkpoint adaptation and its connection to 

micronuclei and possibly chromothripsis. Knowledge about these mechanisms is needed to improve 

the poor cancer treatment outcomes that result from genomic instability.  
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1. Introduction 

Most cancer cells have genomes that are extensively altered relative to normal, non-transformed 

human cells. The Cancer Genome Sequencing Atlas project has sequenced the genomes of solid 

tumours from thousands of patients, and all showed different chromosomal organisation and DNA 

sequences. This genomic complexity likely contributes to treatment inefficiency (Network, 2008, 

2012; Kandoth et al., 2013). 

One way to target cancer cells in treatments is to induce irreparable amounts of DNA 

damage by the application of genotoxic agents. These agents activate the cell cycle checkpoints, 

leading to cell cycle arrest and/or cell death (Helleday et al., 2008). However, research has shown 

that some cancer cells treated with genotoxic anti-cancer drugs can overcome a G2 phase cell cycle 

arrest and enter mitosis with damaged DNA, a mechanism called G2/M phase checkpoint 

adaptation (Syljuasen, 2007; Kubara et al., 2012; Swift & Golsteyn, 2014, 2016a). Most cells that 

undergo G2/M phase checkpoint adaptation (hereafter called checkpoint adaptation) after treatment 

with a genotoxic agent die in mitosis. However, a small number of those cells survive, and are likely 

to have extensively altered genomes due to the processes of repair and adaptation (Kubara et al., 

2012; Swift & Golsteyn, 2016a). Recent research on checkpoint adaptation led to the idea that this 

process contributes to genomic instability, hence genomic complexity (Swift & Golsteyn, 2016b). 

Investigation of checkpoint adaptation led to the finding that it causes the formation of 

micronuclei in cells (Tkacz-Stachowska et al., 2011; Lewis & Golsteyn, 2016). Micronuclei are 

distinct from the main nucleus and encapsulate full lagging chromosomes or fragments of 

chromosomes that are not incorporated in the main nucleus after anaphase (Terradas et al., 2010; 

Fenech et al., 2011; Crasta et al., 2012). Micronuclei contribute to genomic instability, and are a 

characteristic of cancer cells. Cells that undergo checkpoint adaptation show a 50% increase in the 

number of micronuclei compared with non-treated cancer cells (Tkacz-Stachowska et al., 2011; 

Lewis & Golsteyn, 2016). The cells containing micronuclei are able to survive for several cycles, 

and chromosomes enclosed in these micronuclei could be reunited in the main nucleus of the 
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daughter cells. Furthermore, more than 7.5% of micronuclei in cancer cells were found to contain 

shattered chromosomes, which is part of a phenomenon called chromothripsis (Stephens et al., 

2011; Crasta et al., 2012; Holland & Cleveland, 2012; Zhang et al., 2015; Terradas et al., 2016). 

Micronuclei are proposed to play a role in the initiation of this phenomenon (Fenech, 2006; Crasta 

et al., 2012; Storchova & Kloosterman, 2016). 

This review provides insight into checkpoint adaptation and its connection to micronuclei 

and chromothripsis. In reviewing these topics, we hope to provide knowledge for a better 

understanding of mechanisms that might be involved in poor cancer treatment outcomes as a result 

of genomic instability. Altered genomes can result in cells that do not respond to death signals, and 

hence become treatment resistant (Rode et al., 2015). We suggest that cells treated with DNA 

damaging anti-cancer agents and survive checkpoint adaptation become candidates for cells that 

sustain further genomic change through the formation of micronuclei and chromothripsis. 
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2. Checkpoint Adaptation 

To maintain the integrity of the genome, cells have cell cycle checkpoints that detect damaged DNA 

and aneuploidy, and prevent them from transmitting changed genomes to daughter cells (Kastan & 

Bartek, 2004; Bartek & Lukas, 2007). The majority of cancer cells are mutated in genes encoding 

tumour suppressors such as p21, p53, or retinoblastoma (Rausch et al., 2012; Kandoth et al., 2013). 

In normal cells, the activation of p53 leads to a G1/S-checkpoint arrest that prevents cells from 

proliferating. Mutation in p53 results in a defective G1/S-checkpoint, which means that cells can 

only rely on a G2/M-checkpoint to detect damaged DNA (Kastan & Bartek, 2004). It is noteworthy 

that the absence of p53 may be an obligatory event for cells to tolerate a changed genome (Soto et 

al., 2017). 

In addition to the p53-dependent checkpoint, cells respond to damaged DNA by the DNA 

damage ataxia telangiectasia mutated (ATM)/ataxia telangiectasia and Rad3-related protein (ATR) 

signaling in which histone H2AX is phosphorylated (histone γH2AX) (Paull et al., 2000). This 

pathway also phosphorylates checkpoint kinase 1 (Chk1), which in turn prevents the activation of 

cyclin-dependent kinase 1 (Cdk1) by the induction of Wee1 kinase activity and the inactivation of 

cell division cycle 25 (Cdc25) phosphatases (Dalal et al., 1999; Rothblum-Oviatt et al., 2001; 

Jazayeri et al., 2006). Cdk1 is a protein kinase that phosphorylates a large number of substrates 

whose activities are required for mitosis. Activation of Chk1 thus arrests cells in the G2/M-

checkpoint (Lewis & Golsteyn, 2016), and its inactivation by either dephosphorylation (Syljuasen 

et al., 2006; Kubara et al., 2012) or degradation (Zhang et al., 2005) is required before cells enter 

mitosis under conditions of damaged DNA signaling. Whereas p53 is mutated in the majority of 

human tumours, Chk1 mutations in tumours are extremely rare (Solyom et al., 2010). Chk1 can be 

activated by nearly all genotoxic treatments (Swift & Golsteyn, 2014), including neo-synthetic 

compounds (Cahuzac et al., 2010). The activation of the DNA damage checkpoints by UV 

irradiation appears to be more dependent upon the p53 pathway than the Chk1 pathway 

(Warmerdam et al., 2013). 
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It has been observed that after treatment with genotoxic agents such as irradiation, 

topoisomerase I inhibitors, topoisomerase II inhibitors, or cross-linking agents such as cisplatin, 

cancer cells are able to enter mitosis with damaged DNA. This process is called checkpoint 

adaptation, and is characterised by three steps: initiation of cell cycle arrest at the G2/M-checkpoint 

by damaged DNA, overcoming the arrest, and entering mitosis with unrepaired DNA damage 

(Demarcq et al., 1994; Toczyski et al., 1997; Clifford et al., 2003; Hall & Giaccia, 2006; Syljuasen 

et al., 2006; Cahuzac et al., 2010). To undergo checkpoint adaptation, Chk1 is either degraded 

(Zhang et al., 2005) or dephosphorylated (Syljuasen et al., 2006), which enables Cdk1 to be 

activated despite the presence of damaged DNA (Lewis & Golsteyn, 2016). Checkpoint adaptation 

is likely to be a primary pathway that leads to cell death after treatment with pharmacological 

amounts of genotoxic agents in cancer cells (Brown & Attardi, 2005; Kubara et al., 2012). 

 2.1 Identification of Checkpoint Adaptation 

Checkpoint adaptation was first described by Sandell et al. in 1993 as a process in the yeast 

Saccharomyces cerevisiae that allows cells to enter mitosis with unrepaired DNA (Sandell & 

Zakian, 1993). They demonstrated that specifically mutated haploid yeast cells, which were unable 

to repair double-stranded DNA breaks (DSB), arrested at the G2/M-checkpoint after the induction 

of DNA damage. However, instead of undergoing cell death, these cells overcame the checkpoint 

and entered mitosis with damaged DNA (Sandell & Zakian, 1993). Further studies in yeast revealed 

that cells identified a relationship between single-stranded DNA and the capacity to exit the G2/M 

phase checkpoint (Lee et al., 1998). Later, pharmacological approaches enabled the detection of 

human cancer cells that entered mitosis with damaged DNA (Dewey et al., 1995). Furthermore, 

human cancer cells treated by ionising radiation (IR) underwent several cell cycles. The DNA in 

these cells contained damage in the form of gaps, acentric DNA fragments, and chromatid breaks 

(Hall & Giaccia, 2006). It was suggested that human cancer cells with damaged DNA induced by 

IR can overcome the G2/M-checkpoint and enter mitosis despite the genomic alterations (Syljuasen, 
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2007). Syljuåsen investigated this hypothesis in 2006, and found that human osteosarcoma cells 

treated with 6 Gy IR arrested at the G2/M-transition, where after they entered mitosis without 

repairing the DNA. This complies with the characteristics of checkpoint adaptation (Syljuasen et 

al., 2006). In cases where the damage to DNA can be repaired, cells undergo a process known as 

checkpoint recovery, and continue to proliferate (Bartek & Lukas, 2007). 

More recent work investigating checkpoint adaptation in human cancer cells suggests that 

mitosis plays an important role in the response to treatment with genotoxic agents (Kubara et al., 

2012). Cell-based assays were used to observe the events that follow the arrest at the G2/M-

transition after cells were treated with genotoxic agents that induced DNA damage. Treatment with 

cytotoxic and pharmacological amounts of camptothecin (25 nM CPT) induced cells to acquire a 

rounded morphology after 40 or more hours of treatment, and tested positive for mitotic markers 

(Figure 1). Human colorectal adenocarcinoma (HT-29) cells treated with a pharmacological 

concentration of CPT showed histone γH2AX foci in all of the cells arrested at the G2/M-transition 

with activated Chk1 (Kubara et al., 2012). In addition to CPT, cisplatin-treated or etoposide-treated 

cells also showed the ability to undergo checkpoint adaptation (Swift & Golsteyn, 2014, 2016a). In 

cells treated with 30 µM of cisplatin, a pharmacological concentration, 80% of treated cells entered 

mitosis before dying. On the other hand, at a supra-pharmacological cytotoxic concentration of 100 

µM, only 7% of treated cells entered mitosis, whereas the remaining cells died by apoptosis. These 

outcomes led to the prediction that checkpoint adaptation is a key pathway in cell death induced by 

genotoxic agents (Swift & Golsteyn, 2016a); however, checkpoint adaptation in human cells treated 

by ultraviolet light energy has not yet been reported. Notably, approximately 2% of cells that 

underwent checkpoint adaptation survived and showed increased numbers of micronuclei (Kubara 

et al., 2012; Lewis & Golsteyn, 2016). For an additional discussion on the importance of 

concentrations of cytotoxic compounds and cell death, see Swift & Golsteyn and Brown & Attardi 

(Brown & Attardi, 2005; Swift & Golsteyn, 2014). 
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Figure 1. Checkpoint adaptation in human cancer cells. Human HT-29 cells were either not-
treated (NT), or treated with a cytotoxic amount of camptothecin (50 nM CPT) and observed by 
phase-contrast microscopy at 24 or 48 h. The rounded cells in the 48 h image are in mitosis as 

they undergo the G2/M phase checkpoint adaptation. Refer to Kubara et al. (Kubara et al., 2012) 
or Swift and Golsteyn (Swift & Golsteyn, 2016a) for addition experimental data of damaged 

DNA in rounded, mitotic cells. Bar represents 50 µm.   
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3. Micronuclei 

Micronuclei are small DNA containing structures surrounded by one lipid bilayer, which are 

independent from the main nucleus in a cell. Whole chromosomes, as well as chromosome 

fragments, can be in micronuclei, depending on how it was formed. The DNA in micronuclei can 

be replicated, transcribed, and repaired in a manner that is similar to the main nucleus (Kisurina-

Evgenieva et al., 2016). However, research on micronuclei in vitro has shown that they may have 

defects in the localisation of structural proteins, such as pores, when compared with the main 

nucleus (Hoffelder et al., 2004; Terradas et al., 2009; Xu et al., 2011; Crasta et al., 2012; Terradas 

et al., 2012). Although micronuclei are considered as a marker for genomic change, there are 

biological processes in which micronuclei appear normally, such as during the embryonic 

development of species such as Xenopus (Lemaitre et al., 1998). The number and size of 

micronuclei can vary in the cell depending on the origin of the micronucleus (Geraud et al., 1989; 

Fenech, 1993; Fenech et al., 2011). Micronuclei are tightly associated with mitotic errors, and 

therefore they are considered indicators of aneuploidy and genomic instability (Fenech, 2007). 

3.1 Factors Leading to the Formation of Micronuclei 

The formation of micronuclei can be initiated by errors in chromosome segregation or damaged 

DNA, which can be induced by chemical and physical factors. The factors are divided into two 

groups: aneugens and clastogens. Aneugens induce the formation of micronuclei that contain 

complete chromosomes by targeting the segregation of chromosomes into a nucleus. By contrast, 

clastogens result in micronuclei that contain acentric chromosome fragments, which are caused by 

the induction of DNA breaks (Hermine et al., 1997; Fenech, 2006; Kisurina-Evgenieva et al., 2016). 

3.1.1 Aneugens 

Aneugens are chemical antimitotic agents that affect mitotic spindle formation, and thus the 

segregation of chromosomes. Cells treated with such agents can form micronuclei that contain 

intact chromosomes. These chemicals can arrest cells in the cell cycle and cause death, including 
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by apoptosis activated by a p53-dependent pathway (Kisurina-Evgenieva et al., 2016). Human 

breast carcinoma cells treated with Taxol, vincristine, or nocodazole showed a 20% increase in 

micronuclei number and cell death rate (Kisurina-Evgenieva et al., 2006). Other types of aneugens 

can suppress DNA and histone methylation, and disrupt the condensation of chromosomes in the 

centromere (Fenech, 2006; Heit et al., 2009). These agents can also show a clastogenic effect by 

the induction of DSBs. Furthermore, metals that bind to DNA and proteins show both aneugenic 

and clastogenic effects. They can influence gene expression, the condensation of DNA, and mitotic 

spindle assembly (Luzhna et al., 2013; Kisurina-Evgenieva et al., 2016). 

3.1.2 Clastogens 

Agents that display a clastogenic effect are anthracycline agents that perturb DNA replication and 

repair (Luzhna et al., 2013; Kisurina-Evgenieva et al., 2016). In addition, hypoxia and oxidative 

stress have also been shown to contribute to the formation of micronuclei in cells (Shibata et al., 

1996; Snyder & Diehl, 2005). Platinum-based drugs, such as cisplatin, which are used in testicular 

and ovarian cancers (Kelland, 2007; Helleday et al., 2008), form mono-functional DNA adducts 

that block replication, which leads to DNA strand breaks and thus causes a clastogenic effect (Swift 

& Golsteyn, 2014). Treatment with cisplatin was shown to increase the number of micronuclei by 

24% to 48% in cultured human glioblastoma cells that underwent checkpoint adaptation (Lewis & 

Golsteyn, 2016). Most of the physical factors are clastogenic. Physical factors that can lead to 

micronuclei formation in cells include, for example, changes in pressure and temperature, radiation, 

UV, and ultrasound (Kisurina-Evgenieva et al., 2016). Radiation exposure causes various DSBs 

that can lead to chromosomal rearrangements when the fragments are fused in a random order 

(Krishnaja & Sharma, 2004; Holland & Cleveland, 2012). Exposure to 2 Gy of radiation resulted 

in DSBs in 80% of human fibroblast cells, and 48 h after treatment, 80% of the cells contained 

micronuclei, which correlates with the fraction of cells with DSBs (Terradas et al., 2009). 
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3.2 Micronuclei Formation Pathways 

The structure of a micronucleus is dependent on how it was formed. Chemical and physical factors 

are attributable to the different mechanisms through which micronuclei can be formed. These 

mechanisms involve changes in protein quantity or defects caused by mutation that affect the 

nuclear envelope, the structure of the chromosome centromeric region, attachment to spindle 

microtubules, DSBs, chromoanagenesis, oncogene amplification, and double minute (DM) 

chromosomes (Kisurina-Evgenieva et al., 2016). In the case of the induction of micronuclei by 

checkpoint adaptation, disruptions in the structure of centromeric region, defects of attaching to 

spindle microtubules, and DSBs are believed to be involved. 

3.2.1 Defective Microtubule–Kinetochore Attachments 

Most micronuclei are formed at the end of mitosis. Defects in the separation of chromosomes in the 

daughter nucleus leads to the occurrence of aneuploid cells. These cells are used as markers for 

tumours, and may play a predominant role in tumour initiation and development. Defects in 

chromosome segregation during mitosis can change how the genome is organised in a cell (Fenech 

et al., 2011; Luzhna et al., 2013). For example, it may lead to daughter cells that contain micronuclei 

that enclose either whole intact chromosomes, or chromosomes with structural aberrations (Janssen 

et al., 2011). 

Irregularities in the centromeric region structure of chromosomes and kinetochores can be 

caused by centromeric DNA replication defects, DNA and histone methylation defects in the 

centromeric region, and mutations in genes that encode for kinetochore proteins (Kisurina-

Evgen’eva et al., 2006; Gieni et al., 2008; Fenech et al., 2011; Bakhoum & Compton, 2012b; Gelot 

et al., 2015). These defects can lead to the formation of micronuclei, as these chromosomes cannot 

properly align at the metaphase plate (Crasta et al., 2012). Delayed chromosomes are randomly 

distributed to one of the daughter cells at the end of mitosis, where they form a micronucleus. These 

micronuclei may have different fates, depending upon the nuclear envelope that forms around them. 
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If the lagging chromosome is enclosed by a normal organised nuclear envelope, it might escape 

subsequent DNA damage. Under these conditions, if a chromosome was unable to bind to 

microtubules because of damage in the kinetochore, the damage can be repaired, and the 

chromosome might attach to the mitotic spindle in the subsequent mitosis and no longer form a 

micronucleus. By contrast, if the chromosome is enclosed by a nuclear envelope that contains 

irregularities in its organisation, it might be not be correctly replicated, transcribed, or repaired, 

leading to additional changes in the genome (Crasta et al., 2012; Kisurina-Evgenieva et al., 2016). 

Normal kinetochores and microtubules can form incorrect interactions during mitosis, 

which can be detected and resolved by checkpoint mechanisms. When these incorrect interactions 

are not resolved, such as when both kinetochores attach to the same division pole, then both 

chromosomes will be directed to the same daughter cell. When microtubules from both division 

poles bind to the same kinetochore, a merotelic chromosome interaction is formed, which can also 

lead to micronuclei harbouring intact chromosomes (Cimini et al., 2001; Cimini et al., 2002; Gregan 

et al., 2011). Combinations of microtubule dynamics that are guided by motor proteins (Bakhoum 

& Compton, 2012b) and protein kinases such as Aurora B ensure correct kinetochore–microtubule 

interactions (Cimini et al., 2006). Aurora B regulates these events by phosphorylating substrates 

that are proximal to it, depending upon mechanical tension. The overexpression of proteins in the 

Aurora B mediated correction mechanism can lead to the hyperstabilisation of kinetochore–

microtubule attachments, which increases the number of incorrectly attached kinetochores 

(Bakhoum et al., 2009). Furthermore, new substrates for Aurora B have been identified, such as 

53BP1, which participates in kinetochore and microtubule interactions, and if mutated, may lead to 

micronuclei (Wang et al., 2017). 

3.2.2. DSBs and DM-Chromosomes 

Acentric fragments are formed during mitosis as a result of DSBs and DM chromosomes, which is 

a clastogenic effect. These fragments are unable to interact with microtubules, and are randomly 
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divided between daughter cells. During telophase, these fragments are encapsulated by a generated 

nuclear envelope that contains lamina and nuclear pores. These micronuclei can be functionally 

active, and are not excluded from the cell (Shimizu, 2011; Okamoto et al., 2012). One characteristic 

of these micronuclei is breaks in their DNA. These lesions are caused by the incomplete replication 

of the DNA in the preceding interphase. Micronuclei that are formed during this process are likely 

to be degraded. However, when there are no DNA breaks in micronuclei, and the nuclear envelope 

develops normally, micronuclei are able to function normally in the following interphase (Kisurina-

Evgenieva et al., 2016). 

3.2.3. Micronuclei Formation in Interphase 

Micronuclei can also be formed during interphase by a mechanism called nuclear blebbing. 

Extrachromosomal pieces of the main nucleus are transported to the nuclear envelope, where a bud 

is formed. Separation from the main nucleus forms a micronucleus. These micronuclei are typically 

small, and are located in proximity of the main nucleus. There are two different disturbances that 

are described as leading to this type of micronuclei: amplified oncogenes, and the appearance of 

multiple DSBs (Kisurina-Evgenieva et al., 2016). 

One of these disturbances leads to the formation of the double minute (DM) micronuclei. 

DM chromosomes are small, circular fragments of DNA that occur extrachromosomally, and play 

an important role in tumour genetics. These DM chromosomes mostly contain genes that are 

amplified. These DM chromosomes are formed in response to the structural rearrangements of 

chromosomes, such as chromothripsis, after which the pieces are joined together in a circular matter 

(Stephens et al., 2011; Holland & Cleveland, 2012). Most DM chromosomes have increased copies 

of oncogenes, which contributes to the proliferative activity of tumour cells (Stephens et al., 2011). 

The DM micronucleus emerges as a result of the occurrence of these DM chromosomes. It is 

suggested that the occurrence of DM micronuclei can be a mechanism to exclude DM chromosomes 

from the cell (Shimizu et al., 2000; Shimizu et al., 2007). DM chromosomes occur at the periphery 
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of the nucleus during interphase, where they can pass through a lamina break, and get included into 

a nuclear bud. This bud is a precursor for micronucleus formation, including the DM chromosomes. 

This suggests that these DM micronuclei that are formed during interphase have irregular nuclear 

envelopes that restrict them in their functional activity (Utani et al., 2011). These micronuclei can 

be degraded in the cell (Terradas et al., 2010) or extruded out of the cell (Shimizu et al., 2000). 

Nuclear blebbing also produces another type of micronuclei in interphase cells. These 

micronuclei enclose DNA fragments that are damaged. Treatment with radiation results in many 

DSBs. The damaged DNA is positive for histone γH2AX, and 24 h after treatment, many 

micronuclei test positive for γH2AX (Medvedeva et al., 2007). This can be seen as indirect proof 

that these micronuclei are formed as a result of nuclear blebbing (Kisurina-Evgenieva et al., 2016). 

It is suggested that enclosing damaged DNA fragments in micronuclei is associated with failing 

DNA repair mechanisms and cell cycle checkpoints. When this fails, the damaged DNA is included 

into a micronucleus, and subsequently degraded by autophagy (Terradas et al., 2010). 

3.3 Nuclear Envelope 

The nuclear envelope is formed from an association of endoplasmic reticulum membranes with 

chromatin followed by fusion of the endoplasmic reticulum sheets in late anaphase and telophase 

(Anderson & Hetzer, 2008; Lu et al., 2011). This formation requires the recruitment of proteins, 

which eventually form the major structures of the envelope such as nuclear pore complexes, nuclear 

lamina for envelope stabilisation, and the proteins for the inner nuclear membrane (Burke & 

Ellenberg, 2002). The inner nuclear membrane proteins bring the endoplasmic reticulum to the 

chromatin, and connect the lamina to the membrane (Gant & Wilson, 1997). The nuclear envelope 

is crucial to chromatin organisation in the main nucleus, as it determines the compactness, 

functional activity and structural organisation of chromatin. These factors are influenced by proteins 

that are involved in the structure maintenance, and the transport between the nucleus and the 

cytoplasm (Kisurina-Evgenieva et al., 2016). 
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Terradas et al. reported that the capacity to replicate DNA differed among micronuclei in 

cells. Almost half of the micronuclei that were formed in response to irradiation in human 

lymphocyte cells were able to replicate their DNA. However, only 9% of the micronuclei in human 

fibroblast cells had this capacity after exposure to radiation (Obe et al., 1975; Terradas et al., 2009). 

DNA replication in micronuclei can occur asynchronously relative to the replication of the main 

nuclear DNA. Delayed replication is thought to be caused by a reduction in the number of nuclear 

pores and deficiencies in the transport of proteins between the micronucleus and the cytoplasm. The 

integrity of the nuclear envelope is necessary to ensure the access of macromolecules to the genome 

inside the envelope. 

Undamaged micronuclei may also show dysfunctions in the recruitment of proteins 

involved in DNA replication and repair (Crasta et al., 2012; Terradas et al., 2012). Micronuclei 

show similarities with the main nucleus; however, the nuclear lamina is not properly organised 

(Hatch et al., 2013). As a consequence, the nuclear envelope collapses, and functioning of the 

undamaged micronuclei are affected, because the changes in lamin B1 organisation impair 

transcription and replication in the main nucleus (Spann et al., 1997; Spann et al., 2002; Tang et al., 

2008). Hatch et al. identified that the disruption of the micronucleus causes an accumulation of 

damaged DNA (Hatch et al., 2013). It was suggested that damaged DNA in the micronucleus is an 

outcome of a deficient replication event (Xu et al., 2011; Crasta et al., 2012). DNA replication 

sensitises an intact micronucleus to DNA damage that is triggered by micronuclear disruption. The 

deficiencies in transcription and genomic replication, as well as damaged DNA, can all contribute 

to aneuploidy in different ways. Defective transcription can lead to a short-term aneuploidy in 

interphase cells. If segregated chromatin encodes crucial regulators for mechanisms involved in 

genomic stability, it could lead to permanent genome alterations. Furthermore, deficiencies in 

replication can lead to the entry into mitosis, with irregular amounts of DNA causing the daughter 

cells to be aneuploid (Terradas et al., 2009; Crasta et al., 2012; Hatch et al., 2013). Damaged DNA 

in micronuclei might lead to DNA shattering in interphase and mitosis. DNA fragments are believed 
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to be reassembled randomly, leading to massive genomic rearrangements, through a process called 

chromothripsis (Stephens et al., 2011; Crasta et al., 2012). It is shown that there is a clear association 

between the collapse of the nuclear envelope in the micronucleus, and an increase in the amount of 

DNA damage (Hatch et al., 2013). This will lead to the pulverisation of the immature condensed 

chromosomes when cells enter mitosis. This pulverisation is accompanied by several DSBs and 

chromothripsis (Crasta et al., 2012). 

The formation of one type of micronuclei can lead to the production of other types of 

micronuclei in the subsequent cell cycle. In this case, the newly formed micronucleus is likely to 

contain a nuclear envelope with fewer than normal nuclear pores, which leads to the deregulation 

of the nuclear-cytoplasmic transport. These micronuclei will undergo delayed genomic replication 

compared with the main nucleus, and will continue through the G2 phase (Crasta et al., 2012). 

However, these micronuclei are likely to constitute the basis for the formation of premature 

condensed chromosomes. Mitotic entrance with DNA that is not completely replicated results in 

the development of various micronuclear DSBs or chromothripsis, which can lead to amplification 

of the genome and formation of DM micronuclei (Meyerson & Pellman, 2011; Crasta et al., 2012). 

The asynchronous replication observed in micronuclei is likely due to a disrupted nuclear 

envelope that affects the intake of proteins required for DNA replication (Hatch et al., 2013; 

Terradas et al., 2016). Another factor that may delay DNA replication is damaged DNA, which 

could potentially be amplified if a cell enters mitosis. In experiments using cultured M059K cells, 

almost 50% of the micronuclei contained histone γH2AX, which suggests that these micronuclei 

had damaged DNA (Figure 2) (Lewis & Golsteyn, 2016). The damage signal was linked to DNA 

replication, because the frequency of histone γH2AX positive micronuclei was reduced when DNA 

replication was blocked. An increase in histone γH2AX positive micronuclei could be induced by 

treating cells with cisplatin. This suggests that the asynchronously DNA replication of the main 

nucleus and the micronucleus may be the cause of continuous DNA damage. 
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Micronuclei in normal cells, and in some cancer cells, can result in a p53-mediated cell 

cycle arrest followed by apoptotic cell death (Kisurina-Evgenieva et al., 2006; Apraiz et al., 2011). 

However, there is evidence that cancer cells have the ability to exclude micronuclei (Fenech et al., 

2011; Luzhna et al., 2013), which can promote survival when cells are treated with chemotherapy 

(Kisurina-Evgenieva et al., 2016). In p53 wildtype cancer cells, the exclusion of the micronucleus 

can result in the stimulation of the cell cycle and tumour development. Genetic alterations drive 

aneuploidy and genomic instability, which in turn promote the cancer configuration. Micronuclei 

are found to be major contributors to genomic instability and genomic rearrangements (Kisurina-

Evgenieva et al., 2016). 
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Figure 2. Micronuclei can signal damaged DNA independently of a main nucleus. HT-29 
cells that survived checkpoint adaptation were cultivated. Cells were then fixed, stained with 

DAPI to identify nuclei and micronuclei, and treated with antibodies to histone γ-H2AX to detect 
damaged DNA. The arrow points to a micronucleus that is positive for damaged DNA, whereas 
the main nuclei do not signal damaged DNA. For further information, see Lewis and Golsteyn 

(Lewis & Golsteyn, 2016). 
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4. Checkpoint Adaptation and Micronuclei 

Chang et al. identified that cells that underwent checkpoint adaptation after treatment with 

genotoxic agents contained increased levels of micronuclei (Chang et al., 1999). This relationship 

was found in fibrosarcoma cells (HT1080). The genotoxic agents, doxorubicin, aphidicolin, 

cisplatin, etoposide, vincristine, cytarabine and γ-irradiation, were tested at concentrations that 

induced 85% growth inhibition after 4 days of continuous exposure. Notably, the treated cells 

showed a 45–66% increase in the number of micronuclei (Chang et al., 1999). Lewis and Golsteyn 

(2016) demonstrated that glioblastoma cells treated with 30 µM cisplatin underwent checkpoint 

adaptation and had an increased number of micronuclei per cell, more cells that contained 

micronuclei, and an increased number of nucleoplasmic bridges. These micronuclei persisted for at 

least 8 days after treatment (Lewis & Golsteyn, 2016). Inhibition of Chk1 allowed more cells to 

enter mitosis with damaged DNA (Mak et al., 2015), and led to more cells having micronuclei when 

compared with cells that were treated with only a genotoxic agent. Finally, preventing checkpoint 

adaptation by co-treatment with a Cdk1 inhibitor reduced the number of cells that had micronuclei. 

These findings suggest that checkpoint adaptation is linked to the presence of micronuclei (Lewis 

& Golsteyn, 2016). The notion that HT-29 cells showed an increased number of micronuclei when 

deficient for Chk1 supports the previous observation (Petsalaki et al., 2014). These micronuclei, 

which possess a nuclear lamina, were able to replicate their genome independently and 

asynchronously compared with the main nucleus (Okamoto et al., 2012; Lewis & Golsteyn, 2016). 
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5. Chromothripsis  

Stephens et al. first described chromothripsis in 2010 by identifying the event whereby hundreds of 

rearrangements occur in the genome (Stephens et al., 2011). It is a one-off catastrophic incident in 

which hundreds of extensive genomic rearrangements occur to one or few chromosomes after the 

random reattachment of the pulverised chromosomes. It is seen in about 3% of all cancers (Stephens 

et al., 2011), especially in brain and bone tumours (Storchova & Kloosterman, 2016). In the 

majority of the cases, chromothripsis will lead to cell death, but it is suggested that cells that survive 

do so because they have acquired a selection advantage due to their extensively altered genomes. 

These cells are characterised by three different advantageous genomic modifications: the loss of 

tumour suppressor genes, the gain of function oncogenes, and/or the formation of fusion genes. 

Chromothripsis can create mutations that can promote cancer development (Rode et al., 2015). 

Neuroblastoma, several myelomas, melanoma, and acute myeloid leukemia all show poor disease 

outcomes that are strongly associated with chromothripsis (Magrangeas et al., 2011; Molenaar et 

al., 2012; Rausch et al., 2012; Hirsch et al., 2013). 

Crasta et al. studied micronuclei in cancer cells and found that DNA in these micronuclei 

was damaged during its replication. They also found that 7.6% of micronuclei contained pulverised 

chromosomes (Crasta et al., 2012). This pulverisation is part of a phenomena called chromothripsis. 

Micronuclei are proposed to be one of the main factors that cause chromothripsis (Zhang et al., 

2015). In 2015, Zhang et al. provided a first indication of how chromothripsis can be acquired by 

using live cell imaging and single cell genome sequencing. They suggested that the enclosure of 

chromosomes in micronuclei is an important factor that contributes to the acquisition of the DNA 

lesions seen in chromothripsis (Zhang et al., 2015). These micronuclei are a result of cell division 

defects, and it was shown that whole chromosomes encapsulated in micronuclei acquire DNA 

damage. Subsequently, damaged chromosomes can re-enter daughter nuclei, and possibly integrate 

mutations into the genome (Crasta et al., 2012). Chromosomes in micronuclei are under-replicated, 

and accumulate damaged DNA (Crasta et al., 2012; Hatch et al., 2013). This under-replication of 
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chromosomes in the micronucleus causes an asymmetry in DNA copy number between the daughter 

nuclei, what identifies the missegregated chromosome and leads to de novo chromosome 

missegregation. This notion provides evidence for the suggestion that the rearrangements seen in 

micronucleated cells after division occur on the chromosome that is encapsulated in the 

micronucleus. Another piece of evidence is that only the missegregated chromosome accumulated 

chromosomal rearrangements after the division of the micronucleated cell. This feature has never 

been observed in normally segregated chromosomes after division in micronucleated cells, as well 

as control cells. To conclude, rearrangements are correlated with the chromatid that has been 

identified by the gained haplotype in the micronucleus (Zhang et al., 2015). 

This intrachromosomal phenomenon, along with the encapsulation of one or more 

chromosomes into a micronucleus, affects genomic structure. This can result in translocations 

between the encapsulated chromosomes. Zhang et al. suggest that the reassembly of DNA 

fragments in a micronucleus can produce ring structures whose formation might be associated with 

chromothripsis. These ring structures are seen in a number of human cancers with missegregated 

chromosome origins (Garsed et al., 2014; Zhang et al., 2015). The formation of ring structures from 

fragmented chromosomes is a possible mechanism that is responsible for the production of double 

minute chromosomes (Carroll et al., 1988), which have been linked to chromothripsis (Zhang et al., 

2013). 

A consequence of chromothripsis is the loss of chromosomes fragments (Stephens et al., 

2011). However, the precise mechanism is not yet understood. Research by Zhang et al. reported 

that the chromatid can indeed be shattered, with the distribution of DNA pieces between the 

daughter nuclei. Loss of DNA fragments was explained by the separation of these fragments into 

daughter nuclei that did not expand and did not become part of the final cell culture (Zhang et al., 

2015). 
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Mechanisms That Might Lead to Chromothripsis 

The mechanism that is proposed to be most plausible for chromosome pulverisation in micronuclei 

is entrance into mitosis before the DNA in the micronucleus has been completely replicated (Liu et 

al., 2011; Liu et al., 2012; Kinsella et al., 2014). The nuclear envelope of a micronucleus fails to 

disassemble during mitosis, which is crucial to maintain chromosome fragments. The nuclear 

envelope can be maintained because mitotic Cdks are unable to enter the micronucleus, nor 

phosphorylate lamins that are required for the disassembly of the nuclear envelope (Crasta et al., 

2012). If the nuclear envelope of the micronucleus disassembles in mitosis, fragments would enter 

the cytoplasm and would be lost. This failure to disassemble leads to the segregation of intact nuclei 

to one of the daughter cells. The micronucleus then keeps these chromosome fragments enclosed 

in a compartment until the following cell cycle. It is suggested that the persistence of a micronucleus 

into the second interphase after its formation provides a repair mechanism to ligate the fragments 

that were formed randomly by incomplete DNA replication, and form rearranged chromosomes 

(Holland & Cleveland, 2012). 

Pulverised and rearranged chromosomes can be reincorporated in the main nucleus to 

contribute to genomic instability, and thus cancer promotion. Although the fate of the micronucleus 

is still unknown, it is suggested that these micronuclei are excluded from the cell, degraded, or 

reincorporated in the main nucleus. The first two options result in the loss of these chromosomes, 

but the third option gives rise to genomic rearrangement (Crasta et al., 2012; Zhang et al., 2015). 
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6. Pharmacological Inhibition of Checkpoint Adaptation 

There is now sufficient information available to test pharmacological approaches that can target 

adaptation to checkpoints in cancer cells. One of the checkpoints targeted is the spindle assembly 

checkpoint (SAC). The anaphase-promoting complex (APC) can be inhibited by a small molecule 

tosyl-L-arginine methyl ester (TAME) that displaces the IR tail of Cdc20 or Cdh1. It is suggested 

that the prodrug, proTAME, prevents the inactivation of SAC (Zeng et al., 2010). Another approach 

that is being investigated is the inhibition of the anaphase-promoting complex/cyclosome (APC/C). 

APC/C is an ubiquitin ligase that triggers the metaphase–anaphase shift and mitotic exit through 

the ubiquitin-dependent destruction of proteins such as securin and cyclin B1. The small molecule 

Apcin binds to Cdc20, and inhibits the APC/C-dependent proteolysis and mitotic exit by disrupting 

the interaction between the APC/C and Cdc20, which prevents the ubiquitination of D-box-

containing substrates (Sackton et al., 2014). Anti-microtubule cancer drugs (AMCDs) can also be 

used to prevent mitotic exit with deformed spindles by targeting the Fcp1–Wee1–Cdk1 axis. During 

mitotic arrest induced by AMCDs, Fcp1 activates Wee1 by dephosphorylation, which in turn lowers 

the Cdk1 activity. This results in a weakened SAC-dependent mitotic arrest, and thus promotes 

mitotic exit and survival. The inhibition of Wee1 strengthens the SAC and extends mitosis, hence 

enhancing AMCD-induced cell death (Visconti et al., 2015). 

Another checkpoint that is being targeted is the G2/M-checkpoint. One approach is 

targeting the DNA damage response (DDR). This response regulates DNA damage repair and 

signaling to cell cycle checkpoints (Hanahan & Weinberg, 2011). The dysregulation of the DDR 

has been associated with cancer, as it alters the response to DNA, damaging anti-cancer therapies. 

If a DNA repair pathway fails, its function might be taken over by another DDR pathway, which 

may be increased, and supports resistance to DNA damaging agents. The ATM and ATR pathways 

signal DNA damage and have multiple downstream targets. Therefore the inhibition of checkpoints 

is suggested to sensitise DNA-damaging agents. This can be done with an ATM inhibitor such as 

KU55933, Wee1, and Cdc25 inhibitors, or Chk1 inhibitor UCN-01. More recently two novel ATR 
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inhibitors, VE-821 and NU6027, have been identified to sensitise cells to various DNA damaging 

agents (Curtin, 2012). By inhibition of this pathway, the cells bypass the checkpoints, enter mitosis, 

and undergo mitotic catastrophe and, eventually, cell death (Visconti et al., 2016). Most of the 

inhibitors showed little impact on cell cycle distribution or viability. However, they prevented cell 

cycle arrest and increased the cytotoxicity of DNA damaging agents (Curtin, 2012). 
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7. Conclusions 

We are proposing that checkpoint adaptation, micronuclei, and chromothripsis are distinct cancer 

cell phenomena that are linked by biological steps and enhance genomic instability (Figure 3). In 

experimental models, checkpoint adaptation provides an occasion for cells to produce micronuclei. 

The micronuclei isolate a portion of the genome from the main nucleus and create conditions that 

could lead to chromothripsis. Cells have checkpoints and DNA repair mechanisms as well as death 

pathways that greatly reduce the likelihood of genomic instability; however, examples of these 

events have been observed in experimental models. Checkpoint adaptation is a more frequent 

outcome than apoptosis when pharmacological concentrations of genotoxic agents are used in 

experimental models (Swift & Golsteyn, 2016a). Although most of these cells die in mitosis, a small 

number of cells survive and generate micronuclei that are prone to DNA damage and 

chromothripsis. All of the aforementioned processes may contribute to genomic instability, and thus 

are able to promote the development of resistance against treatments. As a new expanding field, we 

require a better understanding of the biochemical pathways that participate in these events. In the 

case of checkpoint adaptation, the role of mitotic kinases such as Cdk1 may be re-evaluated with a 

view on genomic instability in cancer cells. A better understanding of the acquisition of genomic 

instability in cancer cells will provide more insight in how cancer patients can be treated more 

effectively. 
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Figure 3. A schematic diagram of a relationship between checkpoint adaptation, 
micronuclei, and chromothripsis. A genotoxic treatment starts the cycle by initiating checkpoint 

adaptation. 
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CHAPTER II – MANUSCRIPT RESEARCH PAPER 

Cancer cells that survive checkpoint adaptation (mitosis with damaged DNA) 

acquire major chromosomal rearrangements 

1. Introduction 

One of the hallmarks of cancer is genomic instability (Hanahan & Weinberg, 2011). Genomic 

instability can contribute to tumour heterogeneity, treatment resistance and poor patient outcomes 

and relapse. The tumour genomes of hundreds of patients with solid tumours have been sequenced 

by The Cancer Genome Sequencing Atlas project and showed that all tumours presented a different 

DNA sequence and chromosome organization. The cause of this variation is not known, however, 

it is suggested that it is caused by genomic instability (Network, 2008, 2012). A form of genomic 

instability is chromosome instability (CIN). CIN is considered a defect that includes gains or losses 

of whole chromosomes (numerical) (Tanaka & Hirota, 2016) and/or rearrangements, or gain or 

losses, of fractions of chromosomes (structural) (McClelland, 2017). These chromosomal changes 

might favour carcinogenesis and affect therapeutic response to anti-cancer agents (Birkbak et al., 

2011; Bakhoum & Compton, 2012a; Tanaka & Hirota, 2016; McClelland, 2017). Therefore, a better 

understanding of how CIN and genomic complexities arise is needed (Vargas-Rondon et al., 2017). 

One of the proposed mechanisms through which chromosome instability can arise is 

through checkpoint adaptation (Hunter et al., 2006; Ding et al., 2012; Lewis & Golsteyn, 2016). 

Checkpoint adaptation is a process in which cancer cells treated with a pharmacological 

concentration of a genotoxic agent arrest in G2/M phase, overcome the arrest and enter mitosis with 

damaged DNA (Toczyski et al., 1997; Syljuasen et al., 2006; Swift & Golsteyn, 2018). Histone 

γH2AX signals damaged DNA, which is activated by DNA damage kinases ATM/ATR. In 

addition, ATM/ATR phosphorylates checkpoint kinase 1 (Chk1) (Jazayeri et al., 2006), preventing 

the activation of  the mitotic enzyme Cdk1, through the activation of Wee1 (Rothblum-Oviatt et al., 

2001) and inhibition of Cdc25C (Dalal et al., 1999). Upon genotoxic treatment, it was thought that 
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cells would die by apoptosis due to extensive amounts of damaged DNA. However, it has been 

shown that cells can undergo another cell death pathway, which is checkpoint adaptation (Kubara 

et al., 2012; Swift & Golsteyn, 2016a). Cells undergoing checkpoint adaptation show 

dephosphorylated Chk1, allowing entrance into mitosis (Kubara et al., 2012; Jiang et al., 2017).  

The majority of the cells undergoing checkpoint adaptation likely die by mitotic 

catastrophe. However, some cells are able to survive, with supposedly chromosomal changes due 

to their mitotic exit with damaged DNA (Brown & Attardi, 2005), and their acquisition of 

micronuclei (Lewis & Golsteyn, 2016). However, the consequences of checkpoint adaptation in 

cancer cells are not well understood. In this study, we used the human colorectal adenocarcinoma 

HT-29 cell experimental model to study the relationship between checkpoint adaptation and 

chromosome instability. HT-29 cells have previously been reported to undergo checkpoint 

adaptation in response to pharmacological concentrations of CPT (Kubara et al., 2012). We 

observed increased chromosome instability as one of the consequences of checkpoint adaptation, 

by studying chromosome structural and numerical aberrations in cells surviving checkpoint 

adaptation. More knowledge about the outcomes of checkpoint adaptation might provide insight 

into the biology behind treatment inefficiency seen in recurrent cancers.    
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2. Results 

2.1 Cells treated with CPT acquire a rounded morphology 

To induce checkpoint adaptation, we incubated HT-29 cells with 50 nM CPT, which is a 

pharmacological concentration (Rivory et al., 1997). Cells were either not treated or treated with 

50 nM CPT and observed by phase-contrast light microscopy to analyze cell rounding, which is a 

marker for checkpoint adaptation (Kubara et al., 2012; Swift, 2015), at 24 and 48 hours after 

treatment. At 24 hours after treatment, the not-treated culture had few rounded cells. In the CPT-

treated culture, nearly all cells were flat and adherent. At 48 hours after treatment, not-treated cells 

showed a similar cell morphology as those of 24 hours after treatment. By contrast, the CPT-treated 

culture showed an increase of rounded cells that was relatively large, compared to the not-treated 

culture (Figure 4A). The percentages of rounded cells in the not-treated culture were determined; 

2.7% ± 0.6% of the cells showed a rounded morphology at 24 hours after treatment, which was 

similar to the 1.8% ± 0.3% observed after 48 hours. In the CPT-treated culture at 24 hours after 

treatment, 0.8% ± 0.7% of the cells showed a rounded morphology, compared to an increase to 

11.4% ± 1% at 48 hours after treatment (Figure 4B). The increase in the number of rounded cells 

has been previously recognized as the process of checkpoint adaptation (Kubara et al., 2012).  

2.2 Cells treated with CPT stain positive for histone γH2AX and pH3 

To confirm that the rounded cells were undergoing checkpoint adaptation, we analyzed them for 

markers of damaged DNA (histone γH2AX) and mitosis (phospho-Ser10 histone H3 (pH3)). HT-29 

cells were either not treated or treated with 50 nM CPT for 48 hours, and stained with DAPI, anti-

histone γH2AX antibodies, and anti-pH3 antibodies. By immunofluorescence microscopy, we 

observed that few cells stained for histone γH2AX in the not-treated culture, compared to a large 

number of cells in the CPT-treated culture, as expected (Figure 5A). We determined that 0.5% ± 

0.1% of the cells stained for histone γH2AX in the not-treated culture, compared to 98.3% ± 0.4% 

of the cells in the CPT-treated culture (Figure 5B). By immunofluorescence microscopy, we 
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observed that few cells stained for pH3 in the not-treated culture. In the CPT-treated culture, an 

increase in the number of pH3 signals were observed compared to the not-treated culture (Figure 

5C). The percentage of cells staining for pH3 was 3.6% ± 0.3% in the not-treated culture, compared 

to 9.8% ± 1.4% in the CPT treated culture, as expected (Kubara et al., 2012) (Figure 5D). These 

observations confirmed that the cells treated with CPT have damaged DNA as they enter mitosis; 

hence, they are undergoing checkpoint adaptation. 

2.3 Some cells survive checkpoint adaptation and proliferate 

We collected cells that underwent checkpoint adaptation to be able to study the consequence of this 

phenomenon. Cells were either not treated or treated with 50 nM CPT. After 48 hours of treatment 

(TDC - total and DNA-damaged cells), a mechanical shake-off was performed to isolate the weakly 

adherent mitotic cells (MDC – mitotic and DNA-damaged cells) from the adherent flattened 

interphase cells (IDC – interphase and DNA-damaged cells). We recultivated the flattened cells 

(IDC) that remained attached after mechanical shake-off and observed that new rounded cells 

(MDC) appeared by 2 hours (Figure 6).  

The ability to isolate MDCs from other cells enabled us to isolate cells that entered 

checkpoint adaptation. With these cells (MDCs) we could answer questions about chromosomes in 

cells that survive checkpoint adaptation. For subsequent experiments, we recultivated not-treated 

and 48 hour CPT-treated MDCs to study cell fate after checkpoint adaptation. Mock-treated cells 

and checkpoint adaptation survival (CAS) cells were observed by time-lapse light microscopy at 

the day of cell collection (0 d), 1, 2, 3, 6 and 10 days after checkpoint adaptation. We observed that 

mock-treated cells were able to settle in the culture flask and proliferate, forming colonies. In the 

CAS culture, we observed that cells were able to settle in the culture flask with abnormal cell 

morphologies, compared to mock-treated cells, but did not proliferate until day 6 of recultivation. 

We observed that the majority of CAS cells showed a multinuclear state at day 1, 2, and 3 of 



33 
 

recultivation, compared to the mononucleated mock-treated cells. After 6 days of recultivation of 

CAS cells, we observed cell morphologies similar to those of the mock-treated culture (Figure 7).  

The number of cells that were able to survive after recultivation was determined. Not-treated 

and CPT-treated MDCs recultivated at 0 d were counted as well as the number of cells that survived 

for 10 days after recultivation. We determined that 59.8% ± 8.8% of not-treated MDCs were able 

to survive. By contrast, 1.9% ± 0.3% of CPT-treated MDCs survived checkpoint adaptation, as 

expected (Kubara et al., 2012) (Figure 8A). By phase-contrast light microscopy, we determined the 

number of CAS cells that showed abnormalities in the nucleus compared to the mock-treated culture 

(Figure 7). The percentages of multinucleated and mononucleated cells per culture were determined 

for 10 days. The mock-treated culture had very few multinucleated cells and reached a maximum 

of 0.4% of the total population at day 1 after recultivation. The number of multinucleated cells in 

the CAS culture was high and decreased from 94.7% ± 4.6% at day 1 to 8.4% ± 6.9% at day 6 after 

recultivation, after which the cells showed a mononucleated state (Figure 8B). These data showed 

that CAS cells acquired an abnormal nuclear state. 

2.4 DNA damage signals decrease over time in survival cells 

Knowing that cells that survived checkpoint adaptation acquired abnormal nuclei as compared to 

the mock-treated culture, we suspected that these cells might contain damaged DNA. We tested for 

damaged DNA signals in these survival cells by immunofluorescence microscopy. We either not 

treated cells or treated cells with 50 nM CPT, used as a genotoxic control, for 24 hours. In parallel, 

MDCs that were not treated and CPT treated for 48 hours, were recultivated for 1, 2 and 6 days 

(CAS). Cells were stained with DAPI and anti-histone γH2AX antibodies. Images of the CAS 

cultures are shown in Figure 9A. We observed that few not-treated cells stained for histone γH2AX, 

compared to a high number of cells staining in the CPT-treated culture. In the CAS 1 culture, we 

observed that the majority of cells stained for histone γH2AX. The number of cells staining for 

histone γH2AX was decreased in the CAS 2 culture compared to the CPT-treated and CAS 1 
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culture. After 6 days of recultivation (CAS 6), the number cells staining for histone γH2AX signals 

was low, similar to the not-treated culture (Figure 9A).  

We determined the percentage of cells staining for histone γH2AX. In the not-treated and 

mock-treated cultures, the number of cells staining for histone γH2AX was approximately 2.4% ± 

2.7%. In the CPT-treated culture, 95.3% ± 1.6% of the cells stained for histone γH2AX. In the CAS 

1 culture the number of cells staining for histone γH2AX was 84.6% ± 8.2%, compared to 37.0% ± 

16.5% in the CAS 2 culture and 1.3% ± 0.8% in the CAS 6 culture (Figure 9B). These data showed 

that cells surviving checkpoint adaptation signalled damaged DNA and that these signals decreased 

over time. Based on these observations, we decided to investigate if we could detect changes in 

chromosomes of cells undergoing checkpoint adaptation (48 hours of treatment), two days after 

surviving checkpoint adaptation (at the time the majority of the histone γH2AX signals were 

reduced) and ten days after surviving checkpoint adaptation.   

2.5 Cells undergoing checkpoint adaptation show chromosome structure abnormalities 

To study chromosomal changes during checkpoint adaptation, we observed chromosome 

configuration and chromosome structures in HT-29 cells. Cells were either not treated or treated 

with 50 nM CPT for 48 hours. MDCs were collected and stained with DAPI and nucleic acid probes 

to centromeres and telomeres. By immunofluorescence microscopy, we observed different 

chromosome configurations, which we categorized as follows: SCC (shattered chromosome 

configuration), ICC (intermediate chromosome configuration; both shattered and whole 

chromosomes), and WCC (whole chromosome configuration). In not-treated cells, we observed 

whole chromosomes, with centromeres localized in the center of the chromosomes and telomeres 

localized at the tips of the chromosomes, as expected. In CPT-treated cells, we observed that the 

majority had shattered chromosomes (SCC and ICC) with abnormally localized centromeres and 

telomeres, compared to not-treated cells (Figure 10A).  
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We determined the percentage of cells that fitted into each category. In the not-treated 

culture, 100% of the cells had a WCCs, whereas in the CPT-treated culture only 3.3% ± 2.2% had 

a WCC. The percentage of CPT-treated cells with an ICC was 53.3% ± 8.5%, and 43.3% ± 8.7% 

of the cells had SCCs. Of the cells that had an SCC, we observed that 64.5% ± 9.3% had clustered 

centromeres (as shown in Figure 10; CPT – SCC) (Figure 10B). 

We then determined chromosome numbers per cell in cells that had an ICC or WCC. The 

average chromosome number per cell in the not-treated culture was 65.7 ± 0.7 with a range from 

35 to 81 chromosomes per cell. In the CPT-treated culture, the average chromosome number per 

cell was 71.7 ± 8.0, with a wide range from 26 to 154 chromosome like structures per cell (Figure 

11A). 

To study chromosome structure rearrangements in the cells undergoing checkpoint 

adaptation, we counted dicentric chromosomes and acentric chromosomes by immunofluorescence 

microscopy (Figure 10). These structural rearrangements, dicentric and/or acentric chromosomes, 

were observed in 11.8% ± 1.5% of not-treated cells and in 89.6% ± 5.8% of CPT-treated cells 

(Figure 11B). Of the not-treated cells that had structural rearrangements, we observed that 65.5% ± 

8.7% of the cells contained at least one dicentric chromosome and 42.8% ± 16.6% of the cells 

contained at least one acentric chromosome. No cells of the not-treated culture were observed to 

have both dicentric and acentric chromosomes. In the CPT-treated culture, we determined that that 

60.0% ± 15.9% of the rearranged cells contained at least one dicentric chromosomes, 100% of the 

rearranged cells contained at least one acentric chromosome and 50.0% ± 12.4% of the rearranged 

cells acquired both dicentric and acentric chromosomes (Figure 11C). On average, a not-treated 

rearranged cell contained 0.5 ± 0.2 dicentric chromosomes and 0.4 ± 0.3 acentric chromosomes. A 

CPT-treated rearranged cell contained 1.6 ± 0.8 dicentric chromosomes and 15.6 ± 7.7 acentric 

chromosomes, on average (Figure 11D). These observations of changes in the chromosome 

configuration, chromosome number and increased structural rearrangements in cells undergoing 

checkpoint adaptation, supported the notion that these cells contained chromosomal changes.  
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2.6 Cells treated with CPT show abnormal chromosome configurations 

The changes in chromosome structures in MDCs upon CPT treatment led us to ask if these cells 

contained interchromosomal rearrangements. We set to observe one chromosome, chromosome 7, 

in cells that undergo checkpoint adaptation. Chromosome 7 was chosen because of its relatively 

long length and there are four copies of it in HT-29 cells, instead of two copies as in normal cells 

(Kawai et al., 2002). Cells were either not treated or treated with 50 nM CPT for 48 hours. MDCs 

were collected and stained with DAPI and chromosome 7 specific probes. By immunofluorescence 

microscopy, we observed four chromosome 7 signals in not-treated cells on average. In CPT-treated 

cells, we observed a higher number of chromosome 7 signals, compared to not-treated cells (Figure 

12A).  

We determined the number of chromosome 7 signals per cell in each treatment and set a 

signal number threshold at 30. All cells with a higher signal number than 30 were considered to 

have a score of 30 to calculate the mean. We confirmed that not-treated cells contained 4.0 ± 0.1 

chromosomes 7 signals per cell on average, as expected, with a range from 2 to 6 signals. Strikingly, 

we determined 19.6 ± 1.1 chromosome 7 signals per cell on average, in the CPT-treated culture, 

supporting the shattered and intermediate chromosome configuration. In this culture, the 

chromosome 7 signal number was widely distributed between 0 and 30 (Figure 12B). These data 

showed that cells undergoing checkpoint adaptation have a shattered and intermediate chromosome 

configuration, as confirmed by chromosome 7 staining.  

2.7 CAS 2 cells acquire chromosome structure rearrangements 

Knowing that cells undergoing checkpoint adaptation had chromosomal changes and that damaged 

DNA signals decreased over time, we asked whether cells surviving checkpoint adaptation still 

contained chromosomal changes. To study this, we recultivated MDCs of not-treated and CPT-

treated cells for two days. Mitotic cells were collected from the mock-treated (mock-treated 2) and 

checkpoint adaptation survival (CAS 2) culture and stained with DAPI and with nucleic acid probes 
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to centromeres and telomeres. By immunofluorescence microscopy, we observed a WCC in the 

mock-treated culture, with centromeres localized in the center of the chromosomes and telomeres 

localized at the tips of the chromosomes, as expected. In CAS 2 culture, we observed that some 

cells contained shattered chromosomes (SCC or ICC), but the majority showed a WCC. 

Chromosomes of the cells in this culture showed abnormalities in their localization of centromeres 

and telomeres, compared to mock-treated cells (Figure 13A).  

We determined the percentages of cells that fitted into the following configuration 

categories: SCC, ICC or WCC. In the mock-treated culture, 100% of the cells had a WCCs, 

compared to 69.6% ± 8.6% in the CAS 2 culture. The percentage of CAS 2 cells with an ICC was 

26.0% ± 8.6%, and 4.4% ± 0.8% of the cells had SCCs. Of the cells that showed an SCC, we 

observed that 40.7% ± 5.5% had clustered centromeres. 

We then counted chromosome numbers per cell in cells that had an ICC or WCC and 

observed that the average chromosome number per cell in the mock-treated culture was 67.7 ± 0.5 

with a range from 38 to 80 chromosomes per cell. In the CAS 2 culture, the average chromosome 

number per cell was 38.8 ± 2.2, with a wide range from 8 to 128 chromosome like structures per 

cell (Figure 14A).  

Structural rearrangements of chromosomes (i.e. dicentric and acentric chromosomes) were 

observed in 12.2% ± 0.4% of the cells in the mock-treated culture and in 86.3% ± 3.0% of the cells 

in the CAS 2 culture (Figure 14B). Of the mock-treated with structural rearrangements, we observed 

that 76.6% ± 14.5% of the cells contained at least one dicentric chromosome, 30.0% ± 10.0% of 

the cells contained at least one acentric chromosome, and 6.7% ± 6.7% of the cells contained both 

dicentric and acentric chromosomes. In the CAS 2 culture, we determined that that 71.9% ± 2.1% 

of the rearranged cells contained at least one dicentric chromosome, 77.3% ± 11.8% of the 

rearranged cells contained at least one acentric chromosome and 52.5% ± 12.7% of the rearranged 

cells contained both dicentric and acentric chromosomes (Figure 14C). On average, a mock-treated 

rearranged cell contained 0.8 ± 0.1 dicentric chromosomes and 0.3 ± 0.1 acentric chromosomes. A 
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CAS 2 rearranged cell contained 1.2 ± 0.2 dicentric chromosomes and 4.2 ± 1.4 acentric 

chromosomes, on average (Figure 14D). These data confirmed that cells that survived checkpoint 

adaptation for two days had readily observable structural and numerical chromosome changes, 

compared to mock-treated cells. 

2.8 CAS 2 cells show abnormal chromosome configurations  

We then investigated whether cells that survived for two days after checkpoint adaptation had 

interchromosomal rearrangements in chromosome 7. Cells were either not treated or treated with 

50 nM CPT for 48 hours. MDCs were recultivated for two days. Mitotic mock-treated and CAS 2 

cells were collected by mechanical shake-off and stained with DAPI and chromosome 7 specific 

probes. By immunofluorescence microscopy, we observed four chromosome 7 signals in mock-

treated cells on average (Figure 15A). We determined the number of chromosome 7 signals per cell 

survival culture and set a signal number ceiling at 30. All cells with a higher signal number than 30 

were considered to have a score of 30 to calculate the mean. We confirmed that mock-treated cells 

contained 4.0 ± 0.1 chromosomes 7 signals per cell on average, as expected, with a range from 3 to 

5 signals. We determined 7.6 ± 0.1 chromosome 7 signals per cell on average, in the CAS 2 culture, 

which were widely distributed between 0 and 30 signals (Figure 15B).  

Interchromosomal rearrangements and/or chromosome 7 signal number rearrangements 

(chromosome 7 signals different from four) were observed in 20.5% ± 5.6% of mock-treated cells 

and in 85.6% ± 7.2% of CAS 2 cells (Figure 15C). These data showed that, in addition to structure 

rearrangements, chromosomes had interchromosomal rearrangements at two days after checkpoint 

adaptation. 

2.9 CAS 10 cells have a lower chromosome number per cell than mock-treated cells 

Next, we studied the chromosomes of cells that survived checkpoint adaptation for ten days. Mitotic 

cells were collected from the mock-treated and checkpoint adaptation survival (CAS 10) culture 

and stained with DAPI and with nucleic acid probes to centromeres and telomeres. By 
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immunofluorescence microscopy, we observed a whole chromosome configuration, with 

centromeres localized in the center of the chromosomes and telomeres localized at the tips of the 

chromosomes, as expected, in the mock-treated culture. In CAS 10 culture, cells showed a similar 

chromosome configuration, and centromere and telomere localization as the mock-treated culture 

(Figure 16A). We determined the percentages of cells that fitted into the following configuration 

categories: SCC, ICC or WCC. In the mock-treated culture, 100% of the cells had a WCC. In the 

CAS 10 culture, 99.2% ± 0.8 of the cells had a WCC and the remaining cells had an ICC (Figure 

16A).  

We counted the number of chromosomes per cell and observed that the average 

chromosome number in mock-treated cells was 68.5 ± 0.6, with a distribution from 42 to 74 

chromosomes. In the CAS 10 culture, the average chromosome number per cell was 51.1 ± 2.3, 

with a distribution from 7 to 72 chromosomes per cell (Figure 17A).  

Structural rearrangements of chromosomes, dicentric and acentric chromosomes, were 

observed in 11.6% ± 1.6% of the cells in the mock-treated culture and in 18.7% ± 2.4% of the cells 

in the CAS 10 culture (Figure 17B). Of the cells that had structural rearrangements, we observed 

that in the mock-treated culture 23.3% ± 14.5% of the cells contained at least one dicentric 

chromosome, 57.5% ± 3.8% of the cells contained at least one acentric chromosome, and no cells 

contained both dicentric and acentric chromosomes. In the CAS 10 culture, we determined that 57.5 

± 3.8% of the rearranged cells contained at least one dicentric chromosome, 57.5% ± 10.9% of the 

rearranged cells contained at least one acentric chromosome, and 15.0% ± 7.6% of the rearranged 

cells contained both dicentric and acentric chromosomes (Figure 17C). On average, a mock-treated 

rearranged cell contained 0.2 ± 0.1 dicentric chromosomes and 0.8 ± 0.1 acentric chromosomes. A 

CAS 10 rearranged cell contained 0.6 ± 0.0 dicentric chromosomes and 0.7 ± 0.1 acentric 

chromosomes, on average (Figure 17D). These data showed that cells that survived checkpoint 

adaptation after ten days had fewer chromosomes than mock-treated cells, however, the percentage 
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of cells with chromosome structure rearrangements and the number of rearrangements (i.e. dicentric 

and acentric chromosomes) per cell were comparable to those of the mock-treated culture. 

2.10 CAS 10 cells show chromosome 7 rearrangements 

At day ten after checkpoint adaptation survival, cells showed similar levels of chromosome 

structure rearrangements as the mock-treated culture. We then asked if chromosome 7 signals were 

also similar in both cultures, by staining mitotic mock-treated and CAS 10 cells with DAPI and 

chromosome 7 specific probes. By immunofluorescence microscopy, we observed 4 chromosome 

7 signals in mock-treated cells on average. In CAS 10 cells, we observed interchromosomal 

rearrangements and a lower number of chromosome 7 signals, compared to mock-treated cells. 

(Figure 18A). We determined the number of chromosome 7 signals per cell survival culture. We 

confirmed that mock-treated cells contained 4.0 ± 0.1 chromosomes 7 signals per cell on average, 

as expected, with a range from 3 to 6 signals. We determined 2.9 ± 0.3 chromosome 7 signals per 

cell on average, in the CAS 10 culture, which were distributed between 0 and 9 signals (Figure 

18B). Interchromosomal rearrangements and/or chromosome 7 signal number rearrangements 

(chromosome 7 signals different from 4) were observed in 18.5% ± 1.9%  of mock-treated cells and 

in 78.3% ± 4.6% of CAS 10 cells (Figure 18C). These data showed that cells, after ten days 

surviving checkpoint adaptation, had increased numbers of interchromosomal rearrangements of 

chromosome 7 and chromosome 7 signal number abnormalities, compared to mock-treated cells.  

2.11 Confirmation of the outcomes of checkpoint adaptation in a second cell line 

We then investigated whether our observations about the consequences of checkpoint adaptation 

upon chromosomes in HT-29 cells extended to a second, unrelated cell line, M059K. M059K cells 

were either not-treated or treated with 50 nM CPT for 72 hours to induce checkpoint adaptation. 

By phase-contrast light microscopy, we observed a cell morphology in the CPT-treated culture that 

was similar to that of not-treated cells at 24 and 48 hours after treatment. Few rounded cells were 

observed. At 72 hours after treatment, we observed an increase in number of rounded cells in the 
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CPT-treated culture, compared to not-treated cells, indicating checkpoint adaptation (Figure 19A). 

We determined that the number of rounded cells in the not-treated culture was approximately 2% ± 

0.3% at all time points. In the CPT-treated culture we observed 0.6% ± 0.1%, 2.8% ± 0.3% and 

5.8% ± 1.3% rounded cells, at 24, 48 and 72 hours after treatment, respectively (Figure 19B). These 

data confirmed that M059K cells can undergo checkpoint adaptation, as previously reported 

(Kubara et al., 2012; Lewis & Golsteyn, 2016).  

To study whether M059K cells that undergo checkpoint adaptation had damaged 

chromosomes, we looked at the chromosome configuration in either not-treated or 72 hour CPT-

treated cells. MDCs were collected by mechanical shake-off and stained with DAPI. By 

immunofluorescence microscopy, we observed a whole chromosome configuration in not-treated 

cells. In the CPT-treated culture, few cells with a whole chromosome configuration were observed 

and the majority of the cells contained shattered chromosomes (Figure 20A). We determined the 

chromosome configuration of both cultures and categorized them into SCC, ICC and WCC, as we 

had done for HT-29 cells. In the not-treated culture, 97.8% ± 2.2% of the cells had a WCC and the 

remaining 2.2% ± 2.2% of the cells had an ICC. In the CPT-treated culture, 4.5% ± 2.2% of the 

cells showed a WCC, 53.3% ± 1.9% showed an ICC, and 42.2% ± 1.1% of the cells showed an 

SCC (Figure 20B). These data were similar to those obtained from the experiments using the HT-

29 cell line and revealed that CPT treatment changed the chromosome configuration in M059K 

cells. 

We then determined whether the cells surviving checkpoint adaptation for four days had 

chromosomal changes. M059K cells have a longer cell cycle duration than HT-29 cells, therefore 

we recultivated these cells for four days instead of the two days as in HT-29, which allowed both 

cell lines to pass through two cell cycles before analysis. The cells were either not treated or treated 

with 50 nM CPT for 72 hours. MDCs were collected and recultivated for four days. Mitotic mock-

treated and CAS 4 cells were collected by mechanical shake-off and stained with DAPI and 

chromosome 7 specific probes. By immunofluorescence microscopy, we observed 4 chromosome 
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7 signals on average in the mock-treated culture, with few cells showing interchromosomal 

rearrangements. In the CAS 4 culture, we observed an increase in the signal number and a decrease 

in the signal size, indicating broken chromosomes, and an increase of interchromosomal 

rearrangements compared to mock-treated cells (Figure 21A). We determined that mock-treated 

cells contained 4.4 ± 0.1 chromosome 7 signals per cell, on average, compared to 16.1 ± 1.6 signals 

in the CAS 4 culture. The signal number in the CAS culture was widely distributed between 2 and 

more than 30 signals per cell, compared to a range from 2 to 8 in the mock-treated culture (Figure 

21B). These data acquired from a second cell line, M059K, were similar in trend as those using the 

HT-29 cell line.   
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Figure 4. Cells treated with CPT acquire a rounded morphology. (A) HT-29 cells were either 
not treated (NT) or treated with 50 nM CPT (CPT) and observed by phase-contrast light 
microscopy at 24 and 48 h. Scale bar = 100 µm. (B) Cells were prepared and analyzed as 

described in A. The percentages of rounded cells were determined and compared between not-
treated (NT) and CPT-treated (CPT) cultures at 24 and 48 h, and within treatments between time 

points. The mean percentages from three separate experiments ± standard error of the mean 
(SEM) are shown. The asterisks show significant differences, p < 0.05.  
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Figure 5. Cells treated with CPT have damaged DNA and enter mitosis. (A) HT-29 cells were 
either not-treated (NT) or treated with 50 nM CPT (CPT) for 48 h, and stained with DAPI (blue) 

to detect DNA and with anti-histone γH2AX antibodies (green). Cells were analyzed by 
immunofluorescence microscopy. Scale bar = 100 µm. (B) Cells were prepared and analyzed as 

described in A. The percentages of cells staining for histone γH2AX were determined for the not-
treated (NT) and CPT-treated (CPT) culture, at 48 h. The mean percentages ± SEM from three 
separate experiments are shown. The asterisk shows significant difference, p < 0.05. (C) HT-29 
cells were either not-treated (NT) or treated with 50 nM CPT (CPT) for 48 h, and stained with 

DAPI (blue) to detect DNA and with anti-phospho-Ser10 histone H3 antibodies (pH3 – red). Cells 
were analyzed by immunofluorescence microscopy. Scale bar = 100 µm. (D) Cells were prepared 

and analyzed as described in C. The percentage of cells staining for phospho-Ser10 histone H3 
(pH3) was determined for the not-treated (NT) and CPT-treated (CPT) culture, at 48 h. The mean 

percentages ± SEM from three separate experiments are shown. The asterisk shows significant 
difference, p < 0.05.  
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Figure 6. Cells that undergo checkpoint adaptation acquire a rounded morphology and can 
be collected by mechanical shake-off. HT-29 cells were treated with 50 nM CPT and observed 
by phase-contrast light microscopy. At 48 hours after treatment, the population of cells (TDC- 

total and DNA-damaged cells) contains a mix of interphase cells and cells in mitosis with a 
rounded morphology. Rounded cells were collected by mechanical shake-off (MDC – mitotic and 

DNA-damaged cells), leaving flattened interphase cells (IDC – interphase and DNA-damaged 
cells). New rounded cells appeared within 2 h in the IDC culture (2 h post-shake-off). Scale bar = 

150 µm.  
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Figure 7. A low percentage of CPT-treated cells survive checkpoint adaptation and continue 

to proliferate. HT-29 cells were either not treated or treated with 50 nM CPT. After 48 hours, 
MDCs (mitotic and DNA-damaged cells) were collected by mechanical shake-off from the not-

treated culture (Mock-treated) and the CPT-treated culture (CAS; checkpoint adaptation survival) 
and recultivated for 10 days. Cells were observed by time-lapse light microscopy at the moment 

of cell collection (0 d), and 1, 2, 3, 6 and 10 days (d) after checkpoint adaptation. Scale bar = 150 
µm.  
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Figure 8. Cells that undergo checkpoint adaptation and survive show an abnormal nuclear 
state. (A) HT-29 cells were either not treated or treated with 50 nM CPT. After 48 hours, MDCs 
(mitotic and DNA-damaged cells) were collected by mechanical shake-off from the not-treated 
culture (Mock-treated) and the CPT-treated culture (CAS; checkpoint adaptation survival) and 
recultivated for 10 days. The percentage of cells surviving in each culture was determined. The 

mean percentages ± SEM from three separate experiments are shown. The asterisk shows 
significant difference, p < 0.05. (B) Cells were prepared and analyzed as described in A and were 
observed by time-lapse light microscopy for ten days. The percentage of cells with one nucleus 
(Mono) or more than one nuclear structure (Multi) was determined for each culture. The mean 

percentages ± SEM from three separate experiments are shown.  
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Figure 9. Damaged DNA signals decrease over time in cells that survive checkpoint 
adaptation. (A) HT-29 cells were either not treated (NT) or treated with 50 nM CPT (CPT) for 

24 h, as controls, or treated with 50 nM CPT for 48 h and collected by mechanical shake-off. The 
MDCs (mitotic and DNA-damaged cells) were recultivated and analyzed at day 1 (CAS 1), 2 
(CAS 2) and 6 (CAS 6). Cells were stained with DAPI (blue) to detect DNA and anti-histone 

γH2AX antibodies (green) and analyzed by immunofluorescence microscopy. Scale bar = 50 µm. 
(B) Cells were prepared and analyzed as described in A. The percentages of cells staining for 
histone γH2AX were determined for all cultures of A, including mock-treated cultures (NT – 

CAS 1, 2 and 6). The mean percentages ± SEM from three separate experiments are shown. The 
asterisks show significant differences between treatments within a time point, p < 0.05. The 

letters represent significant differences between time points within a treatment (NT – a, CPT – b 
and c), samples with different letters are significantly different from each other, p < 0.05. 

 

 



49 
 

Figure 10. Cells that undergo checkpoint adaptation have abnormal chromosome 
configurations. (A) HT-29 cells were either not treated (NT) or treated with 50 nM CPT (CPT) 
for 48 h. MDCs (mitotic and DNA-damaged cells) were collected and stained with DAPI, (blue) 

to detect condensed chromosomes, centromere probes (red) and telomere probes (green), and 
observed by immunofluorescence microscopy. The top panel shows one mitotic cell per 

configuration (SCC – shattered chromosome configuration, ICC – intermediate chromosome 
configuration and WCC - whole chromosome configuration). Scale bar = 25 µm. Bottom panels 

show enlargements of chromosomal structures in the above shown mitotic cell. Scale bar = 5 µm. 
(B) Cells were prepared and analyzed as described in A. The percentages of cells with a SCC, 

ICC or WCC were determined. The mean percentages ± SEM from three separate experiments are 
shown. The asterisks show significant differences between treatments within each category, p < 
0.05. The letters represent significant differences between categories within a treatment (NT – a 

and b, CPT – c and d), samples with different letters are significantly different from each other, p 
< 0.05. 
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Figure 11. Cells that undergo checkpoint adaptation have changes in chromosome number 
and chromosome structure. (A) HT-29 cells were either not treated (NT) or treated with 50 nM 
CPT (CPT) for 48 h. MDCs (mitotic and DNA-damaged cells) were collected, and stained with 
DAPI (blue) to detect condensed chromosomes, centromere probes (red) and telomere probes 

(green), and observed by immunofluorescence microscopy. The number of chromosomes per cell 
were counted and the average (black marker), minimum and maximum (whiskers) are shown by 

the boxplot. The boxplot represents data from the total of non-SCC (shattered chromosome 
configuration) cells of three separate experiments taken together (NT n=104, CPT n=20), each 
cell is represented by a dot. No significant difference between the NT and CPT was measured, 

although the range in numbers differed greatly, p < 0.05. (B) Cells were prepared and analyzed as 
described in A. The percentages of non-SCC (shattered chromosome configuration) cells with 
rearranged chromosome structures (i.e. dicentric/acentric chromosomes) were determined. The 

mean percentages ± SEM from three separate experiments are shown. The asterisk shows 
significant difference, p < 0.05. (C) Cells were prepared and analyzed as described in A. The 
percentages of rearranged cells with dicentric chromosomes, acentric chromosomes, or both 

structural rearrangements were determined. The mean percentages ± SEM from three separate 
experiments are shown. The asterisk shows significant difference between treatments within a 

specific type of rearrangement, p < 0.05. (D) Cells were prepared and analyzed as described in A. 
The average number of specific rearrangements (dicentric or acentric) per cell was determined. 
The mean number of rearrangement per cell ± SEM from three separate experiments are shown. 

No significant difference was determined between treatments, p < 0.05. 
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Figure 12. Analysis of chromosome 7 in cells undergoing checkpoint adaptation. (A) HT-29 
cells were either not treated (NT) or treated with 50 nM CPT (CPT) for 48 h. MDCs (mitotic and 

DNA-damaged cells) were collected and stained with DAPI (blue), to detect condensed 
chromosomes and chromosome 7 probes (green). Cells were observed by immunofluorescence 

microscopy. The top panel shows one mitotic cell per configuration (SCC – shattered 
chromosome configuration, ICC – intermediate chromosome configuration and WCC – whole 

chromosome configuration). Scale bar = 25 µm. Bottom panels show enlargements of 
chromosome 7 in the above shown mitotic cell. Scale bar = 5 µm. (B) Cells were prepared and 

analyzed as described in A. The number of chromosome 7 signals were counted and the average 
(black marker), minimum and maximum (whiskers) are shown in the boxplot. The boxplot 

represents data from the total of cells of three separate experiments taken together (n=120), each 
cell is represented by a dot. When cells had more than 30 chromosomes 7 signals per cell, they 

were counted as 30. The asterisk shows significant difference, p < 0.05.  
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Figure 13. Cells that survive checkpoint adaptation after two days have abnormal 
chromosome configurations. (A) HT-29 cells were either not treated or treated with 50 nM CPT 
for 48 h. MDCs (mitotic and DNA-damaged cells) were collected by mechanical shake-off and 

recultivated for two days. Mitotic mock-treated (mock-treated 2) and checkpoint adaptation 
survival (CAS 2) cells were collected by mechanical shake-off and stained with DAPI (blue), to 
detect condensed chromosomes, centromere probes (red) and telomere probes (green), and were 

observed by immunofluorescence microscopy. The top panel shows one mitotic cell per 
configuration (SCC – shattered chromosome configuration, ICC – intermediate chromosome 

configuration and WCC - whole chromosome configuration). Scale bar = 25 µm. Bottom panels 
show enlargements of chromosomal structures in the above shown mitotic cell. Scale bar = 5 µm. 

(B) Cells were prepared and analyzed as described in A. The percentages of cells with a SCC, 
ICC or WCC were determined. The mean percentages ± SEM from three separate experiments are 

shown. The asterisks show significant differences between treatments within each category, p < 
0.05. The letters represent significant differences between categories within a treatment (NT – a 

and b, CPT – c and d), samples with different letters are significantly different from each other, p 
< 0.05.  
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Figure 14. Cells that survive checkpoint adaptation after two days have abnormal 
chromosome structures. (A) HT-29 cells were either not treated or treated with 50 nM CPT for 

48 h. MDCs (mitotic and DNA-damaged cells) were collected and recultivated for two days. 
Mitotic mock-treated (mock-treated 2) and checkpoint adaptation survival (CAS 2) cells were 
collected and stained with DAPI (blue) to detect condensed chromosomes, centromere probes 

(red) and telomere probes (green), and observed by immunofluorescence microscopy. The 
number of chromosomes per cell were counted and the average (black marker), minimum and 

maximum (whiskers) are shown by the boxplot. The boxplot represents data from the total of non-
SCC (shattered chromosome configuration) cells of three separate experiments taken together 
(Mock-treated 2 n=115, CAS 2 n=60), each cell is represented by a dot. The asterisk shows 

significant difference, p < 0.05. (B) Cells were prepared and analyzed as described in A. The 
percentages of non-SCC (shattered chromosome configuration) cells with rearranged 

chromosome structures (i.e. dicentric/acentric chromosomes) was determined. The mean 
percentages ± SEM from three separate experiments are shown. The asterisk shows significant 

difference, p < 0.05. (C) Cells were prepared and analyzed as described in A. The percentages of 
rearranged cells, with dicentric chromosomes, acentric chromosomes, or both structural 

rearrangements, were determined. The mean percentages ± SEM from three separate experiments 
are shown. The asterisks show significant difference between treatments within a specific type of 

rearrangement, p < 0.05. (D) Cells were prepared and analyzed as described in A. The average 
number of specific rearrangements (dicentric or acentric) per cell was determined. The mean 

number of rearrangement per cell ± SEM from three separate experiments are shown. The asterisk 
shows significant difference, p < 0.05. 
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Figure 15. Analysis of chromosome 7 in cells that survived checkpoint adaptation after two 
days. (A) HT-29 cells were either not treated or treated with 50 nM CPT for 48 h. MDCs (mitotic 

and DNA-damaged cells) were collected and recultivated for two days. Mitotic mock-treated 
(mock-treated 2) and checkpoint adaptation survival (CAS 2) cells were collected and stained 
with DAPI (blue), to detect condensed chromosomes, and chromosome 7 probes (green). Cells 
were observed by immunofluorescence microscopy. The top panel shows one mitotic cell per 
configuration (SCC – shattered chromosome configuration, ICC – intermediate chromosome 

configuration and WCC – whole chromosome configuration). Scale bar = 25 µm. Bottom panels 
show enlargements of chromosome 7 in the above shown mitotic cell. Scale bar = 5 µm. (B) Cells 

were prepared and analyzed as described in A. The number of chromosome 7 signals were 
counted and the average (black marker), minimum and maximum (whiskers) are shown in the 
boxplot. The boxplot represents data from the total of cells of three separate experiments taken 

together (n=120), each cell is represented by a dot. When cells had more than 30 chromosomes 7 
signals per cell, they were counted as 30. The asterisk shows significant difference, p < 0.05. (C) 

Cells were prepared and analyzed as described in A. The percentages of mock-treated (mock-
treated 2) and checkpoint adaptation survival (CAS 2) cells with interchromosomal and/or 

chromosome 7 signal number rearrangements, were determined. The mean percentages ± SEM 
from three separate experiments are shown. The asterisk shows significant difference, p < 0.05.  
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Figure 16. Cells that survive checkpoint adaptation after ten days have chromosome 
configurations similar to mock-treated cells. (A) HT-29 cells were either not treated or treated 

with 50 nM CPT for 48 h. MDCs (mitotic and DNA-damaged cells) were collected by mechanical 
shake-off and recultivated for ten days. Mitotic mock-treated (mock-treated 10) and checkpoint 

adaptation survival (CAS 10) cells were collected by mechanical shake-off and stained with DAPI 
(blue), to detect condensed chromosomes, centromere probes (red) and telomere probes (green), 

and observed by immunofluorescence microscopy. The top panel shows one mitotic cell per 
culture. Scale bar = 25 µm. Bottom panels show enlargements of chromosomal structures in the 

above shown mitotic cell. Scale bar = 5 µm. (B) Cells were prepared and analyzed as described in 
A. The percentages of cells that fitted into the following configuration categories: SCC (shattered 

chromosome configuration), ICC (intermediate chromosome configuration) or WCC (whole 
chromosome configuration) were determined. The mean percentages ± SEM from three separate 
experiments are shown. The letters represent significant differences between categories within a 
treatment (NT – a and b, CPT – c and d), samples with different letters are significantly different 

from each other, p < 0.05. 
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Figure 17. Cells that survive checkpoint adaptation after ten days have chromosome 
structures similar to mock-treated cells. (A) HT-29 cells were either not treated or treated with 
50 nM CPT for 48 h. MDCs (mitotic and DNA-damaged cells) were collected and recultivated for 

ten days. Mitotic mock-treated (mock-treated 10) and checkpoint adaptation survival (CAS 10) 
cells were collected and stained with DAPI (blue) to detect condensed chromosomes, centromere 
probes (red) and telomere probes (green), and observed by immunofluorescence microscopy. The 

number of chromosomes per cell were counted and the average (black marker), minimum and 
maximum (whiskers) are shown by the boxplot. The boxplot represents data of three separate 

experiments taken together (mock-treated 10 n=116, CAS 10 n=117), each cell is represented by a 
dot. The asterisk shows significant difference between cultures, p < 0.05. (B) Cells were prepared 
and analyzed as described in A. The percentages of cells with rearranged chromosome structures 
(i.e. dicentric/acentric chromosomes) were determined. The mean percentages ± SEM from three 

separate experiments are shown. No significant difference was determined, p < 0.05. (C) Cells 
were prepared and analyzed as described in A. The percentages of rearranged cells with dicentric 
chromosomes, acentric chromosomes, or both structural rearrangements, were determined. The 
mean percentages ± SEM from three separate experiments are shown. No significant difference 
between treatments within a specific type of rearrangement was determined, p < 0.05. (D) Cells 
were prepared and analyzed as described in A. The average number of specific rearrangements 
(dicentric or acentric) per cell was determined. The mean number of rearrangement per cell ± 

SEM from three separate experiments are shown. No significant difference was determined, p < 
0.05.  
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Figure 18. Analysis of chromosome 7 in cells that survived checkpoint adaptation after ten 
days. (A) HT-29 cells were either not treated or treated with 50 nM CPT for 48 h. MDCs (mitotic 

and DNA-damaged cells) were collected and recultivated for ten days. Mitotic mock-treated 
(mock-treated 10) and checkpoint adaptation survival (CAS 10) cells were collected and stained 
with DAPI (blue), to detect condensed chromosomes, and chromosome 7 probes (green). Cells 
were observed by immunofluorescence microscopy. The top panel shows one mitotic cell per 
culture. Scale bar = 25 µm. Bottom panels show enlargements of chromosome 7 in the above 
shown mitotic cell. Scale bar = 5 µm. (B) Cells were prepared and analyzed as described in A. 
The number of chromosome 7 signals were counted and the average (black marker), minimum 

and maximum (whiskers) are shown in the boxplot. The boxplot represents data from the total of 
cells of three separate experiments taken together (n=120), each cell is represented by a dot. The 

asterisk shows significant difference, p < 0.05. (C) Cells were prepared and analyzed as described 
in A. The percentages of cells with interchromosomal and/or chromosome 7 signal number 

rearrangements, were determined. The mean percentages ± SEM from three separate experiments 
are shown. The asterisk shows significant difference, p < 0.05.  
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Figure 19. M059K cells treated with CPT acquire a rounded morphology. (A) M059K cells 
were either not treated (NT) or treated with 50 nM CPT (CPT) and observed by phase-contrast 

light microscopy at 24, 48 and 72 h. Rounded cells were visible in non-treated samples, but rarely 
at 24 and 48 h after treatment and commonly by 72 h of CPT treatment. Scale bar = 200 µm. (B) 

Cells were prepared and analyzed as described in A. The percentages of rounded cells were 
determined and compared between not-treated (NT) and CPT-treated (CPT) cultures at 24, 48 and 

72 h. The mean percentages ± SEM are shown from three separate experiments. The asterisks 
show significant differences between treatments within each time point, p < 0.05. The letters 
represent significant difference between time points within a culture (NT – a, CPT – b and c). 

Samples with different letters are significantly different from each other, p < 0.05. 
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Figure 20. M059K cells that undergo checkpoint adaptation show an abnormal chromosome 
configuration. (A) M059K cells were either not treated (NT) or treated with 50 nM CPT (CPT) 

for 72 h and stained with DAPI (blue) to detect condensed chromosomes. Cells were observed by 
immunofluorescence microscopy and were categorized into: SCC (shattered chromosome 

configuration), ICC (intermediate chromosome configuration) or WCC (whole chromosome 
configuration). Scale bar = 25 µm. (B) Cells were prepared and analyzed as described in A. The 
percentages of M059K cells with the following chromosome configurations: SCC, ICC or WCC 
were determined. The mean percentages ± SEM from three separate experiments are shown. The 
asterisks show significant differences between treatments within categories, p < 0.05. The letters 
represent significant differences between categories within each treatment (NT – a and b, CPT – 

c, d and e), samples with different letters are significantly different from each other, p < 0.05. 
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Figure 21. Analysis of chromosome 7 in M059K cells that survived checkpoint adaptation 
after four days. (A) M059K cells were either not treated or treated with 50 nM CPT for 72 h. 

MDCs (mitotic and DNA-damaged cells) were collected and recultivated for four days. Mitotic 
mock-treated (mock-treated 4) and checkpoint adaptation survival (CAS 4) cells were collected 

and stained with DAPI (blue), to detect condensed chromosomes, and chromosome 7 probes 
(green). Cells were observed by immunofluorescence microscopy. The top panel shows one 

mitotic cell per chromosome configuration (SCC – shattered chromosome configuration, ICC – 
intermediate chromosome configuration and WCC – whole chromosome configuration). Scale bar 

= 25 µm. Bottom panels show enlargements of chromosome 7 in the above shown mitotic cell. 
Scale bar = 5 µm. (B) Cells were prepared and analyzed as described in A. The number of 
chromosome 7 signals were counted per cell and the average (black marker), minimum and 

maximum (whiskers) are shown in the boxplot. The boxplot represents data from the total of cells 
of three separate experiments taken together (n=120), each cell is represented by a dot. When 
cells had more than 30 chromosomes 7 signals per cell, they were counted as 30. The asterisk 

shows significant difference, p < 0.05.  
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3. Discussion 

CIN is one of the hallmarks of cancer (Hanahan & Weinberg, 2011). It can drive intratumour 

heterogeneity, which is known to contribute to metastasis, treatment inefficiency and treatment 

resistance (Cahill et al., 1999; Burrell et al., 2013; McClelland, 2017; Bakhoum et al., 2018). 

However, the molecular pathways that are involved in CIN and how it drives oncogenesis remains 

largely unknown. One proposed mechanism through which CIN can be promoted in cancer cells is 

checkpoint adaptation (Syljuasen et al., 2006; Bartek & Lukas, 2007; Lewis & Golsteyn, 2016; 

Swift & Golsteyn, 2016a; Kaddour et al., 2017; Kalsbeek & Golsteyn, 2017). Checkpoint 

adaptation is a process in which cells enter mitosis with damaged DNA. Most cells die after entering 

checkpoint adaptation, however, a small number can exit mitosis and continue to proliferate 

(Kubara et al., 2012). It has been previously shown that cells surviving checkpoint adaptation 

acquire micronuclei, which is a marker for CIN (Chang et al., 1999; Lewis & Golsteyn, 2016). 

Those data suggest that checkpoint adaptation and CIN are linked. Using our experimental model, 

we have shown that cancer cells that survive checkpoint adaptation acquire interchromosomal and 

numerical rearrangements. These new results reveal that chromosomes can undergo major 

rearrangements by the process of checkpoint adaptation.  

We have developed the HT-29 cell experimental model that enables one to collect and 

recultivate cells that undergo checkpoint adaptation, to more easily observe the fate. Mitotic HT-

29 cells have a unique and rounded, weakly adherent morphology and unlike many other cell lines, 

they can remain in mitotic arrest for long periods (Gascoigne & Taylor, 2008; Kubara et al., 2012). 

HT-29 is a near-triploid cell line that contains 4 copies of chromosome 7, which is relatively long 

in length, thereby providing sufficient material and making it a valuable tool to study 

interchromosomal rearrangements (Kawai et al., 2002; Roschke et al., 2002). Lastly, treatment of 

colorectal cancer cells with CPT has been commonly used in the clinic and cytotoxicity can be 

achieved at pharmacological concentrations in cell culture conditions (Pizzolato & Saltz, 2003; 

Kubara et al., 2012; Swift & Golsteyn, 2014). These above mentioned features makes our 
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experimental model a valuable tool to study checkpoint adaptation. An additional cell line, M059K, 

was used to confirm that the increased level of chromosomal rearrangements upon checkpoint 

adaptation is a general consequence of this process.  

To test for CIN as an outcome of checkpoint adaptation, we first confirmed that we were 

able to induce checkpoint adaptation in our cell model. Of the cells undergoing checkpoint 

adaptation, 1.9% of these cells were able to exit mitosis and proliferate for ten days. We observed 

that the majority of cells undergoing checkpoint adaptation had an SCC or ICC and more than 60% 

of the cells with an SCC showed clustered centromeres. Very few cells undergoing checkpoint 

adaptation had a chromosome configuration comparable to a not-treated cell. The shattered 

chromosomes observed were expected upon excessive DNA damage induced by the genotoxic 

agent CPT (Ryan et al., 1994). Ten days after surviving checkpoint adaptation almost all cells had 

a similar chromosome configuration as the mock-treated culture. This suggests that cells that were 

able to survive for ten days were the cells that had the least damage upon treatment or that the 

damage was repaired over the course of time.   

Previous studies have described chromosome shattering after genotoxic treatment and 

proposed it as a form of mitotic catastrophe, as a consequence of unrepaired DNA damage during 

interphase (Chu, 1965; Stevens et al., 2007; Hubner et al., 2009). Shattering of all chromosomes 

within a cell was derived from an abnormal mitotic cell consisting of non-condensed chromatin 

with a normally shaped spindle apparatus (Hubner et al., 2009). Non-condensed chromatin was 

proposed to be a consequence of a factor depletion model in which a limited number of proteins in 

both chromatin condensation and DNA repair is involved. The exhaustion of this pool might result 

in condensation failure (Cremer & Cremer, 2006). It was shown that the spindle apparatus was able 

to bind centromeres and extracted chromatin fibres from the bulk chromatin to one side of the 

apparatus, resulting in clustered centromeres (Hubner et al., 2009), what might be an explanation 

for clustered centromeres we observed in cells with an SCC. The abnormal chromosome 
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configuration of cells undergoing checkpoint adaptation supported the suggestion that cells 

surviving checkpoint adaptation have chromosomal changes. 

Previous studies have shown that cells with a shattered chromosome configuration exited 

mitosis and proceeded to interphase with highly abnormal, multilobulated nuclear configuration 

and entered apoptosis several hours after mitotic exit (Hubner et al., 2009). This might be an 

explanation for the multinucleated cells observed after surviving checkpoint adaptation. We showed 

that cancer cells that underwent checkpoint adaptation presented a multinucleated state in the first 

days after surviving checkpoint adaptation. After 6 days, the cells showed a mononucleated state, 

comparable to the mock-treated culture. Multinucleated cells are considered giant cells and are a 

form of chromosome instability and used as a marker for aggressive and chemoresistant tumour 

behaviour. It is an outcome of genotoxic treatment and is one of the most important characteristics 

of mitotic catastrophe and thought to cause apoptotic or necrotic cell death in the majority of cells 

(Weihua et al., 2011; Bhatia & Kumar, 2014; ZhangWu et al., 2015). However, multinucleated 

giant cells have been shown to be capable of continuously generating rapidly proliferating 

mononucleated cells in higher eukaryotes, by the process of nuclear budding (Solari et al., 1995). 

Knowing that cells that underwent and survived checkpoint adaptation showed abnormal 

chromosome configurations and nuclear states, we were interested to know whether these cells 

presented abnormalities in the key features of chromosomes, centromeres and telomeres. 

We stained chromosomes with centromere and telomere probes to study chromosome 

structure and numerical rearrangements. We observed that cells undergoing checkpoint adaptation, 

and two days after surviving checkpoint adaptation, showed a 70% increase in the number of cells 

with structural rearrangements, compared to not-treated and mock-treated cells. However, two days 

after surviving checkpoint adaptation, the number of dicentric and/or acentric chromosomes per 

cell was reduced compared to the number of these aberrations in cells undergoing checkpoint 

adaptation. Ten days after surviving checkpoint adaptation, the levels of structural rearrangements 

were similar to those of mock-treated cells. Surviving checkpoint adaptation after two days resulted 
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in a reduction from 67.7 to 38.8 chromosomes per cell, on average. Cells surviving for ten days 

showed a reduction from 68.5 to 51.1 chromosomes per cell, on average, as a consequence of 

checkpoint adaptation.  

In addition to chromosome structure rearrangement, we stained for chromosome 7, as a 

representation of all chromosomes, to observe interchromosomal rearrangements in cells 

undergoing checkpoint adaptation. During the process of checkpoint adaptation, chromosome 7 

signal numbers were high and dispersed compared to not-treated cells, confirming the shattered 

chromosome configuration that was observed. Cells surviving checkpoint adaptation after two days 

showed an average increase in chromosome 7 signal number of 3.6 per cell and the number of cells 

with a signal number and/or interchromosomal rearrangement of chromosome 7 increased by 

approximately 60%, compared to the mock-treated culture. By ten days after surviving checkpoint 

adaptation cells had lost one chromosome 7 signal, on average, and strikingly, almost 60% of the 

cells observed contained a rearrangement in chromosome 7. These data confirm that even though 

structural rearrangement levels decreased over time in checkpoint adaptation survival cells, the 

level of interchromosomal and numerical rearrangements was increased, compared to the mock-

treated culture. This confirms that cells that survive checkpoint adaptation acquired major 

chromosomal rearrangements.  

One explanation for the reduction of chromosome structure rearrangements and 

chromosome number over time, may be chromosome missegregation during mitosis. Segregation 

errors can lead to increased aneuploidy and chromosome instability. The erroneous rejoining of 

broken chromosomes by double-strand DNA break repair, can lead to chromosome structure 

rearrangements, which are prone to chromosome missegregation during mitosis (Carrano & Heddle, 

1973). Lagging acentric or dicentric chromosomes can be incorporated into a micronucleus in one 

of the daughter cells, where the chromosome is prone to damage (Terradas et al., 2009; Xu et al., 

2011; Terradas et al., 2012; Santaguida & Amon, 2015; Kalsbeek & Golsteyn, 2017). The 

micronucleus can be degraded or reincorporated into the daughter nucleus, resulting in loss of the 
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chromosome(s) or the reincorporation of damaged and/or rearranged chromosome(s) into the main 

nucleus, promoting chromosome instability or aneuploidy (Stephens et al., 2011; Crasta et al., 

2012). Lewis & Golsteyn (2016) have shown that micronuclei are acquired in cells that survived 

checkpoint adaptation, suggesting that the reduction in chromosome structure rearrangements we 

have observed might be caused by chromosome missegregation during mitosis.  

Our result is supported by several studies that showed that cancer cells have increased 

numbers of chromosomal changes after surviving genotoxic treatment. Kaddour et al. (2017) 

showed that after IR in vitro of lymphocytes of Hodgkin Lymphoma patients, cells had increased 

numbers of dicentric and acentric chromosomes. These levels decreased over cell cycle progression. 

Variability of chromosomes was reduced over progression of cell cycles, suggesting stabilization 

of the genome. Another study focused on lymphocytes of Hodgkin Lymphoma patients before, 

during and after genotoxic treatment (Ramos et al., 2018). This study in vivo showed that during 

treatment, the number of chromosome structure rearrangements in lymphocytes doubled compared 

to the levels before treatment. One year after treatment, the number of chromosome rearrangements, 

mostly non-clonal rejoined chromosome structure rearrangements and aneuploidy, were almost 10-

fold higher than before treatment, which indicated that new rearrangements formed continuously. 

This study also showed that several chromosome rearrangements observed could be linked to cancer 

secondary to treatment (Ramos et al., 2018).  

In our experiments, we observed fewer cells with nuclear structure abnormalities ten days 

after surviving checkpoint adaptation, compared to cells undergoing or surviving checkpoint 

adaptation after two days. In addition, we observed fewer cells with shattered chromosomes and 

fewer chromosome structure rearrangements per cell, compared to cells undergoing or surviving 

checkpoint adaptation after two days. Chromosome numbers as well as structural, and numerical 

rearrangements of chromosome 7 per cell were widely distributed in the checkpoint adaptation 

surviving cultures, suggesting checkpoint adaptation as a contributor to intratumoural 

heterogeneity. It has been shown that absence of functional p53 is required for cells to tolerate these 
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genomic changes. In cells with functional p53, CIN led to durable cell cycle arrest (Thompson & 

Compton, 2010; Rausch et al., 2012). This is supported by the finding that non-cancerous cells do 

not undergo checkpoint adaptation (Lewis & Golsteyn, 2016). Taking this together with the study 

showing that intermediate levels of CIN were associated with poor patients outcomes, rather than 

extreme CIN levels, suggests that there is a threshold of damaged DNA or CIN that can be tolerated 

in cells, and when exceeded will induce cell death (Birkbak et al., 2011; Thompson et al., 2017).  

We speculate that cells surviving checkpoint adaptation go through a cycle of chromosome 

instability promoting mechanisms. Chromosome structure rearrangements can lead to chromosome 

missegregation during mitosis, which in turn could lead to incorporation into a micronucleus or loss 

of the chromosome (aneuploidy). The micronucleus is a structure that can promote further change 

by degradation (aneuploidy) or reincorporation into the main nucleus after chromothripsis, with 

chromosome structures rearrangement, closing the cycle.  

By using our experimental model, we observed that cells that survived checkpoint 

adaptation acquired major chromosomal rearrangements compared to not-treated parental cells. 

This model can be used to focus on the molecular pathways that are involved in the formation of 

rearranged chromosomes after genotoxic treatment. DNA repair pathways likely have a major role 

in the rejoining of the broken chromosomes, which might lead to these rearranged chromosomes. 

It is possible that the DNA repair might lower the level of damaged DNA and hence the proposed 

damaged DNA threshold required for cell death might not be reached. Understanding the 

biochemical pathways driving chromosomal change and its relation to tumour development might 

provide knowledge to the development of successful combinational therapies that can target those 

pathways and reduce carcinogenesis.  
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4. Materials and methods  

4.1 Cell culture 

The human cell lines HT-29 (ATCC HTB-38) and M059K (ATCC CRL-2365) were obtained from 

the American Type Culture Collection (ATCC). HT-29 cells were maintained in Roswell Park 

Memorial Institute (RPMI) 1640 medium (ThermoFisher; 21870092) supplemented with 10% (v/v) 

heat-inactivated fetal bovine serum (FBS) (ThermoFisher; 12484028) and 2 mM GlutaMAX 

(ThermoFisher; 35050061). M059K cells were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM)/F-12 (ThermoFisher; 11320082) supplemented with 10% (v/v) heat inactivated FBS, 2 

mM Modified Eagle Medium non-essential amino acids (ThermoFisher; 11140050) and 15 mM 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (FisherScientific; BP310500), pH 

7.4. Cells were grown at 37°C in 5% CO2 and media were changed every 3-4 days. HT-29 cells 

were plated at a density of 3.0 x 105cells/25 cm2 flask or 6.0 x 105/6 well culture plate and cultured 

for 48 or 72 h prior to treatment. M059K cells were plated at a density of 6.0 x 105/75 cm2 flask or 

3.0 x 105/6 well culture plate and cultured for 24 or 48 h prior to treatment. The compound CPT 

(Sigma; 7689034) was dissolved in dimethyl sulfoxide (DMSO) (MilliporeSigma; D2438) to a 

concentration of 10 mM. The compound was stored at -20°C until use. Not-treated cells were treated 

with the solvent only (DMSO) in a volume equal to the highest volume of the compound tested, 

and never adding more than 1% (v/v). 

4.2 Cell morphology assay 

HT-29 cells were seeded at 6.0 x 105/6 well culture plate and incubated at 37°C for 48 or 72 h prior 

to treatment, M059K cells were seeded at 3.0 x 105/6 well culture plate and incubated for 24 or 48 

h prior to treatment to reach a cell confluency of 50-70%. Images were captured at 24 and 48 h in 

HT-29 cells, and 24, 48, and 72 h in M059K cells, with an Infinity 1 camera powered by Infinity 

Capture imaging software (Lumenera Corporation) on an Olympus CKX41 inverted microscope. 

Images were processed using Adobe Photoshop (CC 2017.0.1) software. Interphase cells and 
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rounded cells were manually counted using Image J (1.47v) or Adobe Photoshop (CC 2017.0.1) 

software and the percentage of rounded cells in the total sample was determined. A minimum of 

200 cells were counted for each treatment and the mean and standard error of the mean of at least 

three independent experiments were calculated. 

4.3 Immunofluorescence microscopy 

HT-29 cells were plated on glass coverslips at 6.0 x 105/6 well culture plate and incubated at 37°C 

for 48 or 72 h prior to treatment. After 48 h of treatment, cells were fixed at room temperature for 

20 min in 3% (v/v) paraformaldehyde (Fisher Scientific; 30525894) diluted in phosphate buffered 

saline (PBS) (137 mM NaCl, 3 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4). Cells were quenched 

for 10 min with 50 mM NH4Cl in PBS, permeabilized for 5 min using 0.2% (v/v) Triton X-100 in 

PBS and blocked for 1 h with 3% (w/v) bovine serum albumin (BSA) (Fisher Scientific; J6465522) 

in PBS-T (0.1% (v/v) Tween-20 (MilliporeSigma; CAEM9480) diluted in PBS). Cells were then 

incubated with primary antibodies as described: anti-histone γH2AX (MilliporeSigma; 05-636; 

1:400) for 1 h at room temperature or anti-pH3 (MilliporeSigma; 06-570; 1:1000) overnight at 4°C. 

After washing with PBS-T, cells were incubated with secondary antibodies for 45 min at room 

temperature as follows: Alexa Fluor 488-conjugated anti-mouse (ThermoFisher; A11059; 1:400) 

for anti-histone γH2AX and Alexa Fluor 594 AffiniPure goat anti-rabbit (Jackson 

ImmunoResearch; 111585003; 1:400) for anti-pH3. Nuclei were stained with 300 nM 4’,6-

diamidino-2-phenylindole (DAPI) (FisherScientific; LSD1306) in PBS for 15 min and coverslips 

were mounted onto microscope slides using ProLong Gold Antifade reagent (FisherScientific; 

P36934). Cells were observed on an Olympus BX41 microscope and images were captured using 

an Infinity 3 camera operated by Infinity Capture imaging software (Lumenera Corporation). The 

signal for not-treated cells was set to zero using the exposure settings of the microscope camera. 

Cells staining for pH3 and histone γH2AX and the total number of cells (DAPI stained) were 

counted with Adobe Photoshop (CC 2017.0.1). Cells were considered positive when they exhibited 



69 
 

a staining intensity greater than background levels. Images were prepared using Adobe Photoshop 

(CC 2017.0.1) software. A minimum of 100 cells were counted for each treatment and the mean 

and standard error of the mean of at least three independent experiments were calculated.  

4.4 Mechanical shake-off 

HT-29 and M059K cells were plated at 1 x 106 cells/75 cm2 flask and 2 x 106 cells/75 cm2 flask 

respectively and incubated at 37°C for 48 or 72 h prior to treatment. After 48 h of HT-29 treatment 

or 72 h of M059K treatment, medium was aspirated and cells were gently washed with PBS. Fresh 

medium was added at 3 ml/75 cm2 and the flask was tapped with medium force on all edges to 

extract rounded cells from flattened cells (Swift & Golsteyn, 2018).  

4.5 Time-lapse video microscopy for analysis of survival cells 

HT-29 cells were plated at 1 x 106/75 cm2 flask and incubated at 37°C for 48 or 72 h prior to 

treatment. Cells undergoing checkpoint adaptation were collected by mechanical shake-off and re-

cultivated. Time-lapse video microscopy images were taken using CytationTM 5 Cell Imaging Multi-

mode Reader using Gen5 software (BioTek Instruments, USA) to collect phase-contrast images 

every 30 min for 10 days post checkpoint adaptation, using a 10x objective in a controlled chamber 

at 37°C and 5% CO2. Medium was changed every 3-4 days. Cells were manually scored for 

morphology. At least 300 cells were observed per treatment and the mean and standard error of the 

mean of at least three independent experiments were calculated. The figure has been constructed 

by combining images of two separate, but identical experiments. 

4.6 Survival assay 

HT-29 and M059K cells were plated at 1 x 106 cells/75 cm2 flask and 2 x 106 cells/75 cm2 flask 

respectively and cultivated for 48 or 72 h hours prior to treatment. At 48 h after treatment of HT-

29 cells, a mechanical shake off was performed to collect rounded cells. M059K cells were treated 

for 72 h prior to mechanical shake-off. Collected rounded cells were counted using hemocytometer 

and cell viability was confirmed by vital dye exclusion. Cells were re-plated in a 25 cm2 flask and 
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placed in the incubator at 37oC until the desired time for survival analysis. At desired times, cells 

were collected by trypsinization and counted using a hemocytometer to determine the number of 

cells that survived. The percentage of re-cultivated cells that survived was estimated using the 

following formula:  

N0 = 10{logNT-(log2/tg) T} 

In the formula; NT = number of cells collected at the end of the survival assay, N0 = number of 

cells that were able to proliferate (i.e., survival cells), tg = generation time in hours, and T = time 

of culture in hours. Then, the percentage of surviving cells was calculated using the following 

formula:  

P = (N0 / N) × 100 

In the formula; N = number of cells placed in the flask at the beginning of the survival assay and 

N0 = number of cells that were able to proliferate (i.e. survival cells) (Leibovitz & Mazur, 1977). 

Experiments were repeated at least three times. 

4.7 Mitotic cell fixation 

HT-29 and M059K cells were plated at 1.5 x 106/75 cm2 and 3 x 106/150 cm2 flask respectively for 

48 or 72 h prior to treatment. HT-29 cells were treated with 50 nM CPT for 48 h and M059K cells 

were treated with 50 nM CPT for 72 h followed by treatment of KaryoMAX colcemid (10 μg/ml) 

(Gibco; 15210-040) for 1 h at 37 oC. Colcemid was used to increase the number of metaphase cells 

in a culture. Next, freshly prepared warm hypotonic solution (0.075 M KCl (MilliporeSigma; 

CAPX1405-1) in distilled H2O was added to the cells for 30 min to make nuclei swell osmotically. 

Then, cells were fixed by adding Carnoy’s fixative 3:1 methanol (FisherScientific; A4524) and 

acetic acid (MilliporeSigma; CAAX0073-9) solution and incubated for 10 min on ice followed by 

a mechanical shake-off to collect mitotic cells. Cells were placed into a pre-cooled 15 mL Falcon 

tube and centrifuged for 5 min at 220 rcf. The supernatant was removed and cells were resuspended 
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in 5 mL cold fixative and incubated on ice for 5 min followed by 5 min centrifugation at 220 rcf. 

This was repeated three times and after the last centrifugation cells were resuspended in 0.5 mL of 

fixative and the cell suspension was dropped on a cold, clean glass slide and blown to disperse the 

chromosomes. 

4.8 Fluorescent in situ hybridization – centromeres and telomeres  

Slides were prepared as described in the mitotic cell fixation method. Additionally, the slides were 

fixed with 3% (v/v) paraformaldehyde (Ted Pella Inc; 18505) for 2 min and washed twice in PBS 

for 2 min each followed by RNase solution (100 μg/ml RNase A (MilliporeSigma; R6513) in PBS) 

and incubated for 20 min at 37oC. After two PBS washes the slide was dehydrated by incubation 

for 2 min in 70%, 85% and 100% cold ethanol. Mixture of peptide nucleic acid (PNA) probes 

(Alexa488 labelled PNA TelC probe (AF488-OO CCCTAACCCTAACCCTAA) (PNA Bio; 

F1004) and Cy3 labelled PNA centromere probe (ATTCGTTGGAAACGGGA) (PNA Bio; 

F3003)) and hybridization buffer (20 mM Tris, pH 7.4, 60% formamide (MilliporeSigma; F9037), 

0.1 μg/ml UltraPure salmon sperm DNA solution (ThermoFisher; 15632-011), and distilled water, 

final pH 7.4) was added to the slide followed by denaturation at 85oC for 10 min. Next, the slide 

was placed in the dark at room temperature for 2 h for hybridization. The slides were immersed in 

2x SSC (distilled water, NaCl (BDH chemicals), sodium citrate (MilliporeSigma), HCl 

(FisherScientific) and 0.1% Tween-20 (MilliporeSigma; CAEM9480)) twice at 55-60oC for 15 min, 

once at room temperature for 15 min. The slide was stained with 300 nM DAPI (FisherScientific; 

LSD1306) solution for 10 min followed by three washes with 2x SSC, 1x SSC and water, 

respectively. Cells were observed on an Olympus BX41 microscope and images were captured 

using an Infinity 3 camera operated by Infinity Capture imaging software (Lumenera Corporation). 

Chromosome structures were observed and images prepared with Adobe Photoshop (CC 2017.0.1) 

software. A minimum of 35 cells per treatment were observed and analyzed for chromosome 

structure rearrangements. Experiments were repeated at least three times.  
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4.9 Fluorescent in situ hybridization - chromosome 7  

Slides were prepared according to the mitotic cell fixation method, where after flushed with fresh 

fixative when still damp. The slides were transferred to 2x SSC (distilled water, NaCl (BDH 

chemicals), sodium citrate (MilliporeSigma), HCl (FisherScientific)) pH 7 for 2 min at room 

temperature and dehydrated by incubation for 2 min in 70%, 85% and 100% cold ethanol. Whole 

chromosome probe, specific for chromosome 7 (Cytocell; LPP07G). Chromosome 2 and 12 specific 

probes (Cytocell; LPP02G and LPP12R) were also tested, but we proceeded only with chromosome 

7 probes. The sample slide was prewarmed at 37 oC for 5 min. The probe was added to the slide, 

covered with cover glass, and sealed with rubber cement followed by denaturation at 80oC for 2 

min. Next, the slide was placed in a hermetically closed humidified chamber at 37 oC overnight for 

hybridization. Rubber cement was removed and coverslip removed and washed in 2x SSC at 37 oC 

for 2 min and transferred to 0.4X SSC at 70 oC for 2 min, followed by a wash in 2x SSC 0.05% 

Tween-20 at 22 oC for 30 seconds. Next, slides were stained with DAPI (FisherScientific; 

LSD1306) for 10 min and washed with 2x SSC 0.05% Tween-20 (MilliporeSigma; CAEM9480) 

for 5 min. Coverslips were mounted onto microscope slides using ProLong Gold Antifade reagent 

(FisherScientific; P36934). Cells were observed on an Olympus BX41 microscope and images were 

captured using an Infinity 3 camera operated by Infinity Capture imaging software (Lumenera 

Corporation). Chromosome 7 signals were determined and images prepared with Adobe Photoshop 

(CC 2017.0.1) software. The ceiling for chromosome 7 signals was set to 30, more than 30 signals 

per cell were considered as 30 to calculate the mean. A minimum of 40 and 20 cells per treatment 

were observed for HT-29 and M059K, respectively. Experiments were repeated at least three times.  
 

4.10 Statistical analysis  

Data were analysed using Microsoft Excel 2010 and SPSS software. Data are presented as means 

from three independent experiments ± SEM. One-way analysis of variance (ANOVA) with Tukey’s 

post hoc test and/or a two-sample or paired t-test was used to analyse results. A probability level of 

p < 0.05 was considered significant. 
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CHAPTER III 

PNKP inhibitor A12B4C50 induces DNA repair complex dissociation but does not 

affect checkpoint adaptation 

1. Introduction  

Cancer cells have hallmarks that differentiate them from normal cells. One of the hallmarks is a 

sustained proliferative signal, which can be targeted by genotoxic treatment to inhibit DNA 

replication (Helleday et al., 2008; Hanahan & Weinberg, 2011). Topoisomerases are an example of 

enzymes that play an important role in DNA replication and are used as therapeutic targets. 

Topoisomerases release the topological restraints that emerge from DNA strand separation during 

replication and transcription (Pommier et al., 2010). There are five known human topoisomerases, 

one of them is topoisomerase 1 (Topo1). Topo1 nicks one DNA strand to initiate DNA relaxation 

and forms a Topo1-DNA cleavage complex with a covalent bond to the 3'-phosphate (P) break end. 

Upon resolving the topological restraint, Topo1 re-ligates the nick (Champoux, 2001). 

CPT is a Topo1 inhibitor and has been used to treat colon cancer patients. CPT stabilizes 

the Topo1-DNA cleavage complex, which prevents the re-ligation of the nick, leaving an SSB 

(Koster et al., 2007; Xu & Her, 2015). These SSBs are converted to DSB during S phase when the 

replication fork collides with the Topo1-DNA cleavage complex (Strumberg et al., 2000; Pommier 

et al., 2003). DSBs activate repair pathways to maintain genome stability, however, when there is 

too much damage to be repaired, cells will initiate a cell death programme, achieving the therapeutic 

goal of chemical induced cell death (Hartwell et al., 1994; Jekimovs et al., 2014). 

The capacity of tumour cells to repair damaged DNA could influence the clinical response 

to many genotoxic treatments. As a result, inhibitors of several DNA repair enzymes, are being 

investigated for their ability to sensitize cells to radiation and chemotherapeutic drugs (Pilie et al., 

2018). We are focussing on the DNA repair enzyme PNKP, which functions as both phosphatase 

and kinase in the processing of DNA ends produced by topoisomerase inhibitors. These 3’-P and 
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5’-OH ends cannot be ligated and are processed by PNKP to generate 3'-OH and 5'-P termini that 

are accessible for ligation by DNA ligase III (LIG3) (Figure 22) (Pheiffer & Zimmerman, 1982; 

Habraken & Verly, 1988). PNKP is involved in SSB repair and the non-homologous end joining 

(NHEJ) repair pathway (Weinfeld et al., 2011), whereas homologous recombination (HR) is 

independent from PNKP and requires DNA end resection for homology sequence searching in sister 

chromatids (Symington & Gautier, 2011). PNKP is regulated by complex formation with the DNA 

repair scaffold proteins XRCC1 and XRCC4 for SSB repair and NHEJ, respectively (Weinfeld et 

al., 2011). Like several other DNA repair proteins, PNKP, has become of increasing clinical interest 

for the sensitization of cancer cells to IR or chemotherapeutic agents (Zhu et al., 2009; Allinson, 

2010). The inhibition of PNKP has been shown to sensitize cancer cells to CPT (Freschauf et al., 

2009; Freschauf et al., 2010). 

In this chapter, we studied whether the inhibition of PNKP would affect checkpoint 

adaptation entrance or survival. Checkpoint adaptation is a mechanism in which cancer cells treated 

with pharmacological concentrations of chemotherapeutic drugs enter mitosis with damaged DNA 

(Syljuasen, 2007; Kubara et al., 2012). It has been suggested that checkpoint adaptation might 

contribute to genomic instability (Lewis & Golsteyn, 2016; Swift & Golsteyn, 2016b) and may be 

involved in tumour resistance and relapse (Burrell et al., 2013). We have developed an experimental 

model, in which HT-29 cells that are treated with 50 nM CPT undergo checkpoint adaptation and 

have shown that some of these cells are able to proliferate, but with striking chromosomal 

rearrangements (chapter 2). It is reasonable to assume that these chromosomal rearrangements are 

formed by the joining of broken chromosomes. Therefore, we investigated whether PNKP might 

participate in chromosomal changes or the steps of checkpoint adaptation, by using PNKP 

inhibitors. To study the effect of PNKP inhibition on checkpoint adaptation, we tested three new 

PNKP inhibitors, A12B4C3 (H5), A12B4C50 and A83B4C63.   
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Figure 22. DNA break termini induced by CPT treatment. CPT stabilizes the Topo1-DNA 
cleavage complex, preventing nick ligation. Tdp1 can cleave the covalent bond between 3’-P and 

Topo1, allowing PNKP to process DNA termini to 3’-OH and 5’-P, which can be rejoined by 
LIG3 (Weinfeld et al., 2011).  
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2. Results 

2.1 Morphology assay of novel PNKP inhibitors 

To study PNKP inhibitors in relation to checkpoint adaptation, we first investigated the 

morphological effect of PNKP inhibitors on HT-29 cells. In a morphology assay, we tested the three 

new PNKP inhibitors, H5, A12B4C50 and A83B4C63, which were provided by Dr. M. Weinfeld 

from the University of Alberta. Cells were either not treated, treated with 50 nM CPT, used as a 

genotoxic control, or treated with H5, A12B4C50 or A83B4C63 at 1.5 µM, 5 µM and 15 µM, for 

48 hours. By phase-contrast light microscopy, no differences in cell morphology were observed 

between the not-treated and the PNKP inhibitor-treated cultures at 1.5 and 5 µM. Cells treated with 

15 µM H5 did not display a morphological change compared to not-treated cells, whereas cells 

treated with 15 µM A12B4C50 or A83B4C63 showed a weakly or not adherent morphology, 

membrane blebbing and cell-cell detachment. Cells treated with 50 nM CPT showed an increase in 

cell rounding, compared to the not-treated and PNKP inhibitor-treated cultures, as expected (Figure 

23). For subsequent experiments, we decided to continue with A12B4C50 as our PNKP inhibitor, 

which was being investigated by several other laboratories studying PNKP, at a concentration at 

which no effect on cell morphology was detected, which was 5 µM.  

2.2 Inhibition of DNA repair complex PNKP-XRCC1 by A12B4C50 

We investigated whether the proteins PNKP and XRCC1 were present and co-localized in our 

experimental model. HT-29 cells were either not treated, treated with 50 nM CPT, treated with 5 

µM A12B4C50, or co-treated with 50 nM CPT and 5 µM A12B4C50 for 24 hours. Cells were 

stained with DAPI and anti-PNKP (Figure 24) or anti-XRCC1 (Figure 25) antibodies. 

Immunofluorescence microscopy showed that PNKP was localized both inside and outside the 

nucleus, with a higher signal within the nucleus. No differences were observed between the not-

treated and treated cultures (Figure 24). XRCC1 was observed to be localized mainly in the nucleus 
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and at low levels outside the nucleus. No differences were observed between the not-treated and 

treated cultures (Figure 25). These data showed that PNKP and XRCC1 co-localized in our model.  

We tested whether A12B4C50 interaction with PNKP could be detected by the Cellular 

Thermal Shift Assay (CETSA). Cells were either not treated, treated with 10 µM of the Cdk4 

inhibitor PD0332991, or treated with 5 µM A12B4C50 for 24 hours. To set conditions for the 

CETSA, we used cyclin-dependent kinase 4 (Cdk4) protein stabilization upon PD0332991 ligand 

binding as the positive control. Cells were collected and heated to different temperatures ranging 

from 39.7 °C to 67.0 °C, whereafter cells were lysed and extracts prepared. These extracts were 

analyzed by western blotting for Cdk4 and PNKP.  In not-treated cells, Cdk4 showed a gradual 

decrease in protein levels from 39.7 °C to 67.0 °C. Upon treatment with PD0332991, the intensity 

of protein levels increased at 39.7 °C compared to not-treated cells at this temperature. This 

intensity was maintained until a temperature of 49.2 °C, where after Cdk4 levels gradually 

decreased to not-treated levels. PNKP showed protein levels that remained stable from 39.7 °C to 

43.9 °C in not-treated cells, where after it decreased at 46.5 °C, and was undetectable from 49.2 °C 

onwards. Upon treatment with A12B4C50, no differences were detected upon PNKP protein levels, 

compared to not-treated cells. (Figure 26A). By dosimetry scanning, we determined that 

PD0332991 treatment led to significant thermal stabilization of Cdk4 at 46.5 °C and 49.2 °C, 

compared to not treated cells. No thermal stabilization of PNKP was detected upon A12B4C50 

treatment, compared to not-treated cells (Figure 26B). These data showed that A12B4C50 did not 

thermally stabilize PNKP in vitro at 5 µM. 

We next sought to determine whether A12B4C50 addition to cells would have an effect 

upon the interaction between PNKP and its binding partner XRCC1. To test this, we performed a 

XRCC1 immunoprecipitation from cells that were either not treated, treated with 50 nM CPT, 

treated with 5 µM A12B4C50, or co-treated with 50 nM CPT and 5 µM A12B4C50 for 24 hours. 

Cell extracts were prepared and each extract was either mock-treated (whole cell extract) or 

incubated with anti-XRCC1 antibodies. The immune-complex was analyzed by western blotting 
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with anti-XRCC1 and anti-PNKP antibodies. Anti-actin antibodies were used as a control for the 

amount of protein loaded. The supernatant remaining after isolation of the immuno-complex was 

also analyzed (Figure 27). We observed that XRCC1 was present in the whole cell extract, which 

we were able to isolate with immunoprecipitation (IP XRCC1), resulting in lower levels of XRCC1 

remaining in the supernatant. PNKP was present in the whole extract at lower levels than XRCC1. 

We compared levels of XRCC1 to PNKP in each treatment to determine complex formation. Cells 

either not treated and A12B4C50 treated showed low levels of PNKP that co-immunoprecipitated 

with XRCC1. CPT-treated cells showed an increase in XRCC1 levels compared to not-treated and 

A12B4C50-treated cells, which co-immunoprecipitated PNKP, as expected (Whitehouse et al., 

2001). Co-treatment of CPT with A12B4C50 resulted in a lower XRCC1 band intensity than CPT-

treated cells, but stronger compared to not-treated and A12B4C50-treated cells. We also observed 

a reduction of the co-immunoprecipitation of PNKP with XRCC1, compared to CPT-treated cells, 

confirming its intended function (Freschauf et al., 2009). This result showed that A12B4C50 was 

able to reduce the PNKP-XRCC1 interaction in our experimental model.  

2.3 PNKP inhibitors do not affect cell rounding 

To determine whether PNKP inhibitors would affect the process of checkpoint adaptation, we co-

treated HT-29 cells with CPT and one of the three PNKP inhibitors to test for cell rounding, which 

is a marker for checkpoint adaptation (Kubara et al., 2012; Swift & Golsteyn, 2014). Cells were 

either not treated, treated with 5 µM H5, A12B4C50 or A83B4C50, treated with 50 nM CPT, or 

co-treated with 50 nM CPT and 5 µM of one of the inhibitors. The cells were observed and scored 

for cell rounding by phase-contrast light microscopy 48 hours after treatment. The not-treated 

culture showed few rounded cells. The cultures treated with the inhibitors showed a similar cell 

morphology as the not-treated culture. In the CPT-treated culture, we observed an increase in 

rounded cells compared to the not-treated culture. No morphological differences were observed 
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between the culture treated with CPT and the cultures co-treated with CPT and the PNKP inhibitors 

(Figure 28A).  

We determined the percentages of rounded cells in the cultures 48 hours after treatment and 

found that the percentages of rounded cells were 1.7% ± 0.4% in the not-treated culture, 1.8% ± 

0.6% in the H5-treated culture, 1.4% ± 0.4% in the A12B4C50-treated culture, and 0.9% ± 0.2% in 

the A83B4C63-treated culture. By contrast, the percentages were 11.0% ± 1.4% in the CPT-treated 

culture, 8.4% ± 1.3% in the co-treated culture of CPT with H5, 10.1% ± 1.7% in the co-treated 

culture of CPT with A12B4C50, and 8.8% ± 0.4% in the co-treated culture of CPT with A83B4C63 

(Figure 28B). These results showed that percentages of rounded cells after CPT treatment were not 

affected by the presence of a PNKP inhibitor.  

2.4 Cells co-treated with CPT and A12B4C50 stain for histone γH2AX and pH3 

We determined that the co-treatment of CPT with A12B4C50 was able to reduce PNKP-XRCC1 

interaction, but did not affect the number of rounded cells compared to CPT treatment alone. We 

then tested whether A12B4C50 co-treated cells still produced the checkpoint adaptation phenotype 

of mitosis with damaged DNA, using immunofluorescence microscopy. Cells were either not 

treated, treated with 50 nM CPT, treated with 5 µM A12B4C50, or co-treated with 50 nM CPT and 

5 µM A12B4C50, and were stained with DAPI, histone γH2AX and pH3 antibodies, at 48 hours 

after treatment. In the not-treated and A12B4C50-treated culture, few cells stained for histone 

γH2AX and pH3. The CPT-treated culture showed many cells staining for histone γH2AX and an 

increase in the number of cells staining for pH3, compared to the not-treated and A12B4C50-treated 

culture (Figure 29A). Co-treatment of CPT with A12B4C50 resulted in a cell phenotype similar to 

that of the CPT-treated culture.  

The percentages of cells staining for histone γH2AX were determined. In the not-treated 

culture 0.4% ± 0.3% of the cells stained for histone γH2AX, compared to 95.3% ± 4.5% in the CPT-

treated culture, 0.6% ± 0.2% in the A12B4C50-treated culture, and 71.8% ± 7.7% in the co-treated 
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culture of CPT with A12B4C50 (Figure 29B). Next, we determined the percentages of cells staining 

for pH3. We observed that 3.7% ± 0.4% of not-treated cells stained for pH3, which was similar to 

the percentage of cells in the A12B4C50-treated culture (3.3% ± 0.2%). By contrast, in the CPT-

treated culture 9.1% ± 3.5% of the cell stained for pH3, consistent with checkpoint adaptation as 

previously reported (Kubara et al., 2012), In the co-treated culture the percentage of pH3 staining 

cells was 7.1% ± 1.8% (Figure 29C). These data supported the cell rounding data and confirmed 

that cells co-treated with CPT and A12B4C50 underwent checkpoint adaptation. We observed no 

effect of A12B4C50 on the number of cells entering checkpoint adaptation. 

2.5 Chromosome configuration was not affected by A12B4C50 

Although our results showed that A12B4C50 had little effect upon entry into mitosis, we sought to 

identify whether it affected two of the key outcomes of checkpoint adaptation, changes in 

chromosome structure and survival rate. We compared the karyotypes of cells either not treated, 

treated with 50 nM CPT, treated with 5 µM A12B4C50, or co-treated with 50 nM CPT and 5 µM 

A12B4C50 for 48 hours. Mitotic cells were collected by mechanical shake-off, stained with DAPI, 

and observed by immunofluorescence microscopy. We observed that not-treated cells and 

A12B4C50-treated cells showed similar chromosome configurations. In CPT-treated and co-treated 

cells we observed that the majority of these cells contained shattered chromosomes, compared to 

the not-treated and A12B4C50-treated cultures. No difference between CPT treatment and co-

treatment was observed (Figure 30A).  

We scored the number of cells that fitted into each of the following categories: SCC, ICC; 

or WCC. In the not-treated or A12B4C50-treated cultures, no cells with an SCC were observed. By 

contrast, the percentage of cells with an SCC was 44.4% ± 2.9% in the CPT-treated culture and 

53.7% ± 3.5% in the CPT with A12B4C50 co-treated culture. The percentages of cells with an ICC 

were 2.2% ± 1.1% in the not-treated culture, 50.0% ± 1.9% in the CPT-treated culture, 3.7% ± 2.2% 

in the A12B4C50-treated culture, and 42.6% ± 3.4% in the co-treated culture of CPT with 
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A12B4C50. The percentages of cells with a WCC were 97.8% ± 1.1% in the not-treated culture, 

5.6% ± 2.2% in the CPT-treated culture, 96.3% ± 4.5% in the A12B4C50-treated culture, and 3.7% 

± 0.3% in the co-treated culture of CPT with A12B4C50 (Figure 30B). These results suggested that 

the chromosome configuration after co-treatment was similar to that of CPT treatment alone. 

2.6 A12B4C50 does not affect checkpoint adaptation survival rates 

We next determined whether the co-treatment of CPT with A12B4C50 affected the survival rate of 

cell that underwent checkpoint adaptation. Cells were either not treated, treated with 50 nM CPT 

or 50 nM CPT with 5 µM A12B4C50 (TDC – total and DNA-damaged cells) or treated with 5 µM 

A12B4C50 alone. Images are shown for CPT treatment and the co-treatment 48 hours after 

treatment. We performed a mechanical shake-off to isolate the weakly adherent mitotic cells (MDC 

– mitotic and DNA-damaged cells) from the adherent flattened interphase cells (IDC – interphase 

and DNA-damaged cells) (Figure 31). 

 The MDC’s were then re-cultivated for ten days. No morphological differences were 

observed by phase-contrast light microscopy between the survival cultures that were cultivated 

from cells either not-treated, treated with 50 nM CPT, treated with 5 µM A12B4C50, or co-treated 

with 50 nM CPT and 5 µMA12B4C50, after ten days (Figure 32A). This result was consistent with 

previously described data (chapter 2). In the not-treated culture, 65.2% ± 26.1% of the re-cultivated 

cells survived, similar to the 64.7% ± 30.5% that was observed in the A12B4C50-treated culture. 

After CPT treatment, cell survival was 0.8% ± 0.5%, which was similar to the value of 2.5% ± 0.9% 

after co-treatment of CPT with A12B4C50 (Figure 32B). These data showed that A12B4C50 

addition to CPT treatment did not affect survival rate after checkpoint adaptation.  
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Figure 23. Cells treated with different concentrations of PNKP inhibitors. HT-29 cells were 
not treated (NT), treated with 50 nM CPT (CPT), or treated with different concentrations (1.5, 5, 

and 15 µM) of the PNKP inhibitors, H5, A12B4C50, and A83B4C63. Cells were observed by 
phase-contrast light microscopy at 48 h after treatment. Scale bar = 150 µm.  
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Figure 24. The cellular location of PNKP does not change after treatment with the PNKP 

inhibitor A12B4C50.  HT-29 cells were not treated (NT), treated with 50 nM CPT (CPT), treated 
with 5 µM A12B4C50 (A12), or co-treated with 50 nM CPT and 5µM A12B4C50 (CPT + A12) 
for 24 h, and stained with DAPI (blue) to detect DNA and anti-PNKP antibodies (green). Cells 

were observed by immunofluorescence microscopy. Scale bar = 50 µm. 
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Figure 25. The cellular location of a protein partner of PNKP, XRCC1, does not change 
after treatment with the PNKP inhibitor A12B4C50.  HT-29 cells were not treated (NT), 

treated with 50 nM CPT (CPT), treated with 5 µM A12B4C50 (A12), or co-treated with 50 nM 
CPT and 5µM A12B4C50 (CPT + A12) for 24 h, and stained with DAPI (blue) to detect DNA 

and anti-XRCC1 antibodies (red). Cells were observed by immunofluorescence microscopy. Scale 
bar = 50 µm.  
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Figure 26. Analysis of cells treated with A12B4C50 by CETSA. (A) HT-29 cells were not 
treated (NT), treated with 10 µM PD0332991 (a Cdk4 inhibitor), or treated with 5 µM A12B4C50 

for 24 h. Cell were processed at temperatures ranging from 39.7 °C to 67.9 °C and analyzed by 
western blotting with either Cdk4 (top panels) or PNKP (bottom panels) antibodies. (B) The 

western blots in A were analyzed and the percentage of soluble protein determined by dosimetry 
scanning per sample. The mean percentages ± SEM are shown from three separate experiments. 

The asterisks show significant differences between not-treated and PD0332991-treated samples, p 
< 0.05. 
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Figure 27. Analysis of the PNKP-XRCC1 complex in cells treated with A12B4C50. HT-29 
cells were either not treated (NT), treated with 5 µM A12B4C50, treated with 50 nM CPT, or co-
treated with 50 nM CPT and 5 µM A12B4C50 (CPT + A12B4C50) for 24 h. Cell extracts were 
prepared and XRCC1 was isolated by immunoprecipitation with anti-XRCC1 antibodies. The 

whole cell extract, immunoprecipitated samples (IP XRCC1), and supernatants after 
immunoprecipitation were analyzed by western blotting with anti-XRCC1, anti-PNKP or anti-

actin antibodies (control).  
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Figure 28. Cells co-treated with CPT and A12B4C50 acquire a rounded morphology. (A) 
HT-29 cells were either not treated (NT), treated with one of the PNKP inhibitors at 5 µM (H5, 
A12B4C50, or A83B4C63), treated with 50 nM CPT, or co-treated with 50 nM CPT and one of 
the PNKP inhibitors at 5 µM (H5, A12B4C50, or A83B4C63). Cells were observed by phase-

contrast light microscopy 48 h after treatment. Scale bar = 100 µm. (B) Cells were prepared and 
analyzed as described in A and the percentages of rounded cells were determined. The mean 
percentages ± SEM from three separate experiments are shown. The letters show significant 

differences, different letters represent significant difference, p < 0.05.  
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Figure 29. Cells co-treated with CPT and A12B4C50 have damaged DNA and enter mitosis.  
(A) HT-29 cells were either not treated (NT), treated with 50 nM CPT (CPT), treated with 5 µM 

A12B4C50 (A12B4C50), or co-treated with 50 nM CPT and 5µM A12B4C50 (CPT + 
A12B4C50) for 48 h. Cells were stained with DAPI (blue) to detect DNA, anti-histone γH2AX 

(green), and anti-phospho-Ser10 histone H3 (pH3 - red) antibodies. Cells were observed by 
immunofluorescence microscopy. Scale bar = 100 µm. (B) Cells were prepared and analyzed as 
described in A. The percentages of cells staining for histone γH2AX were determined. The mean 

percentages ± SEM from three separate experiments are shown. The letters show significant 
differences, different letters represent significant difference, p < 0.05. (C) Cells were prepared and 
analyzed as described in A. The percentage of cells staining for phospho-Ser10 histone H3 (pH3) 
was determined. The mean percentages ± SEM from three separate experiments are shown. The 
letters show significant differences, different letters represent significant difference, p < 0.05. 
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Figure 30. Cells undergoing checkpoint adaptation with or without A12B4C50 show 
abnormal chromosome configurations. (A) HT-29 cells were either not treated (NT), treated 
with 5 µM A12B4C50 (A12B4C50), treated with 50 nM CPT (CPT), or co-treated with 50 nM 

CPT and 5µM A12B4C50 (CPT + A12B4C50) for 48 h. MDCs (mitotic and DNA-damaged cells) 
were collected and stained with DAPI (blue) to detect condensed chromosomes. Cells were 

analyzed by immunofluorescence microscopy. Scale bar = 25 µm. (B) Cells were prepared and 
analyzed as described in A. The chromosome configurations of cells were determined and 

categorized into: SCC, ICC or WCC. The percentages of cells in each category was determined. 
The mean percentages ± SEM from three separate experiments are shown. The letters represent 

significant differences within configurations, samples with different letters are significantly 
different, p < 0.05.   
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Figure 31. Cells that undergo checkpoint adaptation with or without A12B4C50 acquire a 

rounded morphology and can be collected by mechanical shake-off.   HT-29 cells were treated 
with 50 nM CPT (CPT) or co-treated with 50 nM CPT and 5 µM A12B4C50 (CPT + A12B4C50) 
and observed by phase contrast light microscopy. At 48 hours after treatment, the population of 
cells (TDC- total and DNA-damaged cells) contain a mix of interphase cells and cells in mitosis 

with a rounded morphology. Rounded cells were collected by mechanical shake-off (MDC – 
mitotic and DNA-damaged cells), leaving flattened interphase cells (IDC – interphase and DNA-
damaged cells). New rounded cells appeared within 2 h in the IDC culture (2 h post-shake-off). 

Scale bar = 100 µm.  
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Figure 32. Cells that undergo checkpoint adaptation with or without PNKP inhibitors have 
similar survival percentages.(A) HT-29 cells were not treated (NT), treated with 50 nM CPT 

(CPT), treated with 5 µM A12B4C50 (A12), or co-treated with 50 nM CPT and 5 µM A12B4C50 
(CPT + A12). MDCs (mitotic and DNA-damaged cells) were collected by mechanical shake-off 
and recultivated for 10 days (survival). Cells were observed by phase contrast light microscopy. 
Scale bar = 100 µm. (B) Cells were prepared and analyzed as described in A. Cells were counted 

at the time of collection (MDC) and after 10 days of re-cultivation (survival) to determine the 
percentage of cells surviving checkpoint adaptation. The mean percentages ± SEM from three 

separate experiments are shown. The letters show significant differences, different letters 
represent significant difference, p < 0.05. 
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3. Discussion  

Clinical response of many genotoxic treatments has been shown to be affected by the capacity of 

tumour cells to repair damaged DNA. Therefore, inhibitors of several DNA repair enzymes, such 

as Chk1, PARP1 and PNKP, are being studied for the sensitization of cancer cells to genotoxic 

agents (Pilie et al., 2018). Inhibition of PNKP phosphatase activity has been shown to increase 

sensitivity of cancer cells to CPT (Freschauf et al., 2009; Freschauf et al., 2010). The purpose of 

our study was to investigate whether PNKP inhibitors would modify the process or outcome of 

checkpoint adaptation. Because PNKP has already been demonstrated to increase cytotoxicity in a 

CPT model, we proposed to test if we could increase cytotoxicity in a checkpoint adaptation model, 

which uses a lower, yet cytotoxic concentration of CPT. In this study, we showed that the PNKP 

inhibitor A12B4C50 was able to inhibit the PNKP interaction with XRCC1, however, no effect of 

A12B4C50 on checkpoint adaptation outcome was detected.  

To begin to test the role of a PNKP inhibitor in our model, we selected A12B4C50 as the 

inhibitor, for the reason that it was being investigated by several other laboratories studying PNKP. 

We decided to study A12B4C50 at a concentration of 5 µM, as 15 µM induced changes in cell 

morphology that has not previously been reported and may be due to its effect on secondary targets 

in cells. Next, we confirmed that A12B4C50 had a biological effect when added to cells. We co-

immunoprecipitated PNKP with XRCC1 and observed a reduction of PNKP-XRCC1 interaction 

after co-treatment with CPT and A12B4C50, compared to CPT treatment alone. These data show 

that A12B4C50 was able to inhibit PNKP and thereby reducing the DNA repair complex PNKP-

XRCC1 interaction, which is involved in SSB repair. This result suggests that the DNA repair 

protein complex PNKP-XRCC4, which is involved in NHEJ, might also be reduced upon 

A12B4C50 treatment.  

Knowing that A12B4C50 was able to reduce PNKP-XRCC1 interaction, we tested the 

relationship between this inhibitor and checkpoint adaptation. By immunofluorescence microscopy, 

we confirmed that the cells co-treated with CPT and A12B4C50 entered mitosis with damaged 
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DNA. The percent of cells staining for damaged DNA decreased after co-treatment of CPT with 

A12B4C50, compared to treatment with CPT alone. We did not observe a change in the percentage 

of cells entering mitosis after CPT treatment upon a co-treatment with A12B4C50. A suggestive 

explanation might be that inhibition of PNKP reduced DNA repair, thereby maintaining high 

damage DNA levels in cells, reaching a damage threshold that induces apoptosis. There is a small 

number of cells that did not respond to CPT treatment. In the co-treatment, the total number of cells 

might have decreased due to apoptosis, whereas the number of cells that were unaffected by CPT 

treatment remains untouched. Therefore, it appears that damaged DNA signals decreased in cells 

upon co-treatment with A12B4C50, when actually CPT cytotoxicity was increased.  

These obtained data suggest that the A12B4C50 likely alters PNKP function in our model. 

We explored other methods to test the PNKP inhibitor, such as the CETSA, but we were unable to 

observe an effect on thermal PNKP stabilization in not-treated and A12B4C50-treated cells. It has 

been proposed that small molecule inhibitors of PNKP, such as A12B4C50, disrupt its secondary 

structure, thereby preventing interaction with XRCC1 (Freschauf et al., 2010). However, it is 

possible that this structural change might not stabilize the protein or only causes a very small 

structural change that does not affect the overall stability detectable by the CETSA in our laboratory 

(Martinez et al., 2018). We also tested PNKP and XRCC1 localization in our model. By 

immunofluorescence microscopy, we observed that the proteins were mainly co-localized in the 

nucleus and that the localization was independent of the treatment. It has been previously reported 

that PNKP is localized in the nucleus and mitochondria (Tahbaz et al., 2012), and that XRCC1 is 

primarily localized in the nucleus but also at low levels in the cytoplasm (Kirby et al., 2015), which 

is consistent with our data.  

We then tested the effect of A12B4C50 upon the outcome of checkpoint adaptation. 

Chromosome configuration of cells undergoing checkpoint adaptation was determined, but we were 

unable to detect a difference between chromosome configurations of cells treated with CPT and co-

treated with A12B4C50. Additionally, the number of cells surviving after checkpoint adaptation 
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was also not affected by a co-treatment with A12B4C50. This suggest that A12B4C50 does not 

affect checkpoint adaptation outcomes. We reason that CPT induced damage may be primarily 

repaired by HR instead of NHEJ. DSBs that are induced by Topo1 poisons, such as CPT, are one-

ended DSBs, caused by replication fork collision in S phase, which are mainly repaired by HR 

(Arnaudeau et al., 2001; Chapman et al., 2012; Xu & Her, 2015). In addition, it has been shown 

that NHEJ deficiency or inhibition can lead to cell death resistance in CPT treated cells. A proposed 

mechanisms how this could occur is that NHEJ has a negative role in Topo1 damage repair. Repair 

of CPT-induced DSBs by NHEJ would lead to erroneous rejoining of these breaks and promote cell 

death. Therefore, inhibition of NHEJ by inhibition of PNKP may remove this negative role and 

promote HR, which is less error prone and hence likely to promote cell survival through checkpoint 

adaptation (Adachi et al., 2004).  

The increase in sensitivity of cells to CPT after PNKP inhibition that has been previously 

observed, might be explained by the higher concentration of CPT that was used in those cells, 

compared to our experimental model. The concentration that was used in this previous study ranged 

from 1 to 6 µM, which is about 20-120 fold higher than our experimental concentration and 13 fold 

higher than the peak plasma concentration used in the clinic (75 nM) (Raymond et al., 2002). CPT 

is an S phase-specific toxicant but it has been shown that at higher concentrations of CPT, non‐S‐

phase cells can also be killed by CPT, due to the utilization of different DDR pathways in response 

to low or high dosages of CPT. A low dosage (0.1 µM) of CPT caused replication initiated 

processing of the Topo1-DNA cleavage complex, which is S phase-specific, mainly triggering 

replication protein A (RPA) phosphorylation, supposedly leading to cell cycle arrest. A high dosage 

(10 µM) of CPT caused transcription initiated processing of the Topo1-DNA cleavage complex, 

triggering activation of ATM, p53 and Chk1/2 activation, which is S phase independent, supposedly 

leading to apoptosis (Goldwasser et al., 1995; Huang et al., 2010). Therefore, the sensitivity to CPT 

upon PNKP inhibition previously observed by Freschauf (2009) might be affected by the utilization 

of a different DDR pathway than in our model.  
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We conclude that we are unable to detect an effect of A12B4C50 treatment on checkpoint 

adaptation outcomes. This might suggest that checkpoint adaptation is dependent on a threshold of 

damaged DNA and that the primary DNA repair pathway involved in the rejoining of broken 

chromosomes in checkpoint adaptation is PNKP independent. Previous studies have shown that HR 

and its downstream pathway play important roles in cell survival promotion after CPT treatment 

(Arnaudeau et al., 2001; Malik & Nitiss, 2004). Future studies would need to focus on DNA repair 

pathways involved in checkpoint adaptation in order to reduce chromosomal rearrangements that 

might contribute to chromosome instability and hence contribute to poor patient outcomes.  
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4. Materials and methods  

4.1 Cell culture 

The human cell line HT-29 (ATCC HTB-38) was obtained from the American Type Culture 

Collection (ATCC). HT-29 cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 

medium (ThermoFisher; 21870092) supplemented with 10% (v/v) heat-inactivated fetal bovine 

serum (FBS) (ThermoFisher; 12484028) and 2 mM GlutaMAX (ThermoFisher; 35050061). Cells 

were grown at 37°C in 5% CO2 and media were changed every 3-4 d. HT-29 cells were plated at a 

density of 3.0 x 105cells/25 cm2 flask or 6.0 x 105/6 well culture plate and cultured for 48 or 72 h 

prior to treatment. The compounds CPT (Sigma; 7689034), H5, A12B4C50 and A83B4C63 (Dr. 

M. Weinfeld) were dissolved in dimethyl sulfoxide (DMSO) (MilliporeSigma; D2438) to a 

concentration of 10 mM. The compounds were stored at -20°C until use. Not-treated cells were 

treated with the solvent only (DMSO) in a volume equal to the highest volume of the compound 

tested, and never adding more than 1% (v/v), and used as a negative control. CPT was used as a 

positive control for checkpoint adaptation.  

4.2 Cell rounding morphology assay 

HT-29 cells were seeded at 6.0 x 105/6 well culture plate and incubated at 37°C for 48 or 72 h prior 

to treatment to reach a cell confluency of 50-70%. Images were captured at 24 and 48 h in HT-29 

cells, with an Infinity 1 camera powered by Infinity Capture imaging software (Lumenera 

Corporation) on an Olympus CKX41 inverted microscope. Images were processed using Adobe 

Photoshop (CC 2017.0.1) software. Interphase cells and rounded cells were manually counted using 

Adobe Photoshop (CC 2017.0.1) software and the percentage of rounded cells in the total sample 

was determined. Not-treated cells were used as a negative control, and CPT treated cells as 

genotoxic control. A minimum of 200 cells were counted for each treatment and each experiment 

was performed at least three times. The mean and standard error of the mean of the percentages of 

rounded cells were calculated. 
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4.3 Immunofluorescence microscopy 

HT-29 cells were plated on glass coverslips at 6.0 x 105/6 well culture plate and incubated at 37°C 

for 48 or 72 h prior to treatment. After 48 h of treatment, cells were fixed at room temperature for 

20 min in 3% (v/v) paraformaldehyde (PFA) (Fisher Scientific; 30525894), diluted in PBS (137 

mM NaCl, 3 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4). Cells were quenched for 10 min with 

50 mM NH4Cl in phosphate buffered saline (PBS), permeabilized for 5 min using 0.2% (v/v) Triton 

X-100 in PBS and blocked for 1 h with 3% (w/v) bovine serum albumin (BSA) (Fisher Scientific; 

J6465522) in PBS-T (0.1% (v/v) Tween-20 (MilliporeSigma; CAEM9480) diluted in PBS). Cells 

were then incubated with primary antibodies as described: anti-histone γH2AX (MilliporeSigma; 

05-636; 1:400) for 1 h at room temperature or anti-pH3 (MilliporeSigma; 06-570; 1:1000), 

monoclonal mouse anti-XRCC1 (Abcam; ab1838; 1:200) or polyclonal rabbit anti-PNKP (Dr. M. 

Weinfeld, University of Alberta; 1:500) overnight at 4°C. After washing with PBS-T cells were 

incubated with secondary antibodies for 45 min at room temperature as follows: Alexa Fluor 488-

conjugated anti-mouse (ThermoFisher; A11059; 1:400) for anti-histone γH2AX and anti-XRCC1. 

Alexa Fluor 594 AffiniPure goat anti-rabbit (Jackson ImmunoResearch; 111585003; 1:400) for 

anti-pH3 and anti-PNKP. Nuclei were stained with 300 nM DAPI (FisherScientific; LSD1306) in 

PBS for 15 min and coverslips were mounted onto microscope slides using ProLong Gold Antifade 

reagent (FisherScientific; P36934). Cells were observed on an Olympus BX41 microscope and 

images were captured using an Infinity 3 camera operated by Infinity Capture imaging software 

(Lumenera Corporation). The signal for not-treated cells was set to zero using the exposure settings 

of the microscope camera and staining greater than the background level was detected. Cells 

staining for pH3 and histone γH2AX and the total number of cells (DAPI stained) were counted 

with Adobe Photoshop (CC 2017.0.1). XRCC1 and PNKP signals in cells were localized. Images 

were prepared using Adobe Photoshop (CC 2017.0.1) software. A minimum of 100 cells were 

counted for each treatment and the mean and standard error of the mean percentage of at least three 

independent experiments were calculated.  
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4.4 CETSA  

HT-29 cells were plated at 1 x 106 cells/75 cm2 flask for 48 or 72 h after which they were treated 

for 24 h. Cells were collected by trypsinization and resuspended in 1.5 mL PBS and ¼ tablet 

protease inhibitor (Roche; 11836170001). The cell suspension was aliquoted into 16 PCR tubes. 

The tubes were placed into the PCR machine (Eppendorf Mastercycler Pro) and each tube was 

heated at a different temperature in a gradient from 39.7 °C – 67.0 °C for 3 min. Next, the tubes 

were kept at room temperature for 3 min before freezing the tubes in liquid nitrogen. The cells are 

lysed by snap-freezing three times by thawing the tubes at 25°C and freezing them in liquid 

nitrogen. The lysate was centrifuged for 25 min at 16.000 X g at 4°C. The supernatant was 

transferred to a microcentrifuge tube and prepared for electrophoresis and western blotting by 

adding 2x SDS Sample Buffer (1:1) (20% (v/v) glycerol, 10% (v/v) DTT, 6% (w/v) SDS, 500 mM 

Tris, pH 6.8) and heated at 95°C for 5 min. The samples were loaded on the SDS-PAGE gel and 

western blotting procedure was performed. Experiments were performed three times.  

4.5 Cell extraction  

HT-29 cells were plated at 1 x 106 cells/75 cm2 flask and incubated at 37°C for 48 or 72 hours prior 

to treatment. After 24 h treatment cells were trypsinized and washed with cold PBS (137 mM NaCl, 

3 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4). Cells were resuspended in cold lysis buffer (50 

mM HEPES, pH 7.4, 50 mM NaF, 10 mM EGTA (ethylene glycol-bis(beta-aminoethyl ether)-

N,N’-tetraacetic acid), 50 mM β-glycerophosphate, 1 mM ATP, 1 mM DTT (dithiothreitol), 1% 

Triton X-100 (v/v), 10 μg/ml RNase A (MilliporeSigma; R6513), 0.4 U/ml DNase I (Life 

Technologies; AM2235) and protease inhibitor cocktail (Roche; 11836170001)) at a concentration 

of 20.000 cells/μL lysis buffer, passed through a 26-gauge needle for five passages and incubated 

on ice for 30 min. The suspension was centrifuged at 10,000 x g for 10 min at 4°C and the solution 

was aliquoted into 1.5 mL microcentrifuge tubes and stored at -80°C. Extracts were prepared three 

times and used for immunoprecipitation.  
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4.6 Immunoprecipitation 

HT-29 cell extracts (200 µL per sample), 24 h treated, were incubated with the primary antibodies 

monoclonal mouse anti-XRCC1 (Abcam; ab1838; 1:50) or polyclonal rabbit anti-PNKP (Dr. M. 

Weinfeld, University of Alberta; 1:50) at 4°C overnight. The cell lysate and antibody were 

centrifuged at 4°C for 10 min at 10.000 x g and supernatant was transferred into a tube containing 

washed magnetic beads (BioRad; 1614023, 1614013; Protein G beads for anti-mouse IgG pull 

down, Protein A for anti-rabbit IgG pulldown) and incubated for 1 h at 4°C with gentle rocking. 

The tubes containing the magnetic beads were placed in a magnetic separation rack (BioRad; 

1614916) for 15 seconds. The supernatant was separated from the pellet. The pellet was gently 

washed 3 times in 1x TBS-T (Tris-buffered saline, 0.1 % Tween-20 (MilliporeSigma; CAEM9480)) 

and resuspended in 40 µL 2x SDS sample buffer (20% (v/v) glycerol, 10% (v/v) DTT, 6% (w/v) 

SDS, 500 mM Tris, pH 6.8) and vortexed. The samples were heated at 95°C for 5 min and 

centrifuged for 1 minute at 14.000 X g. The samples were loaded onto an SDS-PAGE gel and 

western blotting procedure was performed. Experiments were performed three times. 

4.7 Electrophoresis and western blot analysis 

Extracts used for electrophoresis were heated at 95°C for 5 min in the presence of 2x SDS sample 

buffer (20% (v/v) glycerol, 10% (v/v) DTT, 6% (w/v) SDS, 500 mM Tris, pH 6.8). Cell extracts 

were separated on 10% (v/v) SDS-polyacrylamide gels with 4% (v/v) stacking gels by running at 

200 volts for 45 min. Precision Plus Dual Colour marker (BioRad; 161039) was used to determine 

molecular weight in kilodaltons (kDa). Proteins were transferred onto nitrocellulose membranes 

(FisherScientific; 10600003) by semi-dry transfer (BioRad) for 45 min at 20 volts. Membranes were 

blocked with 5% (w/v) low fat milk in Tris-buffered saline with Tween-20 (MilliporeSigma; 

CAEM9480) (TBS-T) (50 mM Tris base, 150 mM NaCl and 0.1% (v/v) Tween-20 

(MilliporeSigma; CAEM9480), pH 7.6) for 1 hour. Membranes were incubated with the following 

primary antibodies at 4°C overnight: monoclonal mouse anti-XRCC1 (Abcam; ab1838; 1:500), 
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monoclonal mouse anti-PNKP (Dr. M. Weinfeld, University of Alberta; 1:1000), monoclonal rabbit 

anti-Cdk4 (Cell Signalling; 12790S), and anti-actin (Santa Cruz Biotechnology; sc-58673; 1:200). 

The membranes were then washed with TBS-T and incubated with the following secondary 

antibodies for 45 min at room temperature: alkaline phosphatase coupled anti-mouse 

(FisherScientific; PRS3721; 1:2500) or alkaline phosphatase coupled anti-rabbit (FisherScientific; 

PRS3731; 1:2500). The membranes were washed with TBS-T and developed using an alkaline 

phosphatase conjugate substrate kit (BioRad; 1706432). Development was stopped using Tris-

EDTA (diaminoethane tetraacetic acid) buffer (10mM Tris base, 1mM EDTA, pH 8.0). Western 

blot analysis was performed at least three times. 

4.8 Karyotyping  

HT-29 cells were plated at 1.5 x 106/75 cm2 flask respectively for 48 or 72 h prior to treatment. HT-

29 cells were treated for 48 h followed by treatment of KaryoMAX colcemid (10 μg/ml) (Gibco; 

15210-040) for 1 h at 37 oC. Colcemid was used to increase the number of metaphase cells in a 

culture. Next, freshly prepared warm hypotonic solution (0.075 M KCl (MilliporeSigma; 

CAPX1405-1) in distilled H2O was added to the cells for 30 min to make nuclei swell osmotically. 

Then, cells were fixed by adding Carnoy’s fixative 3:1 methanol (FisherScientific; A4524) and 

acetic acid (MilliporeSigma; CAAX0073-9) solution and incubated for 10 min on ice followed by 

a mechanical shake-off to collect mitotic cells. Cells were placed into a pre-cooled 15 mL Falcon 

tube and spun down by 5 min centrifugation at 220 rcf. The supernatant was removed and cells 

were resuspended in 5 mL cold fixative and incubated on ice for 5 min followed by 5 min 

centrifugation at 220 rcf. This was repeated three times and after the last centrifugation cells were 

resuspended in 0.5 mL of fixative and the cell suspension was dropped on a cold, clean glass slide 

and blown hard to disperse the chromosomes. The slides were air dried at room temperature and 

stained with 300 nM DAPI (FisherScientific; LSD1306). Cells were observed on an Olympus BX41 

microscope and images were captured using an Infinity 3 camera operated by Infinity Capture 
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imaging software (Lumenera Corporation). Images were prepared with Adobe Photoshop (CC 

2017.0.1) software and chromosome configurations were determined. A minimum of 40 cells per 

treatment were observed and analyzed for genomic change. Experiments were repeated at least 

three times.  

4.9 Mechanical shake-off 

HT-29 cells were plated at 1 x 106 cells/75 cm2 flask and incubated at 37°C for 48 or 72 h prior to 

treatment. After 48 h of treatment, medium was aspirated and cells were gently washed with PBS 

(137 mM NaCl, 3 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4). Fresh medium was added at 3 

ml/75 cm2 and the flask was tapped with medium force on all edges to extract rounded cells from 

flattened cells (Swift & Golsteyn, 2018). 

4.10 Survival assay 

HT-29 cells were plated at 1 x 106 cells/75 cm2 flask and cultivated for 48 h prior to treatment. At 

48 h after treatment, a mechanical shake off was performed to collect rounded cells. Collected 

rounded cells were counted using hemocytometer and cell viability was confirmed by vital dye 

exclusion. Cells were re-plated in a 25 cm2 flask and placed in the incubator at 37oC until the desired 

time for survival analysis. At desired times, cells were collected by trypsinization and counted using 

a hemocytometer to determine the number of cells that survived. The percentage of re-cultivated 

cells that survived was estimated using the following formula:  

N0 = 10{logNT-(log2/tg) T} 

In the formula; NT = number of cells collected at the end of the survival assay, N0 = number of 

cells that were able to proliferate (i.e., survival cells), tg = generation time in hours, and T = time 

of culture in hours. Then, the percentage of surviving cells was calculated using the following 

formula:  

P = (N0 / N) × 100 
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In the formula; N = number of cells placed in the flask at the beginning of the survival assay and 

N0 = number of cells that were able to proliferate (i.e. survival cells) (Leibovitz & Mazur, 1977). 

Experiments were repeated at least three times. 

4.11 Statistical analysis  

Data were analyzed using Microsoft Excel 2010 and SPSS software. Data are presented as means 

± SEM from three independent experiments and analyzed by one-way analysis of variance 

(ANOVA) with Tukey’s post hoc test. A probability level of p < 0.05 was considered significant. 

  



103 
 

GENERAL DISCUSSION 

In this thesis, we have investigated whether chromosomes undergo changes during the process of 

checkpoint adaptation.  In particular, we found that in the relatively rare 1-2% of treated cells that 

survive checkpoint adaption, cells have increased numbers of interchromosomal and numerical 

rearrangements when compared to mock-treated cells. We then investigated if a PNKP inhibitor 

might alter the process of checkpoint adaptation or the outcomes of checkpoint adaptation. A better 

knowledge about the DNA damage and repair in checkpoint adaptation in needed to increase 

treatment efficiency. In this discussion, we will analyze the process by which CPT damages DNA, 

the mechanisms involved in the repair of this damage, and potential inhibitory targets to decrease 

checkpoint adaptation entrance or survival.  

In our experimental model, the genotoxic agent used to induce checkpoint adaptation in 

HT-29 cells is the Topo1 inhibitor CPT. During the early G1 phase, G1/S phase and M phase of the 

cell cycle, Topo1 will bind to pre-replicative complexes to control the activation of replication 

origins (Abdurashidova et al., 2007). Topo1 nicks one DNA strand to release torsional tension that 

arises from DNA strand separation during replication (Wall & Wani, 1995; Pommier et al., 2010). 

After the nick is formed, Topo1 generates a Topo1-DNA cleavage complex by covalently binding 

to the 3’-P terminus (Xu & Her, 2015). This complex is stabilized by CPT, which prevents the re-

ligation of the nick, leaving an SSB with a 3’-P end that is connected to Topo1 and a free 5’-OH 

group (Kerrigan & Pilch, 2001; Koster et al., 2007). 

SSB repair is one major pathway that can be involved in the repair of DNA breaks induced 

by CPT. The SSB induced by CPT consists of a 3’-P-Topo1 end and a 5’-OH end, which cannot be 

used by DNA polymerases or ligases. These termini require processing before the nick can be 

repaired. Poly [ADP-ribose] polymerase 1 (PARP1) recognizes these ends and recruits the repair 

protein XRCC1, which leads to the recruitment of Tdp1 and PNKP. Tdp1 removes Topo1 from the 

3’-P end and PNKP will convert this 3’-P end into the required 3’-OH end, and converts the 5’-OH 
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end to 5’-P. Termini in this configuration are substrates for DNA ligases. The re-ligation of the nick 

is primarily performed by DNA polymerase β and DNA ligase III, which are also recruited by 

XRCC1 (Pommier et al., 2006; Xu & Her, 2015). 

In addition to processing of the Topo1-DNA cleavage complex by Tdp1, endonucleases can 

also process this complex. Endonucleases cleave the DNA a few nucleotides away from the Topo1-

DNA cleavage complex to release the complex, converting the break ends into 3’-OH and 5’-OH, 

leaving a gap over a couple of nucleotides. This gap will lead to the activation of PARP1 and the 

recruitment of XRCC1, which in turn will recruit DNA polymerase β, which will catalyze the repair 

of the gap. The repair process results in a 5’-flap, and is aided by proliferating cell nuclear antigen 

(PCNA) and DNA polymerase β/ε. If PNKP does not convert the 5’-OH end, the 5’-flap can be 

removed by the endonuclease flap endonuclease 1 (FEN-1), and ligation of the nick will be 

performed by DNA ligase I (Pommier et al., 2006; Xu & Her, 2015). 

During DNA replication, the SSBs are likely to be converted to one-ended DSBs (Ryan et 

al., 1991; Strumberg et al., 2000; Kerrigan & Pilch, 2001; Koster et al., 2007; Lin et al., 2009). A 

study of CPT-induced DNA breaks in HT-29 cells showed that these one-ended DSBs breaks are 

formed by replication fork run-off, producing a 5′ phosphorylated DSB only on the leading strand 

for DNA synthesis (Strumberg et al., 2000). It has been demonstrated that this break is resected to 

produce a 3’ single-strand DNA overhang that triggers RAD51-dependent HR repair (Arnaudeau 

et al., 2001; Lundin et al., 2002).  

There are two major DSB repair pathways used by cells, NHEJ and HR. A study of HR and 

NHEJ-deficient cell lines determined that HR-deficient cells are significantly more sensitive to CPT 

than NHEJ deficient cells, suggesting that HR is the primary pathway utilized for the repair of the 

replication-associated one-ended DSBs (Arnaudeau et al., 2001; Chapman et al., 2012). HR is 

active in late S/G2 phase, using the sister chromatid as a template for precise repair of the DNA 

(Hendrickson, 1997; Takata et al., 1998). It has been suggested that HR is rapidly activated upon 
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replication-associated DSBs to allow fast repair and recovery of the replication fork to proceed 

DNA replication (Arnaudeau et al., 2001).  

The first step in HR is the recognition of the DSB by the meiotic recombination 11 

(MRE11)/RAD50/nibrin (NBS1) complex that activates the ATM kinase, leading to a DDR 

response. This is followed by the break end resection from 5’ to 3’ by CtBP-interacting protein 

(CtIP)-mediated nuclease activity, forming single-strand DNA. This single-stranded DNA is coated 

with replication protein A (RPA) and activates  the ATR response to facilitate HR. The RPA-coated 

single-stranded DNA is replaced with RAD51 nucleofilaments that performs homology sequence 

searching and mediated strand invasion, leading to a D-loop structure formation. DSBs are repaired 

by branch migration of the joint DNA molecule, DNA synthesis, DNA ligation, and the resolution 

of Holliday junctions to recover the replication fork (Kowalczykowski, 2000; Moynahan & Jasin, 

2010; Peng & Lin, 2011; Symington & Gautier, 2011). 

Occasionally, if two replication forks encounter each other at the SSB, it can form a two-

ended DSB instead of a one-ended DBS and can be repaired by NHEJ which is primarily active in 

G1/early S phase (Hendrickson, 1997; Moynahan & Jasin, 2010). NHEJ is error-prone in which the 

break ends are directly ligated without using a homologous sequence as a template. The main 

proteins involved in NHEJ are Ku70, Ku80, XRCC4, DNA-dependent protein kinase catalytic 

subunit (DNA-PKcs) and DNA ligase IV (Lieber, 2010; Davis & Chen, 2013).  

The treatment inefficiency observed in cancer patients has been suggested to be influenced 

by the DNA repair capacity of tumour cells in response to genotoxic agents. Therefore, inhibitors 

of DNA repair proteins are being studied for their ability to sensitize tumour cells to anti-cancer 

treatments (Bernstein et al., 2008; Allinson, 2010). One of these inhibitors targets PNKP and has 

been shown to sensitize cancer cells to IR or CPT treatment (Freschauf et al., 2009; Freschauf et 

al., 2010). In our study, we focused on the process of checkpoint adaptation, which is induced by 

toxic, yet pharmacological concentrations of CPT, which are lower than those that had been 

previously used in other studies. We were unable to detect an effect of PNKP inhibitors upon 
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checkpoint adaptation in cells treated with a pharmacological concentration of CPT. We were, 

however, able to observe a change in PNKP-XRCC1 interaction in treated cells, which suggests 

that the inhibitor A12B4C50 was affecting its target.   

One explanation for this result might arise by acquiring more information about the DNA 

repair pathways that are involved in the repair of CPT induced breaks. As described above, CPT 

induced DSBs are mainly repaired by HR. Inhibition of PNKP will affect the SSB repair pathway 

and the NHEJ pathway (see chapter 3) and it may be necessary to evaluate further the relationship 

between HR, NHEJ and checkpoint adaptation in cells treated by CPT.  

Other targets for the sensitization of cancer cells to CPT that undergo checkpoint adaptation 

might be the HR pathway. It has been previously shown that cells with HR gene defects are 

hypersensitive for chemotherapeutic drugs. HT-29 cells have been shown to be more sensitive to 

HR deficiency than NHEJ deficiency. However, inhibitors targeting HR protein in cancer cells 

directly are limited due to their often mutated genes (Pearl et al., 2015). A protein that plays a role 

in damaged DNA sensing is RPA. RPA has been suggested to be a protein that is involved in 

checkpoint adaptation and that protein defects can suppress checkpoint adaptation (Lee et al., 1998). 

Inhibition of RPA has shown to inhibit cell cycle progression, decreases cell viability and sensitizes 

cells to genotoxic agents (Shuck & Turchi, 2010). Another potential HR pathway target is RAD51. 

The small molecule RAD51 inhibitor RI-1 prevents the filament formation on the single-stranded 

DNA, leaving RPA coating unaffected. RI-1 was able to sensitize human cells in vitro up to 3 fold 

to chemotherapeutic drugs (Budke et al., 2012; Berte et al., 2016). Lastly, the DNA damage 

signalling inhibitor Mirin was shown to bind to MRE11 and inhibit its nuclease activity and the 

activation of the ATM/ATR-Chk1-Chk2 pathway. Mirin was also able to sensitize human cells to 

chemotherapeutic drugs (Berte et al., 2016). A defect of MRE11 protein in colon cancer cells has 

shown sensitization to CPT treatment (Wen et al., 2008). In addition to targeting HR, another 

strategy might be to target mitosis. Preventing cells from entering mitosis may prevent cells from 

undergoing checkpoint adaptation. It has been previously reported that inhibition of Cdk1 with CR8 
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prevented HT-29 cells from entering mitosis and induced cell death (Kubara et al., 2012). 

Additionally, the checkpoint adaptation pathway has been previously shown to be sensitive to Chk1 

inhibitors causing a cell cycle arrest (Chen et al., 2012). 

It is largely documented that HR is a repair pathway that is supposedly error-free. However, 

we have shown that the consequence of checkpoint adaptation, induced by CPT, is the acquisition 

of chromosomal rearrangements, as demonstrated by probes to chromosome 7. One explanation 

might be that these rearrangements have been formed by the NHEJ pathway that is involved in 

CPT-induced breaks to a lesser extent but could lead to erroneous rejoining of broken 

chromosomes. Another explanation might be the inability of the cohesion complex to tether one-

ended DSBs that are formed in S phase upon CPT treatment. The cohesion complex assists to rejoin 

DSBs that are in proximity by tethering the ends of DSBs to maintain genome organization and 

prevents chromosome motility, hence chromosome rearrangements. The failure of binding to the 

one-ended DSB can result in the rejoining of DSBs that are distant from each other leading to 

interchromosomal rearrangements (Gelot et al., 2016).  

Checkpoint adaptation in human cells is a relatively new discovered process. Previous 

studies have shown that cancer cells treated with pharmacological concentrations of genotoxic 

agents can enter checkpoint adaptation rather than die by apoptosis (Syljuasen, 2007; Swift & 

Golsteyn, 2016a; Jiang et al., 2017). A small number of cells undergoing checkpoint adaptation are 

able to exit and proliferate (Kubara et al., 2012). These survival cells acquired micronuclei, which 

was an indicator for chromosome instability (Crasta et al., 2012; Lewis & Golsteyn, 2016). The 

results in this thesis support our hypothesis that cells that survived checkpoint adaptation acquired 

chromosomal changes. This finding contributes to the growing understanding of the process of 

checkpoint adaptation, and might be significant in the understanding of treatment inefficiency seen 

in cancer patients. It is known that patients that are treated with genotoxic agents may develop 

secondary tumours that are genetically different from the primary tumour (Kastan & Bartek, 2004; 

Bartek & Lukas, 2007), and checkpoint adaptation might be one explanation as to how this occurs. 
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Our results are supported by the recently published increase of chromosome instability after 

chemotherapy and irradiation in vivo of cells from Hodgkin’s lymphoma patients (Kaddour et al., 

2017; Ramos et al., 2018).  

Additionally, we demonstrated that it is possible to test DNA damage inhibitors, such as a 

series of PNKP inhibitors in this experimental model, and importantly detect a biochemical effect 

of the inhibitors. Future work is planned to analyze full chromosome changes (i.e. spectral 

karyotyping) in cells that survive checkpoint adaptation. By being able to isolate PNKP by 

immunoprecipitation, we can now explore the complete protein complex under different stages of 

DNA damage induction and checkpoint adaptation. To conclude, we have shown that cancer cells 

that survive checkpoint adaptation acquire chromosomal rearrangements, which can contribute to 

chromosome instability. Further studies need to focus on the DNA repair mechanisms that might 

be involved in the formation of chromosome rearrangements to sensitize cancer cells to genotoxic 

agents. Overall, more insight into checkpoint adaptation might contribute to the better 

understanding of the biology of cancer treatments.  
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