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I 

 

Summary 

Paclitaxel (Taxol) is a microtubule-targeting drug. It binds to the β-tubulin subunit 

of microtubules and interferes with microtubules disassembly in cell division. This 

prevents microtubule-kinetochore attachments and causes activation of the 

spindle assembly checkpoint (SAC). Prolonged activation of the SAC induces 

mitotic arrest by inhibiting the inactivation of Cdk1, and results in mitochondrial-

mediated cell death. It is known that the key effector pro-apoptotic proteins, Bax 

and Bak, commit mitotically arrested cells to undergo apoptosis by inducing 

mitochondrial outer membrane permeabilization. However, the molecular signal 

that links SAC activation to the induction of apoptosis remains far from clear. 

In this thesis, I show that both Bak and Bax are required for Taxol-induced 

apoptosis in HeLa cells as siRNA-mediated depletion of either Bak or Bax 

individually or in combination caused a significant decrease in Taxol-induced 

apoptosis. My data also demonstrate that Bak and Bax form a complex in the 

mitochondria with Mitochondrial Permeability Transition Pore components such 

as VDAC and ANT2 in the Taxol-arrested mitotic cells. Furthermore, I show here 

that inactive Cdk1 exists as two independent complexes with Bak and Bax in 

normal healthy interphase cells. In Taxol-arrested cells, a complex comprising 

activated Cdk1, cyclin B1, Bak and Bax is present in the mitochondrial membrane. 

In an in vitro assay, I demonstrate a direct interaction between recombinant Cdk1 

and Bax. In functional assays, I show that the phosphorylation of the anti-

apoptotic proteins Bcl-2 and Bcl-xL is dependent on the activated Cdk1/Bak and 

activated Cdk1/Bax complexes suggesting that Bak and Bax clearly mediate the 

transfer of activated Cdk1 to the MOM. My results lead me to predict that the 

Bax/Cdl1/cyclin B1 complex is the cytoplasmic signal that links SAC activation to 

the mitochondrial-mediated cell death. 
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Chapter 1. Introduction  

1.1 Antimitotic drugs 

Antimitotic drugs induce mitotic arrest and inhibit chronic cellular proliferation, 

which is one of the hallmarks of cancer cells (Hanahan, 2000, Pasquier and 

Kavallaris, 2008). There are two main classes of antimitotic drugs, Taxanes and 

Vinca alkaloids (see Table 1-1). Taxanes have been successfully used for the 

management of  different types of solid cancers for over 25 years (Tischer and 

Gergely, 2018). Taxanes, such as Paclitaxel and Docetaxel, interact with the β-

tubulin subunit to stabilize the microtubules (Abal et al., 2003). Vinca alkaloids, 

such as Vincristine, Vinblastine and Vinflunine, are mostly used for 

haematological malignancies, such as lymphomas and leukemias (Moudi et al., 

2013). Vinca alkaloids interact with the β-tubulin subunit of the α/β-tubulin 

heterodimer and inhibit polymerization of microtubules (Zhou and Giannakakou, 

2005). Both microtubule stabilising and depolymerising agents interfere with 

microtubule dynamics and cause long term mitotic arrest. The cells arrest in 

mitosis because of spindle assembly checkpoint activation and then undergo cell 

death, which ultimately inhibits tumour cell proliferation (Jordan and Wilson, 

2004). 

Microtubules are the active component of the cytoskeleton that play an essential 

role in various cellular functions including cell division, motility, maintaining cell 

shape and intracellular trafficking (Desai and Mitchison, 1997). Microtubules are 

cylindrical tubes composed of α and β-tubulin heterodimers. Microtubules are 

highly dynamic structures that alternate between periods of assembly and 

disassembly within the cell. This dynamic behaviour is crucial for accurate 

segregation of the replicated chromosomes into two daughter cells during 

mitosis (Mitchison et al., 1986, Jordan and Wilson, 2004). Polymerization of 

microtubules occurs when the nucleotide exchangeable site (E-site) of β-tubulin 
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and nucleotide non-exchangeable site (N-site) of α-tubulin bind to the GTP 

molecule (Nogales et al., 1998). The binding of α-tubulin to GTP is irreversible, 

whereas GTP reversibly binds to β-tubulin and is hydrolyzed to GDP during or 

shortly after polymerization (Nogales et al., 1998, Honore et al., 2005). The 

binding affinity of tubulin for adjacent molecules is reduced by GTP hydrolysis. As 

a result, microtubule depolymerisation is favoured, with the release of α and β-

tubulin heterodimers into the cytoplasm (McGrogan et al., 2008). Therefore, the 

hydrolysis of GTP results in the dynamic behaviour of microtubules, in which 

microtubules undergo cycles of growth and shrinkage (Panda et al., 2002). 

Microtubule-binding drugs are known to affect microtubule dynamics and 

impeded their function. Attenuation of microtubule dynamics arrests cell division 

in mitosis and ultimately induces apoptotic cell death (Singh et al., 2008). Thus, 

microtubules are pharmaceutically validated targets for cancer therapy due to 

their importance in mitosis as shown by the variety of available antimitotic drugs 

(Table 1-1).  
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Microtubule stabilizing agents: 

Taxanes and Epothilones 

Microtubule destabilizing agents: 

vinca alkaloids and Eribulin 

Paclitaxel Breast, ovarian, lung 
cancer and Kaposi’s 
sarcoma 

Vinblastine Breast and testicular 

cancer, lymphomas, 

Kaposi’s sarcoma 

Docetaxel Head and neck, breast, 

lung, prostate, and 

stomach cancer 

Vincristine Neuroblastoma, 

lymphomas, soft tissue 

sarcoma and leukemia 

Nab- 

Paclitaxel 

/Abraxane 

Breast, pancreatic and 

lung cancer 

Vincristine 

Liposome 

Acute lymphoblastic 

leukemia (ALL) 

Cabazitaxel Prostate cancer Vindesine Lung, breast, colorectal 

cancer, lymphomas and 

ALL 

Ixabepilone Breast cancer Vinorelbine Breast, lung and ovarian 

cancer 

Estramustine Prostate cancer Vinflunine Bladder cancer 

  Eribulin Breast cancer and soft 

tissue sarcoma 

 

Table 1-1: Antimitotic drugs can be divided into two main classes Taxanes and 
Vinca alkaloids. 

Antimitotic drugs exert dose-dependent effects on microtubule dynamics. At high 
concentration, Taxanes block depolymerization of the microtubules, Vinca alkaloids 
inhibit polymerization of the microtubules, and both suppressing microtubule dynamics 
at low concentrations (Tischer and Gergely, 2018). 

 

1.1.1 Paclitaxel (Taxol) 

Taxol was originally isolated from the bark of Taxus brevifolia yew tree by 

Mansukh Wani and Monroe Wall in the United States (Wani et al., 1971). Taxol 

was renamed paclitaxel once it was commercially developed by the drug 

company Bristol-Myers Squibb USA (Zhang et al., 2014). Taxol is a microtubule-

stabilizing drug that has potent chemotherapeutic effects against several cancer 
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types, including ovarian cancer (McGuire et al., 1989, Jeong et al., 2013), breast 

cancer (Holmes et al., 1991, McGrogan et al., 2008), non-small cell lung cancer 

(Sandler et al., 2006) and other malignancies (Wang et al., 2016, Jeong et al., 

2013). Indeed, it has been approved by the Food and Drug Administration (FDA) 

for the treatment of ovarian, breast, non–small cell lung cancer and Kaposi’s 

sarcoma (Weaver, 2014). It is also used clinically as a drug in coated balloons for 

the treatment of coronary artery disease (Cannon et al., 2018). Taxol binds to the 

β-tubulin subunit via hydrogen bonds and hydrophobic interaction (Snyder et al., 

2001). Furthermore, structural studies of the microtubule revealed that the N-

terminus of the polymerized β-tubulin, His 227 and Asp 224, is the critical site for 

the binding of Taxol (Nogales et al., 1999). Elie-Caille and colleagues reported that 

Taxol acts by binding to GDP-bound β-tubulin and that results in the formation of 

more stable GTP-bound β-tubulin (Elie-Caille et al., 2007). During mitosis more 

tubulin heterodimers incorporate into the spindle microtubules and  binding of 

Taxol to the polymerized β-tubulin inhibits depolymerization of microtubules and 

blocks cell division (Abal et al., 2003, Jordan and Wilson, 2004).  

It is well known that Taxol induces mitotic arrest in both cultured-cells and animal 

tumour models (Schiff and Horwitz, 1980, Weaver, 2014). Taxol induces mitotic 

arrest by inhibiting microtubule dynamics, which then triggers activation of the 

spindle assembly checkpoint (SAC) (Manchado et al., 2012). SAC activation 

prevents chromosome segregation until all sister chromatids achieve bipolar 

attachment to microtubules. Sister chromatids attach to spindle microtubules via 

their kinetochores (Chao et al., 2012). The SAC is activated by unattached 

kinetochores that inhibit cell cycle progression by preventing the anaphase- 

promoting complex/cyclosome (Foley and Kapoor, 2013). Sustained SAC 

activation keeps the cells arrested in mitosis which then either undergo apoptotic 

cell death, exit from mitosis to produce tetraploid G1 cells and subsequent 

survival (an abnormal exit from mitosis is called mitotic slippage) or mitotic 

slippage and death in the subsequent interphase (Brito and Rieder, 2006, Kienitz 
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et al., 2005). The determinants that control the fate of mitotically arrested cells 

remain unclear (Weaver, 2014).  

 

1.1.2 How Taxol induces apoptosis 

The mechanism of Taxol-induced cell death has been the subject of intense study 

for almost five decades (Zhang et al., 2014). Several studies, however, have 

shown that Taxol causes changes in the expression of Bcl-2 family members. 

Cancer cell lines treating with 10 nM Taxol led to the up-regulation of Bak and 

down-regulation of the anti-apoptotic protein Bcl-xL (Liu and Stein, 1997). Taxol 

treatment is also reported to up-regulate the expression of Bax and some BH3-

only proteins such as Bad and Puma (Tudor et al., 2000, Yamaguchi et al., 2004). 

The sensitization of cancer cells to Taxol is clearly increased by over-expression 

of Bax or Bad (Hidehikosawa et al., 2000). Li and colleagues revealed that cancer 

cell lines with higher expression of the BH-3-only protein Bim are more sensitive 

to apoptosis when treated with Taxol (Li et al., 2005). Taxol-induced cell death is 

increased by forced expression of Bim in cells that have low levels of Bim.  

The p53 tumour suppressor has a central role in the regulation of DNA damage 

responses (Kruiswijk et al., 2015). Orth and colleagues demonstrated that p53 is 

upregulated in Taxol or Nocodazole-arrested mitotic cells (Orth et al., 2012). 

Consequently, the expression of BH3-only proteins Puma and Noxa is increased 

in response to an apoptotic stimulus that activate P53. In addition to Puma and 

Noxa, Bax is also transcriptionally upregulated by P53. Therefore, P53 activity can 

impact on cell fate in the presence of microtubule-interfering agents (Batchelor 

et al., 2011, Orth et al., 2012, Michalak et al., 2005).  

Other mechanisms of Taxol-induced apoptosis exist, such as inactivation of the 

anti-apoptotic proteins (Haschka et al., 2018). Anti-apoptotic Bcl-2 proteins are 

defined substrates of Cdk1 kinase and become heavily modified after treatment 

with microtubule poisons (Chu et al., 2012). Cdk1-mediated phosphorylation of 
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anti-apoptotic proteins reduces the apoptotic threshold, in which their anti-

apoptotic function is inhibited or promoted for degradation by the proteasome 

(Sakurikar et al., 2012, Harley et al., 2010). Phosphorylation and proteasomal 

degradation of anti-apoptotic proteins shift the balance, favouring Bak and Bax 

activation. Several studies have concluded that phosphorylation of Bcl-2 

antagonises its anti-apoptotic function (Scatena et al., 1998, Yamamoto et al., 

1999, Eichhorn et al., 2013). In support of the current model that phosphorylation 

of Bcl-2 can trigger apoptosis, overexpression of Bcl-2 clearly reduced mitotic cell 

death in Taxol-treated MCF-7 cells (Kutuk and Letai, 2010). However, others 

reported that phosphorylation of Bcl-2 is a consequence of sustained mitotic 

arrest rather than apoptosis, and enhances its anti-apoptotic function (Roth et 

al., 1998, Zhou et al., 2014). The exact role of Bcl-2 phosphorylation in the 

regulation of Taxol-induced apoptosis remains controversial (Wang et al., 2000). 

Terrano and colleagues proposed that sustained phosphorylation of Bcl-2 and Bcl-

xL connects the signalling pathways between Taxol-induced microtubule 

perturbation and mitochondrial outer membrane permeabilization (MOMP) 

(Terrano et al., 2010). Specific phosphorylation of Bcl-xL at S62 in Taxol-arrested 

cells reduces its interplay with Bax, resulting in high levels of free Bax and the 

induction of apoptosis (Bah et al., 2014). Another recent study demonstrated that 

inhibition of the most prominent anti-apoptotic protein, Bcl-xL, effectively 

restores apoptosis when exposed to low-dose of Taxol in Myc-deficient cells. Myc 

plays a critical role in determining the fate of mitotically arrested cells as it 

increases the expression of certain BH3-only proteins such as Bim, Bid, and Noxa 

(Topham et al., 2015).  

Of note, Bcl-w also contributes to the threshold of anti-apoptotic activity during 

Taxol-induced apoptosis. siRNA depletion of Bcl-w in HeLa cells increased mitotic 

cell death induced by Taxol, indicating a prosurvival role of Bcl-w (Huang et al., 

2016). Without doubt, Mcl-1 seems to be particularly important in determining 

the apoptotic threshold of mitotically-arrested cells. By reducing Mcl-1 levels 
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using RNAi, the cells become highly sensitive to Taxol and mitotic cell death is 

significantly increased (Sloss et al., 2016). 

The phases of the cell-cycle are closely monitored by cell cycle checkpoints to 

ensure that DNA replication and segregation are completed with high accuracy 

(Elledge, 1996).  Interphase is controlled by three checkpoints during the cell 

cycle, whereas the transition from metaphase to anaphase is tightly controlled by 

the SAC (Barnum and O’Connell, 2014). In the presence of the microtubule 

poisons, microtubule dynamic behaviour is perturbed, inducing activation of the 

SAC (Matson and Stukenberg, 2011). 

 

1.2 Spindle assembly checkpoint 

Accurate genome transmission is a unique challenge facing eukaryotic cells during 

cell division. In the mitotic phase, the duplicated chromosomes should be 

segregated equally so that each daughter cell receives one copy of each 

chromosome. The daughter cells will deviate from the normal karyotype if errors 

occur at this point of the cell cycle. Consequently, inaccurate chromosome 

segregation could result in various diseases (Kops et al., 2005). This challenge is 

solved by sister chromatid cohesion, which consists of a multimeric protein 

structure that encloses the replicated sister chromatids (Nasmyth and Haering, 

2009). The identity of sister chromatids is maintained by cohesion that holds the 

original and new chromatid together after DNA replication in S phase. Cohesion 

is maintained throughout the remainder of the S phase, G2 and into the early M 

phase (Lara-Gonzalez et al., 2012). During mitosis, the chromosomes align on the 

mitotic spindles at the equator of the cell. The mitotic spindles originate from two 

microtubule-organizing centres (centrosomes) that are positioned at opposing 

sides of the cell (Musacchio, 2015). The sister chromatids are separated when the 

cohesion ring is opened at the start of the anaphase (Watanabe, 2005). Spindle 
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microtubules pull them to the opposite poles of the cell (Nezi and Musacchio, 

2009). 

Sister chromatid cohesion is preserved until all chromosomes are aligned 

successfully on the mitotic spindle to ensure accurate chromosome segregation. 

The spindle assembly checkpoint (SAC), also known as mitotic checkpoint, 

monitors correct kinetochore-microtubule attachments (Musacchio and Salmon, 

2007) (see Figure 1-1). The SAC acts as a surveillance mechanism that inhibits the 

onset of anaphase until all chromosomes are properly attached to the mitotic 

spindle and under tension (Kops, 2007, Musacchio, 2015). Unattached 

kinetochores enhance mitotic checkpoint complex (MCC) assembly, which keeps 

the cells arrested in mitosis, thereby inhibiting an ubiquitin ligase complex called 

anaphase-promoting complex or cyclosome (APC/C) (Rieder et al., 1995).  

APC/C requires activation by a cofactor called Cdc20 (Nilsson et al., 2008). Mad2 

and Mad3 associate with Cdc20 to inhibit APC/C activation (Fang, 2002). Mitotic 

checkpoint complex comprises Mad2, Bub3, BubR1 and Cdc20 as identified by 

purification of the MCC from HeLa cells (Sudakin et al., 2001). Pre-assembly of the 

Cdc20–Mad2 complex is required for Mad3–Cdc20 interactions and both 

complexes cooperate to antagonize APC/C activation (Burton and Solomon, 2007, 

Nilsson et al., 2008). The APC/C is responsible for proteolytic degradation of two 

key substrates securin and cyclin B1, which are the downstream targets of the 

SAC (Pines, 2011). Following bipolar attachment of all sister chromatids to 

microtubules, the SAC is turned off and the cell progresses from metaphase to 

anaphase (Maldonado and Kapoor, 2011).   
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Figure 1-1: The mechanism of the SAC 

Unattached kinetochores trigger the activation of the mitotic checkpoint complex 
(MCC). MCC consists of closed-Mad2 (active), Bub3, BubR1, and Cdc20; it blocks APC/C 
(E3 ubiquitin ligase complex) activity leading to inhibition of prometaphase to anaphase 
transition and the cells arrest in mitosis. When all sister chromatids are stably attached 
to spindle microtubules, MCC is turned off. Consequently, Cdc20 will be released to 
activate the APC/C. The activated APC/C causes proteolytic degradation of two key 
regulators of the cell cycle, securin and cyclin B1. Proteolytic degradation of securin 
allows the release of separase which consequently cleaves the Scc1 kleisin subunit of 
cohesin. Segregation of sister chromatids begins once the cohesion ring is opened 
(anaphase). Degradation of cyclin B1 inactivates Cdk1 and induces mitotic exit (Haschka 
et al., 2018).  

 

Reversible phosphorylation of checkpoint proteins is a vital regulatory 

mechanism of the mitotic checkpoint. During (pro) metaphase, protein kinase 

Aurora B plays a key role in the regulation of mitotic checkpoint signalling (Saurin 

et al., 2011). Aurora B is responsible for recruitment of mitotic checkpoint 

component monopolar spindle (MPS) 1 kinase to unattached kinetochores 
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(Santaguida et al., 2011). MPS1 activity recruits other key checkpoint components 

such as the Mad1, Mad2, BUB3, and BUBR1 to form the mitotic checkpoint (sub) 

complexes (Santaguida et al., 2011, Saurin et al., 2011, Musacchio, 2015).  

A Mad2 template model has been proposed that explains how mitotic checkpoint 

components (MCC) are recruited by unattached kinetochores (De Antoni et al., 

2005). There are two native conformations of Mad2, an open conformation (O-

Mad2) which converted to a closed conformation (C-Mad2) when it binds to one 

of its two binding partners Mad1 or Cdc-20 (Luo and Yu, 2008). The closed 

conformation is formed by moving two β-sheets toward the face of the protein 

and Mad-1 is trapped within this new conformation (De Antoni et al., 2005, Luo 

et al., 2004). When the cells enter M phase, the Mad1-C-Mad2 complex is 

recruited to kinetochores. Kinetochore-bound Mad1-C-Mad2 recruits Mad2 in 

the open conformation (Mapelli et al., 2007, De Antoni et al., 2005). Intriguingly, 

the Mad1-C-Mad2 template can catalyse the conversion of O-Mad2 to C-Mad2. 

C-Mad2 interacts with Cdc20 facilitating the formation of a C-Mad2-Cdc20 

complex. This complex can associate with BUB3/BUBR1 to form a functional MCC, 

APC/C inhibitor (Han et al., 2013, Faesen et al., 2017) (Figure 1-2). 
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Figure 1-2: Schematic representation of the MAD2 template model. 

At mitosis, kinetochore recruits Mad1: C-Mad2 complex. Mad1: C-Mad2 complex-bound 
kinetochore promotes the recruitment of O-Mad2. O-Mad2 binding to Mad1: C-Mad2 
complex facilitates its conversion to a C-Mad2 (active).  C-Mad2 interacts with Cdc20 
facilitating the formation of a C-Mad2-Cdc20 complex. This complex associates with 
other components of the mitotic checkpoint to form a functional mitotic checkpoint 
complex (Faesen et al., 2017).  

 

The formation of the C-Mad2-Cdc20 complex is the initial step in MCC assembly 

(De Antoni et al., 2005). A mitotic checkpoint signal downstream of kinetochores 

stimulates the C-Mad2-Cdc20 complex to recruit O-Mad2 forming additional C-

Mad2-Cdc20 complexes in the cytosol (Musacchio and Salmon, 2007, Yu, 2006). 

Mad3/BubR1 contains a KEN box degron that acts as a pseudosubstrate for 

APC/C. Mad3 blocks the KEN-box-binding site of Cdc20 which then inhibits the 

APC/C from recognizing its substrates (Burton and Solomon, 2007). 

Once all the chromosomes have successfully attached to microtubules, the 

mitotic checkpoint is turned off and the cell cycle can progress to anaphase 

(Musacchio, 2015). The kinetochore’s shape and composition undergo dramatic 

changes when attached to spindle microtubules (Howell et al., 2001). Thus, the 

majority of centromeric Aurora B will be separated from its outer kinetochore 

substrates. Microtubule binding to the KMN (Knl1, Mis12 and Ndc80) dissociates 
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MPS1 kinase from the kinetochore. (Lesage et al., 2011). The KMN network is a 

part of the kinetochore that links centromeric DNA to the plus ends of spindle 

microtubules (Cheeseman and Desai, 2008). This in turn inhibits the critical 

phosphorylation events which are required for the recruitment of MCC 

components to the kinetochore. The Mad1-C-Mad2 complex is then removed 

from the kinetochores by a mechanism known as stripping (Hiruma et al., 2015, 

Ji et al., 2015).  

Mitotic checkpoint shutdown can be achieved by several mechanisms. P31comet (a 

negative regulator of the SAC) appears to play a major role in the disassembly of 

the MCC (Teichner et al., 2011). P31comet can bind to the dimerisation motif of C-

Mad2 and blocks the formation of Mad2 homodimers (Mapelli et al., 2006, Chao 

et al., 2012). From the structure of the C-Mad2–P31comet complex, it can be seen 

that P31comet inhibits conformational activation of O-Mad2 by binding to the 

dimerisation motif of C-Mad2 (Yang et al., 2007), and the Mad1–C-Mad2 core is 

stripped away from the kinetochores (Lara-Gonzalez et al., 2012). In addition, 

protein phosphatases PP1 (Pinsky et al., 2009, Vanoosthuyse and Hardwick, 2009, 

Lesage et al., 2011) and PP2A (Espert et al., 2014) oppose Aurora B to efficiently 

terminate mitotic checkpoint activity.  

Anti-mitotic drugs such as Taxol and Nocodazole interfere with microtubule 

dynamics and prevent the spindle microtubules from attaching to kinetochores 

in the correct configuration. This induces sustained activation of the mitotic 

checkpoint and keeps the cells arrested in mitosis (Yang et al., 2009). The cells 

either escape from mitotic arrest into a polyploid interphase, by a process termed 

mitotic slippage or mitotic checkpoint adaption, or undergo apoptosis (Brito and 

Rieder, 2006). By a mechanism as yet unidentified, the apoptotic machinery is 

activated in mitotically-arrested cells and ultimately lead to activation of the 

caspase cascade and apoptosis (Haschka et al., 2018). 
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1.3 Apoptosis (Programmed cell death) 

Programmed cell death was first defined by Lockshin and Williams in the context 

of insect development (Lockshin and Williams, 1965). In 1972, Kerr and co-

workers observed two morphologically different types of cell death in humans, 

apoptosis and necrosis.  Apoptosis is a form of regulated cell death and involves 

blebbing of the plasma membrane, overall cell shrinkage, chromatin 

condensation, DNA fragmentation and formation of the apoptotic bodies (Kerr et 

al., 1972). Apoptosis is initiated in response to developmental signals or cellular 

stresses and is followed by rapid engulfment of the apoptotic bodies by nearby 

phagocytic cells to inhibit the release of intracellular components (Hengartner, 

2000, Hotchkiss et al., 2009). Apoptosis is also called clean cell death since it 

inhibits the release of the inflammatory factors, whereas in necrosis, the cells 

swell, plasma membranes rupture, and inflammatory cellular contents are 

released. Cell death that occurs during inflammation or infection was also found 

to be regulated by gene products and thus called necroptosis (Wallach et al., 

2016).  

Apoptosis suppression plays a crucial role in the growth of malignant cells (White 

and McCubrey, 2001). Anti-apoptotic signals promote cell survival through a 

variety of mechanisms, facilitating sustained tumour growth. The inhibitors of 

apoptosis (IAPs) are a family of proteins that can inhibit specific caspases and 

thereby protect cells from indiscriminate induction of death (Deveraux et al., 

1997, Roy et al., 1997). IAPs can suppress apoptosis and enhance tumor growth 

and subsequent metastasis (LaCasse et al., 1998, Rathore et al., 2017). There are 

six isoforms of mammalian IAPs; inhibitor of apoptosis-1 (c-IAP1), inhibitor of 

apoptosis-2 (c-IAP2), neuronal apoptosis inhibitory protein (NAIP), survivin, X-

linked inhibitor of apoptosis (XIAP), and BIR repeat-containing ubiquitin-

conjugating enzyme (BRUCE) (Verhagen et al., 2001). Several studies reported 

that overexpression of exogenous IAPs in mammalian cells protects them from 

the induction of apoptosis (Listen et al., 1996, Ambrosini et al., 1997, Li et al., 
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1998). A number of tumor suppressor genes, for example ATM, NBS1, BRCA1, 

BRCA2, Rb and p53, are also involved in cancer development.  Mutation of one or 

more of these genes could compromise their function and leads to tumorigenesis 

(Dasika et al., 1999, Kaelin Jr, 1999, Drexler, 1998, Sionov and Haupt, 1999). 

Increased expression of anti-apoptotic Bcl-2 proteins is found in many cancer 

types, and it facilitates sustained tumour growth. The upregulation of anti-

apoptotic Bcl-2 proteins can occur through different mechanisms, including 

chromosomal translocation, gene amplification and increased gene expression 

(Campbell and Tait, 2018).   

Apoptosis plays a key role in embryonic development for successful 

organogenesis. In addition, it is also required to protect the healthy cells from 

damaged, infected, or mutated cells (Vaux and Korsmeyer, 1999, Meier and 

Finch, 2000). Studying the mechanism of apoptosis occupies an important field in 

biomedical research, since it is associated with many pathological conditions, 

including cancer, autoimmune, and neurodegenerative diseases (Wu et al., 2001, 

Green and Kroemer, 2004). There are two apoptotic pathways, the extrinsic 

pathway (death receptor) and the intrinsic (mitochondrial) pathway (Riedl and 

Salvesen, 2007) (see Figure 1-3). 
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Figure 1-3: The extrinsic and the intrinsic pathways of apoptosis. 

In the extrinsic pathway, plasma membrane receptors bind to death factors such as 
binding of the Fas to Fas ligand. Fas death domain recruits FADD (Fas-associated protein 
with death domain) and procaspase 8, and results in the formation of death inducing 
signalling complex (DISC) and activation of caspase 8. The cleavage form of the BH3 only 
protein Bid (tBid) connects the extrinsic to the intrinsic pathway of apoptosis. In the 
intrinsic pathway, the effector pro-apoptotic proteins Bak and Bax facilitate the release 
of cytochrome c from the intermembrane space of the mitochondria into the cytosol. 
Cytochrome c binds with the Apaf-1 and pro-caspase 9 which results in the formation of 
the apoptosome. This complex recruits monomeric procaspase 9 to form an active 
caspase-9. The activated caspase 8 and 9 then activate downstream caspases (caspase 
3 and caspase7) inducing apoptosis (Nagata, 2018).  
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1.3.1 Extrinsic pathway of apoptosis 

The extrinsic apoptotic pathway, also called the death receptor-mediated 

pathway, is initiated by binding of death receptors at the plasma membrane to 

death factors, such as the binding of Fas (also called APO-1 or CD95) to FasL (Li 

and Dewson, 2015). The cytoplasmic region of Fas, as well as those of TNF 

receptor 1 (TNF-R1), TRAIL-R1 (DR4), and TRAIL-R2 (DR5), contains the death 

domain. The death domain includes an approximately 80 amino acids, which is 

required for death signalling (O’Reilly et al., 2009, Krammer, 2000). The 

oligomerized Fas death domain recruits FADD (Fas-associated protein with death 

domain), procaspase 8 and a procaspase 8–like protein called Cellular FLICE-like 

inhibitory protein (c-FLIP) to form a complex (Nagata, 1997, Krammer, 2000, 

Walczak, 2013). This complex is called the DISC (death-inducing signalling 

complex) and it involves Fas, FADD, procaspase 8 and c-FLIP (Lavrik and Krammer, 

2012). 

Death factor–induced apoptotic signalling is divided into two pathways 

downstream of DISC. In pathway 1, DISC promotes the activation of caspase 8 

which in turn activates caspase 3.  In this pathway, for example in thymocytes, 

the release of cytochrome c is dispensable to mediate apoptosis (Nagata, 2018). 

In pathway 2, caspase 8 cleaves BH3-only protein Bid (BH3‑interacting domain 

death agonist). The truncated Bid (tBid) is capable of localizing to the MOM and 

activating the intrinsic pathway of apoptosis, for example in hepatocytes and 

fibroblasts (Strasser et al., 2009, Walczak, 2013). The active tBid links the death 

receptor-mediated apoptotic pathway to the intrinsic pathway of apoptosis 

(Kaufmann et al., 2007). 
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1.3.2 Intrinsic pathway of apoptosis 

The intrinsic apoptotic pathway, also called the mitochondrial-dependent 

pathway, is triggered by different stimuli, including prolonged-mitotic arrest and 

DNA damage (Morales-Cano et al., 2013). The intrinsic pathway is regulated by 

Bcl-2 family members by controlling the permeability of the MOM. In response 

to cellular apoptotic stimuli, BH3-only pro-apoptotic members can be activated 

by transcriptional upregulation or proteolytic cleavage (Cartron et al., 2004, Letai 

et al., 2002). Anti-apoptotic members undergo posttranslational modification to 

antagonize their anti-apoptotic effects (Czabotar et al., 2014). Activator BH3-only 

proteins promote apoptosis by activating Bak and Bax in mitotically arrested cells 

(Kale et al., 2018). Ultimately Bak and Bax are activated, which facilitates their 

insertion into the MOM, and form oligomers to induce mitochondrial outer 

membrane permeabilization (Zamzami and Kroemer, 2001, Tait and Green, 

2013). The key factor is cytochrome c. When it is released from the mitochondrial 

intermembrane space to the cytosol, it binds with apoptosis protease activating 

factor-1 (Apaf-1) to form a complex with procaspase-9 called the apoptosome 

(Wang et al., 2000). This complex recruit monomeric procaspase 9, which then 

undergoes autocatalytic cleavage to form an active caspase-9. Activated caspase 

9 in turn processes and activates downstream caspases, caspase-3 and caspase-

7.  The executioner caspases 3 and 7 cleave multiple cellular proteins leading to 

DNA fragmentation, chromatin condensation and dismantling of the cell (Jost et 

al., 2009) (Figure 1-4 B).  

Caspases are a family of cysteine-aspartic proteases that play an essential role in 

apoptosis. The 12 human caspases are synthesized as precursors. Specific 

cleavages at two positions generate an active enzyme by removing the pro-

domain at the N terminus. An active enzyme contains two large and two small 

subunits (Crawford and Wells, 2011).  These proteases have a motif consisting of 

histidine and cysteine residues at the active site (Crawford and Wells, 2011). At 

least five amino acid residues on the target proteins are identified by the active 
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site of proteases. Proteases cleave peptide bonds strictly after aspartate (Alnemri 

et al., 1996).  

1.3.2.1  Bcl-2 family proteins 

Intrinsic apoptosis pathway is tightly controlled by the members of the Bcl-2 (B 

cell lymphoma-2) family proteins (Czabotar et al., 2014, Moldoveanu et al., 2014). 

There are at least 15 members of this family in mammals (Adams and Cory, 1998). 

Each member of this family has a specific pro-apoptotic or anti-apoptotic role and 

the integrity of the MOM is regulated by the final result of the interaction 

between BCL-2 family proteins (Youle and Strasser, 2008). The Bcl-2 family can be 

divided into three functionally and structurally distinct classes. The first class is 

the pro-apoptotic pore-formers and it includes Bak (Bcl-2-associated killer), Bax 

(Bcl-2-associated X protein) and BOK (BCL-2 - related ovarian killer protein) (Gross 

et al., 1999). Bak and Bax play an essential role in apoptosis via their direct effects 

on the MOM permeability (Kvansakul et al., 2008).  

The second class is the pro-apoptotic BH3-only proteins (sharing only the third 

Bcl-2 homology domain) such as Bim (BCL-2-interacting mediator of cell death; 

also known as BCL-2L11), Bid, Puma (p53 upregulated modulator of apoptosis; 

also known as BBC3), Noxa (also known as PMAIP1), and Bad (BCL‑2 antagonist 

of cell death) (Chen et al., 2005, Hinds et al., 2007). The BH3-only proteins can 

directly activate pro-apoptotic effector molecules or antagonize the anti-

apoptotic Bcl-2 family proteins (Willis and Adams, 2005). The third class is the 

anti-apoptotic multidomain proteins such as Bcl-2 itself, Bcl-xL (B-cell lymphoma 

extra-large protein), Bcl-w (also known as BCL-2L2), A1 (also known as BFL1 in 

humans) and Mcl-1 (myeloid cell leukaemia sequence 1) (Kvansakul et al., 2008), 

containing all four BH domains Figure (1-4 A). Anti-apoptotic Bcl-2 members 

function as gatekeepers to inhibit apoptosis. Anti-apoptotic proteins can block 

the pro-apoptotic actions of Bax and Bak, or block the pro-apoptotic effects of  

BH3- only proteins (Yang et al., 2003, Adams and Cory, 2007). 
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Upregulation of anti-apoptotic Bcl-2 proteins can act as a barrier to apoptosis, 

even in the presence of high levels of BH3-only proteins (Campbell and Tait, 

2018). Inhibitors of anti-apoptotic proteins can resensitize cells to BH3-only 

protein-upregulation and tip the balance in favour of apoptosis. The BH-3 

mimetic drugs are small molecule inhibitors of anti-apoptotic proteins, occupying 

the hydrophobic groove on anti-apoptotic proteins (Vela and Marzo, 2015). ABT-

737 was the first BH-3 mimetic drug, which was developed through NMR-based 

screening. ABT-737 mimics the BH-3 only protein Bad and interacts with Bcl-2, 

Bcl-xL and Bcl-w, displacing BH-3 only pro-apoptotic proteins to promote 

apoptosis (Oltersdorf et al., 2005). Clinical studies supported the use of 

Navitoclax (ABT-263) as a combination therapy in different solid tumours (Oakes 

et al., 2012, Chen et al., 2011). Navitoclax is a potent and orally bioavailable 

inhibitor of anti-apoptotic proteins Bcl-2, Bcl-xL and Bcl-w (Tse et al., 2008). 

Venetoclax (ABT-199) has been shown to have increased specificity for the anti-

apoptotic protein Bcl-2 (Roberts et al., 2016) and has been used as a combination 

therapy in preclinical models of breast cancer (Vaillant et al., 2013).  Encouraging 

effects of Venetoclax as a single agent have been seen in non-Hodgkin 

lymphomas, acute myeloid leukaemia and multiple myeloma a (Davids et al., 

2017, Konopleva et al., 2016, Kumar et al., 2017). 
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Figure 1-4: Schematic representation of Bcl-2 family proteins. 

A) The Bcl-2 family is composed of prosurvival and two groups of pro-apoptotic proteins 
(pro-apoptotic effector and pro-apoptotic BH3 only proteins). This schematic 
representation illustrates the Bcl-2 homology domain (BH) and transmembrane-
targeting domain (TMD). The TMD is present in pro-survival, effector and some BH3-
only proteins such as BIM, BIK and HRK. The approximate position of the α-helices in the 
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BCL-2 core is marked at the top (Adams and Cory, 2018). The multidomain proteins (pro-
apoptotic effector and anti-apoptotic members) share four Bcl-2 homology domains 
(BH1-4). The pro-apoptotic BH3-only proteins display only one BH3 domain. The BH3-
only protein Bid (BH3-interacting domain death agonist) is the structural exception. Its 
fold resembles that of the multi-domain members (Chou et al., 1999, McDonnell et al., 
1999). (B) Intrinsic apoptotic pathway is regulated by finely balanced interactions 
between Bcl-2 family members. In healthy cells, prosurvival Bcl-2 proteins function as 
guardians of mitochondrial integrity. In response to an apoptotic stimulus, BH3-only 
proteins can be up-regulated or activated. BH3-only proteins promote Bak and Bax 
activation. Activated Bak and Bax oligomerize in the MOM to form specific channels, 
leading to an irreversible step known as MOMP, which releases cytochrome c from the 
mitochondrial intermembrane space into the cytosol (Roy et al., 2014). 

 

 

1.3.2.1.1 Bak and Bax oligomerization in Taxol-arrested cells 

The key effector pro-apoptotic proteins Bak and Bax play a significant role in 

apoptosis (Wei et al., 2001). Under non-stressful conditions, Bax is a cytosolic 

inactive protein but associates with mitochondria upon cell death induction. 

However, Bak is predominantly located on the MOM (Wolter et al., 1997). Recent 

studies have indicated that both Bak and Bax are constantly shuttling between 

the cytosol and mitochondrial membrane. Shuttling of these proteins from the 

mitochondria to the cytosol is known as retrotranslocation and is possibly 

mediated by interaction with anti-apoptotic proteins (Edlich et al., 2011, 

Schellenberg et al., 2013, Todt et al., 2015). Because of the lower rate of 

retrotranslocation, Bak is mainly localized on the MOM (Todt et al., 2015). 

In response to cytotoxic signals, Bax cannot be translocated from the 

mitochondria to the cytosol and ultimately it accumulates on the MOM (Todt et 

al., 2015, Edlich et al., 2011). Apoptotic stimuli cause both Bak and Bax change 

their conformation and insert into the MOM (Nechushtan et al., 2001, Zhou and 

Chang, 2008, Salvador‐Gallego et al., 2016). The conformational changes include: 

exposure of the BH3 domain of both Bak and Bax (in the α2 helix), exposure of 

the N-terminus (in the α1 helix), and C-terminus (in the α9 helix) of Bax for 

membrane insertion (Wang et al., 1998, Roy et al., 2014). The BH3 domain of one 
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molecule interacts with the hydrophobic groove of another resulting in the 

formation of a symmetrical dimer. This dimer acts as a building block to form 

higher-order oligomers (Dewson et al., 2008, Dewson et al., 2012). These 

oligomers arrange into different structures such as arcs, lines or ring-like in the 

MOM and ultimately induce mitochondrial outer membrane permeabilization 

(MOMP) (Große et al., 2016, Salvador‐Gallego et al., 2016). 

The Bax oligomer is constructed of 6-8 molecules, while at least 18 molecules of 

Bak assemble to form an oligomer (Dewson et al., 2009, Er et al., 2006). Another 

study has reported that the size of the Bax oligomer comprises more than a 

hundred molecules (Zhou and Chang, 2008). Electron microscopy demonstrates 

that Bax movement to the MOM is the initial step in its activation, and the 

formation of Bak and Bax homo-oligomers in the MOM is the first pro-apoptotic 

structures (Nechushtan et al., 2001). The cells response to apoptotic stimuli is 

determined by the population of active Bak and active Bax that constitutively 

localize at the MOM (Schellenberg et al., 2013, Reichenbach et al., 2017).  

 

1.3.2.1.2 Molecular biology of Bak and Bax 

Bcl-2 family members including Bak/Bax are globular proteins composed of α-

helices and characterized by the conserved Bcl-2 homology (BH1-4) domains. 

Both Bak and Bax are composed of 9α helices and display similar fold as other 

anti-apoptotic proteins Figure (1-5 A–B-C) (Suzuki et al., 2000, Wang et al., 2009). 

Several Bcl-2 family members contain a hydrophobic transmembrane (TM) 

domain at the C-terminus that allows them to localize to intracellular 

membranes. For example, the α9 helix of both Bak and Bax functions as a 

transmembrane domain allowing mitochondrial localization of both proteins 

(Popgeorgiev et al., 2018). In healthy cells, the TM domain of Bak is essential for 

its constitutive localization to the mitochondrial and endoplasmic reticulum 

membranes (Breckenridge et al., 2003). In Bax, this region is sequestered in its 
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hydrophobic groove clarifying why Bax is mainly cytosolic (Suzuki et al., 2000, Hsu 

et al., 1997).  

The ratio of pro-apoptotic and anti-apoptotic Bcl-2 family members regulate the 

fine balance between cell survival and apoptosis (Roy et al., 2014). Activation of 

Bak and Bax can be fine-tuned by their binding to some BH3-only proteins (most 

notably Bim and Bid) (Letai et al., 2002, Kuwana et al., 2005). The BH3 domain of 

the BH3-only proteins can directly interact with the hydrophobic groove of Bak 

and Bax (Czabotar et al., 2013). The effector pro-apoptotic proteins share this 

critical site of interaction with anti-apoptotic proteins (Czabotar et al., 2013, 

Moldoveanu et al., 2013). BH3-only proteins sequester anti-apoptotic proteins by 

binding to their hydrophobic region (Czabotar et al., 2007). Interactions of key 

effector proteins with anti-apoptotic proteins also include the BH3 domain. 

Therefore, the BH3 domain / hydrophobic groove interaction is implicated when 

anti-apoptotic molecules inhibit apoptosis downstream by sequestering 

activated Bak and Bax and upstream by sequestering BH3-only proteins 

(Westphal et al., 2011). 
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Figure 1-5: Structures of BCL-2 family members  

Structures of Bak (A), Bax (B) and Mcl-1 (C). Both Bax family and anti-apoptotic proteins 
share four homology domains (BH1–BH4) as well as a similar overall fold. Mcl-1 is 
complexed with a Bim BH3 domain. Orange colour represents α-helices 1–8 except for 
those sections that include the hydrophobic groove (green colour) and BH3 domain (red 
colour). In Bax, the transmembra ne domain (TM) (in the α9 Helix) (yellow colour) at the 
C-terminus is sequestered along the hydrophobic groove, while Bim BH3 domain (red 
colour) is harboured by the Mcl-1 groove revealed that the BH3 domain of BH3-only 
protein Bim can bind to hydrophobic surface groove of Mcl-1. (D, E) Rotation of the Bax 
structure to view the interaction between transmembrane domain and hydrophobic 
groove as well as to display the α1/α6-helices on opposite sides of the molecule 
(Westphal et al., 2011). 
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1.3.2.1.3 Direct and indirect models of Bak/Bax activation  

Bcl-2 family proteins set the apoptotic threshold and commit mitotically arrested 

cells  to undergo mitotic death (Czabotar et al., 2014). In response to a cellular 

stress, an increase in BH3-only protein activity can trigger apoptosis (Kim et al., 

2009). Two models have been proposed to clarify the mechanism of activation of 

Bak/Bax by BH3-only proteins (Westphal et al., 2011). In the direct model, some 

BH3‑only proteins can directly interact with Bak and Bax and trigger their 

activation (Letai et al., 2002, Cartron et al., 2004, Kuwana et al., 2005, Deng et al., 

2007). Thus, these BH3-only proteins such as Bid, Bim and Puma are called 

activators (Kim et al., 2009, Letai et al., 2002). In this model, the other BH3-only 

proteins such as Bad and Noxa act as sensitizers, their binding to anti-apoptotic 

proteins frees up activator BH3-only proteins (Letai et al., 2002, Chipuk et al., 

2010) ( see Figure 1-6). 

In the indirect model, BH3-only proteins indirectly activate Bak and Bax, the anti-

apoptotic proteins that interacted with Bak or Bax are displaced by BH3-only 

proteins (Dewson and Kluck, 2009, Willis et al., 2007). The interaction of BH3-only 

proteins with anti-apoptotic proteins frees up the effector pro-apoptotic proteins 

Bak and Bax (Lauterwasser et al., 2019) ( see Figure 1-6). Anti-apoptotic proteins 

such as Bcl-2 and Bcl-xL inhibit Bak/Bax homo-oligomerization and BH3-only 

proteins act to sequester anti-apoptotic proteins away from Bak/Bax (Andreu-

Fernández et al., 2017). It is thought that characteristics of both direct and 

indirect models are important in the activation of the multidomain pro-apoptotic 

molecules and formation of their oligomers in the MOM (Leber et al., 2010).  
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Figure 1-6: Direct and indirect models of Bax and Bak activation 

In response to stress signalls,  the pro-apoptotic BH3-only proteins can be upregulated 
by proleolytic cleavage or increased expression. In the direct model, BH3-only proteins 
directly bind to and activate Bax and Bak. In the indirect model, BH3-only proteins bind 
to and sequester the anti-apoptotic proteins to indirectly activate Bax and Bak. Once 
Bax and Bak are activated, they oligomerize to form specific channels or pores and 
induce MOMP which in turn allows the release of cytochrome c. Caspase cascade is 
activated by the release of cytochrome c and leads to cell death (Kale et al., 2018).  

 

Pro-apoptotic effector proteins, Bak and Bax, are thought to accumulate at the 

mitochondrial outer membrane, oligomerize and form a complex with 

mitochondrial permeability–transition pore complex (PTPC) such as adenine 

nucleotide translocase 2 (ANT2) and voltage-dependent anion channel (VDAC) 

(Shimizu et al., 1999, Shimizu et al., 2000c, Galluzzi and Kroemer, 2007). The 

formation of this complex mediates mitochondrial outer membrane 

permeabilization (MOMP) (Zhou and Chang, 2008, Shimizu et al., 1999) (whether 
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this occurs due to the formation of Bak/Bax homo or hetero-oligomers or by 

interaction of Bak/Bax oligomers with mitochondrial PTPC components remains 

unclear). MOMP-mediated cytochrome c release is an irreversible step in the 

intrinsic pathway as the activation of the caspase cascade is difficult to interrupt 

(Roy et al., 2014). 

In contrast to the previous model, another study reported that mouse embryonic 

fibroblast and isolated-mouse mitochondria deficient of all three VDAC isoforms 

exhibit identical cytochrome c release compared to the wild type. This result 

suggested that VDACs are dispensable for mitochondrial-mediated cell death 

(Baines et al., 2007). ANT-deficient mice are able to form mitochondrial PTPC 

(Kokoszka et al., 2004), inducing the argument about the roles of ANT in 

mitochondrial PTPC. Therefore, the impact of Bak/Bax-VDAC/ANT2 interaction 

and their role in mitochondrial-mediated apoptosis remains controversial.   

 

1.4 Mitochondrial Permeability Transition Pore 

Mitochondrial permeability transition (MPT) can be defined as an increased 

permeability of the mitochondrial inner membrane (MIM) in response to 

different stimuli such as oxidative stress, hypoxia, and cytotoxic drugs (Halestrap 

et al., 2004). MPT is initiated due to the formation of a large pore composed of a 

protein complex (Biasutto et al., 2016). The mitochondrial permeability transition 

pore (MPTP) is thought to form at contact sites between the inner and outer 

mitochondrial membranes (McCommis and Baines, 2012). MPTP is transiently 

opened under physiological condition to regulate Ca2+ homeostasis (Bernardi and 

von Stockum, 2012). Prolonged opening of the MPTP results in apoptotic cell 

death. MPTP opening causes permeabilization of both the mitochondrial inner 

and outer membranes and swelling of the mitochondria, which is followed by 

rupture of the mitochondrial outer membrane and release of apoptogenic factors 

into the cytosol (Bernardi et al., 2015). ANT2 and VDAC are the most abundant 
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protein in the inner and outer mitochondrial membranes respectively (Crompton 

et al., 1998, Zamzami and Kroemer, 2001). It is fairly well established that ANT2 

and VDAC, in association with a matrix protein cyclophilin D, are candidates for 

MPTP components (Figure 1-7). 

Recent genetic studies have identified new candidates of the MPTP. Based on this 

model, the MPTP is comprised of a variety of regulatory proteins in the 

mitochondrial inner membrane including ANT, PiC (phosphate carrier protein), 

F1F0 ATP synthase and Cyclophilin D as its regulator in the matrix of the 

mitochondria (Biasutto et al., 2016). These proteins function as direct pore-

forming components of the MPTP (Kwong and Molkentin, 2015) (Figure 1-7). 

Leung and colleague suggested that mitochondrial PiC is a major component of 

the MPTP. PiC is localized in the MIM and plays a critical role in mitochondrial 

oxidative phosphorylation and energy production (Leung et al., 2008). PiC 

transports inorganic phosphate into the mitochondrial matrix that is required for 

ATP synthesis (Kolbe et al., 1984, Palmieri, 2004). The mitochondrial F1F0 ATP 

synthase is an inner membrane multi-subunit enzymatic complex that has been 

recently identified as a core component of the MPTP. F1F0 ATP synthase couples 

proton translocation across the MIM for ATP synthesis (Bonora et al., 2015). At 

the level of the MOM, the pro-apoptotic proteins Bak and Bax serve as part of a 

MPTP complex (Figure 1-7). In response to an apoptotic stimulus, Bak/Bax 

oligomerize in the MOM to mediate cytochrome c release and the subsequent 

steps in initiating apoptosis, thereby forming a larger pore with the MPTP 

componenets (Karch et al., 2013).   
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Figure 1-7: The Molecular Structure of the MPTP 

The original model of the MPTP includes VDAC in the OMM (outer mitochondrial 
membrane), ANT in the IMM (inner mitochondrial membrane), and Cyclophilin D as the 
core constituents of the complex in the matrix. The genetic evaluation model of the 
MPTP has shown that ANT, PiC, and F1F0 ATP synthase as candidates for the inner 
membrane pore-forming unit.  Cyclophilin D serves as a pore regulator of the MPTP. 
Whereas, the pro-apoptotic proteins Bak/Bax have been suggested as candidates in the 
OMM, thereby permitting mitochondrial swelling and rupture once the inner membrane 
complex opens (Kwong and Molkentin, 2015). It has been shown that VDAC is also 
participated in MPTP regulation during apoptosis (Liu et al., 2016). 

 

1.4.1 Adenine Nucleotide Translocator 

The adenine nucleotide translocator (ANT) is an integral protein located in the 

mitochondrial inner membrane (MIM) and involved in the regulation of the 

ATP/ADP ratios between the mitochondrial matrix and the intermembrane space 

(Brenner et al., 2011). The physiological function of ANT is to catalyse the 

substitution of ADP into the mitochondrial matrix in exchange for ATP across the 

inner mitochondrial membrane, as it is the most abundant protein in this 

membrane (Chevrollier et al., 2011).  The crystal analysis of the bovine heart ANT 

showed that it consists of six transmembrane helices (Pebay-Peyroula et al., 

2003). ANT plays a key role in cellular energy metabolism by transporting 
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mitochondrial ATP to the cytosol but the molecular mechanism of the ATP/ADP 

exchange is not completely understood (Baik and Lee, 2016).  

There are four isoforms of human ANT (ANT1, ANT2, ANT3, and ANT4) (Brenner 

et al., 2011). ANT1 is the predominant isoform in non-dividing cells, heart and 

muscle cells (Doerner et al., 1997). In contrary, ANT2 is expressed at high levels 

in dividing cells, cells that are able to regenerate or proliferate such as liver cells, 

lymphoid and different cancers (Jang et al., 2008, Jang et al., 2016). ANT3 is 

expressed ubiquitously at lower levels independently of cell types. ANT4 is mainly 

localized in the testis and plays an essential role in spermatogenesis (Doerner et 

al., 1997, Brower et al., 2007). Thus, the expression of ANT isoforms is dependent 

on tissue types and proliferation status (Brenner et al., 2011).  

Previous studies have been shown that both ANT1 and ANT3 act as pro-apoptotic 

factors (Zamora et al., 2004). ANT1 and ANT3 are components of the MPTP and 

their overexpression triggers caspase-3 and caspase-9 activation to induce 

mitochondrial-mediated cell death (Bauer et al., 1999, Zamora et al., 2004). In 

contrast, ANT2 and ANT4 display anti-apoptotic effects. In cancer cells, ANT2 has 

been found to exert an anti-apoptotic role by inhibiting mitochondrial membrane 

permeabilization (Jang et al., 2008). Thus, each isoform seems to have distinct 

apoptotic behaviour (Brenner et al., 2011).  

Among ANT isoforms, ANT2 has been the protein of interest for many research 

groups as it is overexpressed in different kinds of cancer, including breast, ovary, 

stomach and lung cancers (Baik et al., 2016). Overexpression of ANT2 in different 

cancers may cooperate in cancer development (Jang et al., 2008, Baik et al., 

2016).  In particular, breast and ovarian cancer cells are characterized by 

upregulation of ANT2 expression. While, ANT1 and ANT3 are barely detected in 

these cancers. Therefore, ANT2 could be considered as a specific feature of breast 

and ovarian cancers (Jang et al., 2008). Recent studies demonstrate that ANT2 

overexpression may induce resistance to cancer therapy in non–small cell lung 



 

31 

 

cancer. ANT2 depletion using ANT2 shRNA can effectively promote cell death and 

overcome tumour therapy resistance (Jang et al., 2008, Jang et al., 2016). 

Chevrollier and colleagues reported that ANT2 reversely imports ATP into the 

mitochondrial matrix. However, the mechanisms by which ANT2 regulates cell 

growth and supports cancer development are incompletely understood 

(Watanabe et al., 2017). 

As a part of the MPTP complex, ANT2 is involved in mitochondrial membrane 

permeability and mitochondrial-mediated cell death (Halestrap and Brenner, 

2003). Bcl-2 family members can physically interact with ANT to form a link 

between the inner and outer mitochondrial membrane (Brenner et al., 2011). The 

interaction of ANT with the pro-apoptotic protein Bax can modulate 

mitochondrial membrane permeability by forming the lethal pores (Marzo et al., 

1998). In contrast, the pro-survival protein Bcl-2 supports ANT by inhibiting the 

formation of the apoptotic pores (Brenner et al., 2000).  

 

1.4.2  Voltage-Dependent Anion Channel 

The voltage-dependent anion channel protein (VDAC), also known as 

mitochondrial porin, is one component of the mitochondrial permeability 

transition pore (MPTP) (Shore, 2009). The VDAC family consists of three isoforms 

(VDAC1, VDAC2, and VDAC3) (Rostovtseva et al., 2002). The sub-mitochondrial 

distribution of the three VDAC isoforms has been determined by STED 

microscopy. VDAC1 and VDAC2 are mainly localized within the same distinct 

domains in the MOM. In contrast, VDAC3 is consistently distributed over the 

surface of the mitochondrion (Neumann et al., 2010). VDAC functions as a 

mitochondrial gatekeeper and regulates ion and metabolite flux between the 

mitochondria and cytosol (McCommis and Baines, 2012). Indeed, the VDAC 

protein is a key player in mitochondrial-mediated apoptosis, as it has a potential 

role in mitochondrial outer membrane permeabilization (MOMP) (Galluzzi and 
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Kroemer, 2007). Inducing MOMP is the critical step during apoptosis, which 

ultimately enables the release of cytochrome c into the cytosol (Youle and 

Strasser, 2008). The inner and outer mitochondrial membrane is spanned by the 

MPTP at membrane contact sites (McCommis and Baines, 2012).  As VDAC is a 

part of the MPTP, it is closely involved in the regulation of the inner membrane 

potential and ATP production (Shore, 2009). 

VDAC1 is over-expressed in many cancers and primarily associates with anti-

apoptotic proteins such as Bcl-2, Bcl-xL and hexokinase, suggesting a critical role 

of this protein in cancer cell survival (Abu-Hamad et al., 2009, Geula et al., 2012, 

Arbel et al., 2012). Zheng and colleagues suggested that Arsenic trioxide (As2O3)-

induced cytochrome c release via the MPTP can be inhibited by over-expression 

of Bcl-2 or Bcl-xL. Furthermore, Bcl-2 overexpression blocks As2O3- induced 

VDAC1 homodimerization (Zheng et al., 2004). However, VDAC1 has also been 

reported to interact with pro-apoptotic proteins such as Bim, tBid and Bax 

(Sugiyama et al., 2002, Banerjee and Ghosh, 2004). These interactions can directly 

activate VDAC  to contribute in MPTP opening and induce cytochrome c release. 

The VDAC-Bim interaction was identified by incubating isolated rat liver 

mitochondria with recombinant Bim (Sugiyama et al., 2002). The VDAC-tBid/Bax 

interaction was examined by incubating isolated rat brain mitochondria with 

recombinant Bax and tBid (Banerjee and Ghosh, 2004). Similarly, Shimizu and 

colleagues  reported that recombinant Bak and Bax directly interct with and cause 

VDAC opening, whereas Bcl-xL closes VDAC by binding to it (Shimizu et al., 1999). 

On the other hand, VDAC2 has been shown to interact with pro-apoptotic 

proteins Bak and Bax, indicating a possible role of this protein in mitochondrial-

mediated apoptosis (Galluzzi and Kroemer, 2007, Yamagata et al., 2009, San Chin 

et al., 2018). VDAC2 is a minor VDAC isoform in the MOM that acts to sequester 

the activation of Bak in healthy cells (Cheng et al., 2003). However, Bak activation 

is promoted when pro-apoptotic BH3 only protein tBid displaces Bak from VDAC 

(Shore, 2009). The VDAC2-Bak interaction is required for tBid-induced apoptosis 
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by recruiting more Bak to the MOM. Assembly of newly synthesized Bak and the 

formation of Bak oligomers at the MOM facilitate cytochrome c release, which is 

the point of no return in mitochondrial-mediated apoptosis (Roy et al., 2009). 

Fuethermore, a recent study indicated that Bax interaction with VDAC2 is critical 

for Bax-mediated apoptosis in response to chemotherapeutic agents both in vitro 

and in vivo. This study suggested that VDAC2 plays an important role in the 

mitochondrial localization of Bax, in which Bax localization to the mitochondria 

was disrupted in MEFs with deleted VDAC2 (San Chin et al., 2018). Thus, VDAC2 

seems to be critical for the localization of both Bak and Bax in the MOM and the 

formation of their complexes.  

It has been argued that either VDAC opening or closure results in mitochondrial-

mediated apoptosis (Rostovtseva et al., 2005). Three models have been proposed 

to explain the role of VDAC in MOMP and cell death (McCommis and Baines, 

2012). Model 1: VDAC indirectly induces apoptosis via activation of the MPTP, as 

it is a component of MPTP and interacts physically with pro-apoptotic proteins 

such as Bak and Bax. The formation of Bak/Bax/VDAC complex causes MOMP, 

that results in the swelling and rupture of mitochondria (Shimizu et al., 2000a, 

Rostovtseva et al., 2002, Galluzzi and Kroemer, 2007). Model 2: Apoptosis is 

initiated as a result of VDAC homo-oligomerization or hetero-oligomerization 

with Bak/Bax. VDAC oligomers form a larger channel in the MOM that enables 

the release of cytochrome c (Ran et al., 2005, Gonçalves et al., 2007). Model 3: 

closure of the VDAC channels causes accumulation of mitochondrial metabolites 

and decreases the exchange of ADP/ATP between mitochondria and cytosol. As 

a consequence, mitochondrial swelling induces MOMP through either an 

undefined mechanism or complete rupture of the MOM (Rostovtseva et al., 2004) 

(Figure 1-8). 
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Figure 1-8: Proposed models for VDAC’s role in the induction of apoptosis 

In model 1: the VDAC is a component of the MPTP and it physically interacts with pro-
apoptotic proteins Bak and Bax to form a larger complex. The formation of this complex 
causes mitochondrial outer membrane permeabilization (MOMP) and the release of 
cytochrome c from the mitochondrial intermembrane space to the cytosol. Model 2: in 
response to apoptotic stimuli, VDAC forms either homo-oligomerization or hetero-
oligomerization channels with Bax/Bak to create a large pore capable of releasing 
cytochrome c. Model: 3 anti-apoptotic proteins such as Bcl-xL and hexokinase maintain 
VDAC to keep it in the normal physiological state, thereby maintaining mitochondrial 
outer membrane permeability. However, because of increasing the activity of pro-
apoptotic proteins, VDAC channels have been shown to be closed. As a result, 
mitochondrial swelling and rupture causes the release of cytochrome c and cell death 
(McCommis and Baines, 2012).  
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1.5 Mammalian Cell Cycle  

The cell cycle is an ordered series of biochemical events in which the cell contents, 

including DNA and other cellular components, are duplicated and segregated into 

two genetically identical daughter cells (Yu, 2002). The cell cycle is divided into 

two major phases: interphase and the mitotic phase. The interphase is subdivided 

into three phases Gap 1 (G1), S phase (DNA synthesis) and Gap 2 (G2). G1 and G2 

are two growth phases. In G1, the cells grow and prepare for DNA synthesis. 

Whereas in G2, the cells continue to grow and prepare for DNA segregation. The 

two growth phases are separated by S phase by which the cells make an identical 

copy of their genetic materials (Sherr and Roberts, 1999).  

Mitosis or M phase is the process by which one nucleus will turn into two nuclei, 

each with an identical genetic information. Mitosis is subdivided into five distinct 

phases: prophase, prometaphase, metaphase, anaphase and telophase (see 

Figure 1-9). The 1st phase of mitosis, prophase, involves the following events; 

DNA condenses into the condensed form, nuclear membrane starts to 

breakdown and two centrosomes migrate to opposite sides of the cell 

(Malumbres and Barbacid, 2009). In prometaphase, spindle microtubules extend 

from centrosomes toward each other and to near the kinetochores of the sister 

chromatids.  Chromosomes start to line up in the middle of the cells and the 

spindle microtubules are attached to kinetochores at metaphase. In anaphase, 

microtubules start to pull on each of the sister chromatids to the opposite sides 

of the cell via disassembly of the spindle microtubules. The last phase of mitosis 

is called telophase and it involves: nuclear membrane begins to form around the 

DNA for each daughter cell and the cell membrane prepares for cytokinesis in 

preparation for cell splitting into two identical cells (Malumbres and Barbacid, 

2009, Malumbres and Barbacid, 2005) (Figure 1-9). During cell division, the 

transition between the different cell cycle phases is regulated by the activation 

and inactivation of a family of serine/threonine kinases, the cyclin dependent 

kinases (Cdks), and their binding partners, the cyclins (Malumbres et al., 2009).  
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Figure 1-9: The regulation of the mammalian cell cycle.  

The cell cycle is divided into interphase and mitosis (M). Interphase is subdivided into 
three distinct phases: Gap 1 (G1), DNA synthesis (S) and Gap 2 (G2). Interphase is 
monitored by three checkpoints during the cell cycle. Whereas, mitosis is tightly 
monitored by spindle assembly checkpoint. Growth factors activate Cdk4/6 and Cdk2 
which allows the G1-to-S-phase transition. After DNA synthesis in S phase, the cells 
continue to grow and prepare for cell division in mitosis.  During the 1st phase of mitosis, 
prophase, DNA condenses, nuclear membrane breaks down and two centrosomes 
migrate to opposite sides of the cells. Chromosomes line up in the middle of the cells 
and the spindle microtubules attach to kinetochores at metaphase. Sister chromatids 
separate and pull apart to the spindle poles at anaphase. In telophase, nuclear 
membrane begins to form around the DNA for each daughter cell and the cell prepares 
for cytokinesis to form two identical daughter cells (Malumbres and Barbacid, 2005) 
(Image taken and adapted from http://cellcycle.org.uk/). 

 

1.5.1  Cyclin dependent kinases regulate mammalian cell cycle 

Cyclin-dependent kinases (Cdks) are key regulators of the cell cycle in all 

eukaryotes. Unicellular organisms such as yeast requires a single Cdk, Cdc2, to 

regulate both G1-S phase and G2-M phase transitions (Nurse and Bissett, 1981). 

The ability of Cdks to drive transitions in the cell cycle depends on the association 

of these kinases with different cyclin partners. The kinase catalytic subunit/cyclin 

http://cellcycle.org.uk/
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complexes target distinct substrates (Lee and Nurse, 1987). In mammalian cells, 

the Cdk family includes more than 20 members (Choi and Anders, 2014). 

However, only a few Cdks have been identified that directly contribute to the cell 

division cycle (Hydbring et al., 2016).  

Cdk1, Cdk2, Cdk4, and Cdk6 are involved in regulation of the cell cycle. Cdk4 and 

Cdk6 regulate the cell cycle during G1 phase and Cdk2 at the start of S phase (Tsai 

et al., 1991) (Meyerson et al., 1992). Cdk4/6 primarily bind cyclin D in response 

to growth factor stimulation and prepare the cell for S phase. Cdk2 binds cyclins 

E and A and contributes to the initiation of DNA synthesis and duplication of 

centrosomes (Wei et al., 2003, Lundberg and Weinberg, 1998). Cdk1 primarily 

binds cyclin B1 to initiate mitosis but also associates with cyclin A in mid S-phase 

(Hu et al., 2001, Merrick et al., 2011, Mitra et al., 2006). Cdk2 kinase activity is 

high in late S-G2 phase and may promote the activation of the Cdk1/cyclin B1 

complex and entry in to mitosis. Overall, the Cdks (Cdk1, Cdk2, Cdk4 and Cdk6) 

play essential roles during interphase leading up to mitosis (Hu et al., 2001, 

Furuno et al., 1999). 

Several studies have demonstrated the role of Cdks during the mammalian cell 

cycle. For example, transient transfection of dominant-negative mutants of 

Cdk4/6 were found to delay progression into S phase and expression of a 

dominant-negative mutant of Cdk2 blocks progression into either S phase or 

mitosis (van den Heuvel and Harlow, 1993, Hu et al., 2001). Furthermore, 

expression of a dominant-negative mutant of Cdk1 was found to block entry into 

mitosis (van den Heuvel and Harlow, 1993). Cdk1 kinase activity is low near to 

late S-G2 phase because of the inhibitory phosphorylation at its ATP-binding site 

and limited association with cyclin B1 (McGowan and Russell, 1993, McGowan 

and Russell, 1995). However, Cdk1 is the only essential Cdk during the cell cycle 

(Santamaría et al., 2007). Cdk1 kinase activity can perform all the events that are 

necessary to drive cell division in mouse embryos lacking all interphase Cdks 

(Cdk2, Cdk3, Cdk4 and Cdk6). Principally, a model has been proposed by Enders 
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in which Cdk4/6 initiate the mammalian cell cycle, Cdk2 initiates S phase, 

progression through S and G2 phases is dependent on Cdk2 and Cdk1 activity. 

Indeed, Cdk1 regulates both the entry into and the exit from mitosis (Enders, 

2012). 

 

1.5.2 Cyclin Dependent Kinase 1 regulates mitosis and apoptosis 

The cell division cycle is controlled by Cyclin-dependent kinases (Cdks) via a highly 

ordered set of biochemical events (Hartwell and Weinert, 1989). Cdk1 kinase is 

one of the key mitotic kinases and it regulates the transition from G2 to M phase 

of the cell cycle (Nurse, 1990, Nigg, 2001). During mitosis, Cdk1/cyclin B1 

complexes mediate phosphorylation of a variety of substrates to play an essential 

role in multiple processes, including chromosome condensation, nuclear 

envelope breakdown, centrosome separation, regulation of spindle 

microtubules, and the transition from metaphase to anaphase (Slangy et al., 

1995, Kimura et al., 2001, Rudner and Murray, 2000). In addition to its localization 

in the cytoplasm, nuclear membrane and centrosome, a fraction of Cdk1/cyclin 

B1 complex is also localized into the matrix of mitochondria (Wang et al., 2014, 

Xie et al., 2018). Cdk1-mediated phosphorylation a group of mitochondrial 

proteins including complex I subunits enhances mitochondrial respiration and 

ATP generation to provide cells with sufficient energy for the G2/M transition 

(Wang et al., 2014). 

Although Cdk1 is implicated in organising cell cycle progression, it has been found 

to play an important role in mitotic cell death (Sakurikar et al., 2012). Antimitotic 

drugs, such as Taxol, interfere with microtubule dynamics to prevent 

microtubule-kinetochore attachments (Dumontet and Jordan, 2010). This results 

in SAC-mediated prolonged mitotic arrest. Prolonged mitotic cell cycle arrest is 

achieved by inhibiting the inactivation of Cdk1 (Foley and Kapoor, 2013). 
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Sustained Cdk1 activation reduces the apoptotic threshold by phosphorylating 

anti-apoptotic proteins such as Bcl-2, Bcl-xL and Mcl-1 (Terrano et al., 2010).  

The kinase most frequently involved in phosphorylating Bcl-2 at S70 is Cdk1 (Dai 

et al., 2013). Multiple alternative phospho-sites in Bcl-2 have been described such 

as phosphorylation at T69, S70, S87 targeted by JNK at G2/M (Yamamoto et al., 

1999). Cdk1 also targets Bcl-xL on S62 (Terrano et al., 2010). Other kinases have 

been reported to target Bcl-xL on different phospho-sites, for example 

phosphorylation at S49, targeted by Polo-like kinase (PLK)3 (Wang et al., 2011) 

and phosphorylation on S62, targeted by JNK (Basu and Haldar, 2003). Numerous 

studies have suggested that Mcl-1 is the most critical survival factor within the 

Bcl-2 family. Like Bcl-2 and Bcl-xL, Mcl-1 is targeted on S64 and T92 by Cdk1 and 

it becomes highly phosphorylated during prolonged mitotic arrest. JNK, p38 and 

Casein Kinase II (CKII) also implicated in the phosphorylation of Mcl-1 (Wertz et 

al., 2011). Phosphorylation of Mcl-1 can influence protein stability and ultimately 

results in its degradation by APC/C E3-ligase (Harley et al., 2010, Haschka et al., 

2015, Chu et al., 2012). 

Cdk1-mediated phosphorylation of anti-apoptotic proteins (Bcl-2, Bcl-xL and Mcl-

1) inhibits their anti-apoptotic effects. A change in the duration of Bcl-2 and Bcl-

xL phosphorylation from transient during normal mitosis to sustained during 

Taxol-induced mitotic cell cycle arrest primes mitotically-arrested cells to 

undergo apoptosis (Scatena et al., 1998, Terrano et al., 2010, Sakurikar et al., 

2012). Of note, Cdk1 inhibitor roscovitine can inhibit Cdk1-mediated 

phosphorylation of anti-apoptotic proteins (Han et al., 2014, Zhou et al., 2014). 

However, the molecular mechanism linking mitotic checkpoint activation to the 

initiation of cell death, in particular, how Cdk1 translocates from the cytoplasm 

to the MOM to phosphorylate anti-apoptotic proteins, has remained unknown. 
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1.6 Background to the project 

Previous studies in our lab have shown that Taxol causes HeLa cells to arrest in 

mitosis and then undergo apoptosis via activation of the intrinsic pathway 

(Deacon et al., 2003). Preliminary studies have shown that depletion of the pro-

apoptotic protein Bax by siRNA in HeLa cells treated with Taxol inhibits apoptosis 

by more than 80%. In addition, siRNA-mediated depletion of caspase-3 in HeLa 

cells also inhibited Taxol-induced apoptosis. Our lab has also shown that down-

regulation of caspase-9 by siRNA in HeLa cells treated with Taxol induces a 

significant decrease in Taxol-induced apoptosis. Furthermore, cleaved caspase-3 

was barely detected in caspase-9 siRNA-transfected cells in comparison to 

control-siRNA treated cells, suggesting that Taxol-induced apoptosis through 

activation of caspase-3 is dependent on activation of caspase-9.  
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1.7 Aim and objectives  

Taxol, an anti-microtubule anti-cancer drug, interferes with the mitotic function 

of spindle microtubules and causes cell cycle arrest via activation of the spindle 

assembly checkpoint (SAC). Prolonged activation of the SAC keeps the cells 

arrested in mitosis by inhibiting the inactivation of Cdk1, followed by apoptotic 

cell death via activation of mitochondrial-dependent apoptosis. Although the 

molecular mechanism linking SAC activation to the induction of apoptosis has 

been the subject of intense research in the last few years, no clear mechanism 

has emerged. Moreover, the molecular mechanism of Taxol-induced apoptosis, 

particularly the organization of Bak and Bax in the MOM during mitotic cell death 

and their interaction(s) with other MOM/MIM proteins, remains incompletely 

understood.  

In this study, my objectives were therefore to investigate:  

1.  Whether only Bax or both Bax and Bak are required for Taxol-induced 

mitotic cell death using siRNA approach. 

2. Potential interaction between key pro-apoptotic proteins Bak and Bax 

using co-IP and immunofluorescence microscopy.  

3. The putative interacting molecules (Bak and Bax-interacting proteins) that 

may mediate apoptosis in Taxol-arrested mitotic cells using mass 

spectrometry, co-IP assays and immunofluorescence microscopy. 

4. The molecular link between activation of the SAC and the induction of 

apoptosis. 
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Chapter 2. Materials and methods  

2.1 Materials  

2.1.1 Chemicals and reagents   

Table 2-1: List of chemicals and reagents used in this study 

Reagent Supplier 

Agar Gibco 

Ammonium persulphate (APS) Fisher 

Aphidicolin Sigma 

Bovine serum albumin Sigma 

Cell Dissociation Medium (1X) Sigma 

3-[(3-cholamidopropyl) dimethylammonio]-1-

propanesulfonate (CHAPS) 
Fisher 

Cover glass (Diameter 22mm) Fisher 

Digitonin 
Santa Cruz 

Biotechnology 

Dithiobis (succinimidyl propionate) (DSP) ThermoScientific 

Ethylene diamine tetra acetic acid (EDTA) Fisher 

Ethylene Glycol Tetra-acetic acid (EGTA) Fisher 

EZ-ECL Chemiluminescence detection kit Geneflow 

Foetal Bovine Serum (FBS) Fisher 
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Reagent Supplier 

Formaldehyde solution Sigma 

FuGENE HD Transfection Reagent Promega 

Glycerol Fisher 

Glycine Fisher 

Hydroxyethyl piperazineethanesulfonic acid 

(HEPES) 
Fisher 

Hoechst 33342 Sigma 

Hydrochloric acid Fisher 

Instant Blue (A Coomassie Based Staining Solution 

for Protein Gels) 
Expedeon 

Interferin siRNA Transfection Reagent Polyplus 

Magnesium Chloride Fisher 

Methanol Fisher 

Microscope slides ThermoScientific 

Mitotracker Red CMXRos (Chloromethyl-X-

Rosamine) 
Cell Signalling 

Nitrocellulose Membrane 
Santa Cruz 

Biotechnology, Inc 

NP-40 MP Biomedicals 
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Reagent Supplier 

n-Propyl gallate Sigma 

Penicillin/ Streptomycin (stock 10,000 IU Penicillin 

and 10,000 μg/ml Streptomycin) (100X) 
Fisher 

Pierce Protein A/G Magnetic Beads ThermoScientific 

Poly-L-Lysine hydrobromide Mwt 150,000-

300,000 
Sigma 

Polyoxyethylene (20) sorbitan monolaurate 

(Tween-20) 
Calbiochem 

Potassium Chloride Fisher 

Prestained Protein Ladder ThermoScientific 

Propidium iodide Sigma 

Protease inhibitors (Aprotinin, Leupeptin, 

Pepstatin) 
Sigma 

Phenylmethylsulfonyl Fluoride (PMSF) Sigma 

Protogel (30% w/v Arylamide/0.8% w/v 

Bisacrylamide) 
Gene Flow 

Qiagen Midi Plasmid Purification Kit Qiagen 

Sodium Chloride Fisher 

Sodium deoxycholate Sigma 
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Reagent Supplier 

Sodium dodecyl sulfate (SDS) Sigma 

Sodium Fluoride Fisons 

Sodium Orthovanadate Acros Organics 

Sodium pyrophosphate Acros Organics 

Staurosporine Sigma 

Taxol Sigma 

Tetramethylethylenediamine (TEMED) Fisher 

Thymidine Sigma Aldrich 

Tris-base Fisher 

Triton X-100 Fisher 

UltraCruz TM Autoradiography (X-Ray) Films Insight Biotechnology 

Vectorshield Mounting Medium Vector Laboratories 

Yeast Extract Sigma 

β-Glycerophosphate Sigma 

β-Mercaptoethanol Acros Organics 

[ϒ-32P]-ATP 3000 Ci/mmol PerkinElmer 

ATP Sigma 

Histone H1 Millipore 
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2.1.2 Cell lines 

Table 2-2: The following cell lines were used in this study 

Cell line Supplier 

HeLa cells (a human epithelial cell line derived 

from cervical carcinoma) 

Purchased from 

BioWhittaker 

U2OS (Human Bone Osteosarcoma Epithelial 

cell line) 

Provided by Andrew Fry 

(University of Leicester). 
RPE1 (Retinal Pigment Epithelial Cell Line) 

(mesothelioma) Malignant pleural 

mesothelioma cell line MSTO-211H 

Melanoma (WM266C4; epithelial cells 

derived from human Skin metastasis) 

Provided by Sally Prigent 

(University of Leicester). 

RKO A19 (colorectal cancer cell lines), RKO 

A19 (BRAFV600E/−/−) cells carry a mutant 

BRAFV600E allele and have knockout of the 

WT allele. 
Provided by Catrin Pritchard 

(University of Leicester). 

RKO 143 (colorectal cancer cell lines) 

STK 5090 (lung cancer cell line) 

C2C12 (mouse myoblast cell line) 
Provided by Sue Shackleton 

(University of Leicester). 

HCT116 WT (colon carcinoma cell line) 
Provided by Salvador Macip 

(University of Leicester). 
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Cell line Supplier 

HCT116 Bax−/− Bak−/−   (colon carcinoma cell 

line) 

provided by Richard Youle 

National Institute of Mental 

Health USA 

 

2.1.3 Cell culture media  

Table 2-3: List of cell culture media used in the study 

Media Supplier 

Dulbecco’s modified Eagle’s medium 

Sigma 
Dulbecco’s phosphate buffered saline, without 

Calcium chloride and magnesium chloride 

(DPBS) 

Dulbecco’s modified Eagle’s medium DMEM/F-

12 

Gibco by life technologies 
Mc Coy’s 5A medium 

Sodium Bicarbonate solution 7.5% w/v 

Enzyme free cell dissociation solution PBS based Millipore 
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Table 2-4: Cell Culture Media Recipe per Cell Line 

Cell Line Media Recipe 

HeLa Cells 

 Dulbecco’s Modified Eagle’s Medium (DMEM), 10 % v/v 

Foetal Bovine Serum (FBS), 1 % v/v Penicillin/Streptomycin 

(Pen/Strep). 

 

U2OS cells 

Melanoma cells 

STK 5090 

RPE1 Cells 

 

Dulbecco’s Modified Eagle’s Medium/ F-12 + L-Glutamine, + 

15 mM HEPES, 10 % v/v Foetal Bovine Serum (FBS), 1 % v/v 

Penicillin/Streptomycin (Pen/Strep), 0.25 % v/v NaHCO3. 

Mesothelioma 
RPMI, 10 % v/v Foetal Bovine Serum (FBS), 1 % v/v 

Penicillin/Streptomycin (Pen/Strep). 

RKO 143 
Mc Coy’s 5A, 10 % v/v Foetal Bovine Serum (FBS), 1 % v/v 

Penicillin/Streptomycin (Pen/Strep). 

C2C12 

Dulbecco’s Modified Eagle’s Medium/ F-12 + L-Glutamine, + 

15 mM HEPES, 10 % v/v Foetal Bovine Serum (FBS), 1 % v/v 

Penicillin/Streptomycin (Pen/Strep) 

RKO A19 

Mc Coy’s 5A, 10 % v/v Foetal Bovine Serum (FBS), 1 % v/v 

Penicillin/Streptomycin (Pen/Strep). 

 

HCT116 WT 

HCT116 Bak/Bax 

DKO 
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2.1.4 Buffers and solutions  

Table 2-5: Protein extraction lysis buffers 

Buffers Composition 

Radio-

Immunoprecipitation 

Assay (RIPA) buffer 

0.01 mol/L Tris-Hcl (PH 8.0), 0.15 mol/L NaCl, 0.1 % 

(w/v) SDS, 1 % (v/v) NP-40, 0.5 % (w/v) sodium 

deoxycholate, 50 mmol/L sodium fluoride, 30 mmol/L 

sodium pyrophosphate, 100 µM sodium 

Orthovanadate and protease inhibitors (1 mM PMSF, 

10 µg/ml Leupeptin, 10 µg/ml Aprotinin, and 10 

µg/ml Pepstatin) 

Lysis buffer A 

40 mM HEPES (PH 7.4), 0.15 M sodium chloride, 1 

mM EGTA, 20 mM β-glycerophosphate, 1 mM sodium 

Orthovanadate, 50 mM sodium fluoride, 30 mM 

sodium pyrophosphate, 0.01 % (w/v) digitonin and 

protease inhibitors (1 mM PMSF, 10 µg/ml Leupeptin, 

10 µg/ml Aprotinin, and 10 µg/ml Pepstatin) 

Lysis buffer A with 

CHAPS 
Buffer A containing 3 % (w/v) CHAPS 

1 % (w/v) CHAPS lysis 

buffer for IP 

20 mM Tris Hcl (pH 7.4), 135 mM sodium chloride, 1.5 

mM magnesium chloride, 1 mM EGTA, 10 % (v/v) 

Glycerol, 1 % (w/v) CHAPS and protease inhibitors. 

Lysis buffer B 

10 mM Tris-Hcl (pH 7.4), 50 mM sodium chloride, 5 

mM EDTA, 30 mM sodium pyrophosphate, 0.1 mM 

sodium Orthovanadate, 50 mM sodium fluoride, 1 % 

(v/v) NP-40, 0.1 % (w/v) BSA and protease inhibitors. 



 

50 

 

Buffers Composition 

Wash buffer (Tris-

buffered saline (TBS-

Tween) for IP 

25 mM Tris, 150 mM sodium chloride, 0.05 % (v/v) 

Tween-20, (pH 7.5). 

Cdk1 Lysis buffer 

10 mM Hepes (pH7.4), 10 mM sodium chloride, 1 mM 

EDTA, 0.1 % (v/v) Triton X-100, 50 mM sodium 

fluoride, 80 mM β-glycerophosphate, 0.1 mM sodium 

Orthovanadate, and protease inhibitors 

Cdk1 Assay wash 

buffer 

25 mM Hepes (pH7.4), 150 mM sodium chloride and 

0.1 % (v/v) Triton X-100 

Cdk1 Assay buffer 

50 mM Hepes (pH7.4), 1 mM DTT, 15 mM EGTA and 

20 mM magnesium chloride, 4 mM ATP, 4 µCi of [ϒ-

32P]-ATP 

Cdk1 Dilution buffer 

20 mM MOPS/NaOH (pH 7.0), 1 mM EDTA, 5 % (v/v) 

glycerol, 0.01 % (v/v) Brji-35, 0.1 % (v/v) 2-

mercaptoethanol. 
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Table 2-6: Composition of resolving (running) and stacking gel used for SDS-
PAGE 

Reagents 

Resolving Stacking 

7 % 10 % 12.5 % 3 % 

Protogel 4.65 6.67 ml 8 ml 1.6 ml 

Tris-Hcl pH 8.8 7.5 ml 7.5 ml 7.5 ml ____ 

Tris-Hcl pH 6.8 ____ ____ ____ 1.2 ml 

SDS 10% (w/v) 100 µl 100 µl 100 µl 100 µl 

APS 10% (w/v) 150 µl 150 µl 150 µl 75 µl 

Temed 20 µl 20 µl 20 µl 12 µl 

H2O 7.58 5.6 ml 4.2 ml 7.6 ml 

 

Table 2-7: Buffers used for Western Blotting 

Buffer Composition 

1X SDS-PAGE Running 

Buffer 
0.025M Tris-HCL, 0.192M Glycine, 1% (w/v) SDS. 

SDS-PAGE transfer Buffer 
25mM Tris-HCL, 192mM Glycine, 0.1% (w/v) SDS, 

20% (v/v) Methanol. 

1X Tris-Saline-Tween 

(TST) 

0.01M Tris-HCL (pH 7.4), 0.15M NaCl, 0.1% (v/v) 

Tween-20 

Blocking Buffer 
5% (w/v) Bovine serum albumin or 5% (w/v) milk 

powder (Marvel) in TST buffer 
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Buffer Composition 

Stacking gel buffer 
6.06 gm Tris-HCL (pH 8.8), 10 % (w/v) SDS 4 ml, 

H2O to 100 ml. 

Sample Buffer (5X) 

60mM Tris-HCL (pH 6.8), 10 % (v/v) Glycerol, 2% 

(w/v) SDS, 0.01% (w/v) bromophenol blue, 5% 

(v/v) β-mercaptoethanol. 

Sample Buffer (2X) 

Glycerol 2ml, 10% (w/v) SDS 2 ml, 0.25mg 

bromophenol blue, 2.5 ml stacking gel buffer, 0.5 

ml β-mercaptoethanol, H2O to 10 ml. 

 

Table 2-8: Buffer used for immunofluorescence 

Buffer Composition 

Blocking buffer 
1% (w/v) Bovine serum albumin in DPBS, 0.1% (v/v) 

Tween-20 

Mounting medium 

Glycerol 9 ml, 1M Tris-HCL (pH 8.0) 1 ml, n-propyl 

gallate 0.05 g. The n-propyl gallate was dissolved by 

stirring the solution for at least 10 h at RT (in a light-

proof container).  Mounting medium stored at 4 °C. 

 

Table 2-9: Solution used for Fluorescence-Activated Cell Sorting (FACS) 

Solution Solution Composition 

Stain solution 
9.5 ml of 1X PBS, 0.5 ml of (10 μg/ml) RNase solution, and 

(200 μl) of 1 mg/ml PI solution. 
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2.1.5 Antibodies  

  Table 2-10: Primary antibodies used in this study 

Antibody 
Host 

species 
Clonality 

Dilution 

used 
Application 

Bak (N-20) Goat Polyclonal 1:500 Immunoprecipitation 

Bak (D4E4) Rabbit Monoclonal 
1:1000 

1:100 

Western Blotting 

Immunofluorescence 

Bax (6A7) Mouse Monoclonal 
1:500 

1:100 

Immunoprecipitation 

Immunofluorescence 

Bax Rabbit Polyclonal 1:1000 Western Blotting 

Caspase-3 Mouse Monoclonal 1:1000 Western Blotting 

Cleaved Caspase-

3 
Rabbit Monoclonal 1:1000 Western Blotting 

Caspase-9 Rabbit Polyclonal 1:1000 Western Blotting 

M30 CytoDEATH Mouse Monoclonal 1:10 Immunofluorescence 

poly-(ADP-Ribose) 

polymerase 

(PARP) 

Rabbit Polyclonal 1:2000 Western Blotting 

Bcl-2 Mouse Monoclonal 1-1000 Western Blotting 

Phospho-Bcl-

2(Ser70) 
Rabbit Monoclonal 1-1000 Western Blotting 
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Antibody 
Host 

species 
Clonality 

Dilution 

used 
Application 

Bcl-xL (610212) Rabbit Polyclonal 1-1000 Western Blotting 

Bcl-xL (2762) Rabbit Polyclonal 1-1000 Western Blotting 

Phospho-Bcl-xL 

(Ser62) 
Rabbit Polyclonal 1-1000 Western Blotting 

Mcl-1 Rabbit Polyclonal 1-1000 Western Blotting 

Bim Rabbit Polyclonal 1-1000 Western Blotting 

ANT2/SLC25A5 

(E2B9D) 
Rabbit Monoclonal 

1-1000 

1-50 

Western Blotting 

Immunofluorescence 

VDAC Rabbit Polyclonal 
1-1000 

1-50 

Western Blotting 

Immunofluorescence 

Cyclin B1 Rabbit Polyclonal 
1-1000 

1-50 

Western Blotting 

Immunofluorescence 

Cdc2 p34 (C-19) Rabbit Polyclonal 1-1000 Western Blotting 

Cdc2 p34 (17) Mouse Monoclonal 
1:500 

1-50 

Immunoprecipitation 

Immunofluorescence 

Phospho-cdc2 

(Tyr15) 
Rabbit Polyclonal 1-1000 Western Blotting 

αPAK (N-20) Rabbit Polyclonal 1-1000 Western Blotting 

α-tubulin Mouse Monoclonal 1-5000 Western Blotting 
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Table 2-11: Primary antibodies used in this study 

Antibody Catalogue Number Supplier 

Bak (N-20) Sc-1035 Santa Cruz Biotechnology 

Bak (D4E4) 12105 Cell Signalling 

Bax (6A7) Sc-23959 Santa Cruz Biotechnology 

Bax 2772 Cell Signalling 

Caspase-3 9668 Cell Signalling 

Cleaved Caspase-3 9664 Cell Signalling 

Caspase-9 9502 Cell Signalling 

Anti-M30 CytoDEATH 2140322 Roche 

Anti-poly-(ADP-Ribose) 

polymerase (PARP) 
11835238001 Roche 

Bcl-2 M 0887 Clone 124 Dako 

Phospho-Bcl-2 (Ser70) 2827 Cell Signalling 

Bcl-Xl 610212 
BD Transduction 

Laboratories 

Bcl-xL 2762 Cell Signalling 

Phospho-Bcl-xL (Ser62) GTX79124 Gene Tex 

Mcl-1 sc-819 Santa Cruz Biotechnology 

Bim B7929 Sigma-Aldrich 
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Antibody Catalogue Number Supplier 

ANT2/SLC25A5 (E2B9D) 14671 Cell Signalling 

VDAC 4866 Cell Signalling 

Cyclin B1 4138 Cell Signalling 

Cdc2 p34 (C-19) Sc-954 Santa Cruz Biotechnology 

Cdc2p34(17) Sc-54 Santa Cruz Biotechnology 

Phospho-cdc2(Tyr15) 9111 Cell Signalling 

αPAK (N-20) Sc-882 Santa Cruz Biotechnology 

α-tubulin 37981 SAB 

 

Table 2-12: Secondary antibodies used in this study 

Antibody 
Dilution 

used 
Application Supplier 

Alexa Fluor 488 Goat Anti-

Mouse IgG 

1:1000 Immunofluorescence 
Life 

technologies 

Alexa Fluor 488 Rabbit Anti-

Goat IgG 

Alexa Fluor 594 Goat Anti-

Rabbit IgG 

Alexa Fluor 594 Rabbit Anti-

Mouse IgG 

Alexa Fluor 594 Rabbit Anti-

Mouse IgG 
1:1000 Immunofluorescence Invitrogen 
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Antibody 
Dilution 

used 
Application Supplier 

Alexa Fluor 488 Goat Anti-

Mouse IgG 

Alexa Fluor 647 Goat anti-

Rabbit 

Alexa Fluor 555 Goat Anti-

Rabbit 
1:500 Immunofluorescence 

Cell 

Signalling Goat Anti-Rabbit IgG, HRP-

linked antibody 
1:1000 Western Blotting 

Goat Anti-mouse IgG, HRP-

linked antibody 
1-5000 Western Blotting Bethyl 

Rabbit IgG-heavy and light 

chain Antibody 

 

 

Table 2-13: GFP-Booster for Immunofluorescence of GFP-Fusion Proteins used 
in this study 

GFP-Booster 
Dilution 

used 
Application Supplier 

GFP-Booster_ATTO488 

1:100 Immunofluorescence Chromotek 

GFP-Booster_ATTO647 
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2.2 Oligonucleotides  

2.2.1 RNAi Oligonucleotides 

The ON-TARGET plus set of four oligonucleotides for Human Bax, Bak and VDAC1 

siRNA were purchased from Dharmacon (now Horizon Discovery). The sequences 

of the 4 sense strands for each siRNA were as follows: 

  Table 2-14: List of oligonucleotides used in this study 

Name Target sequence 

Human Bax # 1 5’-GUGCCGGAACUGAUCAGAA-3’ 

Human Bax # 2 5’-ACAUGUUUUCUGACGGCAA-3’ 

Human Bax # 3 5’-CUGAGCAGAUCAUGAAGAC-3’ 

Human Bax # 4 5’-UGGGCUGGAUCCAAGACCA-3’ 

Human Bak1 # 1 5’-CGACAUCAACCGACGCUAU-3’ 

Human Bak1 # 2 5’-UAUGAGUACUUCACCAAGA-3’ 

Human Bak1 # 3 5’-GACGGCAGCUCGCCAUCAU-3’ 

Human Bak1 # 4 5’-AAUCAUGACUCCCAAGGGU-3’ 

Human VDAC1 # 1 5’-UAACACGCGCUUCGGAAUA-3’ 

Human VDAC1 # 2 5’-GAAACCAAGUACAGAUGGA-3’ 

Human VDAC1 # 3 5’-GAGUACGGCCUGACGUUUA-3’ 

Human VDAC1 # 4 5’-CCUGAUAGGUUUAGGAUAC-3’ 

Control siRNA 5’-UAGCGACUAAACACAUCAA-3’ 
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Table 2-15: RNAi transfection reagents 

Name Supplier 

RNAase-free eppendorf tubes 

Ambion 
RNAase-free pipette tips 

siRNA Control (scrambled siRNA 

sequence) 

siRNA transfection medium 

Santa Cruz technologies 

siRNA dilution buffer 

siRNA transfection reagent (INTERFERin) Polyplus 

 

Table 2-16: Recombinant Human Proteins used for Protein-protein Interaction 
Assay 

Name 
Catalog 

Number 

Molecular 

Weight 
Supplier 

Cdk1 Protein (GST Tag 

at the N-terminus). 
10739-H09B 60 kDa Sino Biological Inc., 

Bax Protein ______ 21 kDa 
Provided by Frank Edlich 

(University of Freiburg) 

Bax Protein (GST Tag at 

the N-terminus). 

H00000581-

P01 
46.86 kDa Novus Biologicals 

PAK alpha (GST Tag at 

the N-terminus). 
______ 91 kDa 

Purified as described in 

(Deacon et al., 2003) 
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2.3 Methods  

2.3.1 Cell Culture  

2.3.1.1 Culture and maintenance of human cell lines 

HeLa and U2OS cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM). RPE1 cells were cultured in DMEM F12. Cells were supplemented with 

10% (v/v) heat inactivated foetal bovine serum (FBS) and 1% (v/v) Penicillin-

Streptomycin solution (100 IU/ml and 100 μg/ml respectively) and maintained in 

a humidified incubator at 37 °C and 5% CO2 atmosphere. Cells were passaged 

upon reaching 80-90% confluency. Cells were passaged by removing the medium, 

washing three times with 6 ml of DPBS, followed by addition of 2ml Cell 

Dissociation Medium and incubation of the cells for 15-20 minutes at 37 °C. After 

incubation, 8 ml complete medium was added to the plate and the cells were 

dissociated by gently pipetting the cell suspension. Subsequently, 2.5 ml of cell 

suspension was added to a new 10-cm culture plate containing 10 ml pre-warmed 

complete medium.  

2.3.1.2 Storage of human cell lines 

Cells were detached as described in section 2.3.1.1 and cell suspension was 

centrifuged at 1100 rpm for 5 min at RT. The supernatant was discarded, and 1.5 

ml of Cell Freezing Medium was added to the cell pellet and the cells were 

resuspended gently by pipetting up and down. The cell suspension was then 

transferred to a sterile 2 ml cryovial and placed in an Isopropanol-filled cell 

freezing box for 2-3 days at - 80 °C, after which the cells were transferred to liquid 

nitrogen for long term storage. 
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2.3.1.3 Preparation of New Cell Stock from Liquid Nitrogen 

A new stock of frozen cells was defrosted rapidly, and the cell suspension added 

to 10 ml of DMEM without FBS and Penicillin-Streptomycin. The cell suspension 

was centrifuged at 1100 rpm for 5 min. The supernatant was discarded, and the 

pellet was resuspended gently in 10 ml pre-warmed DMEM supplemented with 

20 % (v/v) FBS and 1 % (v/v) Penicillin-Streptomycin in a sterile tissue culture 

plate. The plate was placed in the CO2 incubator until the cells reached 80-90 % 

confluency.  

2.3.1.4 Cell Synchronisation  

HeLa cells were synchronised at the G1/S boundary by treatment of an 

asynchronous population with either Thymidine (2 mM) or Aphidicolin (5 μg/ml) 

for 24 hrs. Cells were released from the Thymidine or Aphidicolin block by 

washing four times with DPBS and incubating them in DMEM + Taxol (60 nM) to 

arrest cells in M-phase. Asynchronous cells were collected by washing cells three 

times with DPBS and incubation with 2 ml Cell Dissociation Medium for 20 

minutes. Mitotic cells (Taxol-arrested cells) were harvested by mitotic shake-off 

(gentle shaking of the tissue culture plate to detach the mitotic cells).  

 

2.3.1.5 Preparation of cell lysates from a synchronized cell population 

HeLa cells were seeded overnight to reach 70- 80 % confluency the next day. The 

cells were blocked at the G1/S boundary with Thymidine (2 mM) for 24 hrs. After 

24 hrs, the cells were washed four times with DPBS and released into pre-warmed 

complete DMEM and incubated in a CO2 incubator at 37 °C. Following Thymidine 

release, cells were collected at different time points (0-17 hrs) and lysed in RIPA 

buffer to prepare total cell lysates. A parallel set of samples were collected for 
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FACS. The status of the anti-apoptotic proteins (Bcl-2 and Bcl-xL) and cyclin B1 

during the normal cell cycle was examined by western blotting.  

2.3.1.6 Cell treatment with Taxol and RO-3306  

HeLa cells (70- 80% confluent) were blocked at G1/S phase with 2 mM Thymidine 

for 24 hrs. After 24 hrs, the cells were washed four times with DPBS and released 

into pre-warmed complete DMEM with Taxol (60 nM) and maintained in a CO2 

incubator at 37 °C for 12 hrs. After 12 hrs incubation with Taxol, the mitotically-

arrested cells were incubated with Taxol + RO-3306 (1 or 5 µM) for varying times. 

Cell samples were collected at different time points and lysed in lysis buffer B to 

prepare total cell lysates. The effects of Taxol with or without RO-3306 on the 

anti-apoptotic proteins (Bcl-2 and Bcl-xL), PARP cleavage, cyclin B1 and Cdk1 were 

examined by western blotting.  

 

2.3.1.7 PI staining for the cell cycle  

Cells (asynchronous/ Thymidine or Taxol-arrested) were harvested and washed 

with DPBS and then fixed with 1 ml ice-cold (-20 °C) 70 % (v/v) ethanol and stored 

at -20 °C. Prior to analysis, the cells were centrifuged at 1100 rpm for 5 min at RT 

and resuspended in 1 ml stain solution (930 µl 1X PBS, 50 µl RNAase solution (10 

mg/ml) and 20 µl Propidium iodide solution (1 mg/ml)). The cells were then 

incubated at RT in the dark for 1 to 6 hrs and analysed using the BD Accuri C6 Plus 

Flow Cytometer. Data was analysed using FlowJo (Version 10.0.6). 
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2.3.2 Molecular Biology Techniques  

2.3.2.1 Plasmid DNA purification 

Individual bacterial colonies were picked and grown in 10 ml of LB media with the 

appropriate antibiotic. The culture was incubated in a shaking incubator (225 

rpm) for 16 hrs at 37°C. Following 16 hrs, 5 ml of the bacterial suspension was 

added to 250 ml of LB media supplemented with the appropriate antibiotic and 

incubated in a shaking incubator for a further 16 hrs.  Following the second 

incubation, cells were harvested by centrifugation (3500 rpm) for 20 min at 4°C. 

The supernatant was discarded, and the pellet was used for DNA purification. 

Plasmid DNA purification of the EGFP vector (Invitrogen) and EGFP-Bax was 

performed using the QIAGEN Plasmid Midi Kit as outlined in the manufacture’s 

protocol. A Nanodrop spectrophotometer (Nano Drop 2000, Thermo Scientific) 

was used to measure the plasmid DNA concentration.  

 

2.3.2.2 Transient transfection (6-well Plate) 

 HeLa cells were cultured on sterile coverslips in 6 well plates, so that the cells 

reached 50-60% confluency on the day of the transfection. FuGENE HD 

transfection reagent (Promega) was used to transfect the cells as outlined in the 

manufacture’s protocol. FuGENE HD (6 µl) was directly added to 93 µl of serum-

free DMEM and mixed by gentle flicking. Plasmid DNA (0.5-1 µg) was added to 

the FuGENE HD/ serum-free DMEM mixture and mixed by gentle flicking. The mix 

was incubated for 20-30 min at RT. The medium in the 6 well plates was removed 

and replaced with 2 ml of fresh DMEM. The transfection mix was added dropwise 

to each well and the cells incubated for 36 hrs at 37 °C in a 5% CO2 incubator. 
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2.3.2.3 siRNA Transfection (6 well plates) 

siRNA was carried out using ON-TARGET plus Human siRNA-SMART pool 

(Dharmacon). INTERFERin® (Polyplus) was used as siRNA transfection reagent as 

described in the manufacture’s protocol. The cells were 50-60 % confluent on the 

day of the transfection. The appropriate concentration of siRNA or control siRNA 

was added to 200 µl of the transfection medium and vortexed gently for 10 

seconds. INTERFERin (8 µl) was added to siRNA/ transfection medium mixture 

and vortexed gently for 10 seconds. After 30 min incubation at RT, the 

transfection mix was added dropwise to a single well in 6-well plate containing 

2ml complete DMEM. The transfected cells were incubated for 48 hrs at 37 °C in 

a 5% CO2 incubator. One well of a 6-well plate was left untreated as an additional 

control. All steps were performed in a laminar flow cell culture hood using sterile 

techniques. After 48 hrs, the transfected cells were washed three times with 

DPBS and the cell lysates were prepared by adding 100 µl of RIPA buffer. Cell 

lysates were normalised using a Bradford assay and Western blot was used to 

confirm the siRNA-depletion of the targeted gene.  

 

2.3.3 Microscopy  

2.3.3.1 Glass coverslips Preparation  

Glass coverslips (22 mm diameter) were rinsed three times in deionised water 

and incubated with 1 M HCL for 30 min. The coverslips were washed four times 

with deionised water and then rinsed in 100 % ethanol before they were air-dried 

at RT and autoclaved by heating in an oven for 30 min at 180 °C. The sterile 

coverslips were stored in sterile tissue culture plates until required.  
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2.3.3.2 Attaching Cells to Polylysine-coated Coverslips  

Coverslips were immersed in Polylysine solution (1 mg/ml) in a six-well plate for 

5-10 minutes. After removing the Polylysine solution, the coverslips were rinsed 

in deionised water and dried at RT in the same six-well plate. In the tissue culture 

hood, the cell suspension was added to the Polylysine-coated coverslips and 

incubated for 30 minutes in a CO2 incubator to adhere cells before being fixed. 

2.3.3.3 Immunofluorescence microscopy  

Cells were grown on sterile glass coverslips in 6 well plates or attached to 

Polylysine-coated coverslips. Cells on the glass coverslips were fixed in ice-cold (-

20 °C) methanol for 30 min at -20 °C.  Alternatively, cells were fixed in 3.7 % (v/v) 

formaldehyde at RT for 20 min followed by permeabilization with 0.1 % (v/v) 

Triton X-100 for 10 min. Coverslips were then washed three times with DPBS prior 

to incubation with the blocking buffer. Nonspecific binding of antibody was 

blocked by incubating with 1% (w/v) bovine serum albumin (BSA) in PBS 

containing 0.1% (v/v) Tween-20 for 45-60 min at RT. Subsequently, the cells were 

incubated with appropriate primary antibodies for 1 hr at RT. The primary 

antibody was diluted in blocking buffer according to manufacturer’s instruction. 

Coverslips were washed ×3 with DPBS. After washing, the cells were incubated 

with the appropriate secondary antibodies for 1 hr at RT in the dark. The 

secondary antibodies were also diluted in blocking buffer. After washing three 

times with DPBS, the DNA was stained by incubating the cells with Hoechst 33342 

(1µg/ml in DPBS) for 2-5 min at RT. Coverslips were again washed three times 

with DPBS, mounted on glass slides with one drop of mounting medium (either 

n-propyl gallate or Vectorshield Mounting Medium), and sealed with clear nail 

varnish to prevent drying and observed under a fluorescence microscope. 

Immunofluorescence images were acquired on a Nikon Eclipse (TE 300 semi-

automatic, Tokyo, Japan) and captured by using Hamamatsu ORCA-R2 digital 
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camera (Photonics, Bridgewater, NJ). Alternatively, confocal images were 

acquired on a Leica Confocal SP5. Z stacks comprising 30-50 0.3µm sections were 

acquired and the images were analysed as maximum intensity projections using 

Image J software. Pearson’s correlation coefficient was performed using the 

Pearson’s correlation function in the SP5 software, and the mean values (±S.D.) 

were calculated from 10 images of 3 independent experiments.  

 

2.3.4 Biochemical techniques  

2.3.4.1  Preparation of cell lysates 

Cell lysates of untreated or Staurosporine-treated cells were prepared by washing 

three times with DPBS followed by addition of 100 µl RIPA buffer. The cells were 

scraped, and the homogenates were transferred into pre-cooled eppendorf 

tubes. The cell lysates were vortexed for 10 seconds and kept on ice for 20 

minutes. Subsequently, the cell lysates were clarified using an Eppendorf 

Centrifuge (5417R) at 14.000 rpm for 20 minutes at 4°C. The supernatant was 

transferred to a fresh pre-cooled eppendorf tube and stored at -80°C until 

required. For cells treated with Taxol, the mitotically-arrested cells were collected 

by mitotic shake–off and centrifuged at 1100 rpm for 5 minutes at RT. After 

centrifugation, the media was removed, and the pellet washed two times with 

DPBS, followed by lysis in 100 µl RIPA buffer. The cell lysates were prepared as 

described before and stored at -20 °C or -80 °C until required. 

 

2.3.4.2 Preparation of cell lysates for examination of Bak and Bax 

oligomers  

To examine oligomeric forms of Bak and Bax, the cells were treated with Taxol for 

16-36 hrs. The mitotically-arrested cells were collected by shake-off and 
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centrifuged at 1100 rpm for 5 min at 4°C. Cell pellets were washed with DPBS and 

incubated with buffer A containing 0.01% (w/v) digitonin for 2 min at 4°C. The 

cross-linking agent DSP (1 mM final concentration) was added after cell 

permeabilization and quenched with 0.1 volume of (2 M) Tris-Hcl (pH 7.5).  After 

centrifugation at 14000 rpm for 15 min, the membrane and organelle- bound 

proteins were released by incubating the pellets in buffer A containing 3% CHAPS 

for 45 min at 4 °C, and the supernatant was collected by centrifugation at 14000 

rpm for 15 min at 4 °C. The samples were mixed with 5X SDS-PAGE sample buffer 

either with or without β-mercaptoethanol and heated at 70 °C for 5 min before 

loading onto SDS-PAGE gel and western blotting.  

  

2.3.4.3  Protein assay   

A protein assay kit (Bradford) was used to measure the protein concentration of 

the cell lysate. A standard curve was constructed by using bovine serum albumin 

(BSA) (Pierce, 2 mg/ml) according to the manufacturer’s instructions. The 

absorbance of the samples was measured at 595 nm using a spectrophotometer 

(Norvaspec plus, Amersham Biosciences).  

 

2.3.4.4 Sodium dodecyl Sulphate-Poly Acrylamide Gel Electrophoresis 

(SDS-PAGE) 

Proteins were separated using SDS-PAGE (Bio-Rad Mini proteins 2). According to 

the reagents shown in Table 2.6, either 7 %, 10 % or 12.5 % SDS-polyacrylamide 

gels were prepared. A stacking gel (3 %) was prepared from the reagents shown 

in Table 2.6 and poured on the top of the polymerized running gel. Normalised 

cell lysates, containing 20-100 µg of protein, were mixed with 2X SDS-PAGE 

sample buffer in a 1: 1 ratio and heated at 95°C for 5 min. The protein samples 
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were centrifuged for 10 seconds and loaded on the gel. A molecular weight 

marker (5 µl), (Multicolour Broad Range Protein Ladder, ThermoScientific), was 

also loaded next to the samples. Gels were electrophoresed in running buffer at 

120V for about one hour, till the running front reached the bottom of the gel.  

The gels were subsequently processed for Western Blotting.  

2.3.4.5 Western Blotting 

Following gel electrophoresis, the gel was soaked in transfer buffer for 10 min. 

Whatman chromatography paper 3 MM (6 pieces) and a nitrocellulose 

membrane (0.45 µM) were soaked in transfer buffer for 1 min. The gel was placed 

on a nitrocellulose membrane and sandwiched between 3 pieces of Whatman’s 

paper on each side. Proteins were transferred by electroblotting at 60 mA/gel at 

RT for 1 hr using a Semi-Dry Transfer Unit (Amersham Biosciences). The blot was 

incubated in blocking buffer, dried milk powder or BSA (5% w/v) in Tris-Saline-

Tween (TST), for 1 hr at RT to block nonspecific protein binding sites. The blot was 

then incubated with a primary antibody for 1 hr at RT or overnight at 4°C on a 

roller. After incubation, the blot was washed six times (10 minutes for each) with 

1× TST to remove unbound antibody. The blot was then incubated with a 

secondary antibody conjugated with Horseradish Peroxidase (IgG-HRP) for 2 hrs 

at RT on a roller. Both the primary and secondary antibodies were diluted in 

blocking buffer. The blot was then washed six times with TST. The blot was 

incubated with EZ-ECL reagent (Chemiluminescence Detection Kit) for 5 minutes, 

enclosed in wrap, and immediately exposed to X-ray films (Santa Cruz 

Biotechnology) and developed in an automatic film processor (X-ray processor 

SRX-101A, Konica Minolta, UK). 

The blots were scanned (CanoScan LiDE 90), and the images processed for clarity 

using Microsoft PowerPoint. ImageJ software was used to quantify the intensity 

of the bands. In brief, the background of the entire image was subtracted. The 

bands were then selected using the rectangle tool and the intensity profiles were 
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plotted by giving a number to each rectangle. The area under the peaks was 

measured using the magic wand tool and that represents a quantification of the 

intensity of the band. The intensity of the interested proteins was normalized to 

the intensity of the α-tubulin, and the mean values (±S.D.) were calculated from 

three independent experiments. 

2.3.4.6 Immunoprecipitation and Co-immunoprecipitation (IP and co-IP) 

Immunoprecipitation of proteins from cell lysates was performed using Pierce 

protein A/G magnetic beads. Untreated or Taxol-treated cells were lysed in lysis 

buffer B (to immunoprecipitate the active and inactive form of Bak and Bax) or 1 

% CHAPS lysis buffer (to immunoprecipitate the active form of Bak and Bax). The 

magnetic beads (50 µL/sample) were collected with a magnetic stand and washed 

three times with ice-cold washing buffer. The cell lysate (1-1.5 mg) was 

precleared with 50µL (0.5mg) protein A/G magnetic beads according to the 

manufacture's protocol. The precleared cell lysate was incubated with 10 µL (2 

µg) mouse monoclonal anti-active Bax (6A7) antibody or goat polyclonal anti-

active Bak (N-20) antibody for 3-4 hrs at 4 °C on a rotator. The immunocomplexes 

(Bak and Bax IPs) were captured by adding prewashed magnetic beads (50µL) and 

incubated for an additional 3-4 hrs at 4 °C with mixing. The magnetic beads were 

then collected with the magnetic stand and washed three times with ice-cold 

washing buffer. The beads were re-suspended in 25 µL 2X SDS-PAGE sample 

buffer for 20 minutes at RT, to elute the immunoprecipitated proteins from the 

complex. The beads were sedimented with the magnetic stand and the 

supernatant collected, without heating, and analysed by Western blotting. 

 



 

70 

 

2.3.4.7 Preparation of samples for mass spectrometry 

The immunoprecipitated Bak or Bax from untreated and Taxol-treated cells (60 

nM for 24 hrs) were resolved on a 12.5% SDS-PAGE and the gel stained with 

colloidal coomassie instant blue stain overnight. The appropriate band was cut 

out from the gel and sent to the Protein and Nucleic Acid Chemistry Laboratory 

(PNACL), University of Leicester. The IPs were subjected to peptide mass 

fingerprint analysis (LTO-Orbitrap-Velos-ETD mass spectrometer) and the data 

were analysed using Scaffold software (Peptide threshold 95% and Protein 

Identification Probability 100%). 

 

2.3.5 In Vitro Protein-Protein Interaction Assay 

Bax-Cdk1 binding was carried out using a direct in vitro protein-protein 

interaction assay. Equimolar concentrations (50 µM) of human recombinant GST-

Cdk1 and either wild type Bax or GST-Tag Bax were mixed and incubated in 1 % 

CHAPS lysis buffer for 2 hrs at 4 °C. GST-PAK alpha protein was used as a control. 

After incubation, Cdk1 was immunoprecipitated using a Cdk1-specific antibody 

Cdc2p34 (17) as described in section 2.3.4.6. The immunoprecipitated Cdk1 was 

washed three times in cold (4 °C) IP wash buffer and the beads resuspended in 

30 µl 2X sample buffer. The IPs were resolved on a 12.5 % SDS-PAGE gel and 

western blotted for Cdk1, Bax and PAK-α using specific antibodies. 

 

2.3.6 Histone H1 kinase assay  

To assay Cdk1 kinase activity in Bax, Bak and Bax/Bak-depleted cells, an in vitro 

kinase assay was performed. Cdk1 was immunoprecipitated from either 

untreated or transfected (control siRNA, Bax siRNA, Bak siRNA or both Bax and 

Bak siRNA) HeLa cells using Cdk1-specific antibody Cdc2p34 (17). The transfected 
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cells were treated with Taxol (60 nM) for 12 hrs, and the cells collected by mitotic 

shake-off and lysed in Cdk1 Lysis buffer. As a control, a parallel set of Taxol-

treated cells was incubated with RO-3306 (5 µM) for 4 hrs to inhibit Cdk1 activity.  

The immunoprecipitated Cdk1 was washed three times in cold (4 °C) IP washing 

buffer and two times in cold (4 °C) Cdk1 assay buffer (Table 2.5, page 48). 

Following the final wash, the beads were resuspended in 20 µl of kinase assay 

mix. The kinase assay mix included 0.4 µl cold ATP (4 mM), 4 µCi of [ϒ-32P]-ATP, 

2 µl of Histone H1 (20 mg/ml) and 17.2 µl of kinase assay buffer. The samples 

were incubated at 30 °C for 20 min and the reactions were stopped by adding 20 

µl of 2X sample buffer. Each sample (20 µl) was run on a 12.5 % SDS-PAGE gel. 

The gel was stained with Instant Blue colloidal Coomassie and dried on a gel dryer 

(Bio-Rad). The dried gel was placed on X-Ray film and developed to visualise the 

phosphorylated histone H1. 

 

2.3.7 Statistical analysis 

GraphPad Prism 7.0. was used to analyse the data. The mean of at least three 

independent experiments and P values were calculated using one-way ANOVA, 

unless otherwise stated, P<0.05 was considered to be statistically significant. 

Correlation analysis was performed using Pearson’s correlation coefficient with 

P<0.05 considered to be statistically significant.  
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Chapter 3. Taxol-induced apoptosis is dependent on both Bax and Bak 

3.1 Introduction  

Microtubule-targeting agents (MTAs), such as Taxol, interfere with the mitotic 

functions of microtubules and cause cell cycle arrest, which is then followed by 

cell death via activation of the mitochondrial-dependent pathway (Barbuti and 

Chen, 2015). Proteins of the Bcl-2 family tightly regulate mitochondrial-

dependent apoptosis that causes mitochondrial outer membrane 

permeabilization (MOMP) (Roy et al., 2014). MOMP facilitates apoptogenic 

factors such as cytochrome c to be released from the mitochondrial 

intermembrane space into the cytoplasm, which triggers caspase activation and 

destruction of essential cellular components (Bratton and Salvesen, 2010).  

The major pro-apoptotic proteins, Bax and Bak, commit mitotically arrested cells 

to undergo apoptosis by inducing MOMP (Westphal et al., 2011). It was reported 

that depletion of Bax was more effective than Bak in inhibiting Taxol-induced 

apoptosis in MDA-MB-231 cells (Bah et al., 2014). Another study reported that 

depletion of Bax does not have a major effect on Nocodazole-induced apoptosis 

in HeLa cells, whereas depletion of Bak significantly reduced mitotic cell death 

(Haschka et al., 2015). Although these pro-apoptotic proteins play an essential 

role in mitotic cell death upon receipt of an apoptotic stimulus, their specific 

contribution to Taxol-induced apoptosis remains unclear.  In this chapter I asked 

whether only one of them or both are important to initiate mitotic cell death in 

response to Taxol.  
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3.2 Intracellular Bax and Bak were efficiently depleted using Bax and Bak 

siRNA  

In order to examine the role of Bax and Bak in Taxol-induced mitotic death, Bax 

and Bak expression was depleted using siRNA. Protein expression levels of Bax 

and Bak were targeted individually using different concentrations of siRNA 

(25nM, 50nM and 100nM) to determine the effective siRNA concentrations that 

efficiently target Bax and Bak mRNA. HeLa cells extracts were prepared for 

untreated, control, and varying concentrations of Bax and Bak siRNA for Western 

blot analysis. As shown in Figure 3-1 the pro-apoptotic protein Bax was clearly 

detectable in control siRNA, untreated and 25 nM Bax siRNA-treated HeLa cells 

but was completely absent in 50 nM and 100 nM Bax siRNA treated cells. 

Likewise, Bak protein was clearly detectable in control siRNA and untreated HeLa 

cells. However, it was slightly detectable with 25 nM Bak siRNA but strongly 

depleted at 50 nM and 100 nM Bak siRNA treated cells (Figure 3-2). Immunoblot 

analysis revealed that Bax siRNA did not affect Bak expression and Bak siRNA did 

not affect Bax expression at the concentrations tested. These results suggest that 

intracellular Bax and Bak could be specifically and efficiently depleted by using 

siRNA. 
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 Figure 3-1: siRNA depletion of Bax 

HeLa cells were either left untreated or transfected with either control (50 nM) or Bax 
siRNA (25-100nM) and incubated for 48 hrs. After 48 hrs, total cell extracts were 
prepared and subjected to immunoblot analysis with the indicated antibodies. α-tubulin 
was used as a loading control and the molecular weight markers are shown on the right. 
This result is representative of 2 independent experiments. 

 

 

 

Figure 3-2: siRNA depletion of Bak 

HeLa cells were either left untreated or transfected with either control (50 nM) or Bak 
siRNA (25-100nM) and incubated for 48 hrs. After 48 hrs, total cell extracts were 
prepared and subjected to immunoblot analysis with the indicated antibodies. α-tubulin 
was used as a loading control and the molecular weight markers are shown on the right. 
This result is representative of 2 independent experiments. 
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3.3 Depletion of Bax inhibits Taxol-induced apoptosis and re-expression 

of GFP-Bax can rescue Taxol-induced apoptosis in HeLa cells  

I examined the effect of siRNA depletion of Bax on Taxol-induced apoptosis. To 

determine whether HeLa cells undergo apoptosis in response to Taxol treatment, 

the cells were either left untreated or transfected with either control or Bax 

siRNA; in one set of Bax siRNA-treated cells, Bax was re-expressed with GFP-Bax. 

The cells were then treated with Taxol for 24 hrs and collected by mitotic shake-

off. Immunofluorescence analysis was performed using the CytoDEATH (M30) 

antibody, which recognizes caspase-cleaved cytokeratin 18 (Li et al., 2017). 

Mitotic death in response to Taxol treatment was reduced substantially in HeLa 

cells transfected with Bax siRNA in comparison to non-transfected or control 

siRNA-treated cells. My results indicated that depletion of Bax significantly 

reduced apoptosis from 83.3% in the control siRNA-treated cells to 22.3% in the 

Bax-depleted cells upon Taxol treatment (Figure 3-3 A and B). I next investigated 

whether re-expression of GFP-Bax could rescue mitotic death in the Bax-depleted 

HeLa cells. The cleavage of cytokeratin 18 was significantly increased upon re-

expression with GFP-Bax and followed by Taxol treatment. The number of the 

apoptotic cells was increased from 22.3% in the Bax-depleted cells to 88% 

following re-expression of GFP-Bax, suggesting a key role for Bax in Taxol-induced 

apoptosis. This result also strongly suggested that in the absence of Bax, Bak was 

not sufficient to induce MOMP upon Taxol treatment (Figure 3-3 A and B). 
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Figure 3-3: Depletion of Bax inhibits Taxol-induced apoptosis and re-expression 
of GFP-Bax can rescue apoptosis. 

(A) Representative images of Taxol-induced apoptosis in HeLa cells after Bax depletion. 
HeLa cells were either left untreated or transfected with either control or Bax siRNA 
(50nM) and incubated for 48 hrs. After 48 hrs, one set of Bax siRNA-treated cells was re-
expressed with GFP-Bax and incubated for further 24 hrs. The cells were then treated 
with Taxol (60nM) for 24 hrs. Mitotically arrested cells were collected by mitotic shake-
off, fixed and stained with M30 antibody (red) and DNA was stained with Hoechst 33342 
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(blue), GFP-Bax (green). Results are representative of three independent experiments. 
(B) Quantitation of apoptosis for the experiment described in (A), 100 cells were 
counted in randomly selected fields and the mean values calculated from three 
independent experiment (±S.D.). P-values were calculated using one-way ANOVA (**** 
P value <0.0001). 

 

3.4 Bak and Bax play a key role in Taxol-induced mitotic cell death  

It has been reported that mitochondrial-mediated apoptosis requires the 

activation of either Bak or Bax to permeate the mitochondrial outer membrane 

(Bah et al., 2014, Haschka et al., 2015). I therefore examined whether only Bak or 

Bax or both proteins are required to induce apoptosis upon Taxol treatment.  

Either Bak, Bax or Bak/Bax siRNA (50nM) were used to deplete Bak and Bax mRNA 

in HeLa cells. Western blots were performed to verify the protein expression 

levels of both Bak and Bax (Figure 3-4). Untreated and transfected cells (control 

siRNA, Bax siRNA, Bak siRNA and both Bax/Bak siRNA) were treated with Taxol 

for 24 hrs and levels of apoptosis were analysed using M30 antibody. As shown 

in Figure 3-5 A and B, depletion of Bax caused a significant decrease in Taxol-

induced apoptosis as judged by cytokeratin 18 cleavage (23.3% apoptosis) in 

comparison with the control siRNA-treated cells (71.3% apoptosis). Likewise, 

depletion of Bak also caused a marked decrease of Taxol-induced apoptosis 

(17%).  Furthermore, depletion of both Bak and Bax resulted in inhibition of 

mitotic cell death to a larger extent than the depletion of either Bak or Bax alone.  

Cytokeratin 18 cleavage was significantly reduced in the Bak/Bax depleted cells 

(14.3% apoptosis) in comparison to control siRNA treated cells (71.3% apoptosis). 

These results suggested that depletion of Bax and Bak individually or in 

combination has an important role in reducing mitotic cell death induced by 

Taxol. Collectively, both Bak and Bax appear to play a critical role in the induction 

of mitotic cell death and suggests that both proteins are required for Taxol-

induced apoptosis in HeLa cells. 
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Figure 3-4: Depletion of either Bax, Bak, or both Bax and Bak expression 

HeLa cells were either left untreated or transfected with control (50nM), Bax (50nM), 
Bak (50nM), or both Bak and Bax siRNA (50nM), and incubated for 48 hrs. After 48 hrs, 
cell extracts were prepared and subjected to Western blotting with the indicated 
antibodies. α-tubulin was used as a loading control and the molecular weight markers 
are shown on the right. This result is representative of 2 independent experiments. 

 

 

 

 



 

79 

 

 

Figure 3-5: siRNA depletion of either Bak, Bax or both Bak and Bax inhibit Taxol-
induced apoptosis. 

(A) Representative images of Taxol-induced apoptosis in HeLa cells after Bak, Bax or both 
Bak/Bax depletion. HeLa cells were either left untreated or transfected with control, 
Bak, Bax or both Bak/Bax siRNA (50nM) and incubated for 48 hrs. After 48 hrs, the cells 
were treated with Taxol (60nM) for 24 hrs. Mitotically arrested cells were fixed and 
stained with M30 antibody (green colour) and DNA was stained with Hoechst 33342 
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(blue colour). Results are representative of three independent experiments. (B) 
Quantitation of apoptosis for the experiment described in (A), 100 cells were counted in 
randomly selected fields and the mean values calculated from three independent 
experiment (±S.D.). P-values were calculated using one-way ANOVA (* P value <0.05, 
**** P value <0.0001). 

 

3.5 Bax and Bax expression in different cell lines 

In order to further examine the role of Bax/Bak in Taxol-sensitivity in human cell 

lines, I determined the levels of both Bak and Bax in several human cancer cell 

lines, in addition to retinal pigment epithelium cells (RPE1) and mouse myoblast 

cells (C2C12). Bax and Bak levels were examined by Western blotting of total cell 

extracts prepared from non-transformed RPE-1, C2C12 and a number of cancer 

cell lines (HeLa, Melanoma, U2OS, Mesothelioma, RKO 143, STK 5090 and A19 

RKO), previously described in section 2.1.2 page 44. My results shown that 

expression of Bax was significantly higher in lung cancer cell line (STK5090) and 

Melanoma compared to RPE1 cells (Figure 3-6 A and B). However, the expression 

of Bak was significantly higher in two colorectal cancer cell lines, RKO143 and 

A19RKO in comparison to RPE1 cells. Most strikingly, the lung cancer cell line 

STK5090 showed the lowest Bak expression, which is significantly lower in 

comparison to RPE1 cells (Figure 3-6 A and C). The low level of Bak in STK5090 

cells promoted me to further investigate Taxol-induced apoptosis in this cell line. 
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Figure 3-6: Protein expression of Bax and Bak in different cell lines. 

(A) Exponentially growing HeLa, RPE1, Melanoma, U2OS, Mesothelioma, C2C12, RKO 
143, STK 5090 and A19 RKO cells were lysed in RIPA buffer and the normalized cell 
extracts were subjected to immunoblotting for Bax and Bak. α-tubulin was used as a 
loading control and the molecular weight markers are shown on the right. This result is 
representative of 3 independent experiments. (B) and (C) Histograms represent the 
intensity of Bax and Bak expression in different cell lines normalized to α-tubulin from 
blots shown in A, respectively. Histograms represent the mean ± SD of three 
independent experiments. P-values were calculated using one-way ANOVA (** P value 
< 0.01), (*** P value < 0.001, **** P value <0.0001). 

 

 

3.6 STK 5090 cells were resistant to Taxol treatment 

We determined the levels of Bak protein in nine different cell lines. Among the 

cell lines we investigated, STK50590 showed the lowest Bak expression (Figure 3-

6, page 79). In order to examine the role of Bak in Taxol-induced apoptosis in STK 

5090 cell lines, synchronized population of STK 5090 cells were either left 
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untreated or treated with 1 µM Taxol for 24 hrs. As shown in Figure (3-7), STK 

5090 cells were resistant to Taxol, suggesting that the level of Bak could 

determine Taxol sensitivity and supported the siRNA experiments, which 

indicated that both Bak and Bax may be required for Taxol-induced apoptosis in 

HeLa cells.  

 

Figure 3-7: STK 5090 cells were resistant to Taxol-induced apoptosis. 

STK 5090 cells were synchronized at the G1/S boundary by thymidine arrest for 24 hrs 
and released. The cells were either left untreated or treated with 1 µM Taxol for 24 hrs. 
One set of HeLa cells was treated with Taxol (60 nM) for 24 hrs as a control. Taxol-
treated cells were collected by mitotic shake-off, fixed and stained with M30 antibody 
(green colour). DNA was stained with Hoechst 33342 (blue colour). Images are 
representatives from one out of two experiments yielding similar results. 
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3.7 Discussion  

Taxol is one of the most common chemotherapeutic agents used against different 

types of blood or solid cancer. Taxol is a microtubule-stabilizer which suppresses 

dynamic instability of the microtubule, and causes mitotic arrest via activation of 

the mitotic checkpoint (Weaver, 2014). This in turn results in prolonged mitotic 

arrest and primes mitotically arrested cells to the intrinsic pathway of apoptosis 

(Jordan and Wilson, 2004). The transition between prolonged mitotic arrest and 

the induction of mitotic cell death involves the release of cytochrome c by 

changing the permeability of the mitochondrial outer membrane (Karch et al., 

2013). The key effector pro-apoptotic proteins, Bak and Bax, commit mitotically 

arrested cells to apoptosis by modifying the permeability of the mitochondrial 

outer membrane and facilitating the release of cytochrome c (Adams and Cory, 

2007). Although these pro-apoptotic proteins play a central role in mitotic cell 

death upon receipt of the apoptotic stimulus, the molecular mechanism of Taxol-

induced mitotic arrest followed by mitotic death via activation of mitochondrial 

apoptotic pathway remains unclear.  

Understanding the molecular pathways of mitotic cell death during sustained 

mitotic arrest and how these pro-apoptotic proteins trigger the intrinsic pathway 

of apoptosis is critical to improve the efficacy of antimitotic drugs. In this study, 

using RNAi, I have highlighted the prominent role of the multidomain Bax 

subfamily proteins, Bak and Bax, in initiating mitotic cell death during Taxol-

induced apoptosis.  

The mitochondrial apoptotic pathway is regulated by Bcl-2 family proteins 

(Adams and Cory, 2007). In particular, it has been shown that activated Bax 

assembles into a cluster, semi-ring or ring-like structure in the mitochondrial 

outer membrane during Actinomycin D-induced apoptosis in HeLa and U2OS cell 

lines (Große et al., 2016). I examined whether Bax is the major pro-apoptotic 

protein which was involved in the Taxol-mediated mitotic cell death. Cleavage of 
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cytokeratin 18 induced by Taxol treatment was significantly reduced in Bax 

depleted HeLa cells. My results showed that mitotic cell death was decreased to 

22.3% in HeLa cells transfected with Bax siRNA in comparison to control siRNA 

(83% apoptosis). My data is consistent with the hypothesis that Bax has a critical 

role in triggering mitotic apoptosis (Bah et al., 2014, Upreti et al., 2006, 

Yamaguchi et al., 2004).  

To further investigate the role of Bax in Taxol-mediated mitotic cell death, GFP-

Bax was re-expressed in Bax-depleted HeLa cells. My data demonstrated that re-

expression of GFP-Bax in Bax-depleted HeLa cells can rescue apoptosis and the 

mitotic cell death was significantly increased from 22.3 % to 88 %. These findings 

are in line with a recent study which clearly identifies the functional role of GFP-

Bax in apoptotic mitochondria. After 7 hrs STS treatment, GFP-Bax organized into 

different shapes including arcs and complete rings when GFP-Bax was re-

expressed in Bak/Bax DKO HCT116 cells. Similar shapes of GFP-Bax were observed 

in HeLa cells between 2 to 6 hrs of STS treatment (Salvador‐Gallego et al., 2016). 

I thus speculated that mitotic cell death in Taxol-mediated mitotic arrest is Bax 

dependent.  

The other key effector protein Bak has been shown to be involved in the initiation 

of mitotic cell death in response to multiple death stimuli (Wei et al., 2001). I 

performed RNAi depletion experiments in HeLa cells to investigate the hypothesis 

that Bak is also critical in inducing mitotic cell death upon Taxol treatment. 

Cleavage of cytokeratin 18 induced by Taxol treatment was significantly reduced 

by depletion of Bak expression. My results showed that mitotic cell death was 

reduced to 17 % in HeLa cells transfected with Bak siRNA in comparison to 71.3 

% in control siRNA-treated cells. Consistent with a recent study conducted by 

Haschka and colleagues, my results indicated that depletion of Bak significantly 

reduces mitotic cell death in response to antimitotic drugs (Haschka et al., 2015). 

However, my data is in contrast with another study which demonstrated that 

depletion of Bax was more effective than Bak in inhibiting Taxol-induced 
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apoptosis (Bah et al., 2014).  Of note, the latter study was carried out on different 

cell line, breast cancer cell line MDA-MB-231 and MCF-7. 

My experiments with Bak/Bax double depletion further decreased the propensity 

of HeLa cells to undergo mitotic cell death. The apoptotic levels in Bak/Bax double 

depletion (14.3%) was slightly lower than Bax siRNA (23.3%) and Bak siRNA (17%), 

suggesting that co-depletion of Bak and Bax can further reduce mitotic cell death. 

Overall, most studies are consistent with the idea that the presence of Bak and 

Bax can induce more efficiently apoptosis (Bah et al., 2014, Haschka et al., 2015, 

Upreti et al., 2008a, Tait and Green, 2013, Campbell and Tait, 2018).  

I further investigated the impact of Bak in the intrinsic pathway of apoptosis. 

Interestingly, the lung cancer cell line STK 5090 displayed the lowest levels of Bak 

expression among nine different cell lines. STK 5090 cells were resistant to Taxol 

treatment (1µM). One possibility is that Bak may play a key role in mitochondrial 

outer membrane permeabilization during Taxol treatment. The prosurvival 

proteins such as Bcl-xL can also prevent Bax-mediated apoptosis (Fletcher et al., 

2008). In conclusion, my data shown that both Bak and Bax are required for 

initiating mitotic cell death on Taxol treatment. HeLa cells deficient in either Bak 

or Bax showed a significant decrease in the apoptotic levels indicating that both 

Bak and Bax are functionally important for Taxol-induced apoptosis in HeLa cells. 
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Chapter 4. Bak-Bax interaction is required for Taxol-induced apoptosis 

4.1 Introduction 

Although numerous studies have investigated the effect of Taxol in a number of 

human cancer cells, including HeLa cells, the molecular mechanism of Taxol-

induced apoptosis, particularly the organization of Bak and Bax in the 

mitochondrial outer membrane (MOM) during apoptosis and their interactions 

with other MOM/MIM (mitochondrial inner membrane) proteins, remains 

unclear. In the present study, I examined if Taxol promotes the activation and 

oligomerization of Bak and Bax. The results indicate that Taxol induced activation 

and oligomerization of Bak and Bax. Both proteins were mainly monomeric in 

untreated cells, but oligomeric forms were observed in Taxol-arrested mitotic 

cells. Immunoprecipitation with anti-active Bak and anti-active Bax antibodies 

revealed that there was a time dependent increase in the amount of active Bak 

and active Bax following Taxol addition. Furthermore, reciprocal 

immunoprecipitation experiments demonstrated that Taxol induced an 

interaction between active Bax and Bak and between active Bak and Bax. The 

interaction between Bak and Bax correlated with the induction of apoptosis. 

Therefore, the formation of this complex seems to be the critical step in Taxol-

induced mitotic cell death.  
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4.2 Taxol induces Bak and Bax Oligomerization  

It has been reported that the active mitochondrial membrane-embedded Bak and 

Bax organize into symmetric dimers. Bak and Bax symmetric dimers work as 

building blocks to form larger complexes in the MOM (Bleicken et al., 2013, 

Czabotar et al., 2013, Subburaj et al., 2015). To determine whether Taxol 

treatment induces oligomerization of Bak and Bax, HeLa cells were treated with 

Taxol for 24-36 hrs. Digitonin was used for permeabilization and DSP [dithiobis 

(succinimidyl propionate)] was used as a cross-linking agent (Zeng et al., 2006). 

Both β-mercaptoethanol-reduced and non-reduced cell extracts were then 

separated on an SDS-PAGE gel and immunoblotted with either a Bax or a Bak 

antibody. As shown in Figure 4-1 and 4-2, in untreated samples, Bax and Bak 

migrated as monomers at 21 kDa and 25 kDa respectively. However, following 

Taxol treatment, a proportion of Bax migrated at 42 and 63 kDa and Bak migrated 

at 50 kDa, suggesting that Taxol-induced apoptosis involves activation and 

oligomerization of these proteins. The oligomeric forms were only detected in the 

absence of the reducing agent. Bak homodimers are formed via two disulfide 

bonds between cysteine residues (i.e., between 69C’/111C and 69C/111C’) 

(Mandal et al., 2016). In contrast, the disulphide bonds in Bax homodimers are 

formed between cysteine residues in the BH3-groove region (56C’/94C and 

56C/94C’) (Dewson et al., 2012). The addition of β-mercaptoethanol caused 

elimination of the oligomeric forms of both Bak and Bax, suggesting that 

disulphide bonds are required for the formation and maintenance of the 

oligomers. 
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Figure 4-1: Bax oligomerization induced by Taxol. 

HeLa cells were treated with Taxol (60 nM) for the indicated times and then 
permeabilized with 0.01% (w/v) digitonin for 2 minutes. Taxol-treated cells were lysed 
in a CHAPS buffer to release membrane- and organelle-bound proteins. The cell lysates 
were then incubated with 1 mM DSP for 10 minutes to cross-link proteins. The 
normalized cell extracts were subjected to immunoblotting for Bax in the absence or 
presence of the reducing agent (β-mercaptoethanol (βME)). The molecular weight 
markers are shown on the right. This result is representative of 2 independent 
experiments. 

 

 

 

Figure 4-2: Bak oligomerization induced by Taxol. 

HeLa cells were treated with Taxol (60 nM) for the indicated times and then 
permeabilized with 0.01% (w/v) digitonin for 2 minutes. Taxol-treated cells were lysed 
in a CHAPS buffer to release membrane- and organelle-bound proteins. The cell lysates 
were then incubated with 1 mM DSP for 10 minutes to cross-link proteins. The 
normalized cell extracts were subjected to immunoblotting for Bak in the absence or 
presence of the reducing agent (β-mercaptoethanol (βME)). The molecular weight 
markers are shown on the right. This result is representative of 2 independent 
experiments. 
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4.3 Bak and Bax Oligomerization occur independently of each other 

To investigate the role of Bak in the reorganization and oligomerization of Bax 

and vice versa, either Bak or Bax was depleted using Bak or Bax siRNA, 

respectively. Untransfected and control siRNA samples were prepared as a 

positive control. Untransfected and siRNA-transfected cells were treated with 

Taxol for 24 hrs. As shown in Figure 4-3 and 4-4, oligomerization of Bak was 

detected in the absence of Bax and oligomerization of Bax was also detected in 

the absence of Bak. These results indicate that Bak and Bax oligomerize 

independently of each other in response to Taxol treatment. However, my 

previous results have shown that both Bak and Bax are necessary for Taxol-

induced apoptosis. 

 

Figure 4-3: Oligomerization of Bak in Bax-depleted HeLa cells. 

Hela cells were left untreated or transfected with either control siRNA (50 nM) or Bax 
siRNA (50 nM) for 48 hrs. After 48 hrs, the cells were treated with Taxol (60nM) for 24 
hrs and permeabilized with 0.01% (w/v) digitonin. CHAPS lysis buffer was used to release 
membrane- and organelle-bound proteins and the cell lysates were incubated with 1 
mM DSP. The samples were subjected to Immunoblotting for Bak in the absence of the 
reducing agent βME. α-tubulin was used as a loading control.  The molecular weight 
markers are shown on the right. This result is representative of 2 independent 
experiments. 
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Figure 4-4: Oligomerization of Bax in Bak-depleted HeLa cells. 

Hela cells were left untreated or transfected with either control siRNA (50 nM) or Bak 
siRNA (50 nM) for 48 hrs. After 48 hrs, the cells were treated with Taxol (60nM) for 24 
hrs and permeabilized with 0.01% (w/v) digitonin. CHAPS lysis buffer was used to release 
membrane- and organelle-bound proteins and the cell lysates were incubated with 1 
mM DSP. The samples were subjected to Immunoblotting for Bax in the absence of the 
reducing agent βME. α-tubulin was used as a loading control. The molecular weight 
markers are shown on the right. This result is representative of 2 independent 
experiments. 

 

4.4 Taxol Induces Bak-Bax Interaction  

Next, I tested the hypothesis that Taxol-induced apoptosis requires the formation 

of Bak and Bax hetero-oligomers by examining Bax/Bak interactions using co-

immunoprecipitation (co-IP) assays. Under native conditions, co-IPs were carried 

out in untreated and Taxol-arrested HeLa cells using anti-Bak (N-20) goat 

polyclonal antibody and anti-Bax (6A7) mouse monoclonal antibody. The anti-Bak 

(N-20) antibody recognizes the conformationally active form of Bak and the anti-

Bax (6A7) antibody recognizes the conformationally active form of Bax (Youle and 

Strasser, 2008). IPs were analysed by Western blotting using either anti-Bak or 

anti-Bax antibody. First, I immunoprecipitated the total Bax and Bak proteins 

using a non-CHAPS lysis buffer. As shown in Figure 4-5 and 4-6, the inactive and 

the active forms of Bax and Bak were immunoprecipitated in almost equal 

amounts from both the untreated and Taxol-treated cells respectively. 
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Interestingly, Bak was detected in the Taxol-arrested cells when the Bax IP was 

reblotted with anti-Bak antibody Figure (4-5). Similarly, Bax was also detected in 

Taxol-arrested cells when the Bak IP was reblotted with anti-Bax antibody Figure 

(4-6). These results suggest that Bak and Bax form a complex (directly or 

indirectly) in Taxol-treated cells. Immunoblotting verified the absence of Bak or 

Bax when the immunoprecipitations were performed in the absence of the 

antibodies or in the absence of the cell lysates. 

 

 

Figure 4-5: Bak co-immunoprecipitates with Bax (active and inactive). 

Hela ells were either left untreated or treated with Taxol (60nM) for the indicated times 
and subjected to immunoprecipitation with anti-Bax (6A7) antibody (lanes 1-2) followed 
by immunoblotting for Bax or Bak. Lane 3 represents cell extracts plus magnetic beads 
only (BO) and lane 4 represents control IgG. The cell extracts of untreated (lanes 5) and 
Taxol-treated cells (lanes 6) were also immunoblotted as controls. The molecular weight 
markers are shown on the right. This is representative of 2 independent experiments. 
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Figure 4-6: Bax co-immunoprecipitates with Bak (active and inactive). 

HeLa cells were either left untreated or treated with Taxol (60nM) for the indicated 
times and subjected to immunoprecipitation with anti-Bak (N-20) antibody (lanes 1-2) 
followed by immunoblotting for Bak or Bax. Lane 3 represents cell extracts plus magnetic 
beads only (BO) and lane 4 represents control IgG. The cell extracts of untreated (lanes 
5) and Taxol-treated cells (lanes 6) were also immunoblotted as controls. The molecular 
weight markers are shown on the right. This is representative of 2 independent 
experiments. 

 

4.5 Interaction of active Bak and Bax in Taxol-arrested cells 

Since Bak and Bax formed a complex only when they are activated, I then 

immunoprecipitated only active Bak or only active Bax using a CHAPS lysis buffer. 

Other non-ionic detergents such as Triton X-100 and NP-40 induce 

conformational changes and oligomerization of pro-apoptotic proteins Bak and 

Bax (Dewson, 2015). HeLa cells were either left untreated or treated with Taxol, 

and then Bax and Bak were immunoprecipitated from the cell lysates as described 

before (section 2.3.4.6, see page 67). My results indicated that the active forms 

of Bax and Bak were detected primarily in the Taxol-arrested cells, while, a small 

amount of Bak was detected in the untreated cells. Furthermore, Bak co-

immunoprecipitated with active Bax in Taxol-arrested mitotic cells. Similarly, Bax 

also co-immunoprecipitated with active Bak in Taxol-arrested mitotic cells 

(Figures 4-7 and 4-8). These results suggested that Bak and Bax interaction is 

required or occurred during Taxol-induced mitotic cell death. 
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Figure 4-7: Bak co-immunoprecipitates with active Bax in Taxol-arrested cells 
only. 

HeLa cells were either left untreated or treated with Taxol (60nM) for the indicated 
times and subjected to immunoprecipitation with anti-Bax (6A7) antibody (lanes 1-2) 
followed by immunoblotting for Bax or Bak. Lane 3 represents control IgG and lane 4 
represents cell extracts plus magnetic beads only (BO). The cell extracts of untreated 
(lanes 5) and Taxol-treated cells (lanes 6) were also immunoblotted as controls. The 
molecular weight markers are shown on the right. This is representative of 2 
independent experiments. 

 

Figure 4-8: Bax co-immunoprecipitates with active Bak in Taxol-arrested cells 
only. 

HeLa cells were either left untreated or treated with Taxol (60nM) for the indicated 
times and subjected to immunoprecipitation with anti-Bak (N-20) antibody (lanes 1-2) 
followed by immunoblotting for Bak or Bax. Lane 3 represents control IgG and lane 4 
represents cell extracts plus magnetic beads only (BO). The cell extracts of untreated 
(lanes 5) and Taxol-treated cells (lanes 6) were also immunoblotted as controls. The 
molecular weight markers are shown on the right. This is representative of 2 
independent experiments. 
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4.6 Time course analysis of active Bak and Bax interaction 

To examine if there is any correlation between the active form of Bak and that of 

active Bax, time course IPs were carried out using anti-active Bak and Bax 

antibodies. Hela cells were synchronized with a thymidine block and then either 

left untreated or treated with Taxol for the indicated times. As expected, there 

was a time dependent increase in the amount of active Bax (Figure 4-9) and active 

Bak (Figure 4-10) that were immunoprecipitated following Taxol addition. 

Interestingly, the levels of Bak and Bax proteins associated with active Bax and 

active Bak respectively also increased between 12-36 hrs after Taxol addition. 

These results suggested that Bak and Bax form a complex which correlates with 

the induction of apoptosis Figures (4-9 and 4-10).  

 

 

Figure 4-9: Time course of active Bax IP and its interaction with Bak following 
Taxol treatment. 

Synchronized HeLa cells were either left untreated or treated with Taxol (60nM) for the 
indicated times and subjected to immunoprecipitation with anti-Bax (6A7) antibody 
(lanes 1-4) followed by immunoblotting for Bax and Bak. Lane 5 represents control IgG 
and lane 6 represents cell extracts plus magnetic beads only (BO). The cell extracts of 
untreated (lanes 7) and Taxol-treated cells (lane 8-10) were also immunoblotted as 
controls. The molecular weight markers are shown on the right. This is representative of 
2 independent experiments. 

 



 

95 

 

 

Figure 4-10: Time course of active Bak IP and its interaction with Bax following 
Taxol treatment. 

Synchronized HeLa cells were either left untreated or treated with Taxol (60nM) for the 
indicated times and subjected to immunoprecipitation with anti-Bak (N-20) antibody 
(lanes 1-4) followed by immunoblotting for Bak and Bax. Lane 5 represents control IgG 
and lane 6 represents cell extracts plus magnetic beads only (BO). The cell extracts of 
untreated (lanes 7) and Taxol-treated cells (lane 8-10) were also immunoblotted as 
controls. The molecular weight markers are shown on the right. This is representative of 
2 independent experiments. 

 

4.7 Interaction of Bak and Bax in RPE1 cells 

Next, we wanted to determine if the Bak and Bax interaction was specific for HeLa 

cells only or whether it also occurs in a normal diploid cell line. IP experiments 

were carried out in Retinal Pigment Epithelial Cell Line (RPE1 cells) using native 

conditions. RPE1 cells were synchronized with a thymidine block and then either 

left untreated or treated with Taxol for the indicated times and IPs were 

performed as described before. As shown in Figure 4-11 and 4-12, Taxol-induced 

interaction of active Bax with Bak and active Bak with Bax was identical in RPE1 

cells to that found in HeLa cells. These findings indicated that Taxol-induced 

mitotic cell death is associated with the activation and interaction of both Bak 

and Bax, and this interaction occurs in a normal diploid cell line as well as in a 

cancer cell line. Furthermore, the propensity of these oligomers to co-IP may 

indicate a degree of affinity between Bak and Bax homo-oligomers or Bak and Bax 

may form hetero-oligomers. 
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Figure 4-11: Bak co-immunoprecipitates only with active Bax IP in Taxol-
arrested RPE1 cells. 

RPE1 cells were synchronized by a thymidine block for 24 hrs and then either left 
untreated or treated with Taxol (1µM) for 48 hrs and subjected to immunoprecipitation 
with anti-Bax (6A7) antibody (lanes 1-2) followed by immunoblotting for Bax or Bak. 
Lane 3 represents control IgG and lane 4 represents cell extracts plus magnetic beads 
only (BO). The cell extracts of untreated (lanes 5) or Taxol-treated cells (lane-6) were 
also immunoblotted as controls. The molecular weight markers are shown on the right. 
This is representative of 2 independent experiments. 

 

Figure 4-12: Bax co-immunoprecipitates only with active Bak IP in Taxol-
arrested RPE1 cells. 

RPE1 cells were synchronized by a thymidine block for 24 hrs and then either left 
untreated or treated with Taxol (1µM) for 48 hrs and subjected to immunoprecipitation 
with anti-Bak (N-20) antibody (lanes 1-2) followed by immunoblotting for Bak or Bax. 
Lane 3 represents control IgG and lane 4 represents cell extracts plus magnetic beads 
only (BO). The cell extracts of untreated (lanes 5) or Taxol-treated cells (lane-6) were 
also immunoblotted as controls. The molecular weight markers are shown on the right. 
This is representative of 2 independent experiments. 
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4.8 Bak and Bax co-localize in Taxol-arrested apoptotic cells 

In healthy cells, Bak predominantly resides at the MOM, whereas Bax is a soluble 

monomer regularly shuttling between the cytosol and the MOM (Edlich et al., 

2011). However, Bax re-translocation into the cytosol is reported to occur at a 

lower rate following prolonged-mitotic arrest (Todt et al., 2015). In an attempt to 

explain the mechanism of Bak/Bax-mediated mitochondrial apoptosis, confocal 

microscopy analysis was carried out to examine Bak and Bax localization in Taxol-

arrested apoptotic cells.  

Immunofluorescence analysis was performed in HeLa cells to determine the 

subcellular location of Bax and Bak and to monitor changes in intracellular 

localization following Taxol addition. HeLa cells were left untreated or treated 

with Taxol for the indicated times (0-24hrs) and co-stained with either an anti-

Bax antibody and Mitotracker or an anti-Bak antibody and Mitotracker. In 

untreated cells or Taxol-treated cells that had not initiated apoptosis, Bax showed 

a diffuse distribution throughout the cell (Figure 4-13). However, Bax was located 

predominantly at the mitochondria at 24 hrs following Taxol addition (Figure 4-

13). On the other hand, Bak co-localized with the mitochondria in healthy cells 

and it’s associated with mitochondria in Taxol-treated cells Figure (4-14). 

Moreover, Bak-Bax co-localization was detected in Taxol-treated cells with 

fragmented nuclei, cells that were undergoing mitotic cell death Figure (4-15). 

 Furthermore, I analysed the co-localization of Bax or Bak with mitochondria using 

Pearson's correlation analysis (Neumann et al., 2010). As shown in Figure (4-13 

C) Bax co-localization with Mitotracker was significantly increased at 24 hrs Taxol 

treatment in comparison to untreated and 16 hrs Taxol-arrested cells. In contrast, 

Bak co-localization with Mitotracker was similar at 16 and 24 hrs in comparison 

to untreated cells Figure (4-14 B). Immunofluorescence results revealed that Bak 

and Bax co-localized in Taxol-treated apoptotic cells. Identical results showing co-

localization of Bax and Bak were obtained in U2OS cells (Figures 4-16, 4-17 and 4-
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18). Co-localization of Bak and Bax, although not an indicator of direct binding, in 

apoptotic cells is consistent with my previous results that these proteins co-

immunoprecipitate following Taxol treatment. This result is also consistent with 

my previous data showing that Bax or Bak depletion alone reduced apoptosis (see 

Figure 3-5 page 79). Overall, the results indicate that Bak-Bax association may be 

required for initiating mitotic cell death during Taxol treatment. 
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Figure 4-13: Localization of Bax in Taxol-treated cells. 

A) HeLa cells were either left untreated or treated with Taxol for the indicated times and 
labelled with anti-Bax antibody (green). Mitochondria were labelled with Mitotracker 
(red). Merge panels include DNA (blue) stained with Hoechst 33258. Images are 
maximum intensity projections of z-stack data. Scale bar, 5 µm. B) The fluorescence 
intensity of Bax and Mitotracker was determined at the indicated lines in the images. C) 
Pearson’s correlation coefficient between Bax and Mitotracker for cells shown in A. 



 

100 

 

Pearson’s correlation coefficient was performed using Leica Confocal SP5 software. 
Histograms represent the mean ± SD of 10 images from 3 independent experiments, P-
values were calculated using one-way ANOVA (ns = not significant, **** P value 
<0.0001). 

 

 

Figure 4-14: Localization of Bak in Taxol-treated cells. 

A) HeLa cells either left untreated or treated with Taxol for the indicated times and 
labelled with anti-Bak antibody (green). Mitochondria were labelled with Mitotracker 
(red). Merge panels include DNA (blue) stained with Hoechst 33258. Images are 
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maximum intensity projections of z-stack data.  Scale bar, 5 µm. B) Pearson’s correlation 
coefficient between Bak and Mitotracker for cells shown in A. Pearson’s correlation was 
performed using Leica Confocal SP5 software. Histograms represent the mean ± SD of 
10 images from 3 independent experiments, P-values were calculated using one-way 
ANOVA (ns = not significant, * P value <0.05, *** P value <0.001). 

 

 

Figure 4-15: Co-localization of Bak and Bax in Taxol-treated cells. 

HeLa cells were either left untreated or treated with Taxol for the indicated times and 
labelled with anti-Bak visualized with Alexa-flour 647 secondary antibody (magenta) and 
anti-Bax visualized with Alexa-flour 488 secondary antibody (green). Mitochondria were 
labelled with Mitotracker (red). Merge panels include DNA (blue) stained with Hoechst 
33258. White = co-localization of Bak/Bax/Mitotracker. Results are representative of 
three independent experiments. Images are maximum intensity projections of z-stack 
data. Scale bar, 5 µm. 
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Figure 4-16: Localization of Bax in Taxol-treated U2OS cells. 

A) U2OS cells were either left untreated or treated with Taxol for the indicated times 
and labelled with anti-Bax antibody (green). Mitochondria were labelled with 
Mitotracker (red). Merge panels include DNA (blue) stained with Hoechst 33258. Images 
are maximum intensity projections of z-stack data. Scale bar, 4 µm. B) Pearson’s 
correlation coefficient between Bax and Mitotracker for cells shown in A. Pearson’s 
correlation was performed using Leica Confocal SP5 software. Histograms represent the 
mean ± SD of 10 images from 3 independent experiments, P-values were calculated 
using one-way ANOVA (ns = not significant, **** P value <0.0001). 
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Figure 4-17: Localization of Bak in Taxol-treated U2OS cells. 

A) U2OS cells were either left untreated or treated with Taxol for the indicated times 
and labelled with anti-Bak antibody (green). Mitochondria were labelled with 
Mitotracker (red). Merge panels include DNA (blue) stained with Hoechst 33258. Images 
are maximum intensity projections of z-stack data. Scale bar, 4 µm. B) Pearson’s 
correlation coefficient between Bak and Mitotracker for cells shown in A. Pearson’s 
correlation was performed using Leica Confocal SP5 software. Histograms represent the 
mean ± SD of 10 images from 3 independent experiments, P-values were calculated 
using one-way ANOVA (ns = not significant, ** P value <0.01). 
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Figure 4-18: Co-localization of Bak and Bax in Taxol-treated U2OS cells. 

U2OS cells were either untreated or treated with Taxol for the indicated times and 
labelled with anti-Bak visualized with Alexa-flour 647 secondary antibody (magenta) and 
anti-Bax visualized with Alexa-flour 488 secondary antibody (green). Mitochondria were 
labelled with Mitotracker (red). Merge panels include DNA (blue) stained with Hoechst 
33258. White = co-localization of Bak/Bax/Mitotracker. Results are representative of 
three independent experiments. Images are maximum intensity projections of z-stack 
data. Scale bar, 4 µm. 

 

 

Additionally, I also investigated whether GFP-Bax co-localizes to mitochondria in 

Taxol-arrested mitotic cells, because the intracellular localization of active Bax 

with the Bax antibody was not convincing. The region of Bax that is recognized by 

the Bax antibody could be masked when it interacts with other proteins in the 
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Taxol-arrested cells. To address this aspect, two cancer cell lines, HeLa and U2OS 

cells, were transfected with GFP-Bax. GFP-Bax transfected cells were either left 

untreated or treated with Taxol for varying times. Cells were stained with GFP-

nanobody and then examined by confocal microscopy. In untreated cells, GFP-

Bax showed a diffuse distribution throughout the cell in both cell lines. However, 

GFP-Bax co-localized with Mitotracker in Taxol-arrested cells at 16 and 24 hrs 

after Taxol addition Figures (4-19 and 4-20). These results are consistent with 

reports that Bax is translocated from the cytosol to the mitochondria in response 

to an apoptotic stimulus (Große et al., 2016, Salvador‐Gallego et al., 2016). 

 

 

Figure 4-19: GFP-Bax co-localizes with mitochondria in Taxol-treated HeLa cells. 

HeLa cell were cultivated on glass coverslips and then transfected with GFP-Bax (green) 
1 µg for 36 hrs. GFP-Bax transfected cells were either left untreated or treated with Taxol 
(60nM) for the indicated times. Cells were fixed and permeabilized, stained with GFP-
Nanobody and then examined by confocal microscopy. Mitochondria were labelled with 
Mitotracker (red). Merge panels include DNA (blue) stained with Hoechst 33258. Results 



 

106 

 

are representative of two independent experiments. Images are maximum intensity 
projections of z-stack data. Scale bar, 5 µm. 

 

 

 

Figure 4-20: GFP-Bax co-localizes with mitochondria in Taxol-treated U2OS cells. 

U2OS cell were cultivated on glass coverslips and then transfected with GFP-Bax (green) 
1 µg for 36 hrs. GFP-Bax transfected cells were either left untreated or treated with Taxol 
(60nM) for the indicated times. Cells were fixed and permeabilized, stained with GFP-
Nanobody and then examined by confocal microscopy. Mitochondria were labelled with 
Mitotracker (red). Merge panels include DNA (blue) stained with Hoechst 33258. Results 
are representative of two independent experiments. Images are maximum intensity 
projections of z-stack data. Scale bar, 5 µm. 
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4.9 Investigating signalling between SAC activation and apoptosis 

This study was designed to investigate the signals that are generated following 

SAC activation which then trigger apoptosis. I looked at mitotic cell death in order 

to find the connection between activation of the mitotic checkpoint and the 

induction of apoptosis. To investigate the levels of apoptosis, synchronized 

population of HeLa cells were treated with Taxol for varying times. As shown in 

Figures (4-21 A and B), there was a time dependent increase in the number of 

cells staining positively for caspase-cleaved cytokeratin 18 (a substrate of caspase 

3). After 6 and 12 hrs of Taxol treatment the levels of apoptosis were 3 and 9 % 

respectively. However, most of the cells underwent apoptosis between 24 and 36 

hrs of Taxol treatment as indicated by cytokeratin 18 cleavage. Apoptosis was 

also confirmed by assessing the cleavage of poly (ADP-ribose) polymerase (PARP), 

pro-caspase-9, pro-caspase-3 and cleaved caspase-3 Figure (4-22A).  

Next, I investigated whether the pro-apoptotic (Bak and Bax) or anti-apoptotic 

molecules (Bcl-2, Bcl-xL and Mcl-1) undergo alterations during Taxol-induced 

apoptosis. Cell extracts were prepared from the experiment described in Figure 

(4-21) and the expression of pro and anti-apoptotic proteins was determined by 

immunoblotting. As expected, both Bcl-2 and Bcl-xL underwent a transient 

mobility shift at 6 and 12 hrs of Taxol treatment. In contrast, Mcl-1 underwent 

degradation at 6 hrs treatment as expected and its levels were reduced by 24 and 

36 hrs. The levels of the Bak or Bax protein were not affected by Taxol treatment. 

The possibility that Bak or Bax undergo small changes in mobility cannot be 

excluded as this experiment was unable to resolve the proteins adequately 

(Figure 4-22 B). Therefore, this result indicated that the phosphorylation of Bcl-2 

and Bcl-xL and the degradation of Mcl-1 may provide the link between activation 

of the mitotic checkpoint and the initiation of apoptosis. 
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Figure 4-21: Time course of Taxol-induced apoptosis in synchronized HeLa cells. 

(A) Representative images of Taxol-induced apoptosis. HeLa cells were synchronized at 
the G1/S boundary by thymidine block for 24 hrs, washed and released. The cells either 
left untreated or treated with Taxol (60 nM) for the indicated times.  The cells were fixed 
and stained with CytoDEATH (M30) primary antibody and Alexa-Fluor 488 secondary 
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antibody (green). DNA was stained with Hoechst 33342 (blue). This result is 
representative of three independent experiments. (B) Quantitation of apoptosis for the 
experiment described in A. At least 100 cells were counted in randomly selected fields 
and the number of the apoptotic cells were quantitated. Histograms represent the mean 
± SD of three independent experiments. 

 

 

 

Figure 4-22: Taxol-induced PARP, caspase-9 and caspase-3 cleavage and 
alterations in anti-apoptotic proteins. 

(A) Taxol-induced cleavage of PARP, caspase-9 and caspase-3. The cells were either left 
untreated or treated with Taxol (60 nM) for the indicated times and the cell lysates were 
prepared for Immunoblotting with PARP, pro-caspase-9, pro-caspase-3 and cleaved 
caspase-3. Stau= Staurosporine-treated cells. α-tubulin was used as a loading control 
and the molecular weight markers are shown on the right. This result is representative 
of 2 independent experiments. (B) HeLa cells were synchronized at the G1/S boundary 
by thymidine block for 24 hrs, washed and released. The cells either left untreated or 
treated with Taxol (60 nM) for the indicated times. Cell lysates were immunoblotted 
with antibodies for Bcl-2, Bcl-xL, Mcl-1, Bak and Bax.  α-tubulin was used as a loading 
control and the molecular weight markers are shown on the right. This result is 
representative of 2 independent experiments.  
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4.10 Investigation of the Bax/Bak/ANT2/VDAC complex 

In order to identify putative signalling molecules that may mediate apoptosis in 

Taxol-arrested mitotic cells, I looked at Bak and Bax-interacting proteins using 

mass spectrometry (MS). HeLa cells were treated with Taxol (60 nM) for 24 hrs 

and the cells were lysed in 1% CHAPS lysis buffer (Dewson, 2015). Active Bax and 

active Bak were immunoprecipitated from Taxol-arrested mitotic cells and 

subjected to peptide mass fingerprint analysis by MS. As a control, a parallel set 

of Bax and Bak IPs from untreated cells was subjected to MS analysis. My results 

indicated that after eliminating non-specific binding of proteins, 36 proteins were 

bound specifically to Bax in the Taxol-arrested cells. Interestingly, Bak, ANT2 and 

Cdk1 were detected in the Bax IP. Similarly, this investigation identified several 

Bak interacting partners (43 proteins) including Bax, ANT2, VDAC1, VDAC2 and 

VDAC3 (see Table 7-1, Appendix). Furthermore, several mitochondrial membrane 

proteins, from both outer and inner mitochondrial membranes, were also 

observed to be specifically bound to Bak and Bax in Taxol-arrested cells including 

ATP synthase subunit alpha, ATP synthase subunit beta, phosphate carrier 

protein and Peptidyl-prolyl cis-trans isomerase. The MS data indicates that Bak 

and Bax are inserted into the MOM to form a complex with a number of 

mitochondrial membrane proteins such as VDAC after Taxol addition. Moreover, 

this complex may be expanded to the MIM to include the inner membrane 

components of the MPTP such as ANT2, ATP synthase and phosphate carrier 

protein. 

 

4.11 ANT2 co-immunoprecipitates with Bax and Bak in Taxol-arrested 

cells 

To confirm the results of the MS analysis, I immunoprecipitated Bax or Bak and 

performed WB with specific antibodies to determine whether some of the 

proteins that were found to interact with Bax and Bak would also co-



 

111 

 

immunoprecipitate. Bax and Bak were immunoprecipitated from untreated and 

Taxol-arrested HeLa cells and the IP’s western blotted with specific antibodies. 

The results demonstrated that ANT2 specifically interacts with both Bax and Bak 

in Taxol-treated HeLa cells, but no interaction was observed in the untreated cells 

(see Figures 4-23 and 4-27 respectively).  

ANT2 is a part of the mitochondrial permeability transition pore complex (MPTP) 

(Kwong and Molkentin, 2015) and its interaction with pro-apoptotic proteins such 

as Bak and Bax may modulate mitochondrial membrane permeability and cause 

the release of cytochrome c. These results suggest that ANT2 may be involved in 

the formation of the mitochondrial-apoptotic pores by forming a larger complex 

with Bak and Bax oligomers.  

 

 

Figure 4-23: Interaction of Bax with ANT2 induced by Taxol treatment. 

HeLa cells were either left untreated or treated with Taxol (60nM) for the indicated 
times and subjected to immunoprecipitation with anti-Bax (6A7) antibody (lanes 1-2) 
followed by immunoblotting for Bax and ANT2. Lane 3 represents control IgG and lane 
4 represents cell extracts plus magnetic beads only (BO). The cell extracts of untreated 
(lanes 5) or Taxol-treated cells (lane-6) were also immunoblotted as controls. The 
molecular weight markers are shown on the right. This is representative of 2 
independent experiments. 
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In the light of these results, I then determined whether Bax and ANT2 co-localized 

following Taxol treatment. HeLa cells were left untreated or treated with Taxol 

and co-stained with anti-Bax and anti-ANT2 antibodies. Our results (Figure 4-25) 

indicated that there is no co-localization between Bax and ANT2 in untreated 

cells. However, in Taxol-treated cells, the co-localization of Bax and ANT2 was 

clearly detected. This data supports my previous result showing the co-

immunoprecipitation of these two proteins in Taxol-arrested mitotic cells (see 

Figure 4-23). 

 

Figure 4-24: Localization of ANT2 in untreated Taxol-treated HeLa cells. 

HeLa cells were either left untreated or treated with Taxol for the indicated times and 
labelled with anti-ANT2 antibody visualized with Alexa-flour 488 secondary antibody 
(green). Mitochondria were labelled with Mitotracker (red). Merge panels include DNA 
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(blue) stained with Hoechst 33258. Results are representative of two independent 
experiment. Images are maximum intensity projections of z-stack data. Scale bar, 6 µm. 

 

 

 

Figure 4-25: Co-localization of Bax-ANT2 in Taxol-treated HeLa cells. 

HeLa cells were either left untreated or treated with Taxol for the indicated times and 
labelled with anti-Bax visualized with Alexa-flour 488 secondary antibody (green) and 
anti-ANT2 visualized with Alexa-flour 647 secondary antibody (magenta). Mitochondria 
was labelled with Mitotracker (red). Merge panels include DNA (blue) stained with 
Hoechst 33258. White = co-localization of Bax/ANT2/Mitotracker. Results are 
representative of two independent experiments. Images are maximum intensity 
projections of z-stack data. Scale bar, 6 µm. 
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4.12 VDAC interacts with Bak but not Bax in Taxol-arrested cells 

To decipher the role of VDAC in Taxol-induced apoptosis and to determine if 

VDAC is a binding partner of the pro-apoptotic proteins Bak and Bax, co-IPs were 

carried out using HeLa cells extracts from untreated or Taxol-treated cells. As 

shown in Figure (4-26) anti-Bak antibody pulled down VDAC in Taxol-treated cells 

but not in untreated cells. In contrast, anti-Bax antibody did not co-

immunoprecipitate VDAC (not shown). My results indicated that Bak forms a 

complex with VDAC and ANT2 in Taxol-arrested cells.  Bak formation a complex 

with VDAC in Taxol-arrested cells but not in untreated cells indicated that Bak is 

inserted into MOM after Taxol addition. However, there is no interaction 

between VDAC and Bax even in Taxol-treated cells. This result is consistent with 

MS data that Bak IP had identified VDAC as a co-immunoprecipitating protein in 

Taxol-arrested cells (see Table 7-1, Appendix). 

 

Figure 4-26: Interaction of Bak with ANT2, VDAC and Bcl-2 in Taxol-arrested 
cells. 

HeLa cells were either left untreated or treated with Taxol (60nM) for the indicated 
times and subjected to immunoprecipitation with anti-Bak (N20) antibody (lanes 1-2) 
followed by immunoblotting for Bak, ANT2, VDAC and Bcl-2. Lane 3 represents control 
IgG and lane 4 represents cell extracts plus magnetic beads only (BO). The cell extracts 



 

115 

 

of untreated (lanes 5) or Taxol-treated cells (lane-6) were also immunoblotted as 
controls. The molecular weight markers are shown on the right. This is representative of 
2 independent experiments. 

 

 

4.13 Bcl-2 interacts with Bak in untreated and Taxol-treated cells 

The anti-apoptotic protein Bcl-2 is known to protect the cells from apoptosis by 

forming a complex with pro-apoptotic protein Bak or Bax (Dai et al., 2009). 

Therefore, I wanted to determine whether Bcl-2 interacts with Bak in untreated 

and Taxol-arrested HeLa cells. My results indicated that a low level of Bcl-2 was 

complexed with Bak in untreated cells but the level of Bcl-2 was increased in 

Taxol-arrested mitotic cells as anti-Bak antibody pulled down more Bak in Taxol-

treated cells compared to untreated cells (Figure 4-26). Furthermore, 

immunoblot analysis of the cell extracts with Bcl-2 showed a clear mobility shift 

in the Taxol-treated cells suggesting Bcl-2 phosphorylation following Taxol 

treatment (see Figure 4-26). However, co-immunoprecipitated Bcl-2 does not 

show any mobility shift indicating that Bcl-2 only interacted with Bak in the 

unphosphorylated form and not when phosphorylated.  

 

4.14 The interaction between Bax and ANT2 is dependent on Bak  

I determined if the interaction of the pro-apoptotic protein Bax with ANT2 was 

dependent on the presence of Bak. Anti-active Bax antibody was used to 

immunoprecipitate active Bax in Bak-depleted HeLa cells after 24 hrs Taxol 

treatment. My earlier results had indicated that Bax physically interacts with 

ANT2 only in Taxol-treated HeLa cells (Figure 4-23 page 111). Interestingly, in Bak-

depleted cells (see Figure 4-27), a significant amount of active Bax was 

immunoprecipitated but it failed to co-immunoprecipitate ANT2 (Figure 4-27 lane 

1). This result suggested that Bax does not directly interact with ANT2 and that 

Bak is required for this interaction. I concluded that Bak may be required for 
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targeting Bax to the outer mitochondrial membrane and inducing apoptosis. 

Therefore, there was a low level of apoptosis in the absence of either Bak or Bax. 

This is confirmed by my previous experiment (see Figure 3-5 page 79).  

 

 

Figure 4-27: ANT2 interaction with Bax after Taxol addition requires Bak. 

HeLa cells were transfected with Bak siRNA (50nM) for 48 hrs and treated with Taxol 
(60nM) for 24 hrs and subjected to immunoprecipitation with anti-Bax (6A7) antibody 
(lanes 1) followed by immunoblotting for Bax and ANT2. Lane 2 represents control IgG 
and lane 3 represents cell extracts plus magnetic beads only (BO). The cell extracts of 
Taxol-treated cells (lanes 4) or Bax-depleted extracts (lane 5) were also immuoblotted 
as controls. The molecular weight markers are shown on the right. This result is 
representative of 2 independent experiments. 

 

4.15 The interaction of Bak with ANT2 and VDAC is independent of Bax 

To evaluate the possible requirement of Bax for the formation of Bak-ANT2-VDAC 

complex during prolonged mitotic arrest, HeLa cells were transfected with Bax 

siRNA for 48 hrs, followed by 24 hrs Taxol treatment. Anti-active Bak (N-20) 

antibody was used to immunoprecipitate active Bak in the Bax-depleted cells.  As 

shown in Figure (4-28), active Bak was efficiently immunoprecipitated and co-

immunoprecipitated both ANT2 and VDAC from Taxol-arrested apoptotic cells. 

This result demonstrated that depletion of Bax does not affect the interaction of 
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Bak with either ANT2 or VDAC. Although Bak is activated and forms a complex 

with ANT2 and VDAC in the absence of Bax, there was no apoptosis (see Figure 3-

5 page 79). The results of my previous experiments (see pages 77-79) 

demonstrated that cells deficient in either Bak or Bax showed resistance to Taxol-

induced mitotic death, precluding the possibility that Bak or Bax can substitute 

for each other in Taxol-induced cell death. Therefore, my data suggested that the 

interaction of Bak with Bax, ANT2 and VDAC and that of Bax with Bak and ANT2 

are occurred during Taxol-induced apoptosis. 

 

 

Figure 4-28: The interaction of Bak with ANT2 and VDAC in Bax-depleted cells. 

HeLa cells were transfected with Bax siRNA (50nM) for 48 hrs and treated with Taxol 
(60nM) for 24 hrs and subjected to immunoprecipitation with anti-Bak (N-20) antibody 
(lanes 1) followed by immunoblotting for Bak, ANT2 and VDAC. Lane 2 represents 
control IgG and lane 3 represents cell extracts plus magnetic beads only (BO). The cell 
extracts of Taxol-treated cells (lanes 4) or Bak-depleted extracts (lane 5) were also 
immunoblotted as controls. The molecular weight markers are shown on the right.  This 
result is representative of 2 independent experiments. 
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4.16 VDAC depletion  

My MS data had shown that all VDAC isoforms (VDAC1, VDAC2 and VDAC3) were 

co-immunoprecipitated with Bak in Taxol-treated cells. As well as, a number of 

mitochondrial membrane proteins, from both inner and outer mitochondrial 

membrane, were identified in the Bak IP such as ATP synthase subunit alpha, ATP 

synthase subunit beta, heat shock protein (mitochondrial) and Peptidyl-prolyl cis-

trans isomerase (see Table 7-1, Appendix). Furthermore, my co-IP experiments 

indicated that VDAC is found in a complex with Bak following Taxol treatment. 

VDAC1 is the most abundant protein in the MOM of any tissue (Yamamoto et al., 

2006). VDAC1 is thought to be over-expressed in many cancers, suggesting that 

the protein may play an essential role in cancer cell survival (Arbel et al., 2012). 

Therefore, I wanted to examine the role of VDAC1 in Taxol-induced apoptosis and 

to investigate if VDAC1 is a component of the apoptosis machinery in mitotically-

arrested cells. The VDAC1 protein was depleted using different concentrations of 

siRNA to identify the effective siRNA concentration that efficiently targets VDAC1 

mRNA. HeLa cells extracts were prepared form untreated, control siRNA, and 

VDAC1 siRNA for Western blot analysis. As shown in Figure 4-29 A, VDAC1 was 

clearly detectable in untreated and control siRNA, but was strongly depleted to 

the same level with 25-300 nM siRNA.  

Next, I wanted to investigate whether double VDAC1 depletion has more effect 

on depleting VDAC1 levels in comparison to a single depletion. VDAC1 was 

targeted using VDAC1 siRNA for 24 hrs followed by further transfection for 48 hrs. 

As shown in Figure 4-29 B, there was no difference between a single and a double 

depletion as the intensity of the bands were similar. My conclusion was that 

VDAC1 was efficiently depleted using 25 nM VDAC1 siRNA for 48 hrs. 

In order to examine the role of VDAC1 in Taxol-induced apoptosis, a preliminary 

study was carried out using HeLa cells transfected with VDAC1 siRNA. VDAC1-

depleted cells were either left untreated or treated with Taxol for 24 hrs and 
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apoptosis was analysed using the M30 antibody. A parallel set of exponentially 

growing HeLa cells was treated with Taxol as a control. The results of the 

preliminary study show that VDAC1 depletion alone caused 35% apoptosis. The 

percentage of apoptosis was increased to 68 % in VDAC-depleted cells treated 

with Taxol which is slightly higher in comparison with Taxol treatment only which 

resulted in 62 % of the cells undergoing apoptosis (Figures 4-30 and 4-31). My 

results indicated that VDAC1 depletion caused an increase in apoptosis, 

suggesting that VDAC1 has anti-apoptotic effects. Therefore, the results 

suggested that VDAC1 is largely dispensable for Taxol-induced apoptosis and 

further studies are needed to define the role of VDAC2 and VDAC3 in Taxol-

induced apoptosis. 

 

 

Figure 4-29: Depletion of VDAC expression using different concentrations of 
VDAC siRNA 

(A) HeLa cells were either left untreated or transfected with control siRNA (25 nM) or 
VDAC1 siRNA (25-300 nM) and incubated for 48 hrs. Western blots were performed to 
verify the protein expression level of VDAC and α-tubulin was used as a loading control 
and the molecular weight markers are shown on the right. This result is representative 
of 2 independent experiments. (B) Single and double depletion of VDAC expression using 
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25 nM VDAC1 siRNA for 48 or 72 hrs respectively.  After incubation with VDAC1 siRNA 
for 24 hrs, the transfected cells were also transfected with VDAC1 siRNA and incubated 
for a further 48 hrs. This result is representative of 2 independent experiments. 

 

 

Figure 4-30: VDAC depletion induces activation of the mitochondrial pathway 
of apoptosis. 

Hela cells were either left untreated or transfected with VDAC1 siRNA for 48 hrs. The 
VDAC1-siRNA cells were either left untreated or treated with Taxol (60 nM) for 24 hrs. 
The cells were fixed and stained with CytoDEATH (M30) primary antibody and Alexa-
Fluor 488 secondary antibody (green). DNA was stained with Hoechst 33342 (blue). This 
result is representative of three independent experiments. Scale bar, 80 µm. 
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Figure 4-31: Quantitation of apoptosis in VDAC-depleted cells treated with 
Taxol 

Hela cells were either left untreated or transfected with VDAC1 siRNA for 48 hrs. The 
VDAC1-siRNA treated cells were either left untreated or treated with Taxol (60 nM) for 
24 hrs. The cells were fixed and stained with CytoDEATH (M30) primary antibody and 
Alexa-Fluor 488 secondary antibody. At least 100 cells were counted in randomly 
selected fields and the number of the apoptotic cells was quantitated. Histograms 
represent the mean ± SD of three independent experiments. P-values were calculated 
using one-way ANOVA (ns = not significant compared to 24 hrs Taxol treatment).  

 

 

4.17 ANT2 and VDAC expression in different cell lines 

The expression levels of ANT2 and VDAC were investigated in several human 

cancer cell lines, in addition to retinal pigment epithelium cells (RPE1) and mouse 

myoblast cells (C2C12). ANT2 and VDAC levels were examined by Western 

blotting of total cell extracts prepared from non-transformed RPE-1, C2C12 and a 

number of cancer cell lines (HeLa, Melanoma, U2OS, Mesothelioma, RKO 143, 

STK 5090 and A19 RKO). Quantitation of ANT2 expression indicated that there 

was no statistically significant difference in ANT2 expression between RPE1 cells 

and different cancer cell lines (Figure 4-32 A and B). While, the expression of 

VDAC in RPE1 cells is significantly lower compared to cancer cell lines U2OS and 
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Mesothelioma. However, the expression of VDAC in RPE1 cells is significantly 

higher compared to Melanoma (Figure 4-32 A and C). It would be interesting for 

future study to examine whether these cells, with low or high levels of ANT2 or 

VDAC, are more or less sensitive to Taxol or other anti-cancer drugs. 

 

 

Figure 4-32: Protein expression of ANT2 and VDAC in different cell lines. 

(A) Exponentially growing cells were lysed in RIPA buffer and the normalized cell extracts 
were subjected to immunoblotting for ANT2 and VDAC. α-tubulin was used as a loading 
control and the molecular weight markers are shown on the right. This result is 
representative of 3 independent experiments. (B) and (C) Histograms represent the 
intensity of ANT2 and VDAC expression in different cell lines normalized to α-tubulin 
from blots shown in A, respectively. Histograms represent the mean ± SD of three 
independent experiments. P-values were calculated using one-way ANOVA (*** P value 
< 0.001). 
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4.18 Discussion  

Microtubule interfering agents (MIAs) such as Taxol exert their effects through 

the mitochondrial-dependent apoptosis (Morales-Cano et al., 2013). MIAs cause 

changes in mitochondrial outer membrane permeability and enable the release 

of cytochrome c and other apoptogenic factors (Adams and Cory, 2007).  

Following apoptotic stimuli, Bax is translocated from the cytosol to the MOM, 

where both Bak and Bax undergo major conformational changes. (Wolter et al., 

1997, Lovell et al., 2008). The key regulators of apoptosis, Bax and Bak, begin to 

form specific pores or channels that permeate the MOM (Desagher and 

Martinou, 2000). Permeabilization of the MOM releases apoptogenic factors into 

the cytosol (García-Sáez et al., 2004, Annis et al., 2005). Although Bak and Bax are 

key regulators of mitochondrial-mediated apoptosis, the molecular mechanism 

of Bak/Bax arrangement in the MOM during cell death and their interaction(s) 

with other MOM/MIM proteins and how they induce release of cytochrome c 

remains unclear.  

Several studies have shown Bak and Bax activation in response to a variety of 

apoptotic stimuli that induce mitotic arrest (Yamaguchi et al., 2004, Yamaguchi 

et al., 2002, Upreti et al., 2006, Upreti et al., 2008a, Miller et al., 2013). I examined 

Bak and Bax conformational change by using conformation-specific antibodies for 

Bak (N-20) and Bax (6A7). My results indicated that both Bak and Bax underwent 

conformational changes during Taxol treatment. Both Bak and Bax were mainly 

monomeric in untreated cells and oligomers were observed at 24 to 36 hrs of 

Taxol treatment. Consistent with our observation, it has been shown that 

vinblastine (a microtubule depolymerizing drug) induces Bak and Bax 

oligomerization in KB-3 human carcinoma cell line (Upreti et al., 2006, Upreti et 

al., 2008a).  Additionally, my data indicates that Bax depletion had no effect on 

Bak oligomerization and vice versa suggesting that Bak and Bax can oligomerize 

independently in response to Taxol treatment. However, my previous data had 

shown that both Bak and Bax are required for Taxol-induced apoptosis in HeLa 
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cells. Addition of the reducing agent (β-mercaptoethanol) caused elimination of 

the Bak and Bax oligomers, indicating a requirement for disulphide bonds in their 

formation or maintenance of these oligomers (Gavathiotis et al., 2010). 

The interaction between Bak and Bax homo-oligomers is required for ATP 

depletion-induced apoptosis in rat proximal tubule cells (Mikhailov et al., 2003). 

In another report, Bak/Bax interaction was observed in TNF-α-induced apoptosis 

in HeLa cells (Sundararajan et al., 2001). The interaction between Bak and Bax 

homo-oligomers has also been detected in Vinblastine-induced apoptosis in KB-3 

cells (Upreti et al., 2008a). To the best of my knowledge, my study was the first 

to show the time dependent increase in the amount of active Bak and active Bax 

in Taxol-arrested mitotic cells. Using anti-active Bak and anti-active Bax 

antibodies, the time course IPs have shown the presence of increasing amounts 

of active Bax and active Bak between 12-36 hrs after Taxol addition. 

Immunoprecipitation of active Bax indicated the presence of Bak, and the 

reciprocal experiment showed that active Bak also co-immunoprecipitated Bax. 

Intriguingly, the levels of Bak and Bax that co-immunoprecipitated also increased 

following Taxol addition. These results indicated that Bax physically interacts with 

Bak either directly or indirectly in Taxol-arrested mitotic cells. The interaction of 

these two multidomain pro-apoptotic proteins correlates with the induction of 

apoptosis.  

At the mitochondrial outer membrane, Bax and Bak oligomers are thought to 

oligomerize and/or interact with the Mitochondrial Permeability Transition Pore 

(MPTP) components such as VDAC and ANT to increase the permeability of the 

mitochondrial outer membrane which then leads to cytochrome c release and 

apoptosis (Shimizu et al., 1999, Galluzzi and Kroemer, 2007, Belzacq et al., 2003). 

ANT is an integral protein located in the inner mitochondrial membrane and is 

involved in the regulation of the ATP/ADP ratio between the mitochondria and 

the cytosol (Halestrap and Brenner, 2003). The physiological function of ANT is to 

catalyse the exchange of mitochondrial ATP with cytosolic ADP (Chevrollier et al., 
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2011). The anti-apoptotic protein Bcl-2 is located in both the inner and outer 

mitochondrial membrane.  In the inner mitochondrial membrane Bcl-2 interacts 

with ANT to enhance the translocase activity and maintain the ATP/ADP exchange 

at the mitochondrial membranes (Gotow et al., 2000, Belzacq et al., 2003). 

However, in response to the chemotherapeutic agent etoposide, Bax interacts 

with ANT to inhibit the translocase activity in human colon adenocarcinoma cell 

line HT29 (Belzacq et al., 2003). Bax interaction with ANT within the MPTP 

modulates mitochondrial membrane permeabilization and mediates apoptosis 

(Marzo et al., 1998). 

In previous studies, ANT2 was reported to interact with Bax only in response to 

apoptotic stimulus (Belzacq et al., 2003, Brenner et al., 2000). However, my study 

indicated that ANT2 was co-immunoprecipitated with both Bak and Bax in Taxol-

arrested mitotic cells but not in untreated cells suggesting that Bak and Bax can 

form a complex with MPTP components during Taxol treatment. Furthermore, in 

Bak-depleted cells, Bax did not interact with ANT2 indicating that Bax-ANT2 

interaction is Bak dependant. Ma and colleagues reported that Bax requires Bak 

and VDAC2 for insertion of its hydrophobic C-terminus into the MOM (Ma et al., 

2014). Consistent with this study, my results indicated that, in Bak-depleted cells, 

Bax is unable to form a complex with ANT2 even in the presence of VDAC.  

Furthermore, my immunofluorescence analysis with antibodies against Bax and 

ANT2 demonstrated that Bax co-localized with ANT2 following Taxol addition. 

ANT2 is the major constituent of the MPTP complex and it’s thought to be 

involved in mitochondrial-mediated apoptosis (Ito et al., 2010). My results 

support the hypothesis that Bak and Bax interaction with ANT2 in mitotically-

arrested cells may reduce ANT2-mediated ATP/ADP exchange across the inner 

mitochondrial membrane, and disrupt the mitochondrial transmembrane 

potential, resulting in apoptosis and inhibition of tumour growth (Marzo et al., 

1998, Belzacq et al., 2003, Chevrollier et al., 2011). 
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It has been reported that ANT2 depletion is associated with an increase in 

mitochondrial membrane permeability (Luciakova et al., 2003). siRNA-mediated 

depletion of ANT2 in human breast cancer cells (MDA-MB-231) decreased the 

intracellular ATP levels and inhibited cell growth, which ultimately induces 

apoptotic cell death (Jang et al., 2008, Jang et al., 2016). Therefore, ANT2 could 

be considered as anti-apoptotic protein such as Bcl-2 and Bcl-xL, that inhibits the 

nonspecific permeabilization of the mitochondrial membrane and cytochrome c 

release (Jang et al., 2008).  

VDAC is one component of the MPTP (Rostovtseva et al., 2002). VDAC is a multi-

functional mitochondrial protein, and it plays an important role in the regulation 

of metabolic and energetic functions of the mitochondria (McCommis and Baines, 

2012). It also participates in mitochondrial-mediated apoptosis via interaction 

with Bcl-2 family members (Galluzzi and Kroemer, 2007). Both anti- and pro-

apoptotic proteins, such as Bcl-2, Bcl-xL, Bim and Bax, were reported to interact 

with VDAC to regulate mitochondrial-mediated apoptosis (Shimizu et al., 2000b, 

Sugiyama et al., 2002, Malia and Wagner, 2007, Tajeddine et al., 2008, Arbel and 

Shoshan-Barmatz, 2010). 

My MS data of the Bak IP had identified all VDAC isoforms (VDAC 1-3) as a co-

immunoprecipitating protein in Taxol-arrested cells but not in the untreated cells. 

The MS data was confirmed by co-IP experiments, which indicated that Bak can 

form a complex with VDAC in Taxol-arrested cells. This result is consistent with a 

recent study which suggested that the middle domain of VDAC2 (sequence 123–

179) is required for insertion of Bak to the MOM and tBid-mediated apoptosis 

(Naghdi et al., 2015). On the other hand, Bax insertion into MOM depends on the 

presence of VDAC 2 and Bak (the hetero-oligomerization partner of Bax) (Ma et 

al., 2014). These results suggested that Bak/Bax interaction with VDAC and ANT2 

may activate the MPTP complex and induce cytochrome c release. The other 

possibility is that the formation of Bak-Bax-VDAC and ANT2 complex which may 

create a larger pore to initiate cytochrome c release. However, in contrast to the 
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previous reports, Baines and colleagues reported that cytochrome c release from 

mouse embryonic fibroblast and isolated-mouse mitochondria deficient of all 

VDAC isoforms was identical to the wild type (Baines et al., 2007). Another study 

revealed that isolated mitochondria lacking ANT are able to form MPTP, resulting 

in the release of the cytochrome c (Kokoszka et al., 2004). These studies 

suggested that VDAC and ANT are not essential components of the MPTP 

complex. Therefore, the roles of VDAC and ANT in mitochondrial-mediated 

apoptosis remain unclear.  

Next, I examined the role of VDAC1 in Taxol-induced apoptosis. The dramatic 

increase of apoptosis in VDAC1-depleted cells can be explained by the important 

role of VDAC1 in maintaining the integrity of the MOM. The percentage of 

apoptosis was slightly higher in VDAC1-depleted cells treated with Taxol (68% 

apoptosis) in comparison with Taxol treatment only (62% apoptosis). A possible 

explanation is that some residual VDAC which has not been depleted may inhibit 

Taxol-induced apoptosis.  

Several studies have shown the importance of VDAC1 in cell energy and cell 

proliferation. Depletion of VDAC1 by a single siRNA inhibits cell proliferation and 

cancer cell growth, it also decreases ATP levels (Koren et al., 2010, Arif et al., 

2014, Arif et al., 2017). Another study suggested that VDAC1 interaction with 

hexokinase and Bcl-2 induces protection against apoptosis by inhibiting 

cytochrome c release Upon apoptotic signalling (Abu-Hamad et al., 2009). In 

contrast to my results, siRNA-mediated depletion of VDAC1 causes a reduction in 

endostatin-induced apoptosis in HMECs (Human Mammary Epithelial Cells) and 

overexpression of VDAC1 causes endostatin-induced MPT pore opening (Yuan et 

al., 2008). Similarly, siRNA depletion of VDAC1 inhibits cisplatin-induced 

apoptosis in A549 NSCLC (Non-small-cell lung carcinoma) (Tajeddine et al., 2008). 

These incompatible results could be explained by cell line specificity or using 

different apoptotic stimulus. However, further studies are needed to determine 

the role of VDAC in MOM permeabilization and cell death.  
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Dai and colleagues reported that Bcl-2 phosphorylation by Cdk1 enhances its 

binding to Bak in Taxol-treated K562 cells (human blood-chronic myelogenous 

leukaemia) (Dai et al., 2013). The phosphorylation of Bcl-2 and its interaction with 

Bak may support the anti-apoptotic function of Bcl-2 (Deng et al., 2000, Deng et 

al., 2004, Dai et al., 2013). However, other studies have demonstrated that 

phosphorylation of Bcl-2 antagonizes the protective effect of Bcl-2 (Haldar et al., 

1995, Blagosklonny et al., 1997, Terrano et al., 2010). In particular, Bcl-2 S70A 

substitution blocked Bcl-2 post-translational modification and protected cells 

better than endogenous Bcl-2 (Yamamoto et al., 1999). These incompatible 

results could be explained by context-dependent effects or cell line specificity. 

However, my data supported a model in which Cdk1-induced Bcl-2 

phosphorylation may inhibit its interaction with Bak and antagonize its anti-

apoptotic function. I have shown that unphosphorylated Bcl-2 interacts with Bak 

but not the phosphorylated form. The Bak IP had identified unphosphorylated 

Bcl-2 as a co-immunoprecipitating protein in both untreated and Taxol-arrested 

mitotic cells. Furthermore, phosphorylated Bcl-2 was detected in the cell extract 

of Taxol-arrested cells but not in the co-immunoprecipitated Bcl-2 suggesting that 

Bcl-2 only interacted with Bak in the unphosphorylated form but not when 

phosphorylated (see Figure 4-27 page 113).   

Based on my data, I propose a model for Taxol-induced apoptosis. My data 

indicated that Taxol-induced mitochondrion protein release, activation of the 

caspase cascade, and mitotic death is mediated by the activation of the pro-

apoptotic proteins Bak and Bax. Activated Bax is translocated from the cytosol to 

the MOM where both Bak and Bax oligomerize to form specific pores or channels. 

My results indicated that Bak-Bax interaction is occurred during Taxol-induced 

apoptosis. Furthermore, Bak and Bax oligomers form a larger complex with MPTP 

components such as VDAC and ANT2. The formation of the apoptotic pore 

complex modulates the permeability of the MOM. MOM permeabilization 

induces the release of cytochrome c which results in the activation of the 
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caspases. Therefore, the formation of the apoptotic pores from Bak and Bax 

homo or hetero-oligomers, which induces MOMP, is the irreversible step in the 

mitochondrial pathway of apoptosis. 
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Chapter 5. Identification of the link between SAC and apoptosis 

5.1 Introduction  

Although the molecular link between cell cycle arrest and apoptosis has been the 

subject of intense research, no clear mechanism has been found so far. Previous 

studies have shown that extensive phosphorylation of the anti-apoptotic proteins 

Bcl-2, Bcl-xL and Mcl-1 by Cdk1 inactivates their anti-apoptotic activity and primes 

mitotically-arrested cells to undergo apoptosis (Geng et al., 2011, Sakurikar et al., 

2012). Moreover, studies by Terrano and colleagues suggested that a change in 

the duration of Cdk1-mediated phosphorylation of Bcl-2 and Bcl-xL from transient 

during normal mitosis to sustained during mitotic arrest links the activation of the 

SAC to the initiation of apoptosis (Terrano et al., 2010). However, it is not known 

how Cdk1 moves from the cytoplasm to the mitochondria to phosphorylate 

certain Bcl-2 family members. 

Recent data demonstrate that shuttling of the pro-apoptotic effector proteins, 

Bak and Bax, from the cytoplasm to the MOM is accelerated upon extended 

mitotic arrest (Todt et al., 2015, Salvador‐Gallego et al., 2016, Große et al., 2016). 

Furthermore, Cdk1 is also reported to be translocated to the mitochondria in 

Vinblastine-arrested mitotic cells (Terrano et al., 2010). Upon prolonged SAC 

activation, Cdk1-mediated phosphorylation of Bcl-2, Bcl-xL and Mcl-1 inhibits 

their anti-apoptotic effects (Terrano et al., 2010, Geng et al., 2011, Sakurikar et 

al., 2012, Bah et al., 2014, Chu et al., 2012). In this chapter I examined the function 

of Cdk1, the master regulation of the cell cycle, in mitochondrial-mediated 

apoptosis.  
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5.2 Cdk1 co-immunoprecipitates with Bak and Bax in both untreated and 

Taxol-treated HeLa cells   

My earlier mass spectrometry (MS) data of Bax IP (see Table 7-1, Appendix) had 

identified Cdk1 as a co-immunoprecipitating protein. To confirm the results of the 

MS analysis, co-immunoprecipitations were carried out to determine whether 

Cdk1 co-immunoprecipitates with Bax and Bak. Bax and Bak were 

immunoprecipitated from untreated and Taxol-treated HeLa cells using anti-Bax 

(6A7) and anti-Bak (N20) antibodies, respectively. Bax and Bak IPs were analysed 

by immunoblotting with Bax, Bak and Cdk1 antibodies. The results (Figures 5-1 

and 5-2) demonstrated that a small amount of Cdk1 is complexed with both Bax 

and Bak in untreated cells but the amount of Cdk1 is increased in the Taxol-

arrested cells.  

It has been reported that Cdk1-mediated phosphorylation of anti-apoptotic 

proteins Bcl-2/ Bcl-xL decreases their anti-apoptotic effects (Terrano et al., 2010), 

which ultimately enables Bak and Bax to form oligomers at the mitochondrial 

outer membrane and disrupt the transmembrane potential (Große et al., 2016). 

These results suggest that a subpopulation of Cdk1 is initially associated with pro-

apoptotic proteins Bax and Bak in normal interphase cells and the levels of Cdk1 

associated with Bax and Bak is increased during Taxol-induced mitotic cell cycle 

arrest. This result suggested the hypothesis that Bax and Bak-associated Cdk1 is 

translocated from the cytoplasm to the MOM to phosphorylate Bcl-2 and Bcl-xL 

upon Taxol treatment. 
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Figure 5-1: Cdk1 co-immunoprecipitates with Bax from both untreated and 
Taxol-arrested HeLa cells. 

HeLa cells were either left untreated or treated with Taxol (60nM) for 24 hrs and 
subjected to immunoprecipitation with anti-Bax (6A7) antibody (lanes 1-2) followed by 
immunoblotting for Bax and Cdk1. Lane 3 represents Bax (6A7) antibody with magnetic 
beads and lane 4 represents cell extract with magnetic beads. Lane 5: cell extract from 
untreated. Lane 6: Taxol-treated cell extract. Molecular weight markers (kDa) are shown 
on the right. * indicates a non-specific protein detected by the Cdk1 antibody. This result 
is representative of 2 independent experiments. 

 

Figure 5-2: Cdk1 co-immunoprecipitates with Bak from both untreated and 
Taxol-arrested HeLa cells. 

HeLa cells were either left untreated or treated with Taxol (60nM) for 24 hrs and 
subjected to immunoprecipitation with anti-Bak (N-20) antibody (lanes 1-2) followed by 
immunoblotting for Bak and Cdk1. Lane 3 represents Bak (N-20) antibody with magnetic 
beads and lane 4 represents cell extract with magnetic beads. Lane 5: cell extract from 
untreated. Lane 6: Taxol-treated cell extract. Molecular weight markers (kDa) are shown 
on the right. This result is representative of 2 independent experiments. 
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5.3 Cdk1 co-immunoprecipitates with Bak and Bax in U2OS and RPE1 cell 

lines 

In order to investigate whether the Cdk1 interaction with Bak/Bax was specific 

for HeLa cells or whether it is a general phenomenon, I immunoprecipitated Bak 

and Bax from another cancer cell line (U2OS) and also from a normal diploid cell 

line (RPE1). The Cdk1 interaction with Bak/Bax was identified in both U2OS and 

RPE1 cells using native conditions. Immunoprecipitations were carried out using 

Bax-specific antibody (6A7) and Bak-specific antibody (N-20). Bax IPs were 

immunoblotted with Bax and Cdk1 antibodies, and Bak IPs were immunoblotted 

with Bak and Cdk1 antibodies. My data indicated that Cdk1 was specifically co-

immunoprecipitated with both Bax and Bak in untreated and Taxol-arrested 

U2OS cells (Figures 5-3 and 5-4). Similarly, Bax was also associated with Cdk1 in 

Nocodazole-arrested U2OS cells (Figure 5-5). Identical results were also obtained 

with RPE1 cells (Figures 5-6 and 5-7). Therefore, I was able to co-IP a Cdk1 with 

Bak and Bax in different cell lines and in response to either Taxol (a microtubule 

stabilizing agent) or Nocodazole (a microtubule destabilizing agent) suggesting 

that this interaction is not drug specific and may be widely used by the cells to 

activate the intrinsic apoptotic pathway.   
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Figure 5-3: Cdk1 co-immunoprecipitates with Bax from both untreated and 
Taxol-arrested U2OS cells. 

U2OS cells were either left untreated or treated with Taxol (1µM) for 24 hrs and 
subjected to immunoprecipitation with anti-Bax (6A7) antibody (lanes 1-2) followed by 
immunoblotting for Bax and Cdk1. Lane 3 represents Bax (6A7) antibody with magnetic 
beads and lane 4 represents cell extract with magnetic beads. Lane 5: cell extract from 
untreated. Lane 6: Taxol-treated cell extract. Molecular weight markers (kDa) are shown 
on the right. * indicates a non-specific protein detected by the Cdk1 antibody. This result 
is representative of 2 independent experiments. 

 

 

Figure 5-4: Cdk1 co-immunoprecipitates with Bak from both untreated and 
Taxol-arrested U2OS cells. 

U2OS cells were either left untreated or treated with Taxol (1µM) for 24 hrs and 
subjected to immunoprecipitation with anti-Bak (N-20) antibody (lanes 1-2) followed by 
immunoblotting for Bak and Cdk1. Lane 3 represents Bak (N-20) antibody with magnetic 
beads and lane 4 represents cell extract with magnetic beads. Lane 5: cell extract from 
untreated. Lane 6: Taxol-treated cell extract. Molecular weight markers (kDa) are shown 
on the right. * indicates a non-specific protein detected by the Cdk1 antibody. This result 
is representative of 2 independent experiments. 
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Figure 5-5: Cdk1 co-immunoprecipitates with Bax from both untreated and 
Nocodazole-arrested U2OS cells. 

U2OS cells were either left untreated or treated with Nocodazole (5µM) for 24 hrs and 
subjected to immunoprecipitation with anti-Bax (6A7) antibody (lanes 1-2) followed by 
immunoblotting for Bax and Cdk1. Lane 3 represents Bax (6A7) antibody with magnetic 
beads and lane 4 represents cell extract with magnetic beads. Lane 5: cell extract from 
untreated. Lane 6: Taxol-treated cell extract. Molecular weight markers (kDa) are shown 
on the right. * indicates a non-specific protein detected by the Cdk1 antibody. This result 
is representative of 2 independent experiments. 

 

Figure 5-6: Cdk1 co-immunoprecipitates with Bax from both untreated and 
Taxol-arrested RPE1 cells. 

RPE1 cells were either left untreated or treated with Taxol (1µM) for 48 hrs and 
subjected to immunoprecipitation with anti-Bax (6A7) antibody (lanes 1-2) followed by 
immunoblotting for Bax and Cdk1. Lane 3 represents Bax (6A7) antibody with magnetic 
beads and lane 4 represents cell extract with magnetic beads. Lane 5: cell extract from 
untreated. Lane 6: Taxol-treated cell extract. Molecular weight markers (kDa) are shown 
on the right. * indicates a non-specific protein detected by the Cdk1 antibody. This result 
is representative of 2 independent experiments. 
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Figure 5-7: Cdk1 co-immunoprecipitates with Bak from both untreated and 
Taxol-arrested RPE1 cells. 

RPE1 cells were either left untreated or treated with Taxol (1µM) for 48 hrs and 
subjected to immunoprecipitation with anti-Bak (N-20) antibody (lanes 1-2) followed by 
immunoblotting for Bak and Cdk1. Lane 3 represents Bak (N-20) antibody with magnetic 
beads and lane 4 represents cell extract with magnetic beads. Lane 5: cell extract from 
untreated. Lane 6: Taxol-treated cell extract. Molecular weight markers (kDa) are shown 
on the right. * indicates a non-specific protein detected by the Cdk1 antibody. This result 
is representative of 2 independent experiments. 

 

5.4 Bak, Bax and cyclin B1 co-immunoprecipitate with Cdk1 in HeLa cells  

To further confirm our co-IP results that Cdk1 is specifically associated with pro-

apoptotic proteins Bak and Bax, I wanted to determine whether Bak and Bax 

would also co-immunoprecipitate with Cdk1. Immunoprecipitation of Cdk1 was 

performed using Cdk1-specific antibody Cdc2p34 (17) in untreated and Taxol-

arrested HeLa cells. Cdk1-IPs were analysed by immunoblotting with cyclin B1 

(the regulatory subunit of Cdk1), Bak, Bax and Cdk1 antibodies.  Interestingly, 

complexes containing cyclin B1, Bak, and Bax were only detected in Taxol-

arrested mitotic cells. Whereas, in exponentially growing HeLa cells, Cdk1 was 

only associated with Bak and Bax (Figure 5-8). These results indicate that Bak and 

Bax can form a complex with both active and inactive Cdk1. Cyclin B1 was co-

immunoprecipitated with Cdk1 from Taxol-treated cells but not from untreated 

cells. My results indicate that pro-apoptotic proteins Bak and Bax can also co-IP 

with Cdk1, supporting the earlier results (see pages 130-135).  
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Figure 5-8: Bak, Bax and cyclinB1 co-immunoprecipitate with Cdk1 in HeLa cells. 

HeLa cells were either left untreated or treated with Taxol (60nM) for the times 
indicated and subjected to immunoprecipitation with anti-Cdc2 p34 (17) antibody (lanes 
1-2) followed by immunoblotting for cyclin B1, Bak, Bax and Cdk1. Lane 3 represents 
Cdc2 p34 (17) antibody with magnetic beads and lane 4 represents cell extract with 
magnetic beads. Lane 5: cell extract from untreated. Lane 6: Taxol-treated cell extract. 
Molecular weight markers (kDa) are shown on the right. This result is representative of 
2 independent experiments. 

 

5.5 Recombinant Cdk1 interacts with Bax in vitro  

Although my MS and co-IP experiments strongly suggested that Bax and Cdk1 

were present in a complex, it was important to determine if Bax and Cdk1 are 

able to interact directly or indirectly. First, I examined the purity of human, 

commercial recombinant proteins GST-Bax and GST-Cdk1, and GST-PAK-α 

(purified previously in our Lab) (Figure 5-9 A). Equimolar concentrations of GST-

Bax (50 µM) and GST-Cdk1 (50 µM) were incubated in 1% CHAPS lysis buffer. An 

equimolar concentration of GST-PAK-α was incubated with GST-Cdk1 as a control. 

Subsequently, Cdk1 was then immunoprecipitated using a Cdk1-specific antibody 

Cdc2p34 (17) and the IPs were immunoblotted with Cdk1, Bax and PAK-α 

antibodies. My results indicated that Bax specifically interacts with Cdk1 in vitro. 

PAK-α was not detected in the Cdk1 IP (Figure 5-9 B). Similar results were also 
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obtained by incubating GST-Cdk1 with purified recombinant non-tagged wild type 

Bax protein (see Figure 5-10). These results indicate a direct interaction between 

the pro-apoptotic protein Bax and Cdk1 and support the results obtained by mass 

spectrometry and the co-IP experiments. 

 

 

 

 

Figure 5-9: GST-Cdk1 specifically interacts with GST-Bax but not with GST-PAK-
α in vitro. 

(A) Coomassie-stained SDS-PAGE gel of purified, recombinant GST-Bax, GST-Cdk1 and 
GST-Pakα used in the study. Molecular weight markers (kDa) are indicated on the left. 
(B) Equimolar concentrations (50 µM) of GST-Tag Cdk1 and GST-Tag Bax were incubated 
in 1% CHAPS lysis buffer for 2 hrs at 4 °C. GST-Tag PAK alpha (50 µM) was also incubated 
with GST-Tag Cdk1 as a control. Cdk1 was then immunoprecipitated using Cdk1-specific 
antibody Cdc2p34 (17) and the IPs were analysed by immunoblotting for Cdk1, Bax and 
PAK-α antibodies. The post-IP supernatants (10 % of total volume) and cell lysate were 
run as positive controls. Molecular weight markers (kDa) are shown on the right. * 
indicates non-specific proteins. This result is representative of 2 independent 
experiments.  
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Figure 5-10: GST-Cdk1 specifically interacts with wild type Bax but not with GST-
PAK-α in vitro. 

Equimolar concentrations (50 µM) of GST-Tag Cdk1 and Bax (WT) were incubated in 1% 
CHAPS lysis buffer for 2 hrs at 4 °C. GST-Tag PAK alpha (50 µM) was incubated with GST-
Tag Cdk1 under the same condition as a control. Cdk1 was then immunoprecipitated 
using Cdk1-specific antibody Cdc2p34 (17) and the IPs were analysed by immunoblotting 
for Cdk1, Bax and PAK-α antibodies. The post-IP supernatants (10 % of total volume) and 
cell lysate were run as positive controls. Molecular weight markers (kDa) are shown on 
the right. * indicates non-specific proteins. This result is representative of 2 independent 
experiments. 

 

5.6 Depletion of Bax and Bak inhibits Cdk1-mediated Bcl-2/Bcl-xL 

phosphorylation during Taxol treatment 

The anti-apoptotic Bcl-2 family members, such as Bcl-2 and Bcl-xL, have shown to 

be phosphorylated by Cdk1 kinase in response to microtubule interfering agents 

(Terrano et al., 2010). The anti-apoptotic function of Bcl-2 is reduced by Cdk1-

mediated phosphorylation at serine 70 (Eichhorn et al., 2013). Cdk1-mediated 



 

140 

 

phosphorylation of Bcl-xL on serine 62 is reported to inhibit it’s interaction with 

the pro-apoptotic protein Bax (Bah et al., 2014).  

Next, I wanted to determine the physiological role of the interaction between 

Cdk1 and Bax, identified earlier (see pages 137-139). I examined the hypothesis 

that Bak and Bax were required for translocation of Cdk1 to the mitochondria to 

phosphorylate Bcl-2 and Bcl-xL in Taxol-arrested HeLa cells. HeLa cells were 

treated with siRNAs specific against human Bak and Bax and with control siRNA 

containing a scrambled sequence. After 48 hrs, the cell lysates were analysed by 

Western blotting to determine the level of Bak and Bax proteins. Both Bak and 

Bax proteins were detected in non-transfected and control siRNA cells. However, 

Bak and Bax proteins were efficiently depleted in the individual Bak and Bax 

siRNA-treated cells and in cells treated with both Bak/Bax siRNA (Figure 5-11).  

Furthermore, the addition of Taxol induced phosphorylation of Bcl-2 and Bcl-xL 

in non-transfected and control siRNA cells, as indicated both by a mobility shift 

on SDS-PAGE and by immunoblotting with phospho-Bcl-2 and phospho-Bcl-xL 

antibodies (Figure 5-11). Importantly, depletion of Bax, Bak and both Bax and Bak 

completely inhibited Cdk1-mediated phosphorylation of Bcl-2 and Bcl-xL. Apart 

from a small level of Bcl-2 phosphorylation that was consistently observed in the 

Bak-depleted cells. One possible explanation for Bcl-2 phosphorylation in the 

absence of Bak is that Bax-mediated translocation of Cdk1 from the cytoplasm to 

the MOM may be primarily responsible for Bcl-2 phosphorylation. Cyclin B1 was 

expressed at low level in untreated cells but high level of cyclin B1 was maintained 

in Taxol-arrested mitotic cells indicating that Cdk1 is active during Taxol-induced 

cell cycle arrest. My data strongly suggest that both Bax and Bak may play a role 

in the translocation of Cdk1 from the cytoplasm to the outer mitochondrial 

membrane in Taxol-arrested mitotic cells.  

During prolonged activation of the mitotic checkpoint, the phosphorylation of the 

anti-apoptotic proteins was sustained for several hours until apoptosis (Terrano 
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et al., 2010). These results suggest that translocation of Cdk1 to the MOM to 

phosphorylate Bcl-2/Bcl-xL is both Bax and Bak dependent during Taxol-induced 

cell cycle arrest. Furthermore, sustained translocation of Cdk1 by pro-apoptotic 

proteins Bax and Bak to the MOM provides the molecular basis for the link 

between activation of the mitotic checkpoint and initiation of apoptosis. 

 

 

Figure 5-11: siRNA Depletion of Bax and Bak inhibits Cdk1-mediated 
phosphorylation of Bcl-2 and Bcl-xL in Taxol-arrested HeLa cells. 

HeLa cells were either left untreated or transfected with control, Bax, Bak and both Bax 
and Bak siRNA (50nM) and incubated for 48 hrs. After the incubation period, the cells 
were treated with Taxol (60nM) for 12 hr. Cell lysates for untreated and 12-hr Taxol-
treated cells were immunoblotted with antibodies for Bax, Bak, P-Bcl-2 (Ser70), P-Bcl-xL 
(Ser62), Bcl-2, Bcl-xL, cyclin B1 and Cdk1. α-tubulin was used as a loading control. 
Molecular weight markers (kDa) are shown on the right. This result is representative of 
2 independent experiments. 
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5.6.1 Depletion of Bak and Bax does not affect Cdk1 kinase activation in 

Taxol-arrested mitotic cells 

To investigate if Cdk1 was activated in the Bax/Bak-depleted HeLa cells in 

response to Taxol treatment, I performed an in vitro kinase assay using 32p (ATP). 

Cdk1 was immunoprecipitated from either untreated or siRNA transfected cells 

(control siRNA, Bax siRNA, Bak siRNA and Bax/Bak siRNA) and Cdk1 activity was 

assessed using histone H1 as a substrate. In this assay I also wanted to confirm 

that the Cdk1 inhibitor RO-3306 (5 µM) inhibits Cdk1 kinase activity by pre-

incubating Taxol-arrested mitotic cells with the inhibitor prior to the kinase assay. 

As shown in Figure 5-12 A, control siRNA treated with Taxol showed a marked 

increase in histone H1 phosphorylation compared to untreated cells. The 

phosphorylation of histone H1 by Cdk1 in Bax siRNA, Bak siRNA and Bax/Bak 

siRNA treated with Taxol was similar to those seen in the control cells.  

Quantitation of the level of histone H1 phosphorylation indicated that there was 

no statistically significant difference in Cdk1 activity between control, Bax, Bak 

and Bax/Bak-siRNA treated cells (Figure 5-12 B). Furthermore, treatment of Taxol-

arrested cells with the Cdk1-inhibitor (RO-3306) for 4 hrs caused a significant 

inhibition of the Cdk1 kinase activity (Figures 5-12 A and B). 

To further confirm that siRNA depletion of Bak and Bax does not affect Cdk1 

kinase activity in Taxol-arrested mitotic cells, cell cycle analysis was performed 

using flow cytometry. HeLa cells were either transfected with control or both 

Bax/Bak siRNA and then either left untreated or treated with Taxol for 12 hrs and 

analysed by flow cytometry. My results indicated that there was no statistically 

significant difference of the percentage of the cells in G2/M phase between 

control siRNA and Bax/Bak siRNA cells treated with Taxol for the same period of 

time (Table 5-1). Both the Cdk1 kinase assay and FACS analysis assay confirmed 

that Cdk1 is activated in the Bax/Bak-depleted HeLa cells in response to Taxol 

treatment. 
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From these results, I concluded that Cdk1 activation in Taxol-arrested cells is not 

affected by the absence of the pro-apoptotic proteins Bak and Bax and that 

cytoplasmic active Cdk1 is not sufficient to phosphorylate Bcl-2 and Bcl-xL. 

Therefore, the pro-apoptotic proteins Bak and Bax are required to facilitate the 

translocation of Cdk1 from the cytoplasm to the mitochondrial outer membrane 

in the Taxol-arrested mitotic cells.   

 

Figure 5-12: Cdk1 kinase assay in Bax and Bak-depleted cells. 

A) HeLa cells were either left untreated or transfected with control siRNA (50 nM), Bax 
siRNA (50 nM), Bak siRNA (50 nM) and both Bax and Bak siRNA (50 nM) for 48 hrs. Cells 
then treated with Taxol (60 nM) for 12 hrs. Taxol-arrested mitotic cells were collected 
by mitotic shake-off and incubated with RO-3306 (5µM) for 4 hrs to inhibit Cdk1 kinase 
activity. The cells were then lysed in Cdk1 lysis buffer and Cdk1 was immunoprecipitated 
from the cell lysates using Cdk1-specific antibody Cdc2p34 (17). Histone H1 was used as 
substrate to assess Cdk1 kinase activity using an in vitro kinase assay. Samples were 
analysed by SDS-PAGE and the coomassie stained gels were dried for autoradiography. 
Molecular weight markers (kDa) are shown on the right. B) Histograms represent the 
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intensity of phosphorylated histone H1 normalized to α-tubulin from blots shown in A 
(the mean ± SD of three independent experiments). P-values were calculated using one-
way ANOVA (ns = not significant compared to control siRNA).  

 

Table 5-1: FACS analysis of untreated or Taxol treated HeLa cells transfected 
with control or Bax/Bak siRNA. 

HeLa cells were either transfected with control (50nM) or both Bax and Bak siRNA 
(50nM) and incubated for 48 hrs. After the incubation period, the cells were either left 
untreated or treated with Taxol (60nM) for 12 hrs, and then fixed in Ethanol (70 % v/v) 
and stained with Propidium Iodide before FACS analysis. The mean values ± SD were 
calculated from 3 independent experiments.  

 

Cell line FACS Profile 
G1 S G2/M 

Mean ± SD Mean ± SD Mean ± SD 

HeLa control 

siRNA untreated 

 

67.18±0.93 10.77±0.24 18.38±0.45 

HeLa control 

siRNA Taxol-

treated 
 

7.51±1.0 11.17±1.3 74.86±2.49 

HeLa Bax/Bak 

siRNA untreated 

 

65.39±1.06 10.98±1.08 19.43±0.61 

HeLa Bax/Bak 

siRNA Taxol-

treated 
 

10.9± 3.72 12.53±2.62 70.13±5.83 
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5.7 Bcl-2 and Bcl-xL are not phosphorylated in Taxol-arrested Bax/Bak 

DKO HCT116 cells 

Drawbacks of the siRNA technique are that it is transient, does not always 

produce complete depletion of the target, and is reported to produce off-target 

effects (Dorsett and Tuschl, 2004). Therefore, I examined Cdk1-mediated 

phosphorylation of Bcl-2 and Bcl-xL in HCT116 Bax/Bak DKO cells (Zhang et al., 

2000, Wang and Youle, 2012) in response to Taxol treatment. Wild type HCT116 

cells were used as controls. Both cell lines were either left untreated or treated 

with Taxol for 12 hrs and the total cell extracts were immunoblotted with Bax, 

Bak, P-Bcl-2, P-Bcl-xL, cyclin B1, Cdk1, and PARP antibodies. Western blotting 

confirmed the absence of Bak and Bax proteins in the HCT116 Bax/Bak DKO cells.  

Addition of Taxol induced Bcl-2 and Bcl-xL phosphorylation in HCT116 WT but not 

in HCT116 Bax/Bak DKO cells. Unexpectedly, a low level of Bcl-xL phosphorylation 

was detected in Taxol-arrested HCT116 Bax/Bak DKO cells. One possible 

explanation for Bcl-xL phosphorylation in HCT116 Bax/Bak DKO cells is that Bcl-xL 

is phosphorylated on Ser62 by a kinase other than Cdk1 (Figure 5-13 A).  

I next wanted to determine if the low-level phosphorylation of Bcl-xL in HCT116 

Bax/Bak DKO cells was sufficient for Taxol-induced apoptosis. Cell extracts of both 

HCT116 WT and HCT116 Bax/Bak DKO cells were prepared from untreated or 36 

hrs Taxol-treated cells. PARP cleavage was clearly observed in HCT116 WT but not 

in HCT116 Bax/Bak DKO cells (see Figure 5-13 A), suggesting that phosphorylation 

of both Bcl-2 and Bcl-xL is required for Taxol-induced apoptosis. This result also 

confirmed the results obtained in the siRNA-depleted Bax/Bak cells (see Figure 5-

11, page 141).  

To determine if Cdk1 kinase is activated in the HCT116 Bax/Bak DKO cells during 

Taxol treatment, I performed an in vitro kinase assay using Cdk1 

immunoprecipitated from either untreated or Taxol-arrested cells. As shown in 

Figure 5-13 A, histone H1 was phosphorylated efficiently by Cdk1 in HCT116 WT 
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treated with Taxol. A similar level of histone H1 phosphorylation was seen in 

HCT116 Bax/Bak DKO cells treated with Taxol for the same period of time. There 

was no statistically significant difference in the levels of histone H1 

phosphorylation between HCT116 WT and HCT116 Bax/Bak DKO cells treated 

with Taxol for the same time (Figure 5-13 B). Unexpectedly, histone H1 kinase 

activity was also detected in untreated HCT116 Bax/Bak DKO cells, suggesting 

that a histone H1 kinase was co-immunoprecipitated with Cdk1 protein. 

However, Cdk1 was inactive in untreated HCT116 Bax/Bak DKO cells because 

cyclin B1 level was low compared to Taxol-arrested mitotic cells (see Figure 5-13 

A). I confirmed that Cdk1 was inactive in the HCT116 Bax/Bak DKO cells as it was 

still phosphorylated on tyrosine 15 as assessed by a phospho-Cdk1 (Tyr 15) 

antibody. Furthermore, this unidentified histone H1 kinase was unable to 

phosphorylate Bcl-2 (Ser70) or Bcl-xL (Ser62) (Figure 5-13 A).  

To further demonstrate that Cdk1 is activated in HCT116 Bax/Bak DKO cells in 

response to Taxol treatment, cell cycle analysis was performed in both HCT116 

WT and HCT116 Bax/Bak DKO cells using flow cytometry. Both HCT116 WT and 

HCT116 Bax/Bak DKO cells were left untreated or treated with Taxol for 12 hrs 

and analysed by flow cytometry. My results indicated that there was no 

statistically significant difference in the percentage of the cells in G2/M phase 

between HCT116 WT and HCT116 Bax/Bak DKO cells treated with Taxol (Table 5-

2). The flow cytometry data complemented the results of the histone H1 kinase 

assay and both confirmed that Cdk1 is activated in HCT116 Bax/Bak DKO cells 

treated with Taxol. These findings support our hypothesis that Bax and Bak are 

required for Cdk1 translocation to the MOM to phosphorylate Bcl-2 and Bcl-xL in 

Taxol-arrested mitotic cells.  
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Figure 5-13: Taxol induces phosphorylation of Bcl-2 and Bcl-xL and PARP 
cleavage in HCT116 WT but not in HCT116 Bax/Bak DKO cells. 

A) HCT116 WT and HCT116 Bax/Bak DKO cells were either left untreated or treated with 
Taxol (120 nM) for 12 hrs. Cell lysates for untreated and 12-hrs Taxol-treated cells were 
immunoblotted with antibodies for Bax, Bak, P-Bcl-2 (Ser70), P-Bcl-xL (Ser62), cyclin B1, 
Cdk1 and PARP. α-tubulin was used as a loading control. Molecular weight markers (kDa) 
are shown on the right. This result is representative of 2 independent experiments. For 
the histone H1 kinase assay, both HCT116 WT and HCT116 Bax/Bak DKO cells were 
either left untreated or treated with Taxol (120 nM) for 12 hrs. The cells were then lysed 
in Cdk1 lysis buffer and Cdk1 was immunoprecipitated from the cell lysates using Cdk1-
specific antibody Cdc2p34 (17). Histone H1 was used as substrate to assess Cdk1 kinase 
activity using an in vitro kinase assay. Samples were analysed by SDS-PAGE and the 
coomassie stained gels were dried for autoradiography. B) Histograms represent the 
intensity of phosphorylated histone H1 normalized to α-tubulin from histone H1 blot 
shown in A (the mean ± SD of three independent experiments). P-values were calculated 
using one-way ANOVA (ns = not significant compared to HCT116 WT).  
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Table 5-2: FACS analysis of untreated or Taxol treated HCT116 WT and HCT116 
Bax/Bak DKO cells. 

HCT116 WT and HCT116 Bax/Bak DKO cells were either left untreated or treated with 
Taxol (120 nM) for 12 hrs, and then fixed in Ethanol (70 % v/v) and stained with 
Propidium Iodide before FACS analysis. The mean values ± SD were calculated from 3 
independent experiments.  

 

Cell line FACS Profile 

G1 S G2/M 

Mean ± SD Mean ± SD Mean ± SD 

HCT116 WT 

untreated 

 

45 ± 0.82 19.2 ± 0.31 28.73± 1.42 

HCT116 WT Taxol-

treated 

 
 

3.02 ± 0.45 5.39 ± 1.15 87.4 ± 1.66 

HCT116 Bax/Bak 

DKO untreated 

 

38.7 ± 1.56 22.5 ± 1.53 28.99± 1.42 

HCT116 Bax/Bak 

DKO Taxol-treated 

 

3.21 ± 0.41 3.7 ± 0.64 86.16 ± 3.6 
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5.8 Bcl-2 and Bcl-xL are transiently phosphorylated during G2/M phase 

of the cell cycle.  

Cdk1 is a non-redundant cyclin-dependent kinase which plays an essential role in 

regulation of the mammalian cell cycle. It regulates the transition through late G2 

and mitosis (Murray, 1994). Genetic studies have shown a critical role for Cdk1 in 

mitosis and it phosphorylates many substrates (Ubersax et al., 2003, Murray, 

2004). To determine whether Bcl-2 and Bcl-xL were phosphorylated during the 

normal cell cycle and if their phosphorylation was related to Cdk1/cyclin B1 kinase 

activity, I performed a time course experiments using synchronized HeLa cells. 

The cells were synchronized by thymidine block and then released to proceed 

through the normal cell cycle. Cell extracts were prepared at various intervals 

after release from thymidine block and immunoblotted with cyclin B1, Bcl-2, P-

Bcl-2, Bcl-xL and P-Bcl-xL. At the same time, samples were prepared for FACS 

analysis. After thymidine block, most of the cells were blocked at G1/S as 

assessed by FACS (Figure 5-14). Following release from the thymidine arrest, 

cyclin B1 levels increased at 6 hrs reaching maximum levels at 9-14 hrs after 

thymidine release (Figures 5-15 and 5-16). Cyclin B1 levels declined after 14 hrs 

indicating exit from mitosis. Immunoblot analysis of the cell extracts with Bcl-2 

and Bcl-xL antibodies showed a clear mobility shift between 6-14 hrs following 

thymidine release, suggesting that phosphorylation of Bcl-2 and Bcl-xL is a normal 

mitotic event in HeLa cells. The phosphorylation of Bcl-2 and Bcl-xL during the 

normal cell cycle was confirmed by blotting the cell extracts with phospho-Bcl-2 

(Ser70) and phospho-Bcl-xL (Ser62) antibodies (Figure 5-16). My data indicate 

that Cdk1 activity may be responsible for transient phosphorylation of Bcl-2/ Bcl-

xL during normal mitosis. 
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Figure 5-14: FACS profile of asynchronous and synchronous thymidine block (2 
mM) Hela cells. 

HeLa Cells were either left untreated or treated with thymidine (2 mM) for 24 hrs and 
then fixed in Ethanol (70 % v/v) and stained with Propidium Iodide before FACS analysis. 
This result is representative of 2 independent experiments. 

 

 

 

Figure 5-15: Cyclin B1 is highly expressed during G2/M phase of the cell cycle.  

Hela cells were synchronized by a single thymidine block (2 mM) for 24 hrs, washed and 
released into fresh medium for the times indicated. The cells were lysed in RIPA buffer 
and the normalized cell extracts were subjected to immunoblotting for cyclin B1. Cyclin 
B1 correlation to α-tubulin was quantitated for every time course using Image J. This 
data indicates the results of 2 independent experiments. 
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Figure 5-16: Bcl-2 and Bcl-xL are transiently phosphorylated during G2/M phase 
of the cell cycle. 

Hela cells were synchronized by a thymidine block, washed and released into fresh 
medium for the times indicated. The cells were lysed in RIPA buffer and the normalized 
cell extracts were immunoblotted for cyclin B1, Bcl-2, P-Bcl-2 (Ser70), Bcl-xL, P-Bcl-xL 
(Ser62). α-tubulin was used as a loading control. Molecular weight markers (kDa) are 
shown on the right. This result is representative of 2 independent experiments. 

 

5.9 RO-3306 inhibits Cdk1-mediated phosphorylation of Bcl-2 and Bcl-xL 

during Taxol treatment  

To further examine the role of Cdk1 activity in mitochondrial-dependent 

apoptosis and to confirm that Cdk1 is responsible for Bcl-2 and Bcl-xL 

phosphorylation during Taxol-induced mitotic arrest, I examined Cdk1-mediated 

phosphorylation of Bcl-2 and Bcl-xL in the presence or absence of RO-3306. RO-

3306 is a selective ATP-competitive inhibitor of Cdk1. It binds to the ATP pocket 

of Cdk1 to inhibit its activity (Vassilev et al., 2006). 

Incubation of HeLa cells with RO-3306 blocks cell cycle progression to M phase 

(Vassilev et al., 2006). To avoid this problem, cells were synchronized by a 

thymidine block, released and then treated with Taxol for 12 hrs, and RO-3306 

was added to Taxol-arrested mitotic cells. Addition of Taxol to a synchronized 

population of HeLa cells induced Bcl-2 and Bcl-xL phosphorylation at 12 and 16 
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hrs after Taxol addition (Figure 5-17). Both Bcl-2 and Bcl-xL showed a clear 

mobility shift at 12 and 16 hrs after Taxol addition. The phosphorylation of Bcl-2 

and Bcl-xL was confirmed by immunoblotting with phospho-Bcl-2 (Ser70) and 

phospho-Bcl-xL (Ser 62) antibodies. The addition of RO-3306 (1µM) to the Taxol-

arrested cells caused a slight reduction in Bcl-2 and Bcl-xL phosphorylation as 

assessed by the mobility shift but not with the phospho-antibodies. However, a 

higher concentration of RO-3306 (5µM) completely inhibited Bcl-2 and Bcl-xL 

phosphorylation as seen by the inhibition of the mobility shift and the absence of 

a band with the phospho-antibodies. This result indicates that Cdk1 activity is 

highly likely to be responsible for Bcl-2 and Bcl-xL phosphorylation during Taxol-

induced mitotic arrest.  

 

Figure 5-17: RO-3306 inhibits the phosphorylation of Bcl-2 and Bcl-xL in Taxol-
arrested cells. 

Hela cells were synchronized by a thymidine block for 24 hrs, and then either left 
untreated or treated with Taxol (60 nM) for 12 hrs. Taxol- arrested mitotic cells were 
collected by mitotic shake-off and either incubated with Taxol or Taxol + RO-3306 (1 and 
5 µM) for the indicated times. Cell lysates were immunoblotted with antibodies to Bcl-
2, P-Bcl-2 (Ser70), Bcl-xL, and P-Bcl-xL (Ser62). α-tubulin was used as a loading control. 
Molecular weight standards (kDa) are shown on the right. This result is representative 
of 2 independent experiments. 
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5.10 The Cdk1-inhibitor RO-3306 inhibits Taxol-induced apoptosis in HeLa 

cells  

In order to further examine the role of Cdk1 in Taxol-induced mitotic cell death, I 

examined levels of apoptosis using cytokeratin 18 and PARP cleavage either in 

the presence or absence of RO-3306. Taxol-arrested HeLa cells were obtained by 

mitotic shake-off and either incubated with Taxol or Taxol plus RO-3306 (5 µM) 

for a further 12 or 24 hrs (total of 24 or 36 hrs). As shown in Figure (5-18 A and 

B), PARP cleavage was significantly reduced in Taxol-arrested cells incubated with 

5 µM RO-3306 for 36 hrs when compared to Taxol treatment only. Moreover, the 

level of uncleaved PARP was significantly increased in Taxol-arrested cells 

incubated with 5 µM RO-3306 for 24 and 36 hrs in comparison to Taxol treatment 

only Figure (5-18 A and C). 

The inhibition of Taxol-induced apoptosis by RO-3306 was further investigated by 

assessing cytokeratin 18 cleavage using the M30 antibody. In Taxol-arrested cells, 

there was a time dependent increase in the number of M30 antibody-stained 

cells. At 16 hrs Taxol treatment, 16% of the cells were stained for M30 antibody. 

Apoptosis was then increased to 75% and 92% at 24 and 36 hrs respectively. 

However, in the presence of the RO-3306 (5 µM), 6% of the cells were stained for 

M30 antibody at 16 hrs which then increased to 35% and 50 % at 24 and 36 hrs 

respectively. Cdk1 inhibitor RO-3306 significantly reduced the number of the 

apoptotic cells (see Figures 5-19 and 5-20). Taken together, our data suggest that 

chronic activation of Cdk1 may promote Taxol-induced apoptosis and supports 

the interpretation that sustained activation of Cdk1 has pro-apoptotic effects and 

identifies the link between SAC activation and the induction of apoptosis. 

Furthermore, relatively high levels of cyclinB1 were detected at 12 and 16 hrs of 

Taxol addition, in which most of the cells were arrested in mitosis, in comparison 

to untreated cells. Cyclin B1 levels were similar in Taxol-arrested cells incubated 

with 1 µM RO-3306 when compared to Taxol-treated cells only. However, cyclin 
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B1 was degraded in Taxol-arrested cells incubated with 5 µM RO-3306 for the 

same times (see Figure 5-18 A). RO-3306 is a selective inhibitor of Cdk1 and it was 

efficiently inhibited Cdk1 activity at 5 µM (see Figure 5-12 A and B, page 145). By 

adding RO-3306 to Taxol-arrested mitotic cells, cyclin B1 was degraded and when 

cyclin B1 level drop below a critical threshold, the cells exit mitosis into a 

polyploid interphase (Haschka et al., 2018). Interestingly, by inhibiting Cdk1 

activity with RO-3306, apoptosis was reduced to 35% after 24 hrs Taxol 

treatment. However, at the time of maximum Cdk1 activity, the number of the 

apoptotic cells was significantly increased to 75% at 24 hrs Taxol addition (see 

Figure 5-19). These results suggest that Taxol-induced apoptosis can be reduced 

by inhibition of Cdk1 activity, and that chronic activation of the Cdk1 and the 

subsequent phosphorylation of Bcl-2 and Bcl-xL is involved in Taxol-induced 

apoptosis. 
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Figure 5-18: RO-3306 inhibits Bcl-2 and Bcl-xL phosphorylation-induced by Cdk1 
and reduces PARP cleavage in Taxol-arrested cells. 

A) Hela cells were synchronized by a thymidine block for 24 hrs, washed, and then either 
left untreated or treated with Taxol (60 nM) for 12 hrs. Taxol- arrested mitotic cells were 
collected by mitotic shake-off and either incubated with Taxol or Taxol + RO-3306 (1 and 
5 µM) for the indicated times. Cell lysates were immunoblotted with antibodies for Bcl-
2, Bcl-xL, PARP, Cdk1 and cyclin B1. α-tubulin was used as a loading control. Molecular 
weight standards (kDa) are shown on the right. This result is representative of 3 
independent experiments. (B) and (C) Histograms represent the intensity of cleaved and 
uncleaved PARP, respectively, normalized to α-tubulin from blots shown in A (the mean 
± SD of three independent experiments). P-values were calculated using one-way 
ANOVA (ns= not significant, P value * < 0.05, ** P value < 0.01). 
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Figure 5-19: RO-3306 inhibits cytokeratin 18 cleavage in Taxol-arrested HeLa 
cells. 

Hela cells were synchronized by a thymidine block for 24 hrs and then either left 
untreated or treated with Taxol (60 nM) for 12 hrs. Mitotically arrested cells were 
collected by mitotic shake-off and either incubated with Taxol or Taxol plus RO-3306 (5 
µM) for the indicated times. The cells were fixed and stained with CytoDEATH (M30) 
primary antibody and Alexa-Fluor 488 secondary antibody. At least 100 cells were 
counted in randomly selected fields and the number of the apoptotic cells were 
quantitated. Histograms represent the mean ± SD of three independent experiments. P-
values were calculated using one-way ANOVA (* P value < 0.05, P **** value < 0.0001). 
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Followed by images of 24 and 36 hrs Taxol treatment 



 

158 

 

 

Figure 5-20: The Cdk1-inhibitor RO-3306 inhibits cytokeratin 18 cleavage in 
Taxol-arrested HeLa cells. 

Representative fluorescence images of Taxol-induced apoptosis with or without RO-
3306 in synchronized HeLa cells. Hela cells were synchronized by a thymidine block for 
24 hrs, washed, and then either left untreated or incubated with Taxol (60 nM) for 12 
hrs. Mitotically arrested cells were collected by mitotic shake-off and either incubated 
with Taxol or Taxol plus RO-3306 (5 µM) for the indicated times. The cells were fixed and 
stained with CytoDEATH (M30) primary antibody and Alexa-Fluor 488 secondary 
antibody (green). DNA was stained with Hoechst 33342 (blue). This result is 
representative of three independent experiments. 



 

159 

 

 

Followed by images of 24 and 36 hrs Taxol treatment 
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Figure 5-21: Representative images of Taxol-induced apoptosis with or without 
RO-3306. 

Hela cells were synchronized by a thymidine block for 24 hrs and then either left 
untreated or treated with Taxol (60 nM) for 12 hrs. Mitotically arrested cells were 
collected by mitotic shake-off and either incubated with Taxol or Taxol plus RO-3306 (5 
µM) for the indicated times. The cells were fixed and stained with CytoDEATH (M30) 
primary antibody and Alexa-Fluor 488 secondary antibody (green). DNA was stained 
with Hoechst 33342 (blue). This result is representative of three independent 
experiments. 
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5.11 Discussion  

To date the molecular link between activation of the mitotic checkpoint and the 

initiation of apoptosis has not been clearly defined. Several studies have 

investigated post-translational modifications that control apoptosis during 

prolonged mitotic arrest. Phosphorylation of XIAP at S40 by Cdk1 inhibits the anti-

apoptotic function of XIAP and reduces the threshold for the onset of apoptosis 

induced by a microtubule poison (Hou et al., 2016). Another study suggested that 

phosphorylation of caspase-9 at Thr125 by Cdk1 protects mitotically-arrested 

cells against apoptosis (Allan and Clarke, 2007). However, these mechanisms do 

not provide an explanation of the initiation of apoptosis because activation of 

caspases is downstream of Bak/Bax activation and MOM permeabilization. This 

study demonstrates a novel direct interaction between key proteins, the mitotic 

kinase Cdk1 with Bax, and provides a molecular explanation for the link between 

activation of the mitotic checkpoint and the initiation of apoptosis. 

The microtubule stabilizing agent Taxol activates the mitotic checkpoint and 

blocks the proteasome-dependent degradation of two key proteins in mitosis, 

securin and cyclinB1 (Abal et al., 2003). This results in the chronic activation of 

Cdk1 and the cells arrest in mitosis. Prolonged-mitotic arrest is usually followed 

by mitotic cell death (Topham and Taylor, 2013). Chronic activation of Cdk1 

causes phosphorylation of the anti-apoptotic proteins, Bcl-2 and Bcl-xL, and 

reduces the threshold for the onset of apoptosis (Terrano et al., 2010). It has 

generally been assumed that cytoplasmic active Cdk1 (generated at mitosis) 

would phosphorylate Bcl-2 and Bcl-xL. However, my data suggests that targeted 

delivery of Cdk1 via the translocation of Bax and Bak is necessary for the 

phosphorylation of the Bcl-2 and Bcl-xL and the initiation of Taxol-induced 

apoptosis.  

The involvement of Cdk1 activity in the mitochondrial-mediated apoptosis has 

been reported in several studies (Terrano et al., 2010, Zhou et al., 2014). 
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Cdk1/cyclin B1 complexes have shown to localize to the MOM during Vinblastine-

induced mitotic arrest (Terrano et al., 2010). Additionally, studies have reported 

that Cdk1-mediated phosphorylation of Bcl-2 and Bcl-xL switches mitotic arrest 

to apoptosis during treatment with microtubule interfering agents (Terrano et al., 

2010, Chu et al., 2012, Sakurikar et al., 2012). However, how Cdk1 moves from 

the cytoplasm to the MOM remains elusive. Based on my results, we propose that 

the formation of an active Bax/Cdk1 complex is the signal that accumulates in 

mitotic cells, translocates to the MOM and is necessary for inactivation of the 

anti-apoptotic proteins Bcl-2 and Bcl-xL. My earlier MS data of the Bax IP had 

identified Cdk1 as a co-immunoprecipitating protein. My co-IP experiments have 

shown that a small amount of Cdk1 is specifically co-immunoprecipitated with 

Bak and with Bax in normal interphase cells, and the amount of Cdk1 is increased 

in the Taxol-arrested mitotic cells. This interaction was observed in three 

different cell lines HeLa, U2OS and RPE1, suggesting that Cdk1 interaction with 

Bak and with Bax is a general phenomenon. 

Cdk1-Bax interaction was also seen in Nocodazole-arrested cells. Nocodazole is a 

microtubule interfering agent which exerts its effect by depolymerizing 

microtubules (Ren et al., 2005), whereas Taxol exerts its effect by stabilizing 

microtubules (Barbuti and Chen, 2015). Cdk1-Bax interaction in different cell lines 

and in both Taxol and Nocodazole-arrested cells suggests that Cdk1 interaction 

with Bax occurred in all cases and it is widely used by the cells to activate 

mitochondrial-mediated apoptosis. Furthermore, a direct Cdk1-Bax interaction 

was detected using human commercial recombinant proteins. An in vitro assay 

was complemented the results made by mass spectrometry and co-IP 

experiments. Although people have reported that both Cdk1 and cyclin B1 are 

translocated to mitochondria during Vinblastine-induced mitotic arrest (Terrano 

et al., 2010), the immunofluorescence images are not convincing. We have tried 

to examine that, but we have not found a clear localization. It may be that the 
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antibodies are not recognizing Cdk1, the binding site may be masked when Cdk1 

is in a complex with Bak and with Bax.  

Next, I wanted to determine the physiological role of the Cdk1 interaction with 

Bak and Bax in mitochondrial-dependent apoptosis. So, I examined whether Bak 

and Bax are required for Cdk1-mediated phosphorylation of Bcl-2 and Bcl-xL in 

Taxol-arrested HeLa cells. siRNA depletion of Bak and Bax inhibited Cdk1-induced 

phosphorylation of Bcl-2 and Bcl-xL, suggesting that Bak and Bax are required to 

target Cdk1 to the mitochondrion. Then I determined whether siRNA depletion 

of Bak, Bax or both Bak and Bax can affect Cdk1 kinase activity during Taxol 

treatment. We already shown that inhibition of Cdk1 activity with RO-3306 can 

inhibit phosphorylation of Bcl-2 and Bcl-xL. So, one criticism is that by depleting 

Bak and Bax, it causes inhibition of Cdk1 activity during Taxol treatment. In order 

to confirm that Cdk1 activity was not inhibited in Bak/Bax depleted cells, I 

performed an in vitro kinase assay using 32p (ATP). My results have shown that in 

Bak, Bax and both Bak and Bax depleted HeLa cells, Cdk1 was activated but Bcl-2 

and Bcl-xL were not phosphorylated.  

Taxol induced Bcl-2 and Bcl-xL phosphorylation in HCT116 WT but not in HCT116 

Bax/Bak DKO cells. Then I determined Cdk1 activity in HCT116 WT and HCT116 

Bax/Bak DKO cells using an in vitro kinase assay. Histone H1 phosphorylation 

levels were similar in HCT116 WT and HCT116 Bax/Bak DKO cells treated with 

Taxol for the same time. An in vitro kinase assay suggested that Cdk1 is activated 

in both HCT116 WT and HCT116 Bax/Bak DKO in response to Taxol treatment. 

These results suggest that depletion Bak and Bax does not affect Cdk1 kinase 

activity, and the pro-apoptotic proteins Bak and Bax are required to target Cdk1 

to the MOM to phosphorylate Bcl-2 and Bcl-xL. Therefore, Cdk1-mediated 

phosphorylation of Bcl-2 and Bcl-xL is Bak and Bax dependent during Taxol 

treatment. Although low level of Bcl-xL phosphorylation was observed in Taxol-

arrested HCT116 Bax/Bak DKO cells. PARP cleavage was not detected in HCT116 

Bax/Bak DKO cells upon Taxol treatment, suggesting that phosphorylation of both 
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Bcl-2 and Bcl-xL may be required for Taxol-induced apoptosis.  Collectively, the 

data presented above demonstrate that Cdk1 interaction with Bak and with Bax 

appears to be particularly important for translocation of Cdk1 upon prolonged 

mitotic arrest.  

Anti-apoptotic Bcl-2 proteins have been shown to undergo post-translational 

modifications or targeted for degradation by the proteasome, which ultimately 

reduces their anti-apoptotic functions (Barille-Nion et al., 2012). The anti-

apoptotic protein Bcl-2 has been shown to be phosphorylated during prolonged-

mitotic arrest. The phosphorylation sites include S70, S87, T69 (Yamamoto et al., 

1999), and T56 (Han et al., 2014). However, Bcl-2 is mostly phosphorylated on 

S70 by Cdk1/ cyclin B1 (Dai et al., 2013, Ruvolo et al., 2001). Bcl-2 phosphorylation 

during prolonged-mitotic arrest can be inhibited by the Cdk1 inhibitor roscovitine 

(Han et al., 2014, Zhou et al., 2014), and it is rapidly de-phosphorylated by PP1 

phosphatase during mitotic slippage (Brichese and Valette, 2002). Haschka and 

colleagues reported that exogenously overexpressed Bcl-2 also undergoes 

phosphorylation in mitotically arrested HeLa cells (Haschka et al., 2015). 

However, the precise role of Bcl-2 phosphorylation during SAC-induced mitotic 

arrest remains controversial. Several studies have shown that Bcl-2 

phosphorylation blocks its anti-apoptotic function (Haschka et al., 2015, 

Yamamoto et al., 1999, Eichhorn et al., 2013). On the other hand, studies 

reported that Bcl-2 phosphorylation enhances its anti-apoptotic function (Deng 

et al., 2004, Zhou et al., 2014). My results support the hypothesis that Cdk1-

mediated phosphorylation of Bcl-2 may inhibit its interaction with Bak and 

antagonize their anti-apoptotic function. My Bak IP had identified Bcl-2 as a co-

immunoprecipitating protein in both untreated and Taxol-arrested HeLa cells. 

Furthermore, phosphorylated Bcl-2 was detected in the cell extract of Taxol-

arrested cells but not in the co-immunoprecipitated Bcl-2 suggesting that Bcl-2 

only interacted with Bak in unphosphorylated form but not when 

phosphorylated. 
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Cdk1/cyclin B1 is the most common kinase implicated in the phosphorylation of 

Bcl-xL (Terrano et al., 2010). Cdk1 targets Bcl-xL on S62 and it is the only mitotic 

phosphorylation site identified in Bcl-xL (Terrano et al., 2010). Cdk1-mediated 

phosphorylation of Bcl-xL on S62 inhibits the anti-apoptotic potential of Bcl-xL 

(Bah et al., 2014, Terrano et al., 2010). Other phosphorylation sites in Bcl-xL have 

been identified. For example, phosphorylation of S49 which is targeted by polo-

like kinase 3 (PLK3). This post translational modification is detected in telophase 

(Wang et al., 2011). PLK3-induced Bcl-xL phosphorylation seems to be important 

for cell cycle fidelity. Overexpression of S49 mutants into diploid fibroblasts have 

negative effects on chromosomal stability (Baruah et al., 2016). 

My data have shown that both Bcl-2 and Bcl-xL are subjected to phosphorylation 

during normal mitosis and in Taxol-arrested HeLa cells. Cdk1 transiently 

phosphorylates Bcl-2 (Ser 70) and Bcl-xL (Ser 62) during normal mitosis and to 

higher extent during Taxol-induced mitotic arrest. Furthermore, my results have 

shown that phosphorylation of these proteins occurs in a Cdk1-dependent 

manner and can be inhibited by a specific Cdk1 inhibitor (RO-3306 (5 µM)). 

Transient phosphorylation of Bcl-2 and Bcl-xL indicated that Cdk1 is active during 

normal mitosis. However, the cells exit mitosis when Cdk1 activity drops below 

the critical threshold (Terrano et al., 2010). It has been established that RO-3306 

(5 µM) inhibits Cdk1 activity to induce G2/M-phase cell cycle arrest in acute 

myeloid leukaemia (AML) cells (Kojima et al., 2009). Another study reported that 

9 µM RO-3306 can reversibly arrest cells at G2/M-phase and then cause exit from 

mitosis in colon cancer cell lines, HCT116 and SW480, and in HeLa cells (Vassilev 

et al., 2006). Taxol-arrested HeLa cells were incubated with different 

concentrations of RO-3306 (1, 5, and 10 µM data not shown). At 12 hrs Taxol 

treatment, Bcl-2 and Bcl-xL phosphorylation had almost reached a peak. My 

results indicated that 5 µM RO-3306 can efficiently inhibit Cdk1-mediated 

phosphorylation of Bcl-2 and Bcl-xL (see Figure 5-17 page 152). Histone H1 assay 
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also confirmed that Cdk1 kinase activity can be inhibited by 5 µM RO-3306 (see 

Figure 5-12, page 143).   

It seems that chronic activation of Cdk1 has a pro-apoptotic effect during Taxol-

induced mitotic arrest. Cdk1-mediated phosphorylation of Bcl-2 and Bcl-xL was 

clearly detected at 12, 16 and 24 hrs after Taxol addition. By 24 hrs Taxol 

treatment, 75% of the cells were in apoptosis. The level of apoptosis was 

increased to 92 % at 36 hrs after Taxol addition. While in the presence of the RO-

3306 which inhibits Cdk1 activity and the subsequent phosphorylation of Bcl-2 

and Bcl-xL, the number of the apoptotic cells was significantly reduced to 35% at 

24 and 50% at 36 hrs. My results are consistent with other studies using different 

Cdk1 inhibitors (Chan et al., 2008, Shen et al., 1998, Yu et al., 1998). The Cdk1 

inhibitor RO-3306 significantly reduced the number of the apoptotic cells, 

suggesting that chronic activation of Cdk1 is required for Taxol-induced apoptosis 

and provides a link between activation of the SAC and the induction of apoptosis. 

Cdk1 kinase is involved in the regulation of the G2/M transition (Jackman and 

Pines, 1997). Incubation of HeLa cells with the Cdk1-specific inhibitor RO-3306 

strongly blocks the cell cycle in the late G2 phase and prevents entry into mitosis 

(Vassilev et al., 2006). In this study, RO-3306 was added to Taxol-arrested mitotic 

cells, in which the majority of the cells were in mitosis. The cells were 

synchronized by a thymidine block, released and then treated with Taxol for 12 

hrs. Mitotically-arrested cells were collected by mitotic shake-off and then 

incubated with Taxol and RO-3306 (5 µM) for 4 hrs. RO-3306 strongly inhibits 

Cdk1-mediated phosphorylation of Bcl-2 and Bcl-xL in Taxol-arrested mitotic cells 

suggesting that phosphorylation of the Bcl-2 and Bcl-xL is mediated via a Cdk1-

dependent pathway. Furthermore, inhibition of Cdk1 activity was accompanied 

by degradation of cyclin B1 presumably by APC/C complex (Brito and Rieder, 

2006). As cyclin B1 levels drop below a critical threshold, the cells exit mitosis into 

a polyploid interphase (Haschka et al., 2018, Vassilev et al., 2006, Kojima et al., 

2009). 
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Phosphorylation of BCL-2 and Bcl-xL in mitotically-arrested cells results in a 

change of their relative binding affinities with Bak and Bax (Terrano et al., 2010, 

Upreti et al., 2008b). Subsequently, Bak and Bax oligomerize and form channels 

to change the permeability of the MOM (Todt et al., 2015, Salvador‐Gallego et al., 

2016). Studies  in mammalian cell line have shown that inhibition or depletion of 

anti-apoptotic proteins can free Bax for activation and induce apoptosis (O'Neill 

et al., 2016). The pro-apoptotic effector proteins, Bax and Bak, have two functions 

in Taxol-induced apoptosis. The first function is to facilitate Cdk1 translocation 

from the cytoplasm to the MOM to phosphorylate certain Bcl-2 family proteins. 

Additionally, Bak and Bax can oligomerize at the MOM to form apoptotic channels 

and mediate cytochrome c release (Salvador‐Gallego et al., 2016, Mandal et al., 

2016).  

In conclusion, my data have provided strong experimental evidence that Cdk1 

specifically interacts with pro-apoptotic proteins Bak and Bax. In an in vitro assay, 

I show a direct interaction between recombinant Cdk1 and Bax. This novel direct 

interaction enables Cdk1 to localize to the MOM where anti-apoptotic proteins 

are predominantly located. Cdk1-mediated phosphorylation of Bcl-2 and Bcl-xL 

upon extended mitotic arrest has a pro-apoptotic effect. This interaction may be 

an important event that underlines the link between activation of the mitotic 

check point and induction of apoptosis. 
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Chapter 6. General discussion 

Taxol belongs to the family of antimitotic drugs that interfere with microtubule 

dynamics and disrupt mitosis by preventing normal spindle assembly and 

chromosome segregation (Ren et al., 2018). As a result, the spindle assembly 

checkpoint (SAC) is activated, which blocks the proteasome-dependent 

degradation of securin and cyclinB1, leading to elevated levels of cyclin B1 and 

sustained activation of Cdk1 (Rieder and Maiato, 2004, Gascoigne and Taylor, 

2009, Manchado et al., 2012). This is usually followed by an apoptotic cell death 

(Topham et al., 2015). Despite decades of clinical use, the mechanism of action 

of Taxol-induced cell death in patients is unclear (Komlodi-Pasztor et al., 2011, 

Mitchison, 2012). In vivo microscopy studies have investigated Taxanes effects on 

cultured cancer cells in compared to their corresponding xenografts in mice (Orth 

et al., 2011, Janssen et al., 2013). Orth and colleagues reported that Taxol induces 

fewer mitotic cells, more mitotic slippage and less apoptosis in tumours 

compared to cultured cells (Orth et al., 2011). In another study, Docetaxel-treated 

animals showed a wide scale mitotic arrest which then followed by apoptosis 

(Janssen et al., 2013). 

 It is well known that interfering with microtubule dynamics during mitosis causes 

chronic activation of the SAC (Weaver, 2014). However, there has been a lack of 

understanding of the molecular mechanisms linking SAC activation to the 

induction of apoptosis. This link needs to be identified in order to understand 

how Taxol and other antimitotic drugs ultimately provoke their lethal effects, 

which may be modulated for clinical advantage. My aim was therefore to identify 

the molecular machinery that is engaged to execute apoptotic cell death upon 

Taxol-induced mitotic arrest, with a focus identifying the cytoplasmic signal(s) 

that links SAC activation to the induction of apoptosis.  
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In this study, evidence is presented that cyclin-dependent kinase 1, a master 

regulator of mitosis, exists in a complex with two key pro-apoptotic mitochondrial 

pore-forming proteins Bak and Bax in healthy interphase cells. The formation of 

an active Bax/Cdk1/cyclin B1 complex is the signal that accumulates in mitotic 

cells, translocates to the mitochondrial outer membrane and is necessary for 

inactivation of the anti-apoptotic proteins Bcl-2 and Bcl-xL and the induction of 

apoptosis. The presence of MPTP proteins in the Bak and Bax IPs of Taxol-arrested 

mitotic cells indicates that activated Bak/Cdk1 and activated Bax/Cdk1 complexes 

translocate to the mitochondrial outer membrane during Taxol-induced mitotic 

arrest. Thus, my finding represents an important advance in our understanding 

of the mitotic cell death and its regulation. Second, I show that both Bak and Bax 

are required for Taxol-induced apoptosis in HeLa cells and depletion of either Bax 

or Bak reduced apoptosis. Thirdly, my results reveal that Bak specifically interacts 

with Bax in Taxol-arrested mitotic cells, and both Bak and Bax form a complex 

with MPTP components such as VDAC, ANT2, ATP synthase subunit alpha, ATP 

synthase subunit beta, phosphate carrier protein and Peptidyl-prolyl cis-trans 

isomerase during Taxol-induced mitotic arrest.  

 

6.1 Taxol-induced apoptosis is dependent on both Bak and Bax 

The intrinsic apoptotic pathway is controlled by the Bcl-2 family of proteins (Singh 

et al., 2019). The pro-death proteins of the Bcl-2 family, Bax and Bak, can commit 

mitotically arrested cells to undergo apoptosis by inducing MOMP. Previous 

studies with knockdown mice shown that Bak and Bax can functionally substitute 

each other in most of the stress-induced apoptotic pathways (Wei et al., 2001). 

Bah and colleagues reported that depletion of Bax was more effective than Bak 

in inhibiting Taxol-induced apoptosis (Bah et al., 2014). In contrast, another study 

revealed that depletion of Bak was more effective than Bax in reducing mitotic 

cell death following Nocodazole treatment (Haschka et al., 2015). Therefore, the 
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relative importance of Bak and Bax in SAC-mediated apoptosis has remained 

unclear. 

I sought to examine whether Bak, Bax or both proteins are required to initiate 

Taxol-induced mitotic cell death. My results indicated that both Bak and Bax are 

required for Taxol-induced apoptosis in HeLa cells because siRNA-mediated 

depletion of either Bak or Bax individually caused a significant decrease in Taxol-

induced apoptosis, suggesting that Taxol-induced apoptosis is dependent on both 

Bak and Bax. Depletion of Bak/Bax in combination resulted in inhibition of 

apoptosis to a similar extent compared to depletion of Bak or Bax alone. 

Consistent with my results, Kepp and colleagues have shown that both Bak and 

Bax are required for cisplatin-induced apoptosis in HeLa cells and both are 

functionally non-redundant (Kepp et al., 2007). Similarly, Rotolo and colleagues 

suggested that both Bax and Bak are necessary for radiation-induced endothelial 

cell death in the intestinal mucosa (Rotolo et al., 2008). Another study also 

reported a non-redundant function of Bax and Bak during viral infection (Cam et 

al., 2010). Altogether, my data is consistent with the previous studies which 

suggested that both Bak and Bax play a critical role in the induction of mitotic cell 

death. 

 

6.2 Bak and Bax gradually oligomerise following Taxol addition  

The pro-death proteins of the Bcl-2 family are key players of the intrinsic pathway 

of apoptosis (McArthur et al., 2018). In response to an apoptotic stimulus, Bak 

and Bax are incorporated into the mitochondrial outer membrane, oligomerize 

and form mitochondrion-permeabilizing pores to mediate cytochrome c release 

and ultimately lead to cell death. (Lopez and Tait, 2015, Cosentino and García-

Sáez, 2017). Studying the molecular mechanism of the intrinsic pathway and how 

the pro-death proteins, Bax and Bak, permeabilize the mitochondrial outer 
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membrane during apoptosis has become a focus for research in recent years 

(Singh et al., 2019).  

I therefore investigated the association between activated Bak and activated Bax 

in Taxol-arrested mitotic cells by using conformation-specific Bak and Bax 

antibodies. My data indicated that both Bak and Bax were gradually activated 

during the time course of Taxol-induced mitotic arrest. My data is the first to 

show, to the best of my knowledge, the time dependent accumulation of active 

Bak and active Bax during Taxol-induced mitotic arrest (the IPs of the active Bak 

and active Bax between 12-36 hrs after Taxol addition, see Figures 4-9 and 4-10, 

page 93). Consistent with my results, Riley and colleagues have shown using a 

high-resolution Airyscan microscope that Bax pores in the MOM gradually 

increased in size following ABT-737 treatment (Riley et al., 2018). Interestingly, 

my time-course experiments confirm that the levels of Bak and Bax that co-

immunoprecipitated gradually increased following Taxol addition, indicating that 

there was an increase in the formation of Bak and Bax complexes (hetero-

oligomers) following Taxol-induced mitotic arrest. The increase in the formation 

of Bak/Bax complexes correlated with the induction of apoptosis as shown by 

Figures (4-21 and 4-22, pages 106-107). It will be important in the future study to 

determine whether Bax is required for recruitment of Bak to the MOM and vice 

versa and to identify the structure of the Bak/Bax hetero-oligomers using a high-

resolution imaging. 

 

6.3 Bak and Bax oligomers form a complex with MPTP components   

Several reports have shown that MPTP components VDAC, ANT2 and Cyclophilin 

D are overexpressed in various cancers, where they act as anti-apoptotic proteins 

(Simamura et al., 2008, Eliseev et al., 2009, Chevrollier et al., 2011). MPTP 

components interact with some anti-apoptotic proteins such as Bcl-2 to enhance 

their limiting effect against cytochrome c release from the intermembrane space 
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of the mitochondria (Gotow et al., 2000, Belzacq et al., 2003, Abu-Hamad et al., 

2009, Eliseev et al., 2009, Arbel et al., 2012). My results reveal that active Bak 

forms a complex with VDAC in the mitochondrial outer membrane following Taxol 

addition. This complex is expanded to include the mitochondrial inner membrane 

as my Bak and Bax IPs had identified some inner membrane components of the 

MPTP such as, ANT2, ANT3, ATP synthase subunit alpha, ATP synthase subunit 

beta and phosphate carrier protein.  Interestingly, my results also identified the 

presence of Peptidyl-prolyl cis-trans isomerase (Cyclophilin D) in the complex (see 

my model on page 177). These results indicate that the Bak/Bax oligomer spans 

the inner mitochondrial membrane and the outer mitochondrial membrane, 

thereby interacting with MPTP proteins present in both the outer and inner 

mitochondrial membranes.  

Consistent with my results, recent studies have shown that Bak and Bax pores in 

the mitochondrial outer membrane gradually increased in size and expanded to 

the mitochondrial inner membrane, resulting in the release of the mitochondrial 

matrix proteins into the cytoplasm (Riley et al., 2018, McArthur et al., 2018).  It is 

fairly well established that during apoptosis, Bak and Bax form oligomers in the 

mitochondrial outer membrane leading to cytochrome c release (Cosentino and 

García-Sáez, 2017). Bak and Bax interaction with VDAC, ANT2 and Cyclophilin D 

could be an additional mechanism of suppression of the anti-apoptotic effects of 

VDAC, ANT2 and Cyclophilin D.  As such, further understanding of the molecular 

interactions between the pro-death proteins Bak/Bax with MPTP components 

that control the intrinsic pathway of apoptosis would pave the way to improve 

cancer treatment. 
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6.4 Cdk1 exists as two independent complexes with Bak and with Bax 

In healthy cells, the anti-apoptotic proteins Bcl-2, Bcl-xL and Mcl-1 can directly 

interact with Bak or with Bax to neutralize their pro-apoptotic effects (Andreu-

Fernández et al., 2017, Lee et al., 2016). This abates Bak and Bax pore-forming 

activity and prevents the nonspecific permeabilization of the MOM (Todt et al., 

2013, Hockings et al., 2018, Kale et al., 2018). Taxol-induced SAC activation results 

in prolonged mitotic arrest, thereby inhibiting the inactivation of Cdk1 (Mollinedo 

and Gajate, 2003). Cdk1 has both pro and anti-apoptotic roles during mitotic 

arrest. Evidence has accumulated which suggests that sustained Cdk1 activity 

may be involved in the induction of apoptosis. For example, Cdk1-mediated Bad 

phosphorylation at S128 enhances its pro-apoptotic effect (Zhou et al., 2014). It 

has also been reported that Cdk1 phosphorylates Bim at S44 during prolong 

mitotic arrest to increase the sensitivity to Taxol-induced apoptosis (Mac 

Fhearraigh and Mc Gee, 2011).  

Furthermore, it is well known that Bcl-2 and Bcl-xL are transiently and 

incompletely phosphorylated during normal mitosis and I have reproduced this 

result also during this investigation (Scatena et al., 1998, Furukawa et al., 2000, 

Terrano et al., 2010). Bcl-2 and Bcl-xL become highly phosphorylated upon 

prolonged mitotic arrest induced by microtubule poisons (Yamamoto et al., 1999, 

Basu and Haldar, 2003, Upreti et al., 2008b). Cdk1-mediated Bcl-2, Bcl-xL and Mcl-

1 phosphorylation has a pro-apoptotic effect during prolonged mitotic arrest. 

Phosphorylation of Bcl-2 and Bcl-XL blocks their anti-apoptotic effect (Harley et 

al., 2010, Terrano et al., 2010, Sakurikar et al., 2012). In contrast, Cdk1-mediated 

phosphorylation of Mcl-1 results in its degradation and inactivation during 

Nocodazole-induced apoptosis (Zhou et al., 2014).  

Downstream of Bak/Bax activation and the induction of MOM permeabilization, 

Cdk1 has also been shown to phosphorylate XIAP (X-linked inhibitor of apoptosis) 

and reduces the threshold for the onset of apoptosis in response to microtubule 
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poisons, thereby inhibiting the anti-apoptotic function of XIAP (Hou et al., 2016). 

A cytoprotective effect of Cdk1 has also been observed during mitosis. Cdk1 

phosphorylates members of the caspase family, caspases-2, -8 and -9 has an anti-

apoptotic effect and inhibits mitotic cell death during normal mitosis (Allan and 

Clarke, 2007, Andersen et al., 2009, Matthess et al., 2010). 

However, there has been a lack of a clear understanding of how Cdk1 

phosphorylates the anti-apoptotic proteins Bcl-2, Bcl-xL and Mcl-1. It was 

generally assumed that cytoplasmic activation of Cdk1 at mitosis was sufficient 

to phosphorylate Bcl-2, Bcl-xL and Mcl-1. During SAC-mediated apoptosis, the 

signal(s) that accumulate during prolonged mitotic arrest has remained unclear. 

I propose the hypothesis that Bax-mediated Cdk1 translocation from the 

cytoplasm to the MOM is the major driver of apoptotic cell death during chronic 

SAC activation. 

My results show, for the first time, that the key mitotic kinase Cdk1 exists in a 

complex, with either Bak or Bax, in untreated interphase cells. Cdk1 specifically 

co-immunoprecipitated with Bak and with Bax in untreated and Taxol-arrested 

mitotic cells. This interaction was observed in three different cell lines (HeLa, 

U2OS and RPE1), indicating that Cdk1 interaction with Bak and with Bax is a 

general phenomenon and it is widely used by the cells to activate the intrinsic 

apoptotic pathway. In an in vitro assay, I demonstrated a direct interaction 

between recombinant Cdk1 and Bax. A direct interaction between the pro-

apoptotic protein Bax and Cdk1 supported the results obtained by my mass 

spectrometry and co-IP experiments. 

It has been reported that Cdk1 is uniformly activated in the cytoplasm at mitosis 

(Jackman et al., 2003, Lindqvist et al., 2007, Gavet and Pines, 2010). Upon Taxol-

induced prolonged mitotic arrest, activated Cdk1 translocates with Bak and Bax 

from the cytoplasm to the MOM, as my Bak and Bax co-IP experiments had 

indentified some MPTP proteins such as VDAC, ANT2, ANT3, ATP synthase 
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subunit alpha, ATP synthase subunit beta and Cyclophilin D in Taxol-arrested 

mitotic cells but not in untreated cells. Bak and Bax mediated translocation of 

active Cdk1 to the MOM plays an important role in the apoptosis signalling 

pathway.  

In support of my hypothesis, Lauterwasser and colleagues suggested that Bak and 

Bax translocate from the cytosol to the MOM and back into the cytosol by 

retrotranslocation (Lauterwasser et al., 2019). Retrotranslocation of Bak and Bax 

is reduced in the presence of microtubule poisons (Todt et al., 2015).  As a result, 

Cdk1 in a complex with Bak and with Bax would accumulate on the MOM. Cdk1 

is responsible for phosphorylation and inactivation of the anti-apoptotic proteins 

Bcl-2, Bcl-xL and Mcl-1 (Terrano et al., 2010, Chu et al., 2012). Consequently, Bak 

and Bax form oligomers in the MOM to induce MOMP and cytochrome c release 

(Cosentino and García-Sáez, 2017). Of note, my data showed clearly that 

cytoplasmic activation of Cdk1 in Bak/Bax deficient cells is not sufficient to 

phosphorylate Bcl-2 and Bcl-xL. 

It is well known that RO-3306 (a reversible Cdk1 inhibitor) arrests cell cycle 

progression at the G2/M phase border, thereby inhibiting Cdk1 kinase activity 

(Bellail et al., 2014). In my study, RO-3306 was added to cells that had been 

synchronised and arrested with Taxol for 12 hrs, in which Bcl-2 and Bcl-xL 

phosphorylation had almost reached a peak. In line with several studies, my data 

indicated that inhibiting Cdk1 activity with RO-3306 during Taxol-induced mitotic 

arrest led to a reduction in Bcl-2 and Bcl-xL phosphorylation and reduced mitotic 

cell death (Yu et al., 1998, Shen et al., 1998, Chan et al., 2008). This result suggests 

that Cdk1 inhibitor, RO-3306, blocks Bcl-2 and Bcl-xL phosphorylation in 

mitotically arrested cells and that Cdk1-mediated phosphorylation of Bcl-2 and 

Bcl-xL is required for Taxol-induced apoptosis.  

Next, I wanted to test the hypothesis that Cdk1 translocation to the MOM is 

dependent on Bak and Bax by examining the phosphorylation of Bcl-2 and Bcl-xL 
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in Bak and Bax-depleted HeLa cells. Intriguingly, siRNA-mediated depletion of 

Bax, Bak and both Bax and Bak completely inhibited Cdk1-mediated 

phosphorylation of Bcl-2 and Bcl-xL. To overcome the drawbacks of the siRNA 

technique, I sought to examine Cdk1-mediated phosphorylation of Bcl-2 and Bcl-

xL in HCT116 Bax/Bak DKO cells in response to Taxol treatment. As expected, 

addition of Taxol induced Bcl-2 and Bcl-xL phosphorylation in HCT116 WT but not 

in HCT116 Bax/Bak DKO cells. These results suggest that translocation of the 

active Cdk1, and subsequent phosphorylation of anti-apoptotic proteins Bcl-2 and 

Bcl-xL upon Taxol-induced mitotic arrest, is dependent on the presence of Bak 

and Bax. Thus, Cdk1 interaction with Bak and with Bax provides the molecular 

basis for the link between SAC activation and the induction of apoptosis. 

 

6.5 Bak and Bax have a dual function in Taxol-arrested mitotic cells 

Based on my results, the key pro-apoptotic proteins Bak and Bax primarily have a 

dual role during Taxol-induced apoptosis. The translocation of active Cdk1 from 

the cytosol to the mitochondrial outer membrane on one hand and the formation 

of Bak/Bax oligomers in the mitochondrial outer membrane on the other (see 

Figure 6-1 page 178). Cdk1 specifically co-immunoprecipitated with Bak and with 

Bax in untreated and Taxol-arrested mitotic cells. In an in vitro assay, I 

demonstrated a direct interaction between recombinant Cdk1 and Bax. In 

functional assays, I show that the phosphorylation of the anti-apoptotic proteins 

Bcl-2 and Bcl-xL is dependent on the activated Cdk1/Bak and activated Cdk1/Bax 

complexes, suggesting that Bak and Bax may mediate the transfer of activated 

Cdk1 to the MOM. Cdk1 is directly involved in the phosphorylation and 

inactivation of anti-apoptotic proteins (Bcl-2, Bcl-xL and Mcl-1) during treatment 

with microtubule poisons (Terrano et al., 2010, Sakurikar et al., 2012). As a result, 

activated Bak and activated Bax oligomerize in the mitochondrial outer 

membrane to form apoptotic pores (Cosentino and García-Sáez, 2017). 



 

177 

 

Furthermore, activated Bak and activated Bax interact with MPTP components 

such as VDAC, ANT2, ATP synthase, phosphate carrier protein and Cyclophilin D 

to form a complex network of protein interactions, as my MS data of the Bak and 

Bax IPs had identified some outer and inner membrane components of the MPTP 

(VDAC, ANT2, ATP synthase, phosphate carrier protein and cyclophilin D). The MS 

data which indicated Bak interaction with VDAC and ANT2, and Bax interaction 

with ANT2, were confirmed by IP and Western blotting. Further studies are 

needed to determine whether active Bak and active Bax can interact with ATP 

synthase, phosphate carrier protein and cyclophilin D. The formation of this 

complex in Taxol-arrested cells may permeate mitochondrial outer membrane, 

leading to cytochrome c release, as illustrated in the model shown in Figure (6-

1).  
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Figure 6-1: Proposed model for Taxol-induced apoptosis. 

Based on my results, Cdk1 exists as two independent complexes with Bak and Bax in 
untreated healthy interphase cells. Bak and Bax are constantly shuttling between cytosol 
and mitochondrial outer membrane (Lauterwasser et al., 2019). Anti-apoptotic Bcl-2 
family members Bcl-2, Bcl-xL and Mcl-1 localize at the MIM and MOM, and restrain the 
activity of pro-apoptotic members Bak and Bax at the MOM (Popgeorgiev et al., 2018). 
In response to Taxol treatment, the SAC is activated, leading to elevated levels of cyclin 
B1 and sustained activation of Cdk1 (Manchado et al., 2012). In addition, the 
retrotranslocation of Bak and Bax from the mitochondrial outer membrane to the 
cytosol is reduced (Todt et al., 2015). As a result, Cdk1/CyclinB1/Bak and 
Cdk1/CyclinB1/Bax complexes accumulate at the MOM, where Cdk1/cyclin B1 
phosphorylates anti-apoptotic proteins Bcl-2, Bcl-xL and Mcl-1.  Phosphorylation of Bcl-
2, Bcl-xL and Mcl-1 antagonizes their anti-apoptotic effects. Subsequently, activated Bak 
and activated Bax form oligomers in the MOM, and interact with MPTP components 
such as VDAC, ANT2, ATP synthase, phosphate carrier protein and Cyclophilin D to form 
a larger complex. The formation of Bak and Bax homo or heterooligomers induces 
MOMP and cytochrome c release, and then triggers apoptosis. 
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6.6 Concluding remarks and future perspectives  

In this study I have shown that Taxol-induced apoptosis is Bak and Bax dependent. 

I demonstrated that apoptosis could be rescued in Bax-depleted HeLa cells by re-

expressing GFP-Bax. I also determined the expression levels of Bak and Bax in 

several human cancer cell lines. The lung cancer cell line STK50590 with the 

lowest Bak expression were resistant to Taxol-induced apoptosis. One possible 

explanation is that both Bak and Bax are required for Taxol-induced apoptosis. 

These findings highlighted the notion that both Bak and Bax are required for 

Taxol-induced apoptosis and excluded the possibility that Bak can substitute for 

Bax and vice versa. It would be interesting for a future study to examine whether 

the two colorectal cancer cell lines, RKO143 and A19RKO cells, with high Bak 

levels, are more sensitive to Taxol or other anti-cancer drugs.  

I have demonstrated that the Taxol-induced apoptosis is highly likely the result of 

Bak and Bax oligomerization and interaction, and possibly their interactions with 

MPTP components such as VDAC and ANT2. I have also shown the subcellular 

location of both Bax and Bak. Confocal microscopy indicated that Bax is mainly 

cytosolic in untreated cells and, as expected, translocated to the mitochondria in 

the Taxol-arrested mitotic cells. However, Bak co-localised with mitochondria in 

both untreated and Taxol-treated cells. Moreover, Bak and Bax co-localized in 

Taxol-treated cells undergoing mitotic death. The co-localization of Bak and Bax 

supported the results of my co-IP experiments that Bak-Bax interaction is 

involved in Taxol-induced apoptosis. In a future study, it will be interesting to 

determine the structure of Bak and Bax oligomers in the MOM using a high-

resolution microscope. 

I also determined the putative interacting molecules that may mediate apoptosis 

in Taxol-arrested mitotic cells. Bak and Bax-interacting proteins were identified 

using mass spectrometry (MS). IPs of active Bax and active Bak from Taxol-

arrested cells were subjected to peptide mass fingerprint analysis by MS. The 
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results indicated that Bak, ANT2 and Cdk1 were complexed specifically with Bax 

in Taxol-arrested cells. Similarly, Bax, ANT2, and all VDAC isoforms (VDAC1, 2 and 

3) were bound specifically to Bak in Taxol-arrested cells. Furthermore, in Taxol-

arrested mitotic cells, my proteomics analysis had identified some MIM proteins 

such as ANT3, ATP synthase subunit alpha, ATP synthase subunit beta and 

phosphate carrier protein as interacting proteins with active Bak and active Bax. 

This result suggests that Bak and Bax pores or channels are expanded from MOM 

to the MIM. In a future study, it will be interesting to use a high-resolution 

microscope and IP assays, and confirm the interaction between Bak and Bax 

oligomers with the MIM components of the MPTP such as ANT3, ATP synthase 

subunit alpha, ATP synthase subunit beta and phosphate carrier protein. It will be 

also important to explore whether the formation of this complex plays a critical 

role in Taxol-induced apoptosis and to determine whether Bak and Bax oligomers 

can directly interact with ANT3, ATP synthase and phosphate carrier protein. 

Preliminary studies in our Lab indicated that VDAC1-depletion induced apoptosis 

by 35%, suggesting anti-apoptotic role of VDAC1. The percentage of apoptosis 

was slightly higher in VDAC1-depleted cells treated with Taxol (68% apoptosis) in 

comparison with Taxol treatment only (62% apoptosis). One possibility is that 

VDAC1 may act as anti-apoptotic protein collaborator and maintain the integrity 

of the mitochondrial outer membrane. However, further studies are needed to 

determine the role of VDAC2 and VDAC3 in Taxol-induced mitotic cell death. I also 

determined the expression levels of VDAC and ANT2 in several human cancer cell 

lines.  It would be exciting for a future study to examine whether the two cancer 

cell lines, U2OS and Mesothelioma cell lines, with high VDAC levels, are more 

resistant to Taxol or other anti-cancer drugs. It would be also interesting to 

examine whether Melanoma cells, with low VDAC levels, are more sensitive to 

Taxol or other anti-mitotic agents. 
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The post-translational modification of anti-apoptotic proteins Bcl-2 and Bcl-xL 

was examined during normal mitosis and in Taxol-arrested mitotic cells. I have 

shown that both Bcl-2 and Bcl-xL undergo phosphorylation both during normal 

mitosis and in the Taxol-arrested mitotic cells. Furthermore, my data has shown 

that the phosphorylation of Bcl-2 and Bcl-xL is dependent on active Cdk1 as Bcl-2 

and Bcl-xL phosphorylation was blocked by RO-3306, a specific inhibitor of Cdk1.  

The present study is the first to identify the link between activation of the SAC 

and the induction of apoptosis. My data show for the first time a direct 

interaction between the key kinase of the cell cycle, Cdk1, and the two most 

important regulators of mitochondrial membrane permeability, Bak and Bax. This 

interaction provides molecular basis for the link between SAC activation and the 

initiation of the apoptosis. I show that Cdk1 exists as two independent complexes 

with Bak and with Bax in three different cell lines (HeLa, U2OS and RPE1), 

suggesting that it may be a general phenomenon. I have also demonstrated a 

novel direct interaction between the pro-apoptotic protein Bax and Cdk1 using 

purified recombinant proteins. In a future study, it will be interesting to use an in 

vitro assay and explore whether Cdk1 directly interacts with Bak. 

Although Cdk1/cyclinB1 binds to Bax, it is not known if Cdk1 phosphorylates Bax. 

It will be interesting to use recombinant active Cdk1/cyclinB1 and purified Bax 

(provided by our collaborator Frank Adlich, University of Freiburg) and perform 

an invitro kinase assay to determine if Bax is phosphorylated by Cdk1/cyclinB1. If 

so, the phosphorylation sites can be identified by MS. The effects of Bax 

phosphorylation can be examined by making phosphomimetic and phosphonull 

mutants.  

In functional assays, I have shown that the phosphorylation of the Bcl-2 and Bcl-

xL is dependent on the activated Cdk1/Bak and activated Cdk1/Bax complexes. 

My results suggest that Bak and Bax may play a role in the translocation of Cdk1 

from the cytoplasm to the mitochondrial outer membrane, where the anti-
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apoptotic proteins Bcl-2 and Bcl-xL are predominantly located. It will be 

interesting to directly test Cdk1 translocation to the mitochondria in Taxol-

arrested cells using GFP-Cdk1 and live cell imaging. My data indicated that Cdl1 

interaction with Bak and with Bax is the cytoplasmic signal that may link SAC 

activation to the mitochondrial-mediated cell death. In future studies, it will be 

interesting to determine the specific domains that involved in Cdk1 interaction 

with Bak and with Bax. 
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Chapter 7. Appendix  

Table 7-1: Bax and Bak interacting proteins 

HeLa cells were treated with Taxol (60 nM) for 24 hrs and the cells were lysed in 1% 

CHAPS lysis buffer. Active Bax or Bak was immunoprecipitated suing anti-active Bax 

(6A7) antibody or anti-active Bak (N-20) antibody, respectively.  The IPs were subjected 

to peptide mass fingerprint analysis by MS. 36 proteins were identified in the Bax IP and 

43 proteins were identified in the Bak IP, after eliminating non-specific binding of 

proteins to the magnetic beads. Peptide threshold 95% and Protein Identification 

Probability 100%.  

Protein 

Bax IP Bak IP 

 

Score 

 

Coverage (%) 

 

Score 

 

Coverage (%) 

ADP/ATP translocase 2 OS=Homo 

sapiens 
410 35 317 27 

ADP/ATP translocase 3 OS=Homo 

sapiens 
280 29 233 23 

60 kDa heat shock protein, 

mitochondrial OS=Homo sapiens 
426 23 256 12 

14-3-3 protein zeta/delta OS=Homo 

sapiens 
363 36 169 18 

Apoptosis regulator BAX OS=Homo 

sapiens 
776 55 459 35 

Bcl-2 homologous antagonist/killer 

OS=Homo sapiens GN=BAK1 
49 5.80 259 33 

Peptidyl-prolyl cis-trans isomerase 

OS=Homo sapiens 
370 37 139 30 
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Protein 

Bax IP Bak IP 

 

Score 

 

Coverage (%) 

 

Score 

 

Coverage (%) 

ATP synthase subunit alpha, 

mitochondrial OS=Homo 
169 26 386 22 

ATP synthase subunit beta 

OS=Homo sapiens 
196 13 210 23 

L-lactate dehydrogenase A chain 

OS=Homo sapiens 
236 26 98 16 

Serpin H1 OS=Homo sapiens 250 15 310 36 

Myosin regulatory light chain 12A 

OS=Homo sapiens 
279 32 537 49 

60S acidic ribosomal protein P0 

OS=Homo sapiens 
76 15 40 22 

Cyclin-dependent kinase 1 OS=Homo 

sapiens 
139 16   

Nucleophosmin OS=Homo sapiens 247 35   

Heterogeneous nuclear 

ribonucleoprotein M OS=Homo 

sapiens 

345 18   

ATP-dependent RNA helicase DDX5 

OS=Homo sapiens 
146 9.90   

Triosephosphate isomerase 

OS=Homo sapiens 
207 24   
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Protein 

Bax IP Bak IP 

 

Score 

 

Coverage (%) 

 

Score 

 

Coverage (%) 

Tropomyosin alpha-4 chain 

OS=Homo sapiens 
117 14   

Clusterin OS=Homo sapiens 234 15   

Nucleoside diphosphate kinase 

OS=Homo sapiens 
189 17   

Transgelin-2 OS=Homo sapiens 88 23   

Heterogeneous nuclear 

ribonucleoprotein K OS=Homo 

sapiens 

74 10   

Protein disulfide-isomerase 

OS=Homo sapiens 
160 17   

Receptor of-activated protein C 

kinase 1 OS=Homo sapiens 
218 24   

Galectin-1 OS=Homo sapiens 66 19   

Reticulocalbin-1 OS=Homo sapiens 90 17   

DnaJ homolog subfamily A member 

3, mitochondrial OS=Homo sapiens 
70 11   

Drebrin OS=Homo sapiens 71 8.80   
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Protein 

Bax IP Bak IP 

 

Score 

 

Coverage (%) 

 

Score 

 

Coverage (%) 

Heterogeneous nuclear 

ribonucleoproteins C1/C2 OS=Homo 

sapiens 

138 26   

10 kDa heat shock protein, 

mitochondrial OS=Homo sapiens 
76 35   

Brain acid soluble protein 1 

OS=Homo sapiens 
52 28   

Plasminogen activator inhibitor 1 

RNA-binding protein OS=Homo 

sapiens 

87 9.30   

Heterogeneous nuclear 

ribonucleoprotein D0 OS=Homo 

sapiens 

137 12   

Heterogeneous nuclear 

ribonucleoprotein A/B OS=Homo 

sapiens 

110 11   

Filamin-A OS=Homo sapiens 867 15   

Tripartite motif-containing protein 

47 OS=Homo sapiens 
  778 26 

Probable ATP-dependent RNA 

helicase DDX41 OS=Homo sapiens 
  653 33 
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Protein 

Bax IP Bak IP 

 

Score 

 

Coverage (%) 

 

Score 

 

Coverage (%) 

Erlin-2 OS=Homo sapiens   718 44 

Erlin-1 OS=Homo sapiens   661 49 

Voltage-dependent anion-selective 

channel protein 1 OS=Homo sapiens 
  545 34 

Voltage-dependent anion-selective 

channel protein 2 OS=Homo sapiens 
  423 40 

Phosphate carrier protein, 

mitochondrial OS=Homo sapiens 
  61 8.3 

Stress-70 protein, mitochondrial 

OS=Homo sapiens 
  657 25 

Mitochondrial carrier homolog 2   69 16 

Transmembrane emp24 domain-

containing protein 10 OS=Homo 

sapiens 

  150 22 

Leucine-rich repeat-containing 

protein 59 OS=Homo sapiens 
  68 15 

Surfeit locus protein 4 OS=Homo 

sapiens 
  199 15 

Tropomyosin beta chain OS=Homo 

sapiens 
  237 17 
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Protein 

Bax IP Bak IP 

 

Score 

 

Coverage (%) 

 

Score 

 

Coverage (%) 

Putative RNA-binding protein Luc7-

like 2 OS=Homo sapiens 
  226 24 

RNA-binding protein 39 OS=Homo 

sapiens 
  189 20 

Lamin-B1 OS=Homo sapiens   139 14 

Very-long-chain enoyl-CoA 

reductase OS=Homo sapiens 
  136 13 

Sequestosome-1 OS=Homo sapiens   67 9.80 

Calnexin OS=Homo sapiens   111 8.40 

Transmembrane emp24 domain-

containing protein 10 OS=Homo 

sapiens 

  150 22 

4F2 cell-surface antigen heavy chain 

OS=Homo sapiens 
  60 6.50 

Voltage-dependent anion-selective 

channel protein 3 OS=Homo sapiens 
  290 23 

Surfeit locus protein 4 OS=Homo 

sapiens 
  199 15 
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Protein 

Bax IP Bak IP 

 

Score 

 

Coverage (%) 

 

Score 

 

Coverage (%) 

Polypeptide N-

acetylgalactosaminyltransferase 2 

OS=Homo sapiens 

  69 5.10 

Leucine-richrepeat-containing 

protein 59 OS=Homo sapiens 
  68 15 

Dolichyl-diphosphooligosaccharide--

protein glycosyltransferase 48 kDa 

subunit OS=Homo sapiens 

  101 6.40 

Mitochondrial carrier homolog 2 

OS=Homo sapiens 
  69 16 

Bleomycin hydrolase OS=Homo 

sapiens 
  64 14 

Serpin B3 OS=Homo sapiens   86 6.70 

Desmocollin-1 OS=Homo sapiens   106 3.90 
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