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V

SUMMARY 

Anti-mitotic drugs are the most-commonly utilised class of 

chemotherapeutic agents that are administered as first-line therapy; however, 

their clinical success has been impeded by chemoresistance and disease relapse. 

To formulate a treatment that achieves complete remission of the disease, it is 

critical to gain a complete understanding of the cellular pathways underlying 

this escape from antimitotic drug-induced cell death, also known as mitotic 

slippage. Mitotic slippage describes a phenomenon where cells escape 

antimitotic drug-induced mitotic arrest/death and "slip" into interphase without 

proper chromosome segregation and cytokinesis. Post-slippage cells do not 

replicate and are not affected by repeated anti-mitotic drug treatment. They are 

known to persist and accumulate in vitro and in vivo, potentially giving rise to 

chemoresistance. Despite the association between post-slippage cells and their 

contribution to chemoresistance, the underlying mechanisms of mitotic slippage 

contributing to anti-mitotic drug resistance remains unclear.  

Here, I elucidate cell fate following mitotic slippage and assess one of 

its major implication - therapy-induced senescence (TIS), a phenomenon that is 

known to be also initiated by other chemotherapeutic treatments. I employed 

slippage-prone human osteosarcoma U2OS cells and observed their cell fate 

upon anti-mitotic drugs treatment. Consistent with other studies, antimitotic-

treated U2OS cells undergo mitotic slippage and subsequently entered the state 

of senescence. I found that post-slippage senescent cells released pro-

tumourigenic senescence associated secretory phenotype (SASP) factors that 

promoted paracrine in vitro and in vivo cell migration, invasiveness and 

angiogenesis. These results show the detrimental effects of post-slippage 

senescent cells and the need to eliminate them. Further analyses revealed that 

autophagy is involved in the establishment of post-slippage senescence. 

Blocking autophagy induction by pharmacological and genetic approaches 

overrode G1 arrest-senescence, reduced SASP-associated paracrine tumorigenic 

effects, and increased S-phase dependent DNA damage coupled with a 

concomitant increase in apoptosis. Consistent with this, our in vivo mice 

xenograft model showed the synergistic inhibition of tumour growth upon 

treatment with the autophagy inhibitor Chloroquine and Paclitaxel.  
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Another metabolic alteration observed in post-slippage cells is the 

accumulation of lipids. I found that TOFA, a lipid biosynthesis inhibitor was 

able to block lipid accumulation, promote early slippage, reduce cellular stress 

and enhance survival of antimitotic-treated cells. Modulating lipid biosynthesis 

in post-slippage cells by TOFA, amplified their inflammatory secretion profiles 

and accelerated the development of paracrine pro-tumorigenic behavior, 

particularly in cell migration and invasiveness. Contrary to TOFA, inhibition of 

lipid accumulation by C75, another drug targeting a different lipid biosynthesis 

pathway, abrogates the production of pro-tumorigenic factors and their 

associated effects in post-slippage cells. This suggests that discrete lipid 

biosynthesis pathways contribute differentially to the regulation of pro-

tumorigenic inflammation. Unlike autophagy inhibition, blocking lipid 

biogenesis in post-slippage cells did not abrogate senescence but control the 

expression and secretion of post-slippage tumourigenic factors.  

Lastly, my preliminary results from the final chapter also identified the 

overexpression of HK2 upon antimitotic treatment that potentially contributes 

to the glycolytic phenotype post-slippage as well as the induction of autophagy 

and its downstream effectors. All in all, this study provides insights into 

alterations in metabolic processes such as autophagy and lipid metabolism 

during anti-mitotic drugs treatment that plays a role in governing tumourigenic 

effects incurred post-mitotic slippage. Understanding cell fate post-slippage 

provides new avenues and insights into the development of novel therapeutic 

strategies. Our discovery of eliminating of TIS through autophagy inhibition or 

limiting tumourigenic SASP production through lipid biosynthesis inhibition 

can potentially lead to treatments that may circumvent antimitotic drug 

resistance and enhance the treatment efficacy for cancer patients. 	
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1.   INTRODUCTION 

1.1   Background and scope 

1.1.1   Cell fate response to antimitotic drug treatment 

 Antimitotic drugs, such as Taxol and Nocodazole, are used as first-line 

treatments for cancer [1]. The use of antimitotic drugs in the clinic aims to kill 

replicating cancer cells by inhibiting their ability to undergo regular mitosis and 

continue proliferating in the body. Cells undergoing mitosis require proper 

segregation of chromosomes via microtubule dynamics and successful 

cytokinesis to produce two daughter cells that contain identical copies of the 

parental genome. At the molecular level, antimitotic agents specifically target 

the microtubule dynamics by disrupting its polymerisation or depolymerisation. 

As such, these drugs affect the cells’ ability to properly segregate their 

chromosomes, leading to improper mitotic spindle formation, chromosome 

misalignment and missegregation and constitutive activation of the spindle 

assembly checkpoint (SAC), a surveillance mechanism that monitors proper 

mitotic progression from metaphase to anaphase transition. The SAC stops the 

progression of the cell cycle by negatively regulating CDC20 (an activator of 

anaphase promoting complex), and thereby preventing ubiquitination-related 

activities of the anaphase promoting complex (APC) [2]. The core components 

responsible for the SAC signal compose the mitotic checkpoint complex 

(MCC), which includes MAD1/2 (mitotic arrest deficient), BUBR1 (mitotic 

checkpoint serine/threonine-protein kinase BUB1 beta) and CDC20. Inhibition 

of APC/C activities prevents ubiquitination and degradation of securin and 

cyclin B1. Degradation of securin liberates separase which in turn cleaves the 

cohesin ring structure allowing sister chromatids to separate (transition to 

anaphase), whereas degradation of cyclin B1 inactivates Cdk1, leading to 

mitotic exit [3]. Perturbing these two processes of mitotic progression leads to 

the arrest of cells at a pro-metaphase arrest. These prolonged mitotically-

arrested cells subsequently undergo two possible cell fates; either mitotic death 

or mitotic exit to G1 phase without cell division also known as mitotic slippage.  
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1.1.2   Characteristics of mitotic slippage 

 Mitotic slippage cells (hence forth referred to as post-slippage cells) are 

able to overcome the inherent effect of antimitotic drugs and thus survive [4, 5]. 

The main phenotypical characteristics of cells that have gone through mitotic 

slippage is (1) multinucleation that arise from the improper segregation of 

chromosome and (2) tetraploidisation that arise from failure of cytokinesis. In 

vivo studies have confirmed the persistence and accumulation of multinucleated 

slippage cells upon antimitotic drugs treatment of tumour xenografts in mice [4, 

6]. It was proposed that the occurrence of mitotic slippage resembles a potential 

source of chemoresistance. This is evident by studies showing the correlation 

between increased incidence of mitotic slippage and drug resistance. For 

instance, increased mitotic slippage is shown to reduce sensitivity to paclitaxel-

induced cell death [7]. In addition, depletion of p31comet, a Mad2-binding 

protein in cancer cells delays the onset of mitotic slippage and promotes cell 

death following antimitotic drug treatment [8]. Paclitaxel-resistant ovarian 

cancer cell line was found to possess a weakened SAC with reduced BubR1 

expression [9]. Another study revealed that the inhibition of mitotic slippage by 

depletion of cell cycle regulator Cdc6 was sufficient to reverse paclitaxel 

resistance and reduce cell viability [10]. Therefore, the need to eliminate the 

post-slippage cells becomes apparent.  

 Although the mechanism of mitotic slippage has yet to be fully 

elucidated, one appealing model by Gascoigne et al. demonstrated that the 

decision to undergo mitotic cell death or to exit mitosis and proceed to 

interphase (mitotic slippage) is dictated by two competing networks; one that 

involves the activation of cell death pathways and the other that protects cyclin 

B1 from degradation [5]. During protracted mitotic arrest that leads to mitotic 

death, cell death signals become more robust while cyclin B1 levels fall. Both 

networks have designated thresholds that dictated the cell fate by whichever the 

threshold is breached first. Thus, if cyclin B1 levels fall below the mitotic-exit 

threshold first, cells exit mitosis and slippage occurs. Likewise, if the death 

threshold is breached first, then the cells undergo mitotic cell death. Cyclin B1 

degradation could thereby be an effective indicator of mitotic slippage. 

Following mitotic slippage, some cells appear to die at interphase, where others 
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may proceed to re-replicate their genome or the tetraploid multinucleated cells 

at G1 will enter senescence (Figure 1).  

  

 

Figure 1. Cell fate upon antimitotic drugs treatment.  

Upon treatment with antimitotic drugs, cells will undergo a duration of mitotic arrest 

and subsequently die during mitosis or undergo mitotic slippage. Post-slippage 

multinucleated cells can also undergo cell death, or persist and transit into senescence. 

 

1.1.3   Therapy-induced senescence  

 Cellular senescence is a state of terminal growth arrest inducible by 

different forms of cellular stress and stimuli such as extensive DNA or 

oxidative damages [11]. Senescent cells are highly metabolically active and 

have distinctive characteristics which includes an enlarged, flatten morphology 

and the increased in senescence-associated b-galactosidase (SA-b-gal) activity 

[12]. They also encompassed changes in several cellular contents such as the 

accumulation of dysfunctional mitochondria and the increased in lysosomal 

content [13]. On the molecular level, senescence is associated with the loss of 

lamin B1 [14], decreased expression of hypophosphorylated RB 

(retinoblastoma protein) [15-17] as well as the increased expression of cyclin-

dependent kinase inhibitor p21 [18, 19] and tumour suppressor p53 [20, 21]. All 

these molecular effectors are interconnected and converged towards the 

establishment of irreversible cell cycle arrest and subsequent senescence. 

Another distinct hallmark of senescent cells is the acquisition of senescence-

associated secretory phenotype (SASP) whereby senescent cells trigger non-

autonomous effects through the secretion of cytokines, chemokines and other 
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soluble factors [13]. Depending on biological events, accumulation of cellular 

senescence could be beneficial by contributing to wound healing, host 

immunity and tumour suppression; or detrimental from its implication in 

diseases particularly aging-related pathology and cancer [22].  

 Many anticancer therapies have been known to induce cellular 

senescence commonly term as therapy-induced senescence (TIS) [23-25]. The 

transformation of cancer cells to terminally growth arrest cells in vitro and in 

vivo by TIS have led to several beneficial effects on the management and 

treatment of cancer. Firstly, cellular senescence is considered a tumour-

suppressive mechanism since it impedes cell proliferation which indirectly 

prevents cancer progression [26]. Also, senescent cells can secrete various 

factors or exhibit SASP that render dysfunction of neighbouring cancer cells 

[27]. SASP components can promote the immune surveillance of senescent 

cells resulting in their eliminated by the host immune system [28]. Lastly, 

SASP is found to provoke paracrine senescence to surrounding normal cells and 

tissues that could potentiate the activation of immune surveillance [29]. 

Paradoxically, TIS cells are also known to acquire tumor-promoting effects. 

TIS cells could escape from terminal growth arrest and reenter into the cell 

cycle [30, 31]. Furthermore, the SASP components could trigger the 

proliferation of neighbouring cancerous and noncancerous cells, making their 

accumulation undesirable [32-35]. SASP components have also been  shown 

to engender tumor-promoting effects such as cellular motility (invasion, 

migration and metastasis), epithelial-mesenchymal transition (EMT), 

angiogenesis as well as inflammation in neighbouring cells [33, 36]. It had been 

shown that interleukin 8 (IL-8), interleukin 6 (IL-6) and Interleukin 1 (IL-1) are 

some of the crucial SASP factors that promote tumourigenesis in premalignant 

cells [32]. In a systemic level, TIS cells could also contribute to the adverse 

effects of chemotherapies such as fatigue, bone marrow suppression and cardiac 

dysfunction, potentially undermining the survival rate of cancer patients [37].  

 The above suggest that TIS or its associated SASP represents a double-

edged sword in cancer therapeutics (Figure 2). In the context of antimitotic 

therapies, the molecular mechanisms underlying senescence following mitotic 

slippage and their consequential cell fate significance have not been well-
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explored. Thus, it is imperative to examine the senescent cell fate following 

antimitotic-induced mitotic slippage.  

 

 

Figure 2. Effects of SASP triggered by therapy-induced senescent (TIS) cells.  

Upon anticancer therapies, cancer cells can undergo cell cycle arrest and become 

senescent. TIS cells acquired SASP that can exert pro-tumourigenic (blue arrow) 

and/or anti-tumourigenic (green arrow) effects. SASP can promote the reinforcement 

of senescence in cancer cells or surrounding cells through an autocrine and a paracrine 

fashion. SASP can also active the immune response and promote the clearance of 

cancer cells. In respect to the pro-tumourigenic effects, SASP is known to promote cell 

proliferation, angiogenesis, and tumour migration and invasiveness. 
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1.1.4   Autophagy induction upon anticancer therapies 

 Autophagy is a highly regulated catabolic process that involves the bulk 

degradation of intracellular proteins and organelles into macromolecular 

precursors that are recycled or used for metabolic pathways [38, 39]. The 

process of autophagy (Figure 3) is regulated by a series of signaling events that 

occurs at basal level during physiological condition and is inducible by diverse 

signal and cellular stresses. When cells are exposed to starvation or stressful 

conditions, class I PI3K or other stimulus triggers the release of mTOR 

inhibition of Unc-51-like kinase (ULK1) complex, which subsequently induces 

the activation of class III phosphatidylinositol-3 kinase (PI3K) complex that 

initiates vesicle nucleation [40]. A group of ATG complexes (ATG5-ATG12) 

expands the autophagosome membrane whereas the family of microtubule-

associated protein 1 (MAB) light chain 3B (LC3) and GABARAP proteins 

conjugate to lipid phosphatidylethanolamine (PE) and recruit to the membrane 

[40]. The lipidated form of LC3 (also known as LC3II) is commonly used as a 

marker of autophagosome [41, 42]. Eventually, the cargo-encapsulated 

autophagosome fuses with the acidic lysosome where the autophagosome 

contents are degraded into macromolecular precursors that are recycled or used 

for metabolic and biosynthetic pathways. The autophagic adaptor protein p62/ 

sequestosome 1 which specifically target substrates to autophagosomes, and 

LC3II are degraded with cargo proteins and can be used as an indicator of 

autophagic flux [43]. 
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Figure 3. The autophagy process.  

On stimulation of autophagy, a series of signaling pathways initiate the synthesis and 

elongation of phagophores which engulfs intracellular components such as organelles 

and macromolecules. The membrane completes the encapsulation of cargo materials 

and matures into a closed doubled-membrane autophagsomes. The outer 

autophagosomal membrane fuses with a lysosome to form autolysosomes where the 

autophagic cargo is degraded by lysosomal hydrolases and recycled back into the 

cytoplasm. Key proteins involved in autophagy are: ATG, autophagy-related proteins; 

PI3K, phosphatidylinositol-3 kinase; LC3, microtubules-associated protein 1 light 

chain 3; LAMPs, lysosomal-associated membrane; ULK1, Unc-51-like kinase. 

 

 Many anticancer drugs such as doxorubicin, paclitaxel and Imatinib 

have been shown to induce cellular autophagy in cancer cells [44-46]. 

Autophagy activation was found to reduce the sensitivity of hepatocellular 

carcinoma (HCC) to doxorubicin treatment [47]. Ovarian cancer stem cells 

(CSC) require the activation of autophagy to survive carboplatin treatment [48]. 

In both studies, inhibition of autophagy in the cancer cells by chloroquine 

treatment restored their sensitivity to chemotherapies, suggesting that 

autophagy functions as an adaptive response to cancer treatment. Indeed, high 

levels of autophagic activity found specifically in a subpopulation of cells that 

escaped from chemotherapeutic treatment and persisted supports the notion that 

autophagy underlies the chemoresistance of these cells [49]. Several 

mechanisms on how autophagy contributes to chemoresistance or tumour 

reoccurrence had been uncovered. Therapy-induced autophagy has been 

proposed to confer cell survival through various means such as alleviating 

cellular stress, reprogramming of cell metabolism or dictating alternative cell 

fate such as senescence [49-52]. For instance, the work by Hu et al. 

demonstrated that devascularisation induced by antiangiogenic therapy 
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promotes a hypoxic environment, which in turn activates an adaptive 

autophagic response to promote tumour cell survival [50].  

 Apart from the protective mechanism of autophagy, anticancer drugs 

such as 5-Fluorouracil (5-FU) or Imatinib could trigger autophagy-mediated 

cell death in certain settings [46, 53]. Autophagic cell death is a caspase-

independent form of programmed cell death that is characterised by the large-

scale accumulation of autophagosomes [54]. It had been shown that 5-FU 

treatment induces autophagic cell death in PUMA or Bax-deficient human 

colon cancer cells but not in wild type (WT) cells [53]. Inhibition of autophagy 

by 3-Methyladenine (3-MA) reduces the cell death in apoptotic deficient cancer 

cells. Furthermore, some anticancer drugs such as sorafenib and 

monofunctional platinum (II) complex could also induce autophagic cell death 

in human cancer cells [55, 56]. As such, autophagic cell death induced by 

chemotherapies could functions as an alternative cell death machinery for 

cancer cells that are resistance to cell death or have apoptotic defects [57]. In 

this context, the activation of autophagy by chemotherapies or autophagy 

agonists could trigger autophagic cell death that contributes to the efficacy of 

anticancer drugs. 

 Autophagy is also known to be closely associated with senescence [58, 

59]. Autophagy is found to be activated upon senescence induction and is 

essential to facilitate senescence transition [60, 61]. It has been revealed that the 

inhibition of autophagy via pharmacological and genetic means reduced or 

delayed senescence response triggered by oncogenic stress or irradiation [62-

64]. The process of autophagy is postulated to provide recycled building blocks 

to support energy homeostasis and cellular biosynthesis (i.e. synthesis and 

secretion of SASP factors) for the maintenance and establishment of highly 

metabolically active senescence state [62]. Indeed, it has been shown that 

therapy-induced senescent lymphomas expressing high level of SASP factors 

are sensitive to autophagy inhibition [64].  

 Taken together, autophagy induction upon anticancer therapies 

resembles a double-edge sword with pro-survival or pro-death potential. 

Depending on the context, especially the type of cancers and the drugs used, 

anticancer drugs could induce different effects of autophagy that potentially 
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enhance their anti-tumour properties or contribute to therapeutic resistance. 

Understanding the functions of autophagy under specific chemotherapeutic 

treatment allows the development of a therapeutic strategy (i.e. by inhibiting or 

activating autophagy) to circumvent resistance and enhance the efficacy of the 

treatment for cancer patients.  

  

1.1.5   Lipid accumulation upon anticancer therapies 

 Cancer cells frequently exhibit specific changes in their lipid 

metabolism. The diverse roles of lipids in membrane structure, cellular 

signaling and protein regulation strongly suggest that lipids are essential 

components of the cellular machinery that can regulate proliferation, migration 

and survival of cancer cells [65]. Gene expression profiling of various tumors 

has shown the upregulation of genes such as Acetyl-CoA carboxylase (ACC), 

ATP citrate lysate (ACLY) and fatty acid synthase (FASN) that are involved in 

lipogenesis and cholesterol synthesis pathways [66-68]. As such, excessive 

lipids and cholesterols in cancer cells are converted and stored as cytoplasmic 

lipid droplets (LD). In agreement, increased number of LD have been reported 

in many cancer cells [69, 70]. Furthermore, a positive correlation of lipid 

droplet accumulation and cell proliferation has been recently established in 

colon cancer cells, suggesting an involvement of lipid droplets in cell 

proliferation with potential implications to the pathogenesis of colon 

adenocarcinoma [71]. Analogous to the role of lipid synthesis in promoting 

cancer, the presence of reserve LD could function either as primary or an 

alternative source of energy (ATP produced via fatty acid ß-oxidation) or as 

part of the structural component of biological membrane (for example, 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylglycerol (PG) and phosphatidylserine (PS)) for cancer cell 

proliferation.  

 Apart from mediating cancer cell development and proliferation, 

accumulation of lipid or LD has been widely reported to correlate with 

chemotherapeutic treatments. For example, lipid accumulation has been shown 

to be a consequence of metabolic changes during etoposide-induced apoptosis, 
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where the inhibition of FA β-oxidation in defective mitochondria, re-directs 

FFAs toward lipid storage [72]. Indeed, inhibition of β-oxidation or oxidative 

phosphorylation is sufficient to drive lipid droplet formation in cancer cells. 

Treatment of N-Myc proto-oncogene protein-amplified neuroblastoma cells 

with 10058-F4, an inhibitor of c-Myc/Max protein, a member of the basic 

helix-loop-helix leucine zipper family of transcription factors, triggers the 

accumulation of intracellular LD as an outcome of mitochondrial dysfunction 

[73]. The chemotherapeutic drugs doxorubicin and 5-fluorouracil (5-FU) in 

human colon carcinoma cells induce the accumulation of LD as a result of 

upregulated TG biosynthesis [74, 75]. Hence, this points to a potential role for 

LD as part of a general stress response to different classes of chemotherapeutic 

treatments. Increased LD formation during chemotherapy may also be a 

consequence of non-apoptotic cell death (NCD) as ferroptosis-induced NCD 

perturbed FA metabolism [76, 77]. Lipid biosynthesis stimulated the 

accumulation of FA and initiated NCD in fibrosarcoma HT1080 cell lines [78]. 

Suppression of either LD or lipid accumulation by the lipid biosynthetic 

inhibitor, 5-(tetradecyloxy)-2-furoic acid (TOFA), reduced lipid dysregulation-

associated cell death [79]. All above point out to lipid accumulation as a 

generic stress response, a marker of apoptotic induction or a contributor to cell 

death upon chemotherapeutic treatment.  

 Apart from assisting cell death, lipid is also known to accumulate in 

cancer cells surviving chemotherapeutic treatments. Conventional anticancer 

treatments in tumour cells may induce a stable cell cycle arrest, a cytostatic 

phenotype known as “therapy-induced senescence” (TIS) as described above. 

Irreparable DNA damage, chemotherapeutics or ionizing radiation could 

potentially contribute to the induction of TIS. TIS cells from etoposide 

treatment were found to contain LD that are numerous and larger in size than 

their proliferating counterparts [80, 81]. The accumulation of LD in TIS from 

enhanced lipid import was found to contribute to the onset and maintenance of 

senescence. Excess lipids that could not be stored in overloaded LD may 

promote the generation of lipotoxic diacylglycerol and ceramides that 

potentially trigger stress-induced cellular senescence [80]. This is further 

supported by the notion that triglyceride or ceramide alone is sufficient to 
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induce senescence in cancer cells. Other than TIS cells, residual breast cancer 

cells surviving oncogene-inactivation were found to harbor increased lipid 

accumulation that were used as an energy source from b-oxidation [82]. Similar 

phenomena have also been established in oncogene ablation-resistant pancreatic 

cancer cells [83]. Therefore, therapy-induced lipid accumulation could promote 

survival of cells through supplying energy demand and promoting apoptosis-

resistant senescence. 

 Taken together, therapy-induced lipid accumulation not only contributes 

to cell death phenotype but could also play a pro-survival role following drug 

treatment. Although it is indisputable that cellular lipid accumulation can be 

induced by certain chemotherapeutics treatment, limited studies had been 

performed to define the mechanisms and functions of such accumulation. 

Understanding the functions of LD or lipid accumulation under specific 

chemotherapeutic treatment allows the development of a therapeutic strategy 

(i.e. by inhibiting lipid biosynthesis) to circumvent resistance and enhance the 

efficacy of the treatment for cancer patients.  
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1.1.6   Metabolic reprogramming upon anticancer therapies 

 One of the stipulated hallmarks of cancer which was originally 

described by Otto Warburg is the “Warburg effect”; where most cancer cells 

reprogram energy metabolism by favouring the utilisation of glycolysis instead 

of oxidative phosphorylation for bioenergetics demands despite the availability 

of oxygen [84]. This unique metabolic switch adopted by cancer cells was later 

revealed to be essential to both provide high rate of ATP production and 

glycolytic intermediates (e.g. nucleosides and amino acids) for biosynthesis of 

proliferating cancer cells [85, 86]. Although glycolysis only produced 2 ATP 

per glucose consumed as compared to 36 ATP produced by mitochondrial 

oxidative phosphorylation, the low ATP produced by glycolysis can be 

compensated by the increase in glucose uptake by cancer cells [87]. As such, 

tumours are shown to upregulate the expression of numerous glycolytic-related 

enzymes such as glucose transporter 1 (Glut1), hexokinase 2 (HK2), lactate 

dehydrogenase A (LDHA), phosphofructokinase 1 (PFK1) and others [88, 89].  

 Interestingly, metabolic reprogramming is not only a consequence of 

malignant transformation but also observed in response to chemotherapy; 

particularly in chemoresistant cells. It has been recently reported that cisplatin 

treatment promotes glycolysis through inducing the accumulation of 

cytoplasmic 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKPB3), 

subsequently preventing DNA damage and apoptosis [90]. Elevated glycolysis 

is also observed in glioblastoma cells treated with radiotherapy [91]. 

Dichloroacetate, a glycolytic inhibitor sensitizes glioblastoma cells to 

radiotherapy by inducing a glycolytic shift towards oxidative phosphorylation. 

Furthermore, it has been revealed that glycolysis is essential for the 

chemoresistance of colorectal cancer [92]. 5-fluorouracil (5-FU) resistant 

colorectal cancer cells were sensitive to glycolytic inhibitors such as 3-

bromopyruvate (3-BP) and 2-Deoxy-D-glucose (2DG). The production of ATP 

derived from glycolysis could be crucial for chemoresistant cancer cells to cope 

with chemotherapeutic stress and bioenergetics demand, which includes 

maintaining the function of ATP-dependent efflux transporter P-glycoprotein 1 

(P-gp), repairing and replicating of DNA/RNA, increasing the expression of 

anti-apoptotic genes, and activating of intracellular survival signaling [93-96]. 
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These studies suggest that metabolic alteration upon chemotherapeutic 

treatment is context-dependent and that such alteration may provide a survival 

advantage for chemoresistant cells.  

 In the context of antimitotic drug treatment, the transition of cancer cells 

from its highly proliferative to predominantly senescent state is perceived to be 

metabolic dynamic and bioenergetically demanding. Firstly, the prolonged 

mitotic arrest from the activation of SAC requires continuous transcription of 

mitotic regulators. The prolonged mitotic arrest was very recently found to be 

dependent on glycolysis instead of mitochondrial oxidative phosphorylation 

(OXPHOS) for survival [97]. Secondly, the ‘exit from mitotic arrest to slippage’ 

phenotype by disassembly of the mitotic checkpoint complex (MCC) is ATP-

dependent [98]. Lastly, therapy-induced senescent cells remain metabolically 

active despite the lack of growth and proliferation [99]. Therefore, similar to the 

above mentioned chemotherapy-induced resistant cells, it is highly plausible 

that antimitotic-induced post-slippage cells display alteration in their metabolic 

pathway to mediate cellular survival. 
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1.2   Research Objectives 

 This study was initiated with the notion that post-slippage cells are a 

subpopulation of cells that escape mitotic cell death and survive antimitotic 

drugs treatment. Despite the putative association of post-slippage cells and 

chemoresistance, limited studies have focused on elucidating mitotic slippage 

and the subsequent cell fates following slippage. Chapter 1 of this thesis aims to 

investigate cell fates and their impact on the tumor microenvironment following 

antimitotic drugs-induced mitotic slippage, particularly on post-slippage 

senescence. It is hypothesised that post-slippage senescent cells possess pro-

tumourigenic potential that contributes to chemoresistance or tumour recurrence.  

 Chapter 2 and Chapter 3 of this thesis aim to elucidate the molecular 

mechanism(s) underlying post-slippage cell fate; specifically, on autophagy and 

lipid metabolism. The second chapter describes experiments undertaken to 

determine the activation of autophagic pathway in post-slippage cells and the 

role of the pathway in modulating mitotic slippage-induced senescence. The 

third chapter describes the findings on lipid accumulation upon antimitotic drug 

treatment and the role of lipid metabolism in mediating cell fate post-slippage.  

 Lastly, the fourth and final chapter will briefly describe my efforts in 

delineating the effects on other metabolic alterations (e.g. glycolysis) induced 

by cancer cells in response to antimitotic drugs treatment and determining if the 

identified metabolic pathways mediates cell fate response to antimitotic drugs 

treatment.  

 

1.3   Rationale and Significance of Study 

The characterisation of mitotic slippage and subsequent cell fates in this study 

provides an insight into pathways and molecular mechanisms underlying the 

escape from cell death that may be responsible for antimitotic drug resistance in 

patients. Understanding the mechanisms involved in dictating cell fate post-

antimitotic drug treatment, such as dependence on autophagy and lipid 

metabolism found in this study, opens up opportunities for the development of 

novel therapeutic strategies circumventing antimitotic drug resistance and 

enhancing treatment efficacy for cancer patients. 
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2.   MATERIALS AND METHODS 

2.1   Cell Cultures and Reagents  

Human osteosarcoma U2OS, colorectal carcinoma HCT116, breast 

adenocarcinoma MCF-7 and MDA-MB-231 cancer cell lines were purchased 

from American Type Culture Collection (ATCC). Cells were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) supplemented with 10% 

Fetal Bovine Serum (Hyclone GE) and 100 units/mL penicillin (Gibco) at 37oC 

in a humidified atmosphere of 5% CO2. Chemicals and the concentration used 

are listed in Appendix Table 1.  

2.2   Generation of stable cell lines 

The stable cell lines were generated through the courtesy of fellow Lab 

members. To establish stable expression of GFP-H2B and GFP-LC3, U2OS 

cells were infected with viral particles produced from HEK293T cells 

transfected with pBabe-puro-H2B-GFP (#26790), pBabe-puro-Omi-mCherry 

(#48685) or pBabe-puro-LC3 (#22405) (Addgene) along with retroviral 

packaging plasmids. To generate stable knockdown of autophagy-related genes 

(ATG5), U2OS cells were infected with viral particles produced from 

HEK293T cells transfected with targeting plasmids along with lentiviral 

packaging plasmids. Two days after infection, cells were selected with 

puromycin (1 µg/mL) for two weeks. The shRNA plasmids used in this study 

were as follows: shATG5-pLKO.1-puro was cloned using the following target 

sequence (sense): 5’-GACAAGAAGACATTAGTGA-3’. PLKO.1-puro 

(#19119) and pLKO.1-empty vector (control shRNA) (#10878) were purchased 

from Addgene. 	
  

2.3   Cell Cycle Synchronization 

Cells were serum starved for 24 h to synchronize cells in G0/G1 phase, 

followed by 24 h of 3 mM thymidine treatment to synchronize cells in S phase. 

Cells were then released in drug-free media for 3 h to enter G2 phase before 

commencing the respective drug treatments. 
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2.4   BODIPY 493/503 Staining  

BODIPY 493/503 (D3922) (Thermoscientific) was purchased from Life 

Technologies. Live cells were trypsinised and washed twice in PBS before 

incubating in 2 µg/mL BODIPY (in PBS) for 15 min at 37°C. After staining, 

cells were washed twice in PBS and analysed on an Accuri C6 flow cytometer 

(BD Biosciences) under FL-1 channel. Data analysis was performed using 

FlowJo software. 

2.5   Cell Viability Assay 

For relative cell viability analyses, 7,500 cells were seeded in a 96-well plate 

and treated for the respective duration. Cell viability was assessed using 

CellTiter96® One Solution Proliferation Assays kit (G3580) (Promega) 

according to manufacturer’s instructions. For absolute cell viability analysis, 

cells were seeded in 10 cm dish and treated for the respective duration. Cells 

were then trypsinised, stained with 0.4% trypan blue solution and counted using 

an automated cell counter (Luna™). The number of viable cells = Total number 

of cells – Number of blue cells. 

2.6   Clonogenic Survival Assay  

U2OS cells were plated at 7,500 cells per well in 6-wells plates. Cells were 

synchronised before the addition of respective drugs for the desired duration. 

The medium was then removed, the wells were washed twice with PBS and 

fresh medium was added. Plates were incubated for 5-10 days until 

macroscopic colonies formed. For quantification of colonies, the wells were 

washed twice with ice-cold PBS and fixed for 10 min with 4% 

paraformaldehyde (PFA). Colonies were stained with a 0.4 % crystal violet/20 % 

methanol solution for 10 min. The crystal violet solution was removed, the 

wells were washed with water to remove excess dye, and dried at room 

temperature overnight. Colonies were quantified by solubilisation in 1 mL of 

100% methanol followed by spectrophotometric analysis at 570nm. The 

survival of treated cells was normalized relative to non-treated cells and 

statistical significance was determined by two-tailed Student’s t-tests.  
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2.7   Cellular ROS Measurement  

Treated cells were trypsinised and washed twice in PBS before being incubated 

in 20 µM of 2',7'–dichlorofluorescin diacetate (DCFDA) (ab113851) (Abcam) 

working solution for 25 min at 37°C. After staining, cells were washed in PBS 

and analysed on an Accuri C6 flow cytometer (BD Biosciences) under FL-1 

channel. Data analysis was performed using FlowJo software. Fluorescence 

intensities were normalised against untreated cells.  

2.8   Extracellular Lactate Measurement 

1.2 x 106 U2OS cells were grown in 10 cm dishes and treated with nocodazole 

and Taxol for 48 h. After treatment, cells were washed with PBS to remove 

dead cells or debris and 7 mL of fresh culture media were added. After 12 h 

incubation, respective cell culture media were collected and deproteinised using 

10K Nanosep® Centrifugal Devices (Pall Corporation). Lactate from 

deproteinised samples was measured using Lactate Assay kit (MAK064) 

(Sigma) as per manufacturer’s instructions. Cell counts were performed for 

normalisation. Lactate concentration is determined by measuring the 

absorbance at 570 nm using BioTek CytationTM 3 microplate plate reader. 

2.9   Human Cytokine and Chemokine Array 

150 µL of conditioned media (CM) were collected per condition for the assay. 

64 cytokine/chemokine/growth factor biomarkers were quantified 

simultaneously by using a Discovery Assay® called the Human High 

Sensitivity T-Cell Discovery Array 64-Plex (Eve Technologies Corp, Calgary, 

AB, Canada).  The multiplex assay was performed by Eve Technologies using 

the Bio-Plex™ 200 system (Bio-Rad Laboratories, Inc., Hercules, CA, USA), 

and a Milliplex Human High Sensitivity T-Cell panel (Millipore, St. Charles, 

MO, USA) according to their protocol. The assay sensitivities of these markers 

range from 0.11 – 3.25 pg/mL. The concentration of individual cytokines was 

determined based on the standard curve plotted from the determined 

concentration of a set standards and median fluorescent Intensity value. The 

cytokine profiling in Chapter 2 was carried out by Dr. John Connolly’s lab, 

Agency for Science, Technology and Research (A*STAR), Institute of 

Molecular and Cell Biology (IMCB). 
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2.10   Human Tumour Xenografts 

All animal studies were approved by the Institutional Animal Care and Use 

Committee (IACUC No. 151103) of the Biological Resource Centre and were 

carried out under the policies from the Animal Facility Centre of the Agency 1 

for Science, Technology and Research (A*STAR), Singapore. 2 x 106 HCT116 

colon cancer cells were mixed with 20% BD Matrigel and 200 - 300 µL of 

mixtures were injected subcutaneously into both dorsal flanks of female 

BALB/c athymic nude mice (nu/nu) (InVivos) (n = 5 mice in each treatment 

group). 10 days later, when tumour volume reached around 300 mm3, mice 

were injected intraperitoneally with respective treatment every three days for 

two weeks (vehicle control - 10% DMSO, 12.5% Cremophor, 12.5% ethanol, 

and 65% saline based diluent; Noc - 10 mpk; Taxol - 10 mpk; chloroquine, CQ 

- 30 mpk; Noc + CQ - 10 mpk:30 mpk; Taxol + CQ - 10 mpk:30 mpk). Tumour 

volume was measured every three days from start of treatment by using the 

formula: (Length x Width2)/2. Mice were sacrificed at the end of the treatment 

schedule and all tumours (n = 10 tumours per treatment group) were harvested 

for weight measurement, immunohistochemistry and immunofluorescence. 

Tumour tissue was fixed in 10 % buffered neutral formalin solution for 

histological studies. After fixation, tissues were embedded in paraffin wax and 

solid sections were cut at 4 µm. The sections were deparaffinised in xylene, 

hydrated using graded series of alcohol and blocked using 3% BSA in PBS for 

1 h at room temperature and then stained according to immunofluorescence 

protocol described above. 

2.11   Intracellular ATP Measurement 

U2OS cells were treated with nocodazole and Taxol for 48 h. After treatment, 

cells were counted and plated at 10,000 cells per well in white opaque, clear flat 

bottom 96-wells plates (Perkin Elmer). Intracellular ATP levels were measured 

using Luminescent ATP Detection Assay kit (ab113849) (Abcam) as per 

manufacturer’s instructions. Measured ATP levels were normalised against the 

control (untreated samples).  
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2.12   Mitochondria Staining  

Tetramethylrhodamine, Ethyl Ester, Perchlorate (TMRE) (T669) and MitoSox 

Red Mitochondrial superoxide indicator (M36008) were purchased from Life 

Technologies (Thermoscientific). For TMRE staining, live cells were trypnised 

and washed twice in PBS before incubating in 200 nM TMRE working solution 

(in PBS) for 20 min at 37°C. After staining, cells were immediately analysed on 

an Accuri C6 flow cytometer (BD Biosciences) under FL-2 channel. Data 

analysis was performed using FlowJo software. For MitoSox staining, live cells 

were trypnised and washed twice in PBS before counting. 1 x105 cells per 

condition were incubated with 5 µM MitoSox reagent working solution (in PBS) 

for 10 min at 37°C. After staining, cells were washed in PBS and plated in a 96-

well microplate for analysis using BioTek CytationTM 3 microplate plate reader 

(Ex: 549nm, EM: 575nm). Fluorescence intensities were normalised against 

control non-treated cells. 

2.13   Microarray and Data Analysis 

Synchronised U2OS cells were treated with DMSO or Noc for 48 h, followed 

by total RNA extraction using RNeasy plus Mini Kit (QIAGEN) according to 

manufacturer’s instructions. RNA yield quantity and quality were assessed 

using NanoDrop Spectrophotometer (NanoDrop Products, ThermoFisher 

Scientific, Inc., Wilmington, DE, USA) and Agilent Bioanalyzer with Agilent 

6000 Nano RNA kit (Agilent Technology, Santa Clara, CA, USA). Samples 

were considered acceptable for testing when 28S and 18S rRNA bands resolved 

into two discrete bands that had no significant smearing below each band with 

RIN value more than 8.0. Double stranded cDNA was generated from the RNA 

sample using the GeneChip® WT PLUS Reagent Kit according to the 

manufacturer protocol. Fragmentation and end-terminus labeling of cDNAs 

were done using the same kit according to the manufacturer protocol. The 

quality and concentration of cDNAs were measured using NanoDrop 

Spectrophotometer and only 5.5 µg of cDNA will be used for microarray 

analysis. The samples were then hybridized to GeneChip® Human 

Transcriptome Array 2.0 at 45°C for 16 h overnight, following manufacturer 

procedures. GeneChips post-processed were done on the AFX Fluidics 450 

Station, according to all AFX protocols and procedures defined for the Human 
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Transcriptome Array 2.0 (FS450_0001), as outlined in the kit manual. 

GeneChips were scanned on the GC3000 G7 Scanner. Data were extracted and 

processed using Partek® Genomics Suite™ (Partek Incorporated, St. Louis, 

MO, USA). For microarray data analysis, raw microarray. cel files were 

imported into Partek Genomic Suite (v7.0) (Partek Inc., St. Louis, MO) with the 

core meta-probe set. The configuration consisted of a pre-background 

adjustment for GC content and probe sequence, Robust Multiarray Analysis 

(RMA) for background correction, quantile normalization and probe set 

summarization using median computation from the raw data of each file. All 

signals were log2 transformed. Library files were specified by Affymetrix 

(Human Gene 2.0 AGCC library file) and the annotation file version was HTA-

2_0.na36.hg19.transcript.csv. For determination of differential expression, 

probe set information is summarized into gene level information. The ANOVA 

was performed for all samples with contrasts set to type of drug treatment. 

Genes differentially expressed by >2.5 and <-2.5 folds between two biological 

replicates of Noc versus DMSO with an unadjusted p-value of less than 0.05 

were selected and examined. Hierarchical clustering was created based on all 

annotated genes from the selected differential gene expression gene list. 

2.14   Mitochondrial DNA Quantification 

Total DNA (nuclear and mitochondrial DNA) was isolated using the Blood & 

Cell Culture DNA Mini Kit (Qiagen) as per manufacturer’s instructions. 

Mitochondrial DNA (mtDNA) / nuclear (nDNA) ratios were determined by 

analysing the levels of mitochondrial DNA encoded cytochrome oxidase II 

subunit (COXII) using StepOnePlus™ Real-Time PCR system 

(Thermoscientific). The expression level of COXII gene was normalised to the 

expression of nuclear encoded and housekeeping gene b-globin. 

2.15   Oil Red O Staining 

A working oil red O solution was generated by diluting a 3.5 mg/mL stock 

solution (O0625) (Sigma) (in 100% isopropanol) with distilled water (6:4 ratio 

by volume). This solution was incubated at room temperature for 30 min and 

filtered through 0.22 µm pore size syringe filter unit (Pall Corporation) before 

use. Fixed cells were incubated in 60 % isopropanol for 1 min, dried at room 
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temperature, and incubated in oil red O staining solution for 1 min. Cells were 

rinsed with distilled water for 2-5 times and counterstained with Hoechst 33342 

before being mounted in ProLong Gold Antifade (P36935) (Life Technologies). 

Bright field images were captured using Nikon High Speed Live Cell 

Microscope (C11578-22C) with 40X objective. 

2.16   Preparation of Conditioned Media  

Cells were treated with the respective drugs for 48 - 72 h followed by culture 

with drug-free media containing 0.5 - 1% FBS for an additional 48 h. After 

collection, the media were centrifuged at 5,000 × g, filtered through a 0.22 µm 

pore size syringe filter (Pall Corporation) and mixed with fresh culture media 

containing 40% FBS in a proportion of 3:1 to obtain CM containing 10% FBS. 

2.17   Quantification of Cellular Migration and Metastasis in Zebrafish 

(ZgraftTM)  

Synchronised H2B-GFP U2OS cells were incubated with the respective CM for 

48 h and stained with DiI (Vybrant, Life Technologies) before being injected 

into zebrafish embryos. Embryos were imaged 48 h after injection to determine 

the metastatic tumour foci position relative to injection site. The Zebrafish 

assay was carried out at Dr. Indrajit Sinha’s lab, Acenzia Inc, Windsor, Ontario, 

Canada.   

2.18   RNA extraction and RT-qPCR 

Total RNA was extracted using RNeasy plus Mini Kit (QIAGEN) according to 

manufacturer’s instructions. cDNA was reverse transcribed using iScript™ RT 

supermix (Bio-Rad), subjected to SYBR Kit (#4472942) (Life Technologies) 

and analysed using StepOnePlus™ Real-Time PCR system (Thermoscientific). 

The relative expression values of each gene were normalised to expression of 

GAPDH. Primers used are listed in Appendix Table 2.  

2.19   Senescence-associated β-galactosidase Staining 

U2OS cells were plated at 2 x105 per cells per well in 6-wells plates. Cells were 

synchronised before the addition of respective drugs for the desired duration. 

The medium was then removed and the wells were washed twice with PBS. 

Cells were fixed and stained using the Senescence β-Galactosidase (SA-β-gal) 
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Staining Kit (#9860) (CST) according to manufacturer’s instructions. Bright 

field images were captured using Nikon High Speed Live Cell Microscope 

(C11578-22C) with 40X objective. 

2.20   Time-lapse Imaging  

Cells are seeded in 6-well MatTek glass bottom plate at 4 x105 per well in a 

volume of 1.5 mL culture media. Twenty-four hours later, FBS-free DMEM 

media was substituted for 24 h to starve the cells. Twenty-four hours later, 3 M 

thymidine was added and cell incubated for 24 h. Synchronised cells were then 

washed with 1x PBS and released in 1.5 mL fresh media before addition of the 

respective drugs. Imaging was performed using Nikon High Speed Live Cell 

Microscope (C11578-22C) with 40X objective, with image collected every 15 

min using 25 ms and 50 ms exposures for Differential Interference Contrast 

(DIC) and GFP channels respectively. Captured image sequences were viewed 

and analysed using MetaMorph software.  

2.21   Tumourigenic Phenotypic Assays  

For scratch wound migration assay, cells were seeded onto a 6-well plate to 90% 

confluency and a p200 pipet tip was used to create a scratch on cell monolayer. 

2 mL of CM were added and the wound closure rate was tracked. For cell 

invasion assay, 5 x105 cells were incubated with CM and plated on the top 

surface of transwell filter chambers pre-coated or uncoated with Matrigel (BD 

Biosciences). After 24 h of incubation, non-invasive cells on the top chamber 

were removed by swapping the surface with cotton buds and washed twice with 

PBS. Invaded cells at the bottom chamber were fixed with 4% PFA and stained 

with 0.05% crystal violet. The percentage of invasive cells was quantified by 

cell counting. For choroid angiogenesis assay, segments of the peripheral 

choroid layer from eyes of P3 mice were incubated with CM 1:3 diluted with 

EGM2 media (Lonza) over four days and imaged under phase contrast. The 

choroid assay was performed by A/P Wang Xiaomeng’s lab, NTU, 

LKCMedicine. 

2.22   Immunoblotting  

Whole-cell lysates were prepared in Pierce RIPA Buffer with HaltTM Protease 

& Phosphatase Inhibitor Cocktail (Thermoscientific). Protein concentration was 
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measured using Bradford assay (Bio-Rad). An appropriate volume of Laemmli 

sample buffer was added to equal amounts of total proteins followed by boiling 

for 5 min. Protein samples were resolved by TRIS-glycine SDS PAGE gels 

(Bio-Rad) and transferred onto nitrocellulose membranes, which were 

incubated with blocking buffer (5% milk in PBST (PBS with 0.1% Tween® 20)) 

for 1 h. After which, the respective antibodies (3% milk in PBST) were 

incubated overnight at 4°C. The blots were washed with PBST for 3 times and 

incubated with HRP-conjugated anti-mouse or -rabbit antibodies (Amersham 

Biosciences) for 1 h. Blots were washed with PBST for 3 times before detection 

by ChemiDoc MP system (Bio-Rad) using ECL substrates (Thermoscientific). 

Antibodies used are listed in Appendix Table 3.  

2.23   Lipidomic analysis by mass spectrometry 

Six control cell samples (DMSO-treated) and six Nocodazole-treated cell 

samples (3 x 106 cells each) were freeze-dried to obtain the dry weight. Cells 

were extracted with a methanol/dichloromethane (DCM)/water (1:2:0.2) 

mixture. Water was subsequently added to obtain a lower phase DCM layer 

enriched with lipids. Dried lipid extracts were then reconstituted in 300 µL of 

methanol. A quality control (QC) sample was created by combining 10 µl 

aliquot from each extract. A dilution series of the QC sample and IS (internal 

standard) were first analysed to ensure the MS responses were linear over the 

concentration range of the analytes. The twelve lipid extracts and QC samples 

were diluted to appropriate concentration and then mixed with pre-determined 

concentration of IS which contains 14 deuterated standards representative for 

14 lipid classes. The extracts and QC sample spiked with IS were then analysed 

in triplicates in randomized order. Data were acquired in full scan mode in both 

positive and negative ionization mode. A separate HRMS/MS data were 

acquired on the QC sample using “auto MS/MS” mode for the identification of 

the lipid species. The mass spectrometry analysis was carried out by Dr. 

Yoganathan Kanagasundaram ’s lab, A*STAR, Bioinformatics Institute (BII). 
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2.24   Statistical Analysis 

GraphPad Prism software was used for the statistical analyses. Two-tailed, 

unpaired Student’s t-test was used to access the statistical differences between 

the control and the drug-treated groups. p-values of <0.05 were considered 

statistical significant. 
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3.   CHAPTER 1: MITOTIC SLIPPAGE-INDUCED SENESCENCE 

PROMOTES PARACRINE TUMOURIGENIC EFFECTS THROUGH 

SASP 

	
  
3.1   Background and Rationale 

 One apparent outcome of mitotic slippage that potentially contributes to 

chemoresistance is cellular senescence. As mention earlier, therapy-induced 

senescent (TIS) cells could elicit a tumour-suppressive or tumour-promoting 

mechanism. Although paclitaxel treatment has been reported to induce cellular 

senescence in various cancer cell lines [37, 100, 101], the functional role of 

antimitotic-induced senescent cells remains elusive. Thus, in this chapter, I will 

elucidate the consequences of mitotic slippage and their associated mechanisms 

that could contribute to chemoresistance. Understanding the cell fate upon 

antimitotic drug treatment allows the development of a therapeutic strategy to 

circumvent resistance and enhance the efficacy of the antimitotic therapies.  

 
3.2   Results 

3.2.1   Cells undergo mitotic slippage upon antimitotic drugs treatment. 

 Previous studies have shown that cell lines such as U2OS 

osteoscarcoma cells and hTERT-RPE1 telomerase-immortalised non-

transformed retinal pigment epithelial cells are prone to mitotic slippage instead 

of mitotic cell death when treated with antimitotic drugs [5, 102]. As a first step 

to confirm that U2OS cells indeed undergo mitotic slippage upon Noc treatment, 

live cell-imaging was performed to track chromosomally-labeled GFP-tagged 

Histone 2B (H2B-GFP) U2OS cells. Following treatment with Nocodazole 

(Noc), cells were observed by time-lapse microscopy. The cells arrested in 

mitosis as visualised by their round shape and condensed chromosome 

morphology (Figure 4a). The mitotically-arrested cells then underwent a series 

of morphological changes (i.e. cell blebbing, Figure 4a) before flattening and 

entering interphase (G1) without proper chromosome segregation and 

cytokinesis. These cells were observed to be multi-nucleated, a typical 

characteristic of post-slippage cells, due to the improper chromosome 

segregation. The live-cell imaging results correlated to the microscopic 
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evaluation and time-course immunoblotting analysis as shown in Figure 4b and 

Figure 4c respectively. The immunoblot analysis of synchronised U2OS cells 

treated with Noc or Taxol showed degradation of cyclin B1 (indicating exit 

from mitosis), and the reduction in phosphorylated BubR1 (a spindle assembly 

checkpoint marker) and Histone-H3 (H-H3) (a mitotic marker) following the 

onset of mitotic slippage (Figure 4c). I also observed that post-slippage cells 

induced activation of cell cycle arrest proteins p53 (tumour suppressor protein) 

and p21 (cyclin-dependent kinase inhibitor 1); indicating that cells arrested at 

G1 phase of the cell cycle may possibly be entering senescence. Being 

chromosomally unstable and polyploid, post-slippage cells activated a G1 

checkpoint via p53-dependent pathway [103, 104]. All in all, the above data 

confirmed that U2OS cells undergo mitotic slippage and hence can be utilized 

as a model to investigate metabolic changes or survival mechanisms governing 

post-slippage cells.  
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Figure 4. U2OS cells undergo mitotic slippage upon prolonged Nocodazole 

treatment.  

(a) Frames taken from time-lapse imaging of U2OS cell expressing H2B-GFP (green) 

undergoing mitotic slippage upon Nocodazole (Noc) treatment. A single U2OS cell 

transits from interphase toward mitosis (cell rounding and condensed chromosomes). 

After a duration of mitotic arrest, cell undergo blebbing (onset of mitotic slippage) 

before reattaching to surface as multinucleated post-slippage cells. Top panel: DIC; 

Bottom: GFP-H2B. Time stamp = hh:ss. Scale bar: 25 µm. (b) Synchronised U2OS 

cells were treated with and without Noc for 48 h, stained using DAPI and quantified 

for multinucleated cells. Plot shows percentage of multinucleated cells. 50 cells per 

condition. Data are mean ± s.d. of 3 independent experiments. (c) Immunoblot analysis 

of synchronised U2OS cells treated with 100 ng/mL Noc (Left) and 150 nM Taxol 

(Right) throughout the time course. ***p<0.001 by Student’s t-test. 

 

 

 



	
   28	
  

3.2.2   Induction of cellular senescence by prolonged antimitotic drugs 

treatment  

 Following treatment of U2OS cells with Noc for prolonged duration, I 

observed that cells displayed large and flattened morphology reminiscent of 

senescence. To confirm that antimitotic drugs treatment indeed induces 

senescence, I stained the cells for senescence-associated beta-galactosidase 

(SA-β-gal) activity. SA-β-gal is an endogenous lysosomal enzyme that 

accumulates in senescent cells [105]. As shown in Figure 5a, after 3 days of 

Noc treatment, approximately 45% of U2OS cells stained positive for SA-β-gal, 

indicating entry into senescence. To confirm that this was a bona fide 

permanent cell cycle arrest that is expected of a stable senescence phenotype, 

Noc was removed after 3 days and cells were then cultured in fresh media for 

another six days. I observed a progressive increase in the percentage of cells 

that entered senescence (Figure 5a), confirming that cells underwent a 

permanent cell cycle arrest. Senescence establishment at Day 3 was further 

confirmed by immunoblotting analysis with other senescence-associated 

markers such as lamin B1, RB, p21 and p53 (Figure 5b). Consistent with 

literature, my data showed reduction in lamin B1 levels, decreased 

phosphorylation of RB Ser780, and an increased expression of p21 and p53 in 

post-slippage cells as compared to the control untreated cells. Interestingly, we 

observed a reduced expression of total RB in cells post-slippage. Although RB 

is a known effector of senescence [11], many studies have reported the 

reduction of total RB in senescent cells [106-109]. This could be explained by a 

report showing that the loss of RB could triggers a p53/p21 dependent 

checkpoint that sustains senescence induction [109]. Nevertheless, all this 

confirmed that cells post-slippage indeed entered senescence.  
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Figure 5. Antimitotic-treated U2OS cells display hallmarks of senescence.  

(a) Left: Representative images of U2OS cells treated with Nocodazole for 72 h (as 

depicted by Day 3), release into fresh media for another 3 and 6 days (as depicted by 

Day 6 and Day 9 respectively) and stained for SA-β-gal. Right: Plot shows percentage 

of SA-β-gal positive cells. 100 cells per condition. Data are mean ± s.d. of 2 

independent experiments. Scale bar: 10 µm. (b) Immunoblot analysis of senescence-

associated markers as per conditions from (a). Red arrow indicates the band 

corresponding to p-pRB. ****p<0.0001 by Student’s t-test. 

 

 Another phenotypic characteristic of senescence is the accumulation of 

dysfunction mitochondria [110-112]. To examine mitochondrial content in 

post-slippage cells, I first visualised mitochondria using U2OS cells expressing 

H2B-GFP and mCherry-labelled mitochondrial serine protease HtrA/Omi 

(Omi-mCherry). An increased mitochondrial mass was observed in Noc-treated 

post-slippage cells (Figure 6a). This observation is consistent with the increased 

mitochondrial DNA (mtDNA) when cells were treated with Noc for 48 h and 

72 h (Figure 6b). Hydrogen peroxide (H2O2), a known inducer of oxidative 

stress was used as a positive control to induce degradation of mitochondrial 

DNA [113]. Next, I determined the functional status of mitochondrial 

permeabilisation by evaluating mitochondrial membrane potential. Healthy 

mitochondria create an electrochemical gradient essential to drive the synthesis 
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of ATP and generate mitochondrial membrane potential [114]. To measure 

mitochondrial membrane potential, I stained cells with tetramethylrhodamine 

ethyl ester (TMRE) followed by analysis using BD Accuri C6 flow cytometry. 

TMRE is a positively-charged dye that is readily sequestered in negatively-

charged healthy mitochondria (approximately -180 mV) and emits a red 

fluorescence (FL2 channel) [115]. A reduction in TMRE intensity (TMRELow) 

indicates mitochondrial depolarization. I observed that even though post-

slippage cells showed increased number of mitochondria, a higher percentage 

of TMRELow cells was detected in post-slippage cells compared to control cells 

(Figure 6c). I also detected increased levels of reactive oxygen species (ROS) 

and mitochondrial superoxide that correlate with mitochondrial dysfunction in 

these post-slippage cells (Figure 6d). The above findings suggest that post-

slippage cells accumulate dysfunctional mitochondria. 
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Figure 6. Antimitotic-treated U2OS cells accumulate dysfunctional mitochondria.  

(a) Representative images of H2B-GFP/Omi-mCherry U2OS cells treated with 

Nocodazole for 72 h. Scale bar: 25 µm. (b) RT-qPCR analysis shows relative 

expression of COXII (mitochondrial DNA) normalised to β-globin (nucleus DNA) in 

U2OS cells treated with Nocodazole for 48 h and 72 h. 100 µm H2O2 was used as a 

positive control to induce degradation of mitochondrial DNA. (c) Left: FACS profile 

of U2OS cells treated with Noc or Taxol for 72 h and stained with TMRE. FCCP was 

used as a positive control to induce mitochondrial depolarisation. Right: Plot shows 

percentage of TMRELow cells. (d) Plots show the relative MitoSox intensity (left) and 

ROS level (right) of Noc- and Taxol-treated U2OS cells. Experiments were performed 

at least twice. *p<0.05 by Student’s t-test. 

 

 One of the defining hallmarks of senescence is the acquisition of SASP 

[13]. This phenotype distinguishes senescent cells from non-senescent cells and 

encodes specific protein expression and secretion resulted in autocrine or 
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paracrine effects on the surrounding microenvironment [116]. SASP factors 

such as chemokines, cytokines, and proteases secreted by senescent cells could 

positively or negatively affects the therapeutic outcomes of anticancer 

therapies, such as by promoting tumour or senescent cells clearance or 

mediating tumor progression [23, 32, 117]. Therefore, I performed gene 

expression microarray on U2OS cells treated with DMSO (control) or Noc for 

48 h and scrutinised the expression of SASP-related factors (Figure 7a-b). The 

microarray data revealed the upregulation of several factors, including 

cytokines and chemokines IL-1α, IL-1β, CXCL8 and CCL3 in Noc-treated 

U2OS cells (Figure 7a-b). In addition, the results from quantitative real-time 

qPCR and Multiplex cytokine assays confirmed the upregulated expression and 

secretion of various SASP-related factors in Noc-treated U2OS cells as 

compared to DMSO-treated control cells (Figure 7c). Taken together, the above 

findings confirmed that post-slippage cells enter senescence and express 

multiple hallmarks of cellular senescence.  
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Figure 7. Antimitotic-treated U2OS cells display SASP.  

(a) Total mRNA extracted from U2OS cells treated with Nocodazole (Noc) or DMSO 

for 48 h was subjected to microarray. Top hits are shown for genes that are at least 2.5-

fold upregulated (red) or downregulated (green) after treatment. (b) RT-qPCR analysis 

shows relative mRNA expression of SASP components in DMSO-treated or Noc-

treated U2OS cells for 72 h. mRNA levels were normalised to GAPDH and DMSO 

control. (c) Plot shows relative fold change of secreted cytokines from U2OS cells 

treated with DMSO or Noc for 72 h using Multiplex cytokine array. Data are mean ± 

s.d. of 3 independent experiments. *p<0.05, **p<0.005, ***p<0.001 and NS=not 

significant by Student’s t-test. 
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3.2.3   Pro-tumorigenic effects induced by post-slippage cells through 

SASP 

 It has been reported that chemotherapy-induced senescent cells and its 

associated SASP factors promote chemoresistance and tumourigenesis [32, 33, 

37]. The significant increase in the secretion of post-slippage SASP factors 

prompted us to investigate whether the factors mediate tumorigenic phenotypes 

such as cell migration, invasion and angiogenesis. As shown by the 

experimental scheme in Figure 8a, CM derived from DMSO- or Noc-treated 

U2OS cells were obtained to perform various phenotypic assays. To assess cell 

migration, U2OS cells expressing H2B-GFP were incubated with CM from 

their respective treated cells and subjected to the classical scratch wound 

healing assay. As shown in Figure 8b, CM derived from post-slippage cells 

promoted a faster rate of wound closure as compared to control CM. Detection 

of cell proliferation by cell counting do not show any significant difference in 

cell proliferation between the control and post-slippage CM, suggest that the 

increased rate of wound closure was not affected by proliferation. To evaluate 

cell invasiveness, H2B-GFP U2OS cells incubated with either control or post-

slippage CM were subjected to transwell invasion assays. An increased number 

of cells incubated with post-slippage CM invaded the bottom of the filter 

chamber compared to control CM (Figure 8c). To evaluate angiogenic potential, 

choroid angiogenesis assay, an ex vivo model of angiogenesis was used. 

Increased growth of vascular sprouting from choroid explants incubated with 

post-slippage CM compared to control CM was observed after four days 

(Figure 8d), indicated that the angiogenic capability was conferred by factors 

derived from the post-slippage cells. Taken together, it was concluded that post-

slippage factors confer paracrine pro-tumorigenic behavior through the 

induction of cell migration, invasiveness and angiogenesis.   
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Figure 8. SASP factors release from post-slippage cells promote paracrine 

tumorigenic effects.  

(a) Experimental scheme describes the preparation of CM for determining paracrine 

tumorigenic effects. (b) H2B-GFP U2OS cells were incubated with their respective 

CM for 48 h and performed the scratch wound healing assay. Left: Representative 

images of CM-treated H2B-GFP U2OS cells taken at t= 0 h (immediately after 

scratching), 12 h and 24 h. Right: Plot shows rate of wound closure in DMSO CM- or 

Noc CM-treated U2OS cells. Data are mean ± s.d. of 3 independent experiments. Scale 

bar: 200 µm. (c) H2B-GFP U2OS cells were treated as per (b). Invasive ability was 

assessed by Transwell Matrigel assay. Scale bar: 200 µm. Plot shows percentage of 

invasive cells. n=5 random fields were taken per condition and data are mean ± s.d. of 

3 independent experiments. (d) Representative images of choroidal sprouts formed 

after culturing with respective CM for 48 h. Plot shows choroid sprouting ratio (Area 

of vascular sprouting / Area of the explant). Minimum of 6 explants analysed per 

treatment. Data are mean ± s.d. of 3 independent experiments. *p<0.05 and 

****p<0.0001 by Student’s t-test.  
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3.3   Discussion 

 In this chapter, I studied the consequences of mitotic slippage and its 

subsequent cell fate in response to antimitotic drugs treatment. When cells are 

exposed to antimitotic drug such as Nocodazole, they arrest in mitosis and 

eventually die or undergo mitotic slippage. Majority of the cells also die after 

slippage, whereas a remaining population of cells survive and transit into 

senescence - a phenomenon widely known as therapy-induced senescence (TIS) 

[24]. Although TIS cells encompass several key features common among most 

senescent cells, their effects and consequences of senescence induction may 

vary depending on the nature of the drug used and the cancer cell type in 

question [24]. My results indicate that antimitotic-induced post-slippage cells 

display several hallmarks of senescence: (1) increased in cell size and activity 

of SA-β-gal, (2) loss of lamin B1 protein, (3) accumulation of dysfunctional 

mitochondrial and (4) induction of SASP. 

 The role of TIS in mediating therapeutic outcomes remains 

controversial, with studies showing the tumor-suppressive function of TIS in 

stimulating immune-mediated clearance of senescent or remaining tumor cells 

[118], while other studies described tumor-promoting effects for TIS [23, 32, 

33, 37]. In this study, I found that SASP factors released by post-slippage 

senescent cells elicit paracrine pro-tumorigenic effects such as cell migration, 

invasiveness and angiogenesis (Figure 3.5). My result complements the study 

showing induction of pro-inflammatory cytokines and metastasis in breast 

cancer cells treated with paclitaxel [119]. Although post-slippage SASP factors 

conferred paracrine pro-tumourigenic phenotypic effects such as migration, 

invasion and vascularisation on neighbouring cells, the proliferation of cells 

incubated with CM from post-slippage cells remains unaffected. This could be 

explained by the high heterogeneity of SASP composition and quantity that is 

dependent on cell type and mode of senescence induction [36]. Therefore, post-

slippage SASP may function as a secondary role in promoting tumourigenesis 

in cells where migration, invasion and angiogenesis are uncoupled from cell 

proliferation thereby leading to the development of a more malignant 

phenotype in cancer cells [120]. It is conceivable that once surrounding cells 

transit toward malignancy, post-slippage SASP will be involved in potentiating 
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the tumourigenic capabilities of these cells, demonstrating that mitotic slippage-

induced senescence could serve as a conduit for malignant transformation and 

antimitotic therapy resistance. 

 With the detrimental effects of post-slippage senescent cells, elimination 

of senescent cells could potentially enhance the efficacy of antimitotic 

therapies. Clearing therapy-induced senescent cells also reduces the detrimental 

side-effects of the drugs such as bone marrow suppression, cardiac dysfunction 

and even cancer recurrence [37, 116]. It is anticipated that the elimination of 

senescent cells overall will prevent toxicity of anticancer treatment and enhance 

therapeutic benefit. In this regard, several approaches are available to eliminate 

senescent cells or blocking deleterious SASP induction [116]. Senolytic 

compounds could be used to specifically induce cell death in senescent cells. 

Reprogramming of SASP factors not only prevent the adverse effects of 

senescence but also promote anti-tumour inflammation for the clearance of 

tumour or tumour-associated senescence cells [28].  

 

 

Figure 9. Proposed model depicting the pro-tumorigenic effects triggered by 

soluble factors release from multinucleated senescent cells.  

Upon treatment with antimitotic drugs, mitotic-arrested cells can die in mitosis or 

undergo mitotic slippage. Post-slippage multinucleated cells can persist and transit into 

senescence. The cells secrete SASP factors that promote paracrine tumorigenic effect 

such as cell migration, invasiveness and angiogenesis. 
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4.   CHAPTER 2: AUTOPHAGY GOVERNS PRO-TUMORIGENIC 

EFFECTS OF MITOTIC SLIPPAGE-INDUCED SENESCENCE 

	
  
4.1   Background and Rationale 

 Autophagy is known to be activated during senescence induction and 

could facilitate the process of senescence [60, 61]. It is highly plausible that 

autophagy is involved in mediating cell fate post-slippage as defined in the 

previous chapter. Here, this chapter determines whether antimitotic-treated 

post-slippage cells activate autophagy and whether autophagy plays a role in 

mediating post-slippage senescence and its associated tumour-promoting effects. 

Understanding the functions of autophagy under specific chemotherapeutic 

treatment allows the development of a therapeutic strategy (i.e. by inhibiting or 

activating autophagy) to circumvent resistance and enhance the efficacy of the 

treatment for cancer patients.  

 

4.2   Results 

4.2.1   Enhanced autophagic activity following mitotic slippage 

 To determine whether autophagy is triggered upon treatment with 

antimitotic drugs, I first visualised the subcellular localisation pattern of 

microtubule-associated protein 1 (MAB) light chain 3B (LC3) using GFP-LC3 

expressing U2OS cells. LC3 is widely used as a marker for autophagy. During 

basal activity of autophagy, LC3 will appear as a diffused staining throughout 

the cytoplasm. Upon elevated autophagic induction, LC3 is processed post-

translationally into cytoplasmic LC3-I and then converts into LC3-II that 

specifically associates with autophagosome membrane. The accumulation of 

GFP-LC3 on the autophagosome will appear as fluorescent puncta in the cell 

[121]. As shown in Figure 10a, I observed a higher percentage of post-slippage 

cells harboring GFP-LC3 puncta foci as compared to DMSO-treated control 

cells, indicating autophagosome accumulation (Figure 10a). The induction of 

autophagy upon Noc treatment was further verified by immunoblotting analysis 

showing the conversion of cytosolic LC3 (LC3-I) to autophagosome 

membrane-bound LC3 (LC3-II) as well as the degradation of the ubiquitin-
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binding autophagic adaptor protein p62/SQSTM1 (Figure 10b) in post-slippage 

(PS) cells (t= 36 h and 48 h). To confirm the increased autophagy flux in post-

slippage cells, I used Bafilomycin A1 (BafA1), a pharmacological inhibitor of 

autophagy that blocks the acidification of autolysosome and the fusion of 

autophagosome and lysosome. Co-treatment of Noc and BafA1 induced an 

increased in LC3-II at t= 36 h and 48 h (Figure 10b) compared to Noc control, 

suggesting that LC3-II accumulation post-slippage to be due to autophagosome 

accumulation and not the dysfunction in downstream autophagic processes such 

as autophagosome-lysosome fusion or autolysosomes degradation. LC3-II 

accumulation in post-slippage cells was also suppressed by inhibiting 

autophagy using stable expression of short hairpin RNA targeting ATG5 

(shATG5), a protein essential for the elongation of phagophoric membrane into 

autophagic vesicles [122] (Figure 10c).  
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Figure 10. Autophagy is induced during mitotic slippage.  

(a) U2OS cells stably expressing GFP-LC3 were assessed for GFP puncta formation 

following 48 h Nocodazole (Noc) treatment. Plot shows percentage of GFP-LC3 

puncta positive cells (>5 puncta per cell) following indicated treatments. 50 cells per 

condition. Scale bar: 20 µm.  (b) U2OS cells were treated with Noc in the presence and 

absence of autophagy inhibitor, Bafilomycin A1 (BafA1) for the indicated time point 

and probed for autophagic proteins. M: mitotic; PS: post-slippage. (c) U2OS cells 

stably expressing shCtrl or shATG5 were treated with Noc for the indicated time 

probed for autophagic proteins. ***p<0.001 by Student’s t-test. 

 

 Autophagic induction occurs via numerous pathways that ultimately 

converge towards the regulation of AMPK/ULK/mTOR axis, which integrates 

growth factor and nutrient signals to regulate cellular metabolism and maintain 

energy homeostasis [123]. Phosphorylation of AMP-activated protein kinase 

(AMPK) on Thr172 activates autophagy by directly activating Unc-51 Like 

Autophagy Activating Kinase (ULK1) through phosphorylation of Ser317 and 

Ser777. In contrast, high activity of the mammalian target of rapamycin (mTOR) 
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negatively regulates autophagy by preventing ULK1 activation via ULK1 

Ser757 phosphorylation and disrupting the interaction between of ULK1 and 

AMPK [124]. To assess whether the autophagy induction in post-slippage cells 

was mediated via the AMPK/ULK/mTOR axis, U2OS cells were treated with 

Noc and subjected to immunoblotting. Both mTOR and AMPK were activated 

in mitotic cells 16 h post-Noc treatment as shown by increased phosphorylation 

of the mTOR substrate p70 S6K, conversion of total ULK1 to phosphorylated 

ULK1 (Ser757) as well as increased phosphorylated AMPK (Thr172) (Figure 

11). This corresponds with the increased autophagy, and was consistent with an 

observed elevation of LC3-II (Figure 11). As it was previously reported that 

autophagy can be activated via a mTOR-independent manner (23,24), our 

findings suggest presence of autophagic activity despite mTOR activation 

during mitosis. On the other hand, reduced levels of phosphorylated-p70 S6k 

indicating decreased mTOR activity with concomitant decrease in ULK1 

phosphorylated on Ser757 residue was observed in post-slippage cells (Figure 

11). These findings together with the observed increase in phosphorylated 

AMPK (Thr172) and LC3-II levels, strongly suggested that the 

AMPK/ULK/mTOR axis promotes autophagy induction post-slippage. 
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Figure 11. Autophagy is induced via AMPK/ULK1/mTOR axis.  

U2OS cells were treated with Nocodazole for the indicated time point probed for 

AMPK/ULK1/mTOR-related proteins. The LC3-II/GAPDH and p62/GAPDH signal 

intensity ratios are shown at the bottom of the relevant lanes. 

 

4.2.2   Autophagy inhibition in post-slippage cells leads to senescence 

bypass and cell death 

 Since autophagy is enhanced in post-slippage cells, I sought to 

investigate whether the senescence cell fate could be affected by autophagic 

inhibition. Inhibition of autophagy by BafA1 resulted in senescence bypass as 

observed by decreased percentage of cells stained with SA-β-gal (Figure 12a). 

Similar reduction in SA-β-gal staining was detected in Noc-treated U2OS 

shATG5 cells (Figure 12a). Concomitantly, a corresponding increase in cells 

entering S-phase was suggested by the increased BrdU-labelling upon 

inhibition of autophagy by siRNA targeting of ATG5 (Figure 12b). The 

efficiency of autophagy inhibition by siATG5 was shown by the suppressed 

induction of LC3-II level upon Noc treatment (Figure 12c). This unequivocally 

confirmed that post-slippage senescence was dependent on autophagy.  
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Figure 12. Autophagy inhibition abrogates post-slippage senescence.  

(a) Representative images of U2OS cells stained with SA-β-gal after the respective 

treatments. Plot shows percentage of SA-β-gal positive cells. 100 cells per condition. 

Data are mean ± s.d. 3 of independent experiments. Scale bar: 10 µm. (b) U2OS cells 

were transfected with siCtrl or siATG5 followed by Noc treatment for 72 h. 

Proliferation was assessed by the BrdU incorporation assay. Plot shows percentage of 

BrdU-positive multinucleated cells. 100 cells per condition. Data are mean ± s.d. 3 

independent experiments. Scale bar: 20 µm. (c) IB shows efficiency of ATG5 

knockdown in U2OS cells transfected with siCtrl or siATG5 followed by 72 h of Noc 

treatment. *p<0.05, **p<0.005 and ***p<0.001 by Student’s t-test. 

 

 The inhibition of post-slippage senescence by autophagy might 

inevitably drive cells toward post-slippage death. Our time-lapse imaging 

revealed that autophagy inhibition in Noc-treated U2OS cells showed an 
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increased cell death post-slippage (Figure 13a). Co-treatment of cells with Noc 

and BafA1 showed an overall reduction in cell viability as compared to Noc 

treatment alone (Figure 13b). Consistent with this, clonogenic survival assays 

showed reduction of long-term cell survival following autophagic inhibition 

(Figure 13c-d).  

 
 

 
 

Figure 13. Autophagy inhibition potentiates post-slippage cell death.  

(a) H2B-GFP U2OS shCtrl or shATG5 cells were treated with Nocodazole (Noc) for 

48 h. Post-slippage multinucleated cells were tracked individually by time-lapse 

imaging for another 48 h. Red: Cells that undergo post-slippage death. Black: Cells 

that arrest post-slippage. 50 cells per condition. Data are mean ± s.d. of 2 independent 

experiments. (b) U2OS cells were treated with Noc or Taxol in absence or presence of 

BafA1 for 72 h. Cell viability was assessed by CellTiter96® One Solution Proliferation 

assay. (c) For clonogenic survival assay, synchronised U2OS cells were treated the 
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respective drugs for 72 h. Surviving cells were re-plated and culturing for another 10 

days. Left: Representative images of U2OS cells treated with the indicated drugs 

followed by crystal violet staining. Right: Plot shows number of colonies counted 

using GelCount software. 8 wells per condition of 2 independent experiments. (d) 

U2OS shCtrl or shATG5 cells were treated with Noc for 72 h and subjected to 

clonogenic assay as in (c). *p<0.05, **p<0.005, ****p<0.0001 and NS=not significant 

by Student’s t-test. 

 

 To determine whether these findings could be extrapolated to other 

types of antimitotic drugs, cells treated with Noc, Taxol, Mon and ZM for 72 h 

and detected for the apoptotic marker cleaved PARP following ATG5 

knockdown. Interestingly, the increased in cell death was restricted to 

microtubule-targeting drugs Noc and Taxol (Figure 14). Additionally, 

autophagy inhibition increased DNA damage (as determined by γH2AX foci 

and 53BP1 protein levels) compared to control (Figure 14). Enhanced 

replication stress was shown by increased RPA32 phosphorylation at 72 h post-

Noc treatment as compared to control (Figure 14). These cells then undergo 

increased replication stress and DNA damage, culminating in cell death. Taken 

together, our findings suggest that autophagy mediates cell survival upon anti-

mitotic drug treatment and that inhibition of autophagy engenders cells to 

bypass senescence post-slippage and enter S phase.  
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Figure 14. Autophagy inhibition potentiates DNA damage and replicative stress.  

(a) U2OS shCtrl or shATG5 cells were treated with indicated drugs for 72 h and 

subjected to IB analysis. (b) U2OS shCtrl or shATG5 cells were treated with Noc for 

72 h and subjected to IF. Plot shows percentage of γH2AX positive multinucleated 

cells. 100 cells per condition. Data are mean ± s.d. of 2 independent experiments. Scale 

bar: 20 µm. (c) U2OS shCtrl or shATG5 cells were treated with Noc for 72 h and 

subjected to IB analysis. **P<0.005 by Student’s t-test. 

	
  

4.2.3   Autophagy confers paracrine pro-tumourigenic effects through 

regulating SASP 

 Earlier on, it had been shown that autophagy regulates the establishment 

of post-slippage senescence. Next, I determined whether autophagy could also 

regulate SASP and its associated pro-tumourigenic effects. U2OS cells were 

treated with Noc in the presence or absence of BafA1 and analysed the media 

for the secretion of post-slippage SASP factors. A discernible decreased in the 

expression of SASP cytokines CXCL3, IL-1β, IL-6, IL-8 and CCL7, coupled 

with increased expression of BMP2 post-slippage was observed following 

autophagy inhibition compared to control (Figure 15a). This suggests that 

autophagy is involved in the activation of senescence and consequently 

modulates SASP following mitotic slippage. Since autophagy modulates the 
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secretion of SASP factors, it is plausible that SASP-induced tumourigenic 

function will also attenuated following autophagic inhibition. Transwell 

migration assays using cells incubated with CM from post-slippage U2OS cells 

expressing shATG5 showed a significant reduction in the percentage of cells 

capable of invasion compared to control CM (Figure 15b). With regards to 

angiogenic potential, post-slippage CM promoted increased vascular sprouting 

compared to control CM from cycling cells in choroid explants, whereas 

autophagic inhibition significantly reduced the sprouting activity (Figure 15c). 

To further examine if the in vitro migratory and invasive reduction following 

autophagic inhibition could be extrapolated to metastatic inhibition in vivo, the 

zebrafish model of malignancy was used to evaluate metastatic potential [125]. 

The transparency of the zebrafish embryo provides the unique ability to 

visualise the real time in vivo migratory changes of fluorescently labeled 

tumour cells. U2OS H2B-GFP-expressing cells were incubated with CM from 

either cycling or post-slippage cells expressing shATG5 or control for 48 h 

before injection into zebrafish embryos. H2B-GFP-expressing cells incubated 

with post-slippage CM were observed to migrate out from the injection site and 

metastasise further than cells incubated with control CM (Figure 15d). This 

metastatic potential was significantly reduced in post-slippage CM derived 

from U2OS shATG5 cells (Figure 15d). All these observations support the role 

of autophagy-dependent SASP secretion in promoting in vivo paracrine 

migration, invasion and angiogenesis. 
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Figure 15. Autophagy inhibition attenuates SASP production and the associated 

pro-tumorigenic effects.  

(a) Multiplex cytokine assays of supernatant derived from U2OS cells treated with 

Nocodazole (Noc) in absence or presence of BafA1 for 72 h. (b) Representative images 

of choroidal sprouts formed using indicated CM generated from U2OS shCtrl or 

shATG5 cells. Plot shows the ratio of choroid sprouting. Minimum 6 explants analysed 
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per treatment. (c) U2OS cells expressing H2B-GFP were cultured with indicated CM 

generated from U2OS shCtrl or shATG5 for 48 h. Invasive ability was assessed by 

transwell invasion assay. Scale bar: 200 µm. Plot shows percentage of invasive cells. 5 

random fields were taken per condition. Data are mean ± s.d. of 3 independent 

experiments. (d) H2B-GFP U2OS cells were cultured with indicated CM generated 

from U2OS shCtrl or shATG5 cells, followed by injection into zebrafish embryo. All 

tumour foci observed in all tested larvae belonging to each treatment group 

(represented as n on the graph), is presented as a scatter plot. Foci in one larva is 

represented by one colour. “n” denotes number of injected embryos from 3 biological 

replicates. (e) Quantitative determination of metastatic ability upon indicated 

treatments was measured by Invasive Index (top) and Migration Index (bottom). 

*p<0.05, **p<0.005, ***p<0.001, ****p<0.0001 and NS=not significant by Student’s 

t-test.	
  
 

4.2.4   Combination treatment of antimitotic drugs and autophagy 

inhibitor arrest tumour growth 

 To assess whether the findings mentioned above could be extrapolated 

to an in vivo model, HCT116 xenograft tumours were treated with combination 

treatment of either Noc or Taxol and autophagic inhibitor Chloroquine (CQ). 

Similar to BafA1, CQ blocks autophagic flux and cargo degradation through 

the disruption of lysosome function [126]. Our results showed that combination 

treatment (Noc+CQ or Taxol+CQ) significantly decreased tumour growth and 

final tumour weight as compared to control Noc or Taxol alone (Figure 16a-c), 

suggesting that the tumours were most sensitive to combination treatment. 

Because LC3 and p62 is constantly degraded during autophagy process, 

autophagy inhibition will lead to the accumulation of LC3 and p62 (as shown 

previously in Figure 10b). Indeed, molecular assessment of tumour sections 

derived from the mice xenografts showed more robust LC3 and p62 puncta 

accumulation in the combination drug-treated mice compared to Noc or Taxol 

treatment alone (Figure 16d-e), indicating the efficient inhibition of autophagy 

by CQ. These results support the notion that autophagy inhibition potentiates 

the cell death induced by anti-mitotic drugs treatment.  
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Figure 16. Synergistic inhibition of tumour growth by antimitotic drugs and 

autophagy inhibitors.  

(a) Representative images of xenograft tumours harvested from nude mice after two 

weeks of indicated treatment. Drug dosage used: Chloroquine (CQ): 30 mg/kg, Noc: 

10 mg/kg and Taxol: 10 mg/kg. (b) Effect of combinatorial treatment on the growth of 

xenograft tumours generated by subcutaneous injection of HCT116 cells in nude mice. 

Data are mean of ± s.d. (n=10 tumours per group). (c) The weight of tumour after two 

weeks of indicated treatment. Dots represent individual tumour weight, n=10 tumours 

per group. Scale bar 20 µm. (d-e) Immunofluorescence analysis of tumour sections 

from single and combination drug-treated xenograft mice probed against autophagy-

related antibodies LC3 and p62. *P<0.05, **P<0.005 and ***P<0.001 by Student’s t-

test.  
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4.3   Discussion 

 In this chapter, I propose the model outlined in Figure 17. In response to 

the prolonged mitotic arrest induced by anti-mitotic drugs, cells undergo either 

mitotic cell death or mitotic slippage. After mitotic slippage, autophagy is 

induced via the AMPK/mTOR/ULK1 axis. Multinucleated tetraploid cells that 

persist post-mitotic slippage can undergo senescence and drive paracrine 

tumourigenic effects both in vitro and in vivo in an autophagy-dependent 

manner. The inhibition of autophagy by pharmacological and genetic means in 

post-slippage cells abrogate the senescence and SASP induction, and 

subsequently promotes cell death. 

 

 
 

Figure 17. Proposed model of autophagy-mediated tumourigenesis upon 

antimitotic treatment.  

Upon treatment of cancer cells with anti-mitotic drugs, autophagy is activated via 

AMPK/mTOR/ULK1 axis. The increased autophagic activity in post-slippage cells 

promotes senescence and the associated SASP production. The secreted SASP factors 

confer pro-tumourigenic potential that promotes in vitro and in vivo migration, 

invasiveness and angiogenesis. Conversely, following autophagy inhibition, 

senescence is abrogated and post-slippage cells undergo death. 

 

 Although prior work by Young et al. showed that autophagic inhibition 

delayed the senescence phenotype following oncogene activation [60], this 

study demonstrates that inhibition of autophagy post-slippage results in the 

bypass of senescence and transit towards cell death. The most compelling 

evidence for senescence bypass after autophagy inhibition was the increased 
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entry into S-phase, induction of DNA damage and replication stress, and 

reduction in cell viability in post-slippage cells collaterally. The attenuation of 

senescence by autophagic inhibition has been described to be mediated by 

autophagy-dependent degradation of lamin B1 [127]. The loss of lamin B1, as 

described before [14] and also shown in our study, is a senescence-associated 

marker. Inhibition of autophagy or LC3-lamin B1 interaction prevented 

oncogene-induced lamin B1 loss and attenuated senescence [127]. Since similar 

blockage of lamin B1 degradation upon autophagy inhibition was observed in 

this study, it will be worth exploring whether LC3-lamin B1 interaction 

contributes to autophagy-induced senescence. Nevertheless, autophagy has also 

been known to be a potential inhibitory regulator of senescence [58, 128]. It has 

been shown that selective autophagy could regulate the degradation of 

transcription factor GATA4 [128]. Unlike general autophagy, selective 

autophagy is highly regulated whereby the cargo are specifically selected for 

degradation [129]. During non-senescent condition, GATA4-p62 complex is 

constantly degraded by selective autophagy. However, upon senescence 

induction, selective autophagy is suppressed resulting in GATA4 stabilisation 

due to decreased GATA4-p62 interaction. Subsequently, the non-degraded 

GATA4 triggers a series of events which ultimately leads to activation of NF-

kB-induced SASP production, thus facilitating senescence [128]. Therefore, 

this study led to the suggestion that the differential regulation of senescence 

may be dependent on type of autophagy induced. 

 This study establishes a key mechanism underlying post-slippage cell 

fate and propose a novel strategy of combining cytotoxic drugs with autophagy 

inhibition to tackle undesired effects of mitotic slippage-induced senescence. It 

is conceivable that high metabolic nature of senescent cells may depend on 

autophagy for nutrient source to support cellular metabolism and survival [130]. 

This dependence could render them selectively vulnerable to autophagic 

inhibition. Indeed, in vivo zebrafish and mice xenograft tumour models showed 

the reduction in metastatic potential and the arrest of tumour growth 

respectively, upon synergistic autophagy inhibition and antimitotic drug 

treatment (Figure 15 & 16). Currently, the autophagy inhibitors Chloroquine 

(CQ) and Hydroxychloroquine (HCQ), clinically approved for treatment of 

malaria, and other newly discovered, more potent autophagy-modulating 
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compounds are showing promising results in clinical trials in tackling 

chemotherapeutic resistance [38, 57, 131]. 

 One potential limitation of this study was that no immune regulatory 

cells or responses were taken into considerations when elucidating the 

effectiveness of combination treatment using antimitotic therapies and 

autophagy inhibition. Indeed, it had been proposed that autophagy activation in 

malignant cells could potentiate the effectiveness of immunogenic 

chemotherapy and radiation therapy [132]. The beneficial effects of autophagy 

inducers had been implied by the increased effectiveness of cisplatin or 

radiation treatment in breast carcinoma when treated in combination with 

starvation or caloric restriction [133, 134]. Both starvation and caloric 

restriction are well-known potent inducers of autophagy [39, 135, 136]. 

Furthermore, autophagy-deficient tumours from melanoma had been shown to 

be non-responsive to immunogenic chemotherapy [137]. As such, these studies 

show that promoting autophagy, rather than inhibiting autophagy might be a 

more clinically relevant strategy. It remains uncertain whether the autophagy-

mediated SASP factors triggered by post-slippage cells could reactivate 

tumour-specific immune response. In post-slippage settings, one could 

speculate that since there is no significant upregulation of cytokines such as 

interleukin 2 (IL-2), interleukin (IL-12) and interferon gamma (IFNg) that are 

responsible for pro-tumour immunity [138, 139]. More work will be needed to 

determine the role of post-slippage senescence and SASP in mediating cancer 

immunosurveillance.   
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5.   CHAPTER 3: LIPID ACCUMULATION FACILITATES 

MITOTIC SLIPPAGE-INDUCED ADAPTATION  

5.1   Background and Rationale 

 Aberrant lipid accumulation in cancer cells has emerged as a possible 

diagnostic and therapeutic target. As mentioned earlier, lipid build-up during 

chemotherapy treatment could be a stress response that precedes death, or 

promotes cell survival through supplying energy demand or inducing cellular 

senescence [72, 80, 82, 83, 140]. During the investigation on post-slippage cell 

fate, it was unexpectedly discovered that lipid droplets (LD) were present in 

antimitotic-treated U2OS cells. Using a differential interference contrast (DIC) 

microscope with 40x objective magnification, the label-free LD appear as 

relative large and highly refractive round droplets [141]. These findings 

prompted us to investigate the mechanisms and functional consequences of 

lipid or LD accumulation in post-slippage cells.  

 

5.2   Results 

5.2.1   Antimitotic drugs induce lipid accumulation in mitotic-arrested and 

post-slippage cells.  

 To determine the effects of antimitotic drugs in modulating lipid 

metabolism, I treated mitotic slippage-prone osteosarcoma U2OS cells with 

Nocodazole (Noc), an antimitotic drug targeting microtubule polymerization, 

and assessed lipid accumulation in these cells. Post-slippage U2OS cells stained 

with Oil Red O (ORO), a dye that stains neutral triglycerides and lipids, 

displayed an increase in cytoplasmic lipid droplets (LD) compared to DMSO-

treated control (Figure 18a-b). Combinatorial treatment of cells with Noc and 

Triascin C (TC), a potent inhibitor of long fatty acyl CoA synthetase (ACS) 

were able to significantly reduce LD accumulation in post-slippage cells. ACS 

is an essential enzyme involved in the biogenesis of lipid droplet [142, 143]. A 

corresponding induction of LD accumulation was also observed upon treatment 

of Noc in HCT116 human colon carcinoma and MDA-MB-231 breast 

adenocarcinoma cell lines treated with Noc (Figure 18c-d). Flow cytometric 

analysis of LD by BODIPY 493/503 staining also confirmed the accumulation 
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of LD in post-slippage cells (Figure 18e). Consistent with the above 

observations, induction of mitotic slippage by various classes of antimitotic 

drugs such as Taxol, Monastrol (Mon) and ZM447439 (ZM) also showed build-

up in LD formation (Figure 18f). Monastrol is an inhibitor of mitotic kinesin, 

Eg5 that arrests cells in mitotic with monoastral spindles [144]. ZM447439 is 

an inhibitor of Aurora-B kinase that functions in the attachment of mitotic 

spindle to the centromere during mitotic transition [145].  
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Figure 18. Antimitotic drugs induce lipid accumulation in post-slippage cells.  

(a) Representative images of U2OS cells treated with DMSO or Noc in the presence or 

absence of Triascin C (TC) for 48 h before staining with Oil Red O. Scale bar: 50 µm. 

(b) Quantification of cells with >5 LDs from (a). Data are mean ± s.d. of 3 independent 

experiments. (c) Left: Representative images of HCT116 cells treated with DMSO or 

Noc for 48 h before staining with Oil Red O (ORO). Scale bar: 50 µm. Right: 

Quantification of ORO intensity by ImageJ software. Data are mean ± s.d. of 2 

independent experiments. (d) Left: Representative images of MDA-MB-231 cells 

treated with DMSO or Noc for 48 h before staining with Oil Red O (ORO). Scale bar: 

50 µm. Right: Quantification of cells with >5 LDs. Data are mean ± s.d. of 2 

independent experiments. (e) Flow cytometry analysis of U2OS cells treated with Noc 

alone or in combination with 1µM TC or 10µM TOFA. Cells are stained for LD using 

BODIPY 493/503. (f) LD levels in cells treated with different classes of anti-mitotic 
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drugs for 48 h and analyzed using flow cytometry. The mean fluorescence intensity 

values of the total cell population for each sample were converted to ‘‘LD levels’’ in 

the graphs. Data are mean ± s.d. of 3 independent experiments. *p<0.05, **p<0.005, 

***p<0.001 and NS=not significant by Student’s t-test. 

 

 To unbiasedly quantitate the accumulation of lipid in post-slippage cells, 

I performed mass spectrometry analysis on DMSO-treated (control) and Noc-

treated U2OS cells. MS data revealed that post-slippage cells induce significant 

upregulation of the lipid species triglycerides that constitute the major 

components of LD (Figure 19) (Table 4). 

 

 

Figure 19. Nocodazole-induced post-slippage cells contain elevated level of 

triglycerides. 

U2OS cells were treated with Noc for 48 h and collected for lipidomic analysis by 

liquid chromatography and mass spectrometry. Each class of lipids was normalised 

with internal standard. Lipids identified were matched by Lipid Maps and confirmed 

with MS/MS data. Lipids shown were greater than 2-fold change (p>0.05) with respect 

to DMSO-treated (Ctrl) cells. The lists of lipid species with the specific fold change are 

shown in table 4. 

 

 Prior to mitotic slippage, cells treated with antimitotic drugs undergo 

mitotic arrest that may trigger the onset of lipid accumulation [102, 146]. A 
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rapid mitotic slippage with shorter mitotic arrest as shown by treatment with 

ZM447439 – a drug that has the ability to overcome the SAC, do not induce 

significant LD in post-slippage cells (Figure 18e). To determine if post-slippage 

lipid accumulation originates from mitotic arrest, I analysed mitotically-arrested 

U2OS cells for the presence of LD and observed that over 50% of mitotic-

arrested cells were observed to contain LD (Figure 20). Combinatorial 

treatment of cells with Noc and TC were able to significantly reduce LD 

accumulation in mitotic-arrested cells. Furthermore, mitotic-arrested cells 

cultured in serum-depleted medium (-FBS) also deplete LD. All these findings 

suggest that antimitotic drug-induced lipid accumulation do originate from 

mitotic arrest.  

 

Figure 20. Nocodazole-induced lipid accumulation in mitotic-arrested cells.  

Left: Representative image of U2OS cells treated with Noc alone or in the presence of 

TC for 24 h and stained for Oil Red O (red) and DAPI (blue). Scale bar: 50 µm. Right: 

Quantification of cells with >5 LDs. Data are mean ± s.d. of 3 independent 

experiments. **p<0.01 by Student’s t-test. 

 

5.2.2   Fatty acid uptake contributes to lipid accumulation in post-slippage 

cells.  

 Accumulation of lipid induced by anticancer drugs such as bevacizumab 

was shown to be due to the increased uptake of fatty acid (FA) from the 

surrounding environment [147]. As such, I hypothesised that extracellular FA 

may contribute to lipid accumulation in our context. To this end, I investigated 

the effect of Noc treatment on FA uptake in U2OS cells. Significant 
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upregulation in the rate of fatty acid uptake was observed in Noc-treated U2OS 

cells as compared to DMSO-treated control (Figure 21a-b). The microarray 

analysis of gene expression in Noc-induced post-slippage cells revealed a 

significant enrichment of FABP4 mRNA as compared to DMSO-treated cells 

(Accession number: GSE114515) (Table 5). Fatty acid-binding proteins 

(FABPs) belong to a family of cytoplasmic proteins known to be involved in 

FA uptake and transport [147, 148]. I assessed the expression of FABPs in our 

post-slippage cells and as expected, the mRNA expression of FABP4 is 

significantly elevated in post-slippage U2OS cells (Figure 21c). To determine if 

FABP4 promotes Noc-induced LD accumulation, I co-treated cells with Noc 

and the small molecule inhibitor of FABP4 (BMS309403) and observed that 

inhibition of FABP4 resulted in a modest reduction in LD level in Noc-treated 

cells (Figure 21d). All the above suggest that FABP4 mediates enhanced FA 

uptake that partly contributes to LD accumulation in post-slippage cells.  

 

 

 

 

 

 

 

 

 

 

 



	
   60	
  

 

Figure 21. Enhanced fatty acid uptake in post-slippage cells contributes to LD 

accumulation.  

(a) FA uptake in U2OS cells treated with DMSO or Noc for 48 h. Serum starvation (SS) 

is performed after drug treatment to stimulate FA uptake. Negative control of FA 

uptake assay in full serum (FBS) condition. Measurement of FA uptake in cells was 

quantified by mean fluorescence intensity (MFI). Data are mean ± s.d. of 3 

independent experiments. (b) Representative plot of fatty acid uptake kinetic 

performed as per (a). (c) Synchronised U2OS were treated with DMSO or Noc for 48 h 

and analysis for FABP mRNA expression. (d) Flow cytometry analysis of U2OS cells 

treated with Noc alone or in combination with different concentration of FABP4 

inhibitor (F4I). Cells are stained for LD using BODIPY 493/503. Data are mean ± s.d. 

of 3 independent experiments. *p<0.05, **p<0.005 and NS=not significant by 

Student’s t-test. 
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5.2.3   Blocking lipid biosynthesis suppresses cellular stress and promotes 

survival of post-slippage cells.  

 It remains unclear as to whether LD accumulation upon antimitotic drug 

treatment promotes survival or drives cell death. To ascertain this, I evaluated 

the sensitivity of U2OS cells treated with various classes of antimitotic drugs to 

assess correlation with their respective LD level post-drug treatment. The 

augmented accumulation of LD observed in cells treated with more potent 

antimitotic agents (Figure 22a) suggests that LD accumulation is associated 

with cell death post-antimitotic treatment. To further characterise the link 

between LD accumulation and antimitotic-induced cell death, I blocked lipid 

accumulation with pharmacological inhibitor of lipid biosynthesis, 5-tetradecyl-

oxy-2-furoic acid (TOFA). TOFA inhibits the rate-limiting enzyme of fatty acid 

biosynthesis pathways, Acetyl-CoA carboxylase (ACC) which converts Acetyl-

CoA to Malonyl-CoA. Co-treatment of Noc and TOFA were able to further 

reduce the accumulation of LD (Figure 18d) and promote the short- and long-

term survival of post-slippage cells (Figure 22b-d).  
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Figure 22. Lipid biosynthesis inhibitor TOFA promotes the survival of post-

slippage cells.  

(a) Cell viability and LD level of U2OS cells after 48 h of treatment with the respective 

antimitotic drugs. Cell viability was compared to the LD level and Pearson correlation 

coefficients were calculated. (b) Synchronised U2OS cells were treated with DMSO or 

Noc in the presence or absence of TOFA for 48 h, followed by reseeding for 24 h 

before performed Celltitre®96 one aqueous assay (Promega). Data are mean ± s.d. of 2 

independent experiments. (c) Synchronised U2OS cells were treated with DMSO or 

Noc alone or in combination with TOFA for 48 h before quantifying the number of 

viable cells. Data are mean ± s.d. of 3 independent experiments. (d) Left: Long-term 

clonogenic assay of U2OS cells treated with DMSO or Noc in the presence or absence 

of TOFA. Cells were treated with indicated drugs for 48 h, followed by replacing cells 

with fresh media for another 5 days before performing crystal violet staining. Right: 

Plot shows the absorbance (OD570nm) derived from quantification of crystal violet 

staining. Data are mean ± s.d. of 3 independent experiments. *p<0.05, **p<0.01 and 

NS=non-significant by Student’s t-test. 
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It is known that post-slippage cells often acquired extensive DNA damage from 

prolonged mitotic arrest and multinucleation [149]. I observed that TOFA-

treated post-slippage cells have a dramatic reduction in DNA damage and ROS 

levels in TOFA-treated post-slippage cells as compared to the LD-laden post-

slippage cells (Figure 23a-b).  

 

Figure 23. Lipid biosynthesis inhibitor TOFA suppresses DNA damage and ROS 

production of post-slippage cells.  

(a) Western blot of U2OS cells treated with the respective drugs for 48 h (b) Left: Flow 

cytometry analysis of synchronized U2OS cells treated with the indicated drugs for 48 

h, followed by DCFDA staining. Right: Quantification of ROS level in U2OS cells 

treated with the indicated drugs for 48 h. Data are mean ± s.d. of 3 independent 

experiments. *p<0.05 by Student’s t-test. 

 

Previous studies have shown that the duration of mitotic arrest dictates the 

extent of post-slippage multinucleation and DNA damage [150]. As such, it is 

hypothesised that lipid inhibition by TOFA may reduce the duration of mitotic 

arrest and promotes early slippage upon nocodazole treatment. Our results 

showed an increased degradation of cyclin B1, a trigger of mitotic exit [5] and 

the reduction of pH-H3 levels when cells are co-treated with Noc and TOFA 

(Figure 24a-b); where mitotic exit is known to be triggered by the rapid 

degradation of cyclin B1. I validated our observations using live cell imaging 

microscopy to discern the duration of mitotic arrest in the cells by measuring 

the time between cell rounding to mitotic slippage. A significant reduction in 

the duration of mitotic arrest was observed when cells were co-treated with 
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TOFA and Noc (Figure 24c-d). All the above suggest that blocking lipid 

biosynthesis by TOFA reduces the duration of Noc-induced mitotic arrest 

which in turn decreased DNA damage and ROS levels in post-slippage cells 

possibility leading to their subsequent survival. 

 

 
 

Figure 24. TOFA reduces the duration of Noc-induced mitotic arrest.  

(a) Synchronised U2OS cells were treated with Noc in the presence or absence of 10 

µM TOFA for the indicated time point before performing western analysis. (b) Flow 

cytometry analysis of mitotic cells using pH-H3/PI. Representative plots of U2OS cells 

treated with DMSO (Control) or Noc in the presence or absence of TOFA for 24 h. G1: 

G1 phase of cell cycle; M: Mitosis; G2/S: G2/S phase of cell cycle. (c) Frame of 

individual U2OS cells entering mitosis and undergoing mitotic slippage. Cells were 

treated with Noc in the presence or absence of TOFA. Numbers represent time relative 

to mitotic entry in hours. Scale bar: 25 µm. (d) A single representative experiment is 

plotted measuring the duration of mitotic arrest in U2OS cells treated with Noc in the 

presence or absence of TOFA. n=47 without TOFA, n=36 with TOFA. ****p<0.001 

by Student’s t-test. 
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5.2.4   Lipid biosynthesis regulates the production of post-slippage 

inflammatory factors and its effect on cell migration and invasiveness.  

 It has been shown that post-slippage cells enter senescence, exhibit 

SASP and secrete pro-inflammatory factors such as IL-6, IL-8 and IL-1b which 

promote paracrine pro-tumourigenic effects such as migration, invasiveness and 

angiogenesis [151]. With regards to lipid metabolism, it has recently been 

revealed that therapy-induced senescent cells promote the build-up of lipids that 

potentially contribute to senescence induction [80]. To determine whether lipid 

biosynthesis regulates post-slippage senescence, TOFA-treated post-slippage 

cells were stained with senescence-associated marker beta-galactosidase (SA-b-

gal). SA-b-gal staining revealed no discernible difference in senescence 

establishment when post-slippage cells were treated with TOFA (Figure 25a). 

In addition, no discernable changes were observed in the expression of 

senescence-associated lamin B1 and p21 between control and TOFA-treated 

post-slippage cells were observed (Figure 25b), confirming that TOFA 

treatment did not affect post-slippage senescence induction.  

 

 

Figure 25. TOFA treatment does not affect post-slippage senescent cells.  

(a) Left: Representative images of control or post-slippage cells treated with TOFA for 

48 h before performing b-gal assay. Scale bar: 100 µm. Right: Plot shows percentage 

of cells stained positively for b-gal. Data are mean ± s.d. of 3 independent experiments. 

(b) Representative blot of synchronized U2OS cells treated with Noc for 48 h before 

subjecting the cells with various concentration of TOFA for another 48 h. ***p<0.001 

and NS=non-significant by Student’s t-test. 
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 Next, I determined whether lipid biosynthesis regulates the production 

of pro-tumorigenic factors in post-slippage cells by treating Noc-induced post-

slippage cells with TOFA for the analysis of pro-inflammatory factor secretion 

(Figure 26a). Consistent with previous findings, post-slippage cells showed 

increased secretion of several cytokines and chemokines such as IL-6, IL-8 and 

IL-1b (Figure 26b). However, treatment of TOFA in post-slippage cells also 

showed an amplified secretion of pro-tumourigenic factors such as IL-6 and IL-

8 as compared to DMSO-treated post-slippage cells (Figure 26b). A dose-

dependent increase in the expression of IL-8 and IL-1b is detected upon 

treatment of post-slippage cells with TOFA (Figure 26c). Treatment of TOFA 

in U2OS cells did not induce the expression of IL-8 and IL-1b, suggesting that 

TOFA specifically regulates pro-inflammatory factors post-slippage. To assess 

whether TOFA affects the migratory and invasiveness induced by post-slippage 

secretory factors, CM from control or TOFA-treated post-slippage cells were 

collected and performed scratch wound healing assay and transwell invasion 

assays. CM obtained from DMSO-treated post-slippage cells promoted the rate 

of wound closure and transwell invasiveness validating the ability of Noc-

induced post-slippage cells in promoting migratory and invasiveness in the 

tumor microenvironment (Figure 26d-e). Interestingly, CM from TOFA-treated 

post-slippage cells containing elevated pro-tumourigenic factors further 

potentiated the migratory and invasive capabilities compared to DMSO-treated 

post-slippage cells (Figure 26d-e).  
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Figure 26. TOFA enhances motility and invasiveness induced by post-slippage 

secretion.  

(a) Scheme depicts the preparation of CM for Human cytokine/chemokine multiplex 

array and for determination of paracrine tumorigenic effects. (b) The concentrations of 

various cytokines/chemokines in the CM derived from the respective treatments using 

Human cytokine/chemokine array. Data are mean ± s.d. of 3 independent experiments. 

(c) Representative blot of synchronised U2OS cells treated with Noc for 48 h before 

subjecting the cells with various concentration of TOFA for another 24 h. (d) U2OS 

cells were incubated with their respective CM and subjected to scratch wound healing 

assay. Left: Representative images of CM-treated U2OS cells taken at 0 h and the 

indicated time intervals. Scale bar: 100 µm. Right: Plot shows percentage of wound 

closure. (e) Right: Invasive ability was assessed by Transwell Matrigel assay. Scale bar: 

100 µm. Left: Plot shows percentage of invasive cells. Representative data from 3 

independent experiments. *p<0.05, **p<0.01 and ***p<0.001 by Student’s t-test. 

 

 To confirm the effect of lipid inhibition on post-slippage inflammatory 

factors, Noc-induced post-slippage cells were treated with another inhibitor of 

lipid biosynthesis, C75 and analysed their expression and secretory profiles of 

several cytokines and chemokines. C75 inhibits fatty acid synthase (FASN) 

activity that are direct downstream of Acetyl-CoA carboxylase (ACC) [68]. 
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Surprisingly, contrary to TOFA, co-treatment with C75 suppressed the 

secretion of several cytokines and chemokines such as IL-6, IL-8 and IL-1b 

(Figure 27). In addition, CM derived from post-slippage cells co-treated with 

C75 attenuated the migratory and invasive capabilities (Figure 27). Our data 

suggests that lipid biosynthesis pathways in post-slippage cells differentially 

regulate the production of inflammatory factors that leads to associated pro-

tumourigenic effects such as invasion and migration. 

 

Figure 27. C75 abrogates motility and invasiveness induced by post-slippage 

secretion.  

(a) The concentrations of various cytokines/chemokines in the CM derived from the 

respective treatments using Human cytokine/chemokine array. Data are mean ± s.d. of 

3 independent experiments. (b) Representative blot of synchronised U2OS cells treated 

with Noc for 48 h before subjecting the cells with various concentration of C75 for 

another 24 h. (c) U2OS cells were incubated with their respective CM and subjected to 

scratch wound healing assay. Left: Representative images of CM-treated U2OS cells 

taken at 0 h and the indicated time intervals. Scale bar: 100 µm. Right: Plot shows 

percentage of wound closure. (d) Right: Invasive ability was assessed by Transwell 

Matrigel assay. Scale bar: 100 µm. Left: Plot shows percentage of invasive cells. 
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Representative data from 3 independent experiments. *p<0.05, **p<0.01 and NS=non-

significant by Student’s t-test. 

 

5.2.5   Lipid inhibition by C75 modulates post-slippage induced NF-kB 

activation.  

 The production of pro-tumourigenic cytokines such as IL-1, IL-6 and 

IL-8 are known to be induced by NF-kappaB family of transcriptional factors 

[152]. Previous reports have also described activation of NF-kB dependent 

inflammatory response upon paclitaxel treatment in multiple cancer cells [153-

155]. Hence, one could predict that the suppression of pro-tumourigenic 

inflammation by C75 in post-slippage cells could be due to the suppression of 

NF-kB activation. In agreement with other reports, western blot analysis 

revealed the enhanced phosphorylation of IkBa and p65 in Noc-treated post-

slippage cells, suggesting that NF-kB pathway is activated in post-slippage 

cells (Figure 28a). Interestingly, treatment of post-slippage cells with C75 

suppressed NF-kB activation as shown by reduced IkBa and p65 

phosphorylation compared to untreated post-slippage cells (Figure 28b). This 

was further confirmed by the modest reduction of nuclear p65 in C75-treated 

post-slippage cells as compared to the untreated control (Figure 28c). These 

results suggest that lipid inhibition by C75 suppressed the expression of 

inflammatory factors via NF-kB inactivation and subsequently perturbed the 

pro-tumorigenic effects induced by post-slippage cells.  
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Figure 28. C75 inhibits Noc-induced NF-kB activation.  

(a) Representative blot of synchronized U2OS cells treated with DMSO or Noc for 48 

h and release into drug-free media for another 24 h. (b) Representative blot of 

synchronised U2OS cells treated with Noc for 48 h before subjecting the cells with 

various concentration of C75 for another 24 h. (c) Representative blot of synchronised 

U2OS cells treated with Noc for 48 h before subjecting the cells with 15 µg/mL of C75 

for another 24 h. Collected cells were subjected to nuclear/cytoplasmic extraction 

followed by IB. GAPDH and Nup153 function as control markers for cytoplasmic and 

nuclear extraction respectively. 
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5.3   Discussion 

 Although many anticancer drugs could induce lipid accumulation in 

cancer cells [73, 74, 80, 146, 156, 157], the consequences of this phenomenon 

remain uncertain and could affect the efficacy of anticancer drugs. In this study, 

I explored the role of lipid metabolism in regulating cell fate upon antimitotic 

drugs treatment. Our results revealed that antimitotic drug treatment induced 

the accumulation of lipid in both mitotic-arrested and post-slippage cells. Lipid 

accumulation upon chemotherapy can be triggered by several mechanisms such 

as enhanced lipogenesis, increased uptake of lipids and inhibition of fatty acid 

(FA) oxidation [158]. The accumulation of lipid content in post-slippage cells 

was partly contributed by an increase in FABP4-mediated FA uptake. FABP4 is 

known to be upregulated in many aggressive cancers as well as recurrent 

tumours to facilitate the uptake and transport of extracellular FA from 

adipocytes to mitochondria for b-oxidation [159-161]. More work will have to 

be done to delineate the role of FABP4 in mediating post-slippage cell fate. 

Nevertheless, lipid accumulation upon antimitotic drugs treatment can also 

occur from the defective or loss of mitochondria during mitotic arrest [97]. As 

such, impairment of mitochondrial b-oxidation promotes LD formation by 

diverting fatty acid (FA) toward storage [72, 73].  

 The duration of mitotic arrest is known to be tightly linked to the extent 

of multinucleation and DNA damage following mitotic slippage [149]. I did not 

observe any significant increase in LD level in cells treated with ZM447439, a 

drug that shorten the duration of mitotic arrest by overcoming the spindle 

assembly checkpoint. Blocking lipid biosynthesis by TOFA promoted early 

mitotic slippage, suggesting a role for lipids in ensuring proper mitotic 

progression. Support for this can be garnered from the finding that siRNA-

mediated depletion of lipid biosynthesis enzymes such as DGAT2 (a TAG 

synthesizing enzyme) resulted in defective cell division, reminiscent of mitotic 

slippage [162]. Incidentally, secreted factor(s) from tumour-associated 

macrophages (TAMs) were recently found to suppress the cytotoxicity effects 

of antimitotic agents by promoting early mitotic slippage and cancer cell 

survival following paclitaxel treatment [163]. It will be of interest to investigate 
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whether TAMs engender mitotic slippage via modulation of lipid biosynthetic 

pathways.  

 Several inflammatory signaling pathways had been proposed to be 

activated by multinucleated cells [164]. Our previous study had shown that pro-

tumorigenic inflammatory factors were secreted by post-slippage senescent 

cells [165]. Inhibition of autophagy abrogates the induction of post-slippage 

senescence and its associated secretion of inflammatory factors. Although the 

inhibition of lipid biosynthesis did not affect the establishment of post-slippage 

senescence, we observed an alteration in the secretory profile of post-slippage 

cells. The inhibition of ACC and FASN by TOFA and C75 respectively, 

promote opposing effects on the production of post-slippage secretory factors 

and the subsequent tumour-promoting effects (Figure 8). This disparity could 

result from the regulation of mitochondrial fatty acid (FA) oxidation by the 

different lipid inhibitors used in post-slippage cells. FA oxidation is known to 

regulate the expression and secretion of cytokines in various cell types such as 

in oncogene-induced senescent cells, tumour-associated macrophages and 

myeloid-derived suppressor cells [166-169]. It was speculated that TOFA 

treatment decreases the level of Malonyl-COA which prevents inhibition of FA 

oxidation [170]. On the contrary, inhibition of FASN by C75 promotes the 

accumulation of Malonyl-COA, further suppressing FA oxidation and the 

subsequent production of pro-tumorigenic factors [79, 171]. Alternatively, pro-

tumorigenic factors could be altered by FA levels and saturation. It has been 

shown that fatty acids induce the expression and secretion of inflammatory 

cytokines such as IL-6, IL-8 and IL-1b via activation of nuclear factor-kappaB 

(NF-kB) pathway in normal and cancer cells [172-174]. Indeed, our data 

revealed that C75 suppressed the activation of NF-kB in post-slippage cells 

supports the notion that increased lipid or FA promotes the induction of post-

slippage secretory factors. Another plausible inflammatory pathway involved 

could be through the lipid mediators such as prostaglandin that are produced 

through conserved lipid biosynthesis pathways involving specific enzymes such 

as ACC and FASN. Collectively, our data suggests that lipid biosynthesis is 

involved in the modulation of pro-tumorigenic factors induced by post-slippage 

cells.  
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 Apart from the enhanced cell migration and invasiveness induced by 

post-slippage secretory factors, a distinct inflammatory response could also 

influence immune cells infiltration and the subsequent clearance of post-

slippage cells [151]. On the contrary, the pro-tumorigenic cytokines secreted 

can also stimulate the polarization of M1 macrophages into M2 tumour-

associated macrophage (TAMs) that further enhance the pro-tumorigenic 

properties of surrounding tumour cells [168]. Furthermore, paclitaxel treatment 

induces the infiltration of TAMs into mammary adenocarcinoma and 

suppresses antitumor T-cell response [154]. Therefore, more studies will be 

needed to be determine the effect of antimitotic-induced pro-tumourigenic 

factors on immune cells or the tumour microenvironments and whether lipid 

metabolism mediates the tumourigenic effects. 

 In conclusion, it was demonstrated that the alterations of lipid 

biosynthesis in antimitotic-treated cells by pharmacological inhibitors had 

implications on the survival and tumour-promoting effects of post-slippage 

cells (Figure 29). Inhibition of lipid accumulation could promote early mitotic 

slippage and contributes to the survival of post-slippage cells. Post-slippage 

secretory factors can be fine-tuned by modulation of lipid biosynthesis through 

NF-kB-dependent manner. Our study highlights the potential of targeting lipid 

biosynthesis in post-slippage cells to reprogram its secretory profile that not 

only could negate the tumour-promoting effects, but may also promote anti-

tumour inflammation for the clearance of tumour or post-slippage cells.  
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Figure 29. Proposed model depicting the role of lipid biosynthesis in the 

regulation of cell fate upon antimitotic drugs treatment.  

Upon treatment with antimitotic drugs, mitotic-arrested cells accumulate lipid droplets 

(LDs) that persist throughout mitotic slippage. Co-treatment of lipid biosynthesis 

inhibitor, TOFA and antimitotic drugs shorten the duration of mitotic arrest resulting in 

LD-depleted post-slippage cells. Treatment of TOFA in post-slippage cells amplifies 

the secretion of tumour-promoting inflammatory factors and its associated effects, 

whereas an opposing phenomenon was observed upon treatment with another lipid 

inhibitor, C75. 
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6.   CHAPTER 4: ANTI-MITOTIC DRUG TREATMENT INDUCED 

THE EXPRESSION OF HEXOKINASE 2 IN CANCER CELL LINES 

	
  
6.1   Background and Scope 

 Metabolic reprogramming is not only a consequence of malignant 

transformation but also observed in response to chemotherapy; particularly in 

chemoresistant cells. It is highly plausible that anti-mitotic drug induced post-

slippage cells display alterations in their energy metabolism pathway to mediate 

cellular survival or cell fate post-slippage. Here, I delineate the bioenergetics 

change, specifically on glycolysis induced by cancer cells in response to 

antimitotic drugs treatment.  

 

6.2   Results 

6.2.1   Enhanced glycolysis upon treatment of cells with antimitotic drugs 

 Alteration in glucose metabolism has been widely reported in drug-

resistant cancer cells [175-177]. A metabolic shift from oxidative 

phosphorylation to glycolysis is detected in paclitaxel-resistant Hela cells that 

are generated from prolonged exposure to non-toxic dose of paclitaxel. These 

cells exhibit increased expression of glycolysis-related proteins such as 

pyruvate kinase isozymes M1/M2 (PKM1/2), fructose-bisphosphate aldolase C 

(ALDOC) and lactate dehydrogenase A (LDHA) when compared to their 

parental cells [176]. Therefore, I first determine the glycolytic potential of 

antimitotic-induced post-slippage cells by analyzing the glucose consumption 

and lactate production. Increased aerobic glycolysis leads to more glucose 

consumption and lactic acid being converted from pyruvate and secrete into the 

microenvironment [178, 179]. Our results show the increased glucose uptake 

and accumulation of extracellular lactate in both Noc- and Taxol-treated U2OS 

cells (Figure 30a-b). The enhanced glycolysis induced by antimitotic drugs 

treatment was paralleled to the significant increase in intracellular ATP content 

in antimitotic-treated cells (Figure 30c).  
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Figure 30. Antimitotic-treated cell lines exhibit enhanced glycolysis.  

U2OS cells treated with Noc or Taxol and the levels of glucose uptake (a), 

extracellular lactate (b) and intracellular ATP (c) were determined. Experiments are 

performed at least twice. *p<0.05 by Student’s t-test. 

 

6.2.2   Induction of HK2 expression in antimitotic-treated cells 

 To further delineate the glycolysis induction, I screened the treated cells 

for a panel of glycolytic-related genes by real-time qPCR. Consistent with the 

microarray analysis of Noc-induced post-slippage cells (Table 1), I detected the 

significant upregulation of hexokinase 2 (HK2) in Noc- and Taxol-treated 

U2OS cells (Figure 31a). HK2 is the rate-limiting enzyme that mediates the 

first step of glycolysis and is crucial for Warburg effect in cancer cells. Next, I 

analysed the protein expression of HK2 in antimitotic-treated cells. 72 h 

treatment of U2OS cells with Noc and Taxol results in the significant induction 

in HK2 expression (Figure 31b). Furthermore, I detected a time-dependent 

increase in HK2 expression upon Noc treatment (Figure 31c). To exclude any 

cell-specific effects, I confirm the expression of HK2 in antimitotic drugs 

treated breast cancer cell lines, MCF-7 and MDA-MD-231 cells. Both breast 

cancer cell lines showed an appreciable increase in HK2 expression upon Noc 

and Taxol treatment (Figure 31d).  
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Table 1. Microarray analysis of glycolysis gene expression in post-slippage U2OS 

cells (Nocodazole-treated) versus control cells (untreated). Accession number: 

GSE114515. 
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ALDOC 

 

PDK1 

HK2 

1.12 

 

-1.04 

1.89 

0.986 

 

0.201 

0.003 

Fourth step of glycolysis, involved in 

gluconeogenesis 

Convert pyruvate to Acetyl-CoA 

Rate-limiting, first step of glucose 

metabolism 

PFKFB3 

 

PGK1 

LDHA 

1.16 

 

-1.08 

-1.04 

0.038 

 

0.902 

0.778 

Allosteric activator of PFK-1, stimulate 

glycolysis 

First step of ATP generation in glycolysis 

Interconversion of pyruvate and lactate 
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Figure 31. Antimitotic-treated cell lines induce upregulation of HK2.  

(a) RT-qPCR analysis of glycolysis-related genes in U2OS cells treated with 

Nocodazole (Noc) or Taxol for 72 h. (b) Immunoblot analysis of U2OS cells treated 

with Noc or Taxol for 72 h or with Noc only in a time-dependent manner (c) and 

analysed for HK2 expression. (d) Immunoblot analysis of U2OS, MCF-7 and MDA-

MB-231 cell lines treated with Noc or Taxol for 48 h. 

 

6.2.3   Effects of HK2 depletion in antimitotic-treated cells 

 To delineate the role of HK2 induction upon antimitotic drug treatment, 

I performed a siRNA knockdown of HK2 in U2OS cells and treated the cells 

with Noc. I managed to obtain a strong HK2 knockdown efficiency in vehicle-

treated (DMSO) and Noc-treated cells (Figure 32a). Next, I determine whether 

HK2 overexpression is essential for the viability of Noc-treated cells by 

performing a cell counting analysis. Our preliminary results showed a modest 

reduction in the number of HK2 knockdown cells surviving Noc treatment 



	
   79	
  

(Figure 32b). However, in the absence of Noc treatment, HK2 knockdown per 

se also reduced the number of surviving cells suggests that HK2-dependent 

viability is not specific to post-slippage cells. More work will be needed to 

validate the effect of HK2 depletion on cell fate post-slippage.  

 

 

  

 

 

 

 

 

 

 

Figure 32. Antimitotic-treated cell lines induce upregulation of HK2.  

(a) Immunoblot analysis of U2OS cells transfected with HK2 targeting or non-

targeting control siRNA before treatment with Noc for 48 h and analysed for HK2 

expression. (b) Cell viability analysis of U2OS cells pre-treated with the respective 

siRNA as in (a) before treatment with Noc or Taxol for 48 h. The number of viable 

cells were quantified using trypan blue exclusion method. Number of viable cells = 

Number of total cells – Number of blue cells. 
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6.3   Discussion 

 One of the key hallmarks of cancer is the elevated glycolysis essential to 

provide energy and carbon sources for cell growth and proliferation [178]. Thus 

far, few studies have reported the enrichment of glycolytic pathways upon 

chemotherapeutic treatment. Our data showed that antimitotic drugs treatment 

leads to the upregulation of glycolysis. A metabolic switch from mitochondrial 

oxidative phosphorylation to glycolysis occurred during mitotic arrest may have 

persist post-slippage [97]. Although the glycolytic dependency in mitotic-

arrested cells is essential for their survival, it remains to be determined whether 

the enhanced glycolysis mediates cell fate post-slippage (Figure 33). 

 Critical to this highly glycolytic phenotype of antimitotic-treated cells is 

the significant upregulation of hexokinase 2 (HK2), an enzyme that catalyses 

the first step of glycolysis. HK2 is overexpressed in multiple cancer cells and 

involved in promoting cancer progression [180-182]. Our data revealed that 

anti-mitotic drugs induce significant increase in the expression of HK2 in 

multiple cancer cell lines (Figure 31). Hexokinase 2 is associated with 

mitochondrial and is implicated in cell survival [183]. Binding of HK2 to 

mitochondria has been shown to protect against loss of cell viability [184]. 

Although our preliminary data revealed that HK2 depletion by siRNA 

knockdown did not potentiate the cell death induced by Nocodazole, greater 

emphasis will be placed on determining whether HK2 mediates the post-

slippage inflammation and the associated pro-tumorigenic effects. Recent study 

has also shown that high glycolytic activity of cancer cells contributes to 

chemotherapeutic resistance by modulating T cell-mediated antitumor 

immunity [185]. Several factors such as lactate and CXCL10 release by highly 

glycolytic tumors may be responsible for the impairment of antitumor immune 

response. Furthermore, it had been shown that the release of HK2 from 

mitochondria could triggers the activation and secretion of inflammasomes and 

IL-1b respectively.  

 Apart from mediating inflammatory response, the induction of 

glycolysis upon antimitotic drugs treatment may be essential for senescence 

transition. It has been reported that upon glucose starvation, HK2 binds and 

inhibits mTOR complex 1 (TORC1) resulting in the activation of autophagy 
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[186]. This suggest that the overexpression of HK2 in post-slippage cells could 

mediate the induction of autophagy and enable senescence. Therapy-induced 

senescence (TIS) cells generated from various anticancer agents exhibit 

increased glucose utilization coupled with high level of ATP and lactate 

production [99, 187]. In addition, blocking glycolysis with pharmacological 

inhibitors such as 2-DG (2-Deoxy-D-glucose) promotes the switch from 

senescence establishment to elimination by apoptosis. More work will be 

required to delineate the implications of HK2 in mediating cell fate post-

slippage.  

 

 

Figure 33. Proposed model depicting the potential effects of enhanced glycolysis in 

regulating post-slippage cell fate.  

Antimitotic-treated post-slippage cells acquire an enhanced glycolytic phenotype 

through the upregulation of glycolytic gene, hexokinase 2 (HK2). Post-slippage cells 

displayed increased in ATP and lactate levels that may regulate senescence transition 

or pro-tumourigenic inflammation. 
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7.   FUTURE DIRECTIONS 

7.1   Crosstalk between post-slippage SASP and the tumour 

microenvironment 

 One major limitation of this study is the lack of preclinical validation on 

the efficacy of combination treatment (autophagy inhibitors and antimitotic 

therapies) where the host immune system is intact and taken into consideration. 

Tumour-immune system interaction has major implications on the prognosis of 

patients [188]. Multiple studies have reported the beneficial role of autophagy 

activation in promoting the elimination of tumour cells through modulation of 

the inflammatory response [132]. The autophagy-dependent inflammatory 

response is known to be bidirectional and context-dependent. Furthermore, 

SASP is highly heterogeneous and varies from cell type to cell type, with 

different components of SASP such as IL-1a and IL-1b, known to exert 

differential effects on mediating tumourigenesis [189]. Therefore, in order to 

fully enhance the efficacy of antimitotic therapies, it might not be sufficient to 

simply eliminate pro-tumourigenic SASP. Rather, the switch from pro-

tumourigenic SASP into anti-tumorigenic SASP that provoke immunogenic cell 

death and clearance, will be desirable. This affirms the need to test the impact 

of mitotic slippage-induced SASP factors on the tumour microenvironment and 

host immune system in a spontaneous tumour model.  

 Within the established microenvironment, TAMs are considered one of 

the most abundant and crucial non-neoplastic cell types. TAMs is known to 

promote the growth, angiogenesis, and metastasis of a variety of cancers [13, 31, 

32]. Numerous studies have demonstrated that the abundance of TAMs 

correlates with a poor prognosis coupled with accelerated tumour growth [11, 

31, 32]. In the context of anti-mitotic drugs treatment, it has been recently 

reported by Olson et al. showing that the secreted factors from TAMs suppress 

the cytotoxic effects of Taxol by promoting early mitotic slippage [163]. 

Furthermore, TAM-derived cytokines such as IL-6, IL-1, IL-8 and TNF-α 

significantly contribute to proliferation, immunosuppression, and angiogenesis 

[32]. The differentiation of monocytes into polarised macrophage subsets such 

as M1-type tumour suppressive macrophage or M2-type tumour promoting 

macrophage (also known as TAM) depends on the exposure to different 
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cytokine milieu [190]. Thus, it will be of key interest to determine whether 

distinct post-slippage secretome could influence the polarisation of 

macrophages. To address this hypothesis, a preliminary experiment can be 

performed by incubating post-slippage derived CM onto THP-1 human 

monocytic cell line and assess M1/M2 polarisation. Instead of using CM, co-

cultures of post-slippage senescent cells and THP-1 human monocytic cell line 

can also be established. Primary blood monocytes isolated from peripheral 

blood mononuclear cells (PBMCs) of healthy individuals can subsequently be 

used for further validation. The crosstalk between TAM and post-slippage cells 

via secreted factors could amplify the tumour-promoting effects and promote an 

immunosuppressive microenvironment.  

 The manifestation of secretory factors by post-slippage cells can also 

affect normal cells such as epithelial cells and fibroblasts. Indeed, it has been 

shown that senescence can be transmitted to normal human fibroblasts in a non-

cell-autonomous manner [29, 191]. Furthermore, another study has recently 

shown that chemotherapeutic treatment induces senescence in normal cells and 

as such contributes to systemic side effects [37]. Thus, it is worth investigating 

whether secreted factors from the post-slippage context could reinforce 

senescence in normal cells that consequently potentiate the deleterious effects 

of post-slippage senescent cells.  

 

7.2   Deciphering signaling networks involved in post-slippage induced 

tumourigenesis  

 Although this current work focuses on anti-mitotic drugs, it is 

anticipated that other classes of chemotherapeutic drugs may have similar roles 

in engendering non-cell-autonomous (paracrine) tumour progression. Hence, it 

will be of interest to identify and delineate signaling pathways and molecular 

mediators leading to SASP and pro-tumourigenic function post-slippage. One 

plausible upstream effectors of post-slippage senescence could arise from 

mitochondrial dysfunction. Many types of chemotherapy treatments including 

anti-mitotic drugs could induce mitochondrial dysfunction [192]. Consistent 

with other findings, post-slippage cells are shown to accumulate dysfunctional 

mitochondria (Figure 6). Defective mitochondria activate AMPK signaling and 
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protective autophagy to promote cellular survival [193]. Furthermore, it has 

been shown that compromised mitochondria can induce cellular senescence 

coupled with a distinct secretory phenotype [110]. In order to elucidate whether 

mitochondria are involved in regulating post-slippage senescence, we can 

utilize cells with depleted mtDNA by passaging cells with ethidium bromide 

(rho0 cells) or treating cells with electron transport chain inhibitors Rotenone or 

Antimycin A, and analyse their response to anti-mitotic drugs treatment. 

Delineating major signaling nodes along the “slippage-senescence-SASP-

tumourigenesis” axis could potentially serve as beneficial therapeutic targets in 

combination with antimitotic drug therapy.  
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7.3   Conclusion 

 Anti-mitotic drugs are the most-commonly utilised class of 

chemotherapeutic agents administered as a first-line therapy [194]; however, 

the clinical success of antimitotic therapies is often impeded by acquired 

resistance. The cell fate following mitotic slippage, albeit representing a route 

of escape from mitotic arrest and mitotic cell death, has not been extensively 

studied. Here, for the first time, I showed that multinucleated post-slippage 

cells undergo senescence and elicits paracrine pro-tumourigenic effects, both in 

vitro and in vivo. The SASP factors secreted by post-slippage senescence cells 

promote migration, invasiveness and angiogenesis. Thus, the elimination of 

post-slippage cells is anticipated to be beneficial for the overall efficacy of 

antimitotic therapies. In search for effectors of post-slippage senescence, it was 

found that the pro-tumourigenic effects of SASP can be restrained by 

autophagy inhibition. It was further established that autophagy is responsible 

for the induction of post-slippage senescence, whereby its inhibition results in 

senescence bypass and subsequently led to cell death post-slippage.  

 I also found that discrete lipid biosynthesis pathways could contribute 

differentially to the regulation of post-slippage secretory factors. Modulating 

lipid biosynthesis in post-slippage cells by TOFA, amplified their pro-

tumourigenic secretion profiles and accelerated the development of paracrine 

pro-tumorigenic behavior, particularly cell migration and invasiveness. 

Contrary to TOFA, treatment of post-slippage cells with C75, another drug 

targeting a different lipid biosynthesis pathway, abrogates the production of 

pro-tumorigenic factors and their associated effects in post-slippage cells. This 

suggests that discrete lipid biosynthesis pathways could contribute differentially 

to the regulation of pro-tumorigenic inflammation. The divergent effects of 

TOFA and C75 may be attributed to the opposing regulation of Malonyl-CoA, 

an intermediate in fatty acid synthesis that serves as mediator of fatty acid 

oxidation. Targeting lipid biosynthesis in post-slippage cells could reprogram 

its secretory profile that not only negates tumour-promoting effects, but may 

also promote anti-tumour inflammation for the clearance of tumour or post-

slippage cells. 
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 All in all, this study defined two major metabolic consequences that 

abrogate the tumour-promoting effects of antimitotic therapies; either by 

eliminating pro-tumourigenic senescent cells or by suppressing the secretion of 

the associated pro-tumorigenic factors. As such, understanding cell fate post-

slippage provides opportunities for the development of novel therapeutic 

strategies to circumvent antimitotic drug resistance and enhance the treatment 

efficacy for cancer patients.  
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APPENDIX 

	
  
Table 1. List of chemicals 

Chemical Concentration  Catalogue number Company 

Nocodazole (Noc)  100 ng/ml or 10 mpk  N3000 US 

Biological 

Paclitaxel (PTX) 150 nM or 10 mpk P1792A US 

Biological 

Thymidine 3 mM T1895-25G Sigma 

ZM447439 2 µM 2458 Tocris 

Monastrol 100 µM 1305 Tocris 

Bafilomycin A1 10 nM or 25 nM B1793 Sigma 

Chloroquine 30 mpk C6628 Sigma 

Triascin C 1 - 4 µM Ab141888 Abcam 

TOFA 1 - 20 µg/mL T6575 Sigma 

C75 5 - 20 µM C5490 Sigma 

Orlistat 10 µM O4139 Sigma 
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Table 2. List of primers 

Gene Sequence (5' to 3') 

IL-8 Forward: GAGTGGACCACACTGCGCCA 

 Reverse: TCCACAACCCTCTGCACCCAGT 

IL-6 Forward: CCAGGAGCCCAGCTATGAAC 

 Reverse: CCCAGGGAGAAGGCAACTG 

BMP2 Forward: GGACATTCGGTCCTTGCGCCA 

 Reverse: GGTCGACCTTTAGGAGACCGCAGT 

IL-1α Forward: AGTGCTGCTGAAGGAGATGCCTGA 

 Reverse: CCCCTGCCAAGCACACCCAGTA 

IL-1β Forward: TGCACGCTCCGGGACTCACA 

 Reverse: CATGGAGAACACCACTTGTTGCTCC 

Fibronectin Forward: GAGGGGACCTGCAGCCACA 

 Reverse: TTCGCAACCTGCGGGAAAAA 

ICAM1 Forward: GGCCCCCTACCAGCTCCAGA 

 Reverse: GACTGGGAACAGCCCGTCCA 

Vimentin Forward: ACTACGTCCACCCGCACCTA 

 Reverse: CAGCGAGAAGTCCACCGAGT 

MMP-9 Forward: TTGACAGCGACAAGAAGTGG 

 Reverse: GCCATTCACGTCGTCCTTA 

Gapdh Forward: GGTCGTATTGGGCGCCTGGTCACC 

 Reverse:	
  CACACCCATGACGAACATGGGGGC 
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Table 3. List of antibodies 

Antigen Antibody name Catalogue 
number 

Company 

β-Actin β-Actin (C4) Mouse mAb sc-47778 Santa Cruz 

Biotechnology 

P62 SQSTM1/P62 (D3) Mouse 

mAb 

sc-28359 Santa Cruz 

Biotechnology 

TP53 p53 (DO-1) Mouse mAb sc-126 Santa Cruz 

Biotechnology 

cyclin B1 cyclin B1 (H-433) Rabbit 

pAb 

sc-752 Santa Cruz 

Biotechnology 

cyclin D1 cyclin D1 (A-12) Mouse mAb sc-8396 Santa Cruz 

Biotechnology 

p-Histone H3 phospho-Histone H3 (Ser 10) 

Rabbit pAb 

sc-8656-R Santa Cruz 

Biotechnology 

Mcl-1 Mcl-1 Antibody (S-19) 

Rabbit pAb 

sc-819 Santa Cruz 

Biotechnology 

ATG5 Atg5 (D5F5U) Rabbit mAb #12994 Cell signaling 

technology 

p-p70 S6 Kinase Phospho-p70 S6 Kinase 

(Thr389) Rabbit pAb 

#9205 Cell signaling 

technology 

p70 S6 Kinase p70 S6 Kinase Rabbit pAb #9202 Cell signaling 

technology 

AMPKα AMPKα Rabbit pAb #2532 Cell signaling 

technology 

p-AMPKα Phospho-AMPKα (Thr172) 

Rabbit pAb 

#2531 Cell signaling 

technology 

ULK1 ULK1 (D8H5) Rabbit mAb #8054 Cell signaling 

technology 

p-ULK1 Phospho-ULK1 (Ser757) 

Rabbit pAb 

#6888 Cell signaling 

technology 

p-Histone H2A.X Phospho-Histone H2A.X 

(Ser139) Rabbit pAb 

#2577 Cell signaling 

technology 

p-Histone H3 Phospho-Histone H3 (Ser10) 

Rabbit pAb (Alexa Fluor® 

488 Conjugate)  

#9708 Cell signaling 

technology 

Cleaved PARP Cleaved PARP (Asp214) #9541 Cell signaling 
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Rabbit pAb technology 

p21 p21 Waf1/Cip1 (12D1) 

Rabbit mAb 

#2947 Cell signaling 

technology 

BubR1 BubR1 Mouse mAb 612503 BD 

Biosciences 

LC3 LC3B Rabbit pAb L7543 Sigma 

GAPDH GAPDH Mouse mAb CB1001 Merck 

Millipore 

Lamin B1 Lamin B1 Rabbit pAb  ab16048 Abcam 

β-Catenin β-Catenin Rabbit pAb ab16051 Abcam 

IL-8 IL-8/CXCL8 Mouse mAb MAB208-

100 

R&D Systems 

IL-1β IL-1 beta /IL-1F2 Mouse 

mAb 

MAB201-

100 

R&D Systems 

IkBa  IkBa pAb ab7217 Abcam 

Phospho-IkBa  Phospho-IkBa mAb 9246 Cell signaling 

technology 

Phospho-p65 

(Ser536) 

Phospho-NF-kB p65 (Ser536) 

pAb 

3033 Cell signaling 

technology 

p65 (D14E12) NF-kB p65 (Ser536) pAb 8242 Cell signaling 

technology 

Rabbit IgG   Donkey anti-Rabbit IgG-HRP NA934 GE Health 

care life 

sciences 

Mouse IgG  Sheep anti-Mouse IgG-HRP NA931 GE Health 

care life 

sciences 

Mouse IgG Goat anti-Mouse IgG-Alexa 

Fluor 488 

A-11001 Invitrogen 

Mouse IgG Goat anti-Mouse IgG-Alexa 

Fluor 594 

A-11005 Invitrogen 

Rabbit IgG Goat anti-Rabbit IgG-Alexa 

Fluor 488 

A-11008 Invitrogen 

Rabbit IgG Goat anti-Rabbit IgG-Alexa 

Fluor 594 

A-11012 Invitrogen 
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Table 4. List of lipid hits from lipidomic 

	
  
Compound p  p (Corr)  FC (abs) Normalised 
TG (54:1) 1.06E-43 4.31E-42 11.0 
TG (52:1) 1.40E-45 1.14E-43 8.7 
TG (60:1) 5.87E-38 4.75E-37 7.8 
TG (56:1) 1.07E-38 9.64E-38 7.2 
TG (52:0) 6.38E-32 2.15E-31 7.1 
TG (58:1) 8.05E-40 1.09E-38 6.9 
TG (56:2) 1.45E-39 1.68E-38 6.5 
TG (50:0) 1.15E-32 4.23E-32 6.5 
TG (54:2) 1.45E-36 9.81E-36 6.3 
TG (50:1) 2.78E-40 4.50E-39 6.3 
TG (60:2) 1.72E-39 1.74E-38 6.1 
TG (58:2) 1.81E-40 3.67E-39 6.0 
TG (62:2) 3.84E-36 2.37E-35 5.8 
TG (62:1) 7.74E-32 2.51E-31 5.6 
TG (48:1) 4.09E-36 2.37E-35 5.4 
TG (48:0) 3.58E-37 2.63E-36 5.3 
TG (52:2) 4.40E-33 2.05E-32 5.0 
TG (56:3) 4.64E-34 2.35E-33 4.9 
TG (46:0) 5.17E-41 1.40E-39 4.8 
TG (58:3) 2.55E-31 7.96E-31 4.5 
TG (60:3) 4.55E-33 2.05E-32 4.4 
TG (62:3) 8.29E-33 3.53E-32 4.3 
TG (50:2) 3.20E-32 1.13E-31 4.1 
TG (56:4) 4.06E-28 9.13E-28 4.1 
TG (54:3) 1.59E-29 4.04E-29 4.1 
TG (58:0) 2.07E-25 3.57E-25 4.0 
TG (46:1) 9.95E-33 3.84E-32 3.8 
TG (52:3) 1.23E-25 2.26E-25 3.7 
TG (54:0) 2.20E-26 4.23E-26 3.6 
TG (48:2) 2.53E-27 5.26E-27 3.3 
TG (44:0) 9.83E-28 2.10E-27 3.2 
TG (50:3) 2.85E-20 3.61E-20 2.9 
TG (47:1) 1.99E-24 3.23E-24 2.3 
DG (36:1) 1.87E-28 4.32E-28 3.0 
DG (34:1) 1.37E-25 2.46E-25 2.2 
DG (32:0) 2.05E-26 4.05E-26 2.2 
DG (36:2) 1.36E-24 2.24E-24 2.1 

PC (P-36:1) 9.28E-28 2.03E-27 3.5 
PC (36:1) 2.17E-30 5.85E-30 3.2 

PC (P-36:0) 8.71E-24 1.31E-23 2.6 
PC (P-32:0) 6.94E-27 1.40E-26 2.5 
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PC (38:3) 2.01E-23 2.97E-23 2.4 
PC (34:0) 2.46E-20 3.16E-20 2.3 

PC (P-38:3) 4.69E-24 7.45E-24 2.3 
PC (38:2) 2.66E-22 3.78E-22 2.1 
PC (28:0) 6.69E-29 1.64E-28 2.0 

PE (P-36:5) 5.79E-31 1.68E-30 2.3 
PE (37:0) 3.60E-20 4.48E-20 2.3 

PE (P-38:3) 1.21E-25 2.26E-25 2.0 
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