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Abstract 

Activation of the mitotic checkpoint by microtubule-interfering drugs (MIAs) such as 

Taxol causes mammalian cells to undergo apoptosis. Previous studies have shown that 

treatment with such drugs activate the extra-cellular regulated kinase (ERK) pathway, 

causing the cells to arrest in mitosis and then undergo apoptosis. ERK1/2 activation in 

response to MIAs has been implicated as having a role in mediating MIA-induced cell 

survival in certain cancer cell types such as lung cancers.  

Using Hela cells, the results in this project confirm the activation of ERK1/2 upon 

introduction of MIAs such as Nocodazole, Taxol, Vinblastine and Vincristine. GFP-Erk1 

expression showed a rapid cytoplasmic to nuclear translocation of ERK1/2 in response to 

MIAs, further suggesting a direct role for ERK1/2 in cell survival. Quantifying cell death in 

response to MIAs with or without the MEK/ERK inhibitor U0126 showed that ERK1/2 

inhibition may increase cell death in comparison to MIA treatment alone. Subsequent data 

has shown, for the first time, that upon ERK1/2 inhibition by U0126, cell death occurs via 

the intrinsic apoptotic pathway, as seen by caspase-9 and caspase-3 cleavage after 12 hours 

of treatment with Taxol plus U0126. Furthermore, inhibiting ERK1/2 activation in Taxol-

induced mitotic cells using the U0126 compound increases cell death suggesting that cells 

need to reach mitosis before the onset of apoptosis. 

Preliminary data in this report also supports a role for active ERK1/2 in mediating cell 

survival via phosphorylation of the pro-apoptotic protein Bim and possibly caspase-9.  

Collectively, the results shown in this report provides potential new targets in the 

development of anti-cancer therapies. 
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1.1 The Cell Cycle 

Cells in unicellular or multicellular organisms require a mechanism to reproduce by duplicating 

their contents and dividing into two. The cell division cycle is the fundamental mechanism by 

which all living things reproduce.  

The fine details of the cell cycle may vary between organisms but certain requirements are 

universal. Firstly, to produce a pair of genetically identical daughter cells, the DNA must be 

faithfully replicated and the replicated chromosomes segregated into two separate cells. To 

achieve this, a complex set of cytoplasmic and nuclear processes need to be coordinated during 

the cell cycle. The complexity of the cell cycle became apparent when the cell cycle control 

system was identified (Matthews et al., 1999).  

 

1.1.1. Phases of the Cell Cycle 

The cell cycle is divided into several distinct stages (Figure 1.1); Interphase – This is where 

the cell spends a significant amount of its time preparing to divide. During S-phase, the 

replication of DNA occurs, and the two gap phases; G1 and G2 phases allow the cells time to 

grow and double their mass before dividing. During G1, the cell monitors its environment and 

its size. The cell then makes the decision to commit to the DNA replication step, pause or exit 

the cell cycle (Johnson & Walker, 1999). G2 is the second gap phase required for further cell 

growth and ensures that DNA replication is complete before entering M-phase (Alberts et al., 

1994). M phase is the mitotic phase and is further divided into five stages: (i) Prophase - 

where the chromatin condenses into chromosomes, the nuclear envelope breaks down and 

spindle forms and migrates to the opposite poles of the cell; (ii) Prometaphase and 

metaphase – where the chromosomes attach to the spindle and eventually align along the 
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“START” or 

Restriction Point 

G2 

Checkpoint 

Mitotic (or Spindle 

Assembly) Checkpoint 

G1/S-phase 

Checkpoint 

centre of the cell; (iii) Anaphase – where the chromosomes separate to opposite ends of the 

cell; (iv) Telophase – where the nuclear envelope reforms and chromatin decondenses and (v) 

Cytokinesis - the formation of the actomyosin contractile ring and separation of the two 

identical daughter cells (Pines & Rieder, 2001). Cells can also leave the cell cycle by entering a 

specialised resting state, G Zero (G0). Cells can remain here for days and even up to years 

before resuming proliferation (Alberts et al., 1994).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: A summary of the phases of the cell cycle. The existence of specific checkpoints ensures 

the completion of the cycle in the correct order and without errors. The positions of the checkpoints are 

indicated by the arrows. 

Mitosis 

Interphase 

G1 

G2 

S 

G0 
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1.1.2. Cell Cycle Control in Eukaryotes 

Eukaryotic cells have evolved a system of control to ensure that the cell cycle occurs in the 

correct sequence. The control system is made up of interacting proteins such as the cyclin-

dependent protein kinases (Cdk’s) and cyclins. Both Cdk’s and cyclins act at critical points of 

the cycle using feedback signals from the processes that are being performed. Without such 

feedback, a delay or interruption in any of the processes within the cell division cycle can cause 

disaster such as uncontrolled proliferation (Alberts et al., 1994). The regulation of Cdk’s and 

cyclins is provided by specific checkpoints within the cell cycle (Figure 1.1) which assess the 

progress or completion of key events.  Checkpoints provide a mechanism to monitor the cell’s 

progress through the cell division cycle to ensure that one phase of the cell cycle has been 

executed correctly before allowing the cell to proceed to the next phase (Pines & Rieder, 2001). 

The cell cycle control system can also be regulated by signals from its environment and they 

generally act at three major checkpoints in the cell cycle (Figure 1.1); at late G1 called 

“START” or the restriction point (Arellano & Moreno, 1997), just before entry into S-phase  

(G1/S-phase transition), at G2, before mitotic entry (Alberts et al., 1994) and during mitosis, the 

mitotic (or spindle assembly) checkpoint (Rudner & Murray, 1996).  

The Cdk’s induce downstream processes by phosphorylating selected proteins on serine and 

threonine residues. The cyclins bind to Cdk molecules and control their ability to 

phosphorylate target proteins (Arellano & Moreno, 1997). It is the assembly and disassembly 

of the Cdk-cyclin complexes that drives the cell cycle (Figure 1.2). 

There are two main classes of cyclins; mitotic cyclins, which bind to Cdk molecules during G2 

and are required for entry into mitosis, and G1 cyclins, which bind to Cdk molecules during G1 

and are required for entry into S-phase (Alberts et al., 1994). Yeast cells have played an 

important part in understanding the mechanism of the cell cycle. In yeast cells, the same 
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member of the Cdk family is required to regulate S-phase and mitosis (Lew & Reed, 1993), 

whereas in mammalian cells, different Cdk proteins are needed to regulate S-phase and mitosis 

(Johnson & Walker, 1999). Like yeast, mammalian cells also recruit specific cyclins to form 

complexes with Cdk’s to complete discrete stages of the cell cycle (Johnson & Walker, 1999). 

For example, the Cdk1/Cyclin B complex (also called the Mitosis-Promoting Factor (MPF)) is 

required to initiate mitosis (Pines & Rieder, 2001). The Cdk2/cyclin E complex allows passage 

past the G1 checkpoint (Johnson & Walker, 1999) and Cdk2/cyclin A is required subsequently 

to activate the DNA replication machinery (Matthews et al., 1999).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: The cell cycle control system in eukaryotic cells involves CDK and cyclins. The 

assembly and disassembly of the cyclin-Cdk complex drives the cycle in one direction by allowing cells 

entry into each phase of the cell cycle. 

Inactive CDK Active CDK/Cyclin 

Induction of S-

phase or Mitosis 

Cyclin 
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1.2 Mitogen-Activated Protein Kinase (MAPK) Pathways 

Growth factors play a significant role in regulating cell proliferation (Pardee, 1989). The 

behaviour of a cell is dependent on its environment and any change will be recognised by 

specific cell surface receptors which in turn activate intracellular signalling pathways to mount 

an appropriate response (Seger and Krebs, 1995). 

There are many signalling pathways involved in producing an output in the cell. Examples 

include the Transforming growth factor β (TGF-β) signalling pathways (Miyazawa et al., 2002), 

the Janus kinase-signal transducers and activators of transcription (JAK-STAT) signalling 

pathways (Aaronson & Horvath, 2002), the natural killer (NK) signalling pathways (Vivier et 

al., 2004) and the apoptotic cell signalling pathways (Reed, 2000). In this project, however, I 

will only focus specifically on the Mitogen-Activated Protein Kinase (MAPK) family of 

pathways, which are important for the regulation of the cell cycle and as a target for 

chemotherapeutic drugs (Flaherty, 2006).  

 

1.2.1 MAPK Activation Modules 

A diverse array of stimuli activates MAPK pathways including growth factors, cytokines, 

irradiation, osmolarity and stress (Widman et al., 1999). Figure 1.3 shows the basic assembly 

of the MAPK pathways that are conserved from yeast to humans.  

In response to an external stimulus, the first kinase to be activated in this three-component 

module is the MAPK kinase kinase (MKKK) (Fanger et al., 1997). Some MKKK’s are 

activated by phosphorylation via an upstream MAPK kinase kinase kinase (MKKKK) or by 

interaction with a small GTP-binding protein of the Ras or Rho family (Widman et al., 1999). 

MKKK’s are serine/threonine protein kinases that phosphorylate and activate the next kinase in 

the module, a MAPK kinase (MKK). These kinases recognise a Threonine-X-Tyrosine (Thr-X-
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Tyr) motif in the activation loop of MAPKs (Gartner et al., 1992), which they phosphorylate, 

defining MKK’s as dual-specificity kinases. MAPK, the final kinase in the module, 

phosphorylates substrates on their serine and threonine residues (Widman et al, 1999). The 

majority of defined substrates for MAPK are transcription factors (Yoon and Seger., 2006), but 

MAPK can also activate cytoplasmic substrates such as other protein kinases, phospholipases 

and cytoskeleton-associated proteins (Yoon and Seger., 2006).  

MAPK’s control fundamental cellular processes such as proliferation, differentiation, survival 

and apoptosis (Peyssonnaux and Eychene., 2001) through regulation of transcription, 

metabolism and cytoskeletal rearrangements. 

 
 

 

 

The existence of three tiers in this pathway is most likely essential for amplification and tight 

regulation of the transmitted signals. It also allows the pathway to target various substrates 

using different combinations of each component. MKKs recognise MAPKs by their tertiary 

structure, restricting the regulation of MAPK subtypes. In contrast, MKKKs are able to 

MKKK 

MKK 

MAPK 

External 

Stimulus 

Substrates 

Figure 1.3: Basic MAPK module with the three kinases. Each is activated by its previous kinase or in 

the case of MKKK, upstream activators. The substrates are cytoplasmic and nuclear. Adapted from 

Widman et al (1999). 
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recognise different MKK-MAPK combinations, extending the variety of target substrates even 

further (Widman et al., 1999). 

There are more known MKKKs than there are MAPKs in mammalian cells. There are even 

fewer MKKs as part of the module. The large number of MKKKs allows various stimuli to 

activate specific MAPK pathways.  

To date, 14 MKKKs, 7 MKKs and 12 MAPKs have been identified in mammalian cells 

(Widman et al., 1999) and each kinase belong to different subfamilies. Of the MKKKs, the Raf 

subfamily is the best characterised and encompasses B-RAF, A-RAF, and RAF1 (also known 

as C-RAF). The remaining subfamilies of the MKKKs are the MEK kinase subfamily, 

apoptosis signal-regulating kinase 1 (ASK1), tumour progression locus 2 (TPl2) and finally the 

more diverse subfamily comprising mammalian STE20-like kinase (MST), Src-homology-3 

domain-containing proline-rich kinase (SPRK), MAPK upstream kinase (MUK), transforming 

growth factor-β-activated kinase 1 (TAK1) and Moloney sarcoma oncogene (MOS). In the 

MKK subfamily, MEK1 and MEK2 are closely related as are MKK3 and MKK6. The MAPKs 

are grouped into three main subfamilies; the extracellular signal-regulated kinases 1/2 

(ERK1/2), p38 and c-jun NH2-terminal kinase (JNK) subfamilies, and correspond to the 

MAPK pathway that employs them (Figure 1.4). The first MAPK isoforms to be identified in 

mammals were ERK1 and ERK2 (formally known as p44 and p42 respectively – Seger and 

Krebs, 1995). A lesser characterised MAPK pathway, the ERK5 pathway (also known as 

BMK1, big mitogen-activated protein kinase 1) has also been found (Zhou et al., 1995) and an 

increasing amount of data for this pathway suggests that it plays a vital role in cell proliferation 

and survival (Girio et al., 2007, Kamakura et al., 1999, Nishimoto & Nishida, 2006, Raviv et 

al., 2004)  
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 JNK Pathway p38 Pathway ERK Pathway 

 

MKKK: 

 

MEKK1-4, TAK1, MUK, 

Tpl-2, SPRK, ASK1, MST 

 

TAK1, ASK1, SPRK, PAK 

 

Raf1, A-Raf, B-Raf, Mos, 

MEKK1, MEKK2, MEKK3, 

Tpl-2 

    

MKK:           MKK4, MKK7          MKK3, MKK6           MEK1, MEK2 

    

 

MAPK: 

 

                JNK1-3 

 

  p38α, p38β, p38γ, p38δ 

 

            ERK1, ERK2 

    

            Substrates             Substrates             Substrates 

 

Figure 1.4: Components of the JNK, p38 and ERK Pathways. The corresponding MKKs, MKKs, and MAPKs 

that are required for each cascade are shown in their respective columns. It is clear that a MKKK used in one 

pathway can also be used to activate another, e.g. MEKK1-2, Tpl-2, SPRK and ASK1. The information in this 

table has been taken from Widman et al (1999). 

 

1.2.2 The JNK1, JNK2 and JNK3 MAPK Pathway 

The c-Jun N-terminal kinase (JNK), also known as the stress-activated protein kinase pathway 

(SAPK, the rat homolog, Kyriakis et al., 1994), is one of the several MAPK pathways 

identified in vertebrate cells (Johnson and Lapadat, 2002). Although this project will not be 

focussing on the JNK pathway or the p38 MAPK pathway, for completeness, a brief account of 

each is provided. 

The JNK pathway is stimulated by a range of cellular stresses such as ultraviolet and ionising 

radiation, metabolic inhibitors, inflammatory cytokines and is involved in morphogenesis, 

inflammation, proliferation and apoptosis (Vlahopoulos & Zoumpourlis, 2004). In Drosophila 
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and other organisms, the JNK pathway is also required for embryonic development (Widman et 

al., 1999). 

The JNK MAPK’s were discovered based on their activation in response to the inhibition of 

protein synthesis (Kyriakis et al., 1994). They were then found to bind and phosphorylate the 

DNA-binding protein c-Jun and increase its transcriptional activity. c-Jun is a component of the 

activating protein-1 (AP-1) transcription complex, along with Fos (Derijard et al., 1994).  

The components of the JNK pathway are listed in Figure 1.4. JNK1 and JNK2 are expressed 

ubiquitously, whereas the expression of JNK3 is limited to the brain (Yang et al., 1997). JNKs 

can be activated through cell surface receptor families including the tumour necrosis factor 

(TNF) receptor family, G-protein–coupled receptors (GPCRs), tyrosine kinase receptors and 

cytokine receptors. JNK1/2 are activated by phosphorylation on threonine and tyrosine residues 

in the Thr-X-Tyr activation motif by one of the two dual specificity kinases; MKK4 and 

MKK7 (Sanchez et al., 1994). These kinases are in turn activated by upstream MKKKs as 

shown in Figure 1.4.  

Other kinases are also capable of activating JNKs when they are overexpressed in cells. 

Examples include p21-activated kinase (PAK), germinal centre kinase (GCK), Nck-interacting 

kinase (NIK), haematopoietic progenitor kinase 1 (HPK1), and GCK-like kinase (GLK). They 

regulate JNK activation by phosphorylating and activating specific MKKKs (Widman et al., 

1999). 

The substrates of the JNK pathway are mostly transcription factors (Vlahopoulos & 

Zoumpourlis, 2004), in contrast to the ERK pathway that also has many cytoplasmic substrates. 

The known substrates for JNK include c-Jun, activating transcription factor-2 (ATF-2, Gupta et 

al., 1995), Ets-like gene 1 (Elk-1, Zinck et al., 1995), p53 (Hu et al., 1997), deleted in 
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pancreatic carcinoma-4 (DPC4, Afti et., 1997), nuclear factor of activated T-cells (NFAT4, 

Chow et al., 1997) and ribonucleoprotein K (Habelhah et al., 2001). 

The MAPK cascades are activated when cells are under stress. The JNK pathway induces 

apoptosis in response to ultraviolet (Tournier et al., 2000) and γ radiation (Chen et al, 1996), 

ceramide (Verheij et al., 1996) and cytokines (Ichijo et al., 1997). In neuronal PC-12 

pheochromocytoma cells, removal of nerve growth factor induces the JNK and p38 pathways, 

but inhibits the ERK pathway, resulting in apoptosis. This demonstrated the importance in the 

balance between growth factor-activated ERK and stress-activated JNK/p38 pathways in 

determining whether a cell survives or undergoes apoptosis (Xia et al., 1995). 

 

1.2.3 The p38 MAPK Pathway 

The p38 MAPK pathway is also involved in response to stress in eukaryotic and yeast cells and 

is activated by a diverse array of external stimuli including ultraviolet light, irradiation, heat 

shock, high osmotic stress, proinflammatory cytokines and certain mitogens (Widman et al., 

1999). It appears to respond to many stimuli that are responsible for activating the JNK 

pathway. Hence, not only does this prove that these two pathways are part of the same family 

of cascades; it also suggests a possible overlap between components (Figure 1.4) and the target 

substrates. p38 exists in different isoforms (α, β, γ, δ) where p38α has a 50% amino acid 

identity with ERK2 (Roux and Blenis, 2004).  

Upon activation of the MKKKs in the p38 pathway, MKK3 and MKK6 are activated. They 

both show a high degree of specificity for p38 as they do not activate JNK or ERK1/2. MKK6 

activates all p38 isoforms, whereas MKK3 is more selective by phosphorylating the α and β 

isoforms only (Enslen et al., 2000). The p38 MAPK is sequentially activated by 

phosphorylation on a Thr-Gly-Tyr motif within its activation loop (Wilson et al., 1996). Once 
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activated, it plays a major role in processes such as apoptosis, cytokine production, 

transcriptional regulation, and cytoskeletal reorganisation (Ono & Han, 2000). p38 has been 

implicated in HIV production and increased levels of p38 can be seen in Alzheimer’s disease 

(Obata et al., 2000).  

p38 activity is critical for normal immune and inflammatory responses. It is activated in 

macrophages, neutrophils and T-cells (Ono and Han., 2000) and helps carry out their respective 

roles in mediating respiratory burst activity, chemotaxis, granular exocytosis and apoptosis 

(Ono and Han., 2000). In addition, the p38 pathway is also involved in apoptosis as briefly 

described in section 1.2.2 (page 11). In Rat-1 fibroblasts the outcome is very similar. In cells 

deprived of serum, blocking the activity of the p38 pathway using the inhibitor PD169316 (a 

pyridinyl imidazole compound) or administering insulin, decreases p38 activity and reduces the 

levels of apoptosis (Kummer et al., 1997). Similarly in Hela cells, inhibiting p38 using p38 

MAPK inhibitors SB203580 or SB202190 in Taxol-treated cells was found to suppress cell 

death (Deacon et al., 2003), further supporting a role for p38 in apoptosis. 

 

1.2.4 The ERK1/2 MAPK Pathway 

The ERK1/2 pathway (Figure 1.5) is the first characterised and most studied of the MAPK 

pathways. Its components (Figure 1.4) indicate that this pathway has the most exclusive set of 

MKKKs to initiate the cascade, in comparison to the JNK and p38 pathways.  

The two isoforms of ERK; ERK1 and ERK2, share an 81% amino acid identity and are 

expressed to various extents in all tissues (Chen et al., 2001). They are activated by growth 

factors, phorbol esters, cytokines, microtubule disorganisation, and to a lesser extent, by 

ligands of the heterotrimeric GPCRs (Sugden and Clerk., 1997).  
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ERK1 and ERK2 are 44kDa and 42kDa proteins respectively (Widman et al., 1999) and their 

activation leads to the subsequent activation of several transcription factors and other 

serine/threonine kinases contributing to cellular proliferation, differentiation, cell cycle 

regulation and cell survival (Johnson and Lapadat, 2002).  

 

1.2.4i Ras and Raf Proteins 

The first kinases to be activated are the MKKKs (Table 1.1) by the Ras oncoprotein. Ras is a 

membrane-anchored GTPase that acts as a biological switch relaying signals from ligand-

stimulated receptors to the cytoplasmic ERK1/2 cascade (Peyssonnaux and Eychene., 2001). 

This was inferred from the observation that Ras activates Raf1 and that activated Raf1 is 

sufficient to stimulate the ERK1/2 pathway (Marais and Marshall., 1996). The RAS gene 

family comprises three functional genes, H-RAS, N-RAS and K-RAS, which encode 21kDa 

Ras proteins (Reuter et al., 2000). 

 

Figure 1.5: The organization and location of components making up the ERK1/2 pathway. The 

binding of a ligand to a cell surface receptor initiates a complex cascade through the cell into the 

nucleus. See text for further explanation of the cascade. Image taken from Kolch et al (2002). 
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Ras cycles between an active and an inactive conformation; Ras-GTP and Ras-GDP 

respectively. Regulatory proteins that control the GTP/GDP cycling of Ras include GTPase-

activating proteins (GAPs), which work to hydrolyse GTP to GDP, and guanine nucleotide 

exchange factors (GEFs) such as Son of Sevenless (SOS) which induce the dissociation of 

GDP to allow GTP association (Reuter et al., 2000). Active Ras transmits its signals to Ras 

effectors via direct activation, recruitment to the plasma membrane, and association with 

substrates (Vojtek & Der, 1998). 

In 1994, Raf was found to be a multi-subunit protein complex with an apparent mass of 300-

500kDa, whereas Raf1 alone is a 72kDa protein (Wartmann & Davis, 1994). Wartmann and 

Davis (1994) analysed the structure of Raf and demonstrated that it contains a single Raf 

protein kinase together with the molecular chaperones heat-shock protein 90 (hsp90) and p50 

(Stancato et al., 1993). Inactive, multi-subunit Raf is found in the cytoplasm. Growth factor 

binding to tyrosine kinase receptors causes an increase in the GTP-bound form of Ras via 

signalling that includes the Src homology 2 and Src homology 3 (SH2/SH3) growth factor 

receptor bound protein 2 (Grb2), and SOS (Egan et al., 1993). Ras, in its GTP-bound form, 

binds to the N-terminal regulatory domain of Raf1-hsp90-p50 and localises the entire complex 

to the plasma membrane where it is activated. Raf1 then becomes phosphorylated on Tyr-340 

and Tyr-341 by membrane bound tyrosine kinases including cellular-src (c-Src). To support the 

importance of tyrosine phosphorylation in Raf1 activation, Raf1 treatment with tyrosine 

phosphatases was shown to inactivate it (Dent et al., 1995). However, there has been 

scepticism about tyrosine phosphorylation as mutations of tyrosines 340 and 341 on Raf1 only 

reduced its kinase activity in response to activated Ras, rather than eliminating it (Marais et al., 

1995). It was subsequently found that phosphorylation of Raf1 on serine 338 and to a lesser 
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extent on serine 339 (Diaz et al., 1997), along with its tyrosine residues actually controls its 

kinase activity.  

In addition to Ras, other proteins bind to and regulate Raf1 activity (Widman et al., 1999). The 

14-3-3 family of proteins for example are dimers that function as scaffolds or anchors to 

localise signalling proteins such as Raf1. They have been shown to be involved in cell cycle 

control in both yeast and mammalian cells (Hermeking et al., 1997). The exact mechanism by 

which the 14-3-3 proteins carries out its function is not apparent but studies have suggested 

that it maintains Raf in its inactive state in the absence of GTP-bound Ras and then stabilises 

the active Raf produced during activation in vivo (Tzivion et al., 1998). 

Raf1 can also be phosphorylated by ERK1/2 and PKA (c-AMP-dependent protein kinase), 

which inhibit its Raf1 activity (Marais & Marshall, 1996). ERK1/2-mediated inhibition may be 

a feedback mechanism to limit the activation of the ERK1/2 pathway (Widman et al., 1999). 

Inhibition by PKA provides a mechanism to negatively regulate the ERK1/2 pathway, allowing 

the control of these pathways by multiple inputs (Widman et al., 1999).  

The additional isoforms of Raf; A-Raf and B-Raf have a pattern of expression more restricted 

than Raf1 (Storm et al., 1990). B-Raf is a 96kDa protein that is expressed in many neuronal 

and neuroendocrine cell types and also in the testis and spleen (Mercer & Pritchard, 2003). A-

Raf, a smaller 68kDa Raf protein, is expressed in fibroblasts and other cell types. All three Rafs 

have homology in three conserved regions; CR1, CR2 and CR3, the rest being highly variable. 

CR1 and CR2 are present in the N-terminus regulatory domains, whereas CR3 is found in the 

C-terminus catalytic kinase domain (Morrison and Cutler., 1997).  

Each isoform of Raf is able to induce ERK1/2 activation (Pritchard et al., 1995) but they differ 

in their potency to activate the ERK1/2 pathway. It has been shown that B-Raf is more 
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effective at activating the ERK1/2 pathway than Raf1 and Raf1, in turn, is more effective than 

A-Raf at activating the ERK1/2 pathway (B-Raf >Raf1 >A-Raf) (Pritchard et al., 1995).  

The ERK pathway has been implicated in the suppression of apoptosis and most studies have 

suggested a functional redundancy among the Raf family, as all Raf kinases activate ERK1/2 

through MEK1/2 (Pritchard et al., 1995). In Raf knockouts, however, it seemed that mice 

lacking B-Raf, but not A-Raf or Raf1 showed disturbances in cell survival (Wojnowski et al., 

1997). It is possible that B-Raf possesses specific functions in cell death regulation or it may be 

due to B-Raf-specific activation by Rap-1, a GTP-binding protein, that is not connected to Ras 

(York et al., 1998). In addition, Raf1 and A-Raf require tyrosine phosphorylation for maximal 

activation, whereas the corresponding tyrosine residues are missing from B-Raf (Fabian et al., 

1993). These data suggest a potential unique role for B-Raf in signalling cell survival by an 

unknown mechanism. To support this further, a study using Rat-1 fibroblast cell lines 

overexpressing B-Raf showed that it conferred resistance to apoptosis induced by serum 

deprivation as a result of constitutive activation of the ERK1/2 signalling pathway (Erhardt et 

al., 1999). This apparent anti-apoptotic activity of B-Raf blocked caspase activation without 

interfering with the release of cytochrome c from mitochondria (Erhardt et al., 1999). However, 

since then it has also been shown that Raf1 knockout in mice is essential for mouse 

development by increasing apoptosis of many tissues (Huser et al., 2001). This highlights the 

importance of cell-type specificity which determines the funtion of the different Raf proteins. 

During the cell cycle, levels of membrane-bound Raf1 and B-Raf proteins are constant 

throughout S-phase and G2, but these levels decline during mitosis, and then increase again 

during G1, whilst the levels of cytosolic Raf1 and B-Raf remain constant (Widman et al., 1999). 

This suggests that the Raf proteins are not predominantly activated during mitosis and are 

required throughout S, G1 and G2. 
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A recent study investigated the role of Raf1 and A-Raf in G1/S cell cycle progression and their 

effect on the cell cycle following knockout. Mice with inactivating mutations in both Raf1 and 

A-Raf were created and the embryos of double knockout (DKO) mice displayed severe defects 

that resulted in lethality at E10.5 (Mercer et al., 2005). The cells in the DKO embryos showed 

no changes in apoptosis but displayed a generalised reduction in cell proliferation, which was 

apparent in their ability to delay entry into S phase. Results from additional tests indicated that 

both Raf1 and A-Raf have a combined role in regulating transient ERK1/2 activation and 

initiation of cell proliferation (Mercer et al., 2005). 

 

1.2.4ii MEK1 and MEK2 

Raf activates MEK1 and MEK2. The primary amino acid sequence of MEK1 was elucidated 

from a complimentary-DNA (cDNA) sequence and the protein was found to be approximately 

45kDa (Crews et al., 1992). MEK1 and MEK2 are highly homologous in their primary amino 

acid sequences and function as dual threonine/tyrosine kinases (Widman et al., 1999). 

Activated MEK1/2 phosphorylates and activates ERK1/2 on the Thr-X-Tyr motif in the 

activation loop of the ERK1/2 catalytic domain (Widman et al., 1999). MEK1 is located 

outside the nucleus and in its inactive state it sequesters ERK1/2 in the cytoplasm (Yoon & 

Seger, 2006). Phosphorylation and activation of MEK1 result in the activation of ERK1/2 

(Widman et al., 1999). The activation of ERK1/2 induces a major conformational change and 

forces the detachment of MEK1 from ERK1/2 (Yoon & Seger, 2006). Activated ERK1/2 is 

then rapidly translocated to the nucleus (Brunet et al., 1999) where it can regulate the activity 

of nuclear proteins including transcription factors, while MEK1 remains in the cytosol due to 

the presence of a nuclear export signal in its N-terminal region (Yoon & Seger, 2006). 
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Raf1 seems to activate both MEK1 and MEK2, but when recombinant Ras-GTP was used to 

bind cell lysates, a complex of Raf1 and MEK1 or B-Raf and MEK1 was found (Marais & 

Marshall, 1996). In addition, cells transformed by oncogenic forms of Ras showed increased 

MEK1 activity compared to MEK2, suggesting that Ras and Raf1 preferentially signal to 

ERK1/2 via MEK1 (Marais & Marshall, 1996). Collective research among many laboratories, 

each using different cell lines, found that MEK1 and MEK2 appeared to be differentially 

activated by Raf1, A-Raf, and B-Raf in different cell types and in response to various external 

stimuli (Bogoyevitch et al., 1995, Lange-Carter & Johnson, 1994).  

 

A study by Harding et al (2003) highlighted that in Xenopus, the MAPK cascade has well 

established roles in entry and exit from mitosis (i.e. during G2/M progression), but relatively 

little is known about this pathway in mammalian cells. Harding et al (2003) found that 

membrane-bound MEK1 is strongly activated as cells enter mitosis, but that this activation is 

not coupled to ERK1/2, which is inactive in mitosis (Harding et al., 2003). The uncoupling of 

MEK1 activation from ERK1/2 is mediated by direct modifications to MEK1 by the mitotic 

cell cycle machinery and requires active cyclin B-Cdc2 (Cdk1) (Harding et al., 2003). This 

highlights an important functional consequence of the physical detachment seen upon ERK1/2 

phosphorylation and activation by MEK1/2 which suggests that ERK1/2 may be inactive 

during mammalian cell mitosis. 

 

1.2.4iii ERK1 and ERK2 

ERK1 and ERK2 are 44- and 42-kDa isoforms, respectively (Widman et al., 1999) displaying a 

high degree of similarity and are described as being functionally redundant, although they do 
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display differences in their substrate specificity (Seger & Krebs, 1995). As part of the MAPK 

module, they are activated last in response to a wide variety of growth factors and mitogens.  

The full activation of ERK1/2 occurs as a result of phosphorylation of threonine and tyrosine 

residues in a Thr-X-Tyr motif (Yoon & Seger, 2006). Phosphorylation on both residues also 

seems to be the main requirement for translocation of ERK1/2 to the nucleus, as opposed to 

catalytic activity (Chen et al., 1992). Monophosphorylation of either residue can cause some 

activation but may not be sufficient to exert their downstream effects under most conditions 

(Yoon & Seger, 2006). Upon phosphorylation of both residues, a conformational change 

occurs in ERK1/2, which changes the hydrogen bonds at the substrate binding site, and allows 

the side chain of the phospho-Tyr to face the surface of its substrates (Canagarajah et al., 1997). 

However, this is not sufficient to provide high affinity and specificity. To allow proper 

substrate recognition, additional interaction domains (docking motifs) on ERK1/2 and their 

substrates are often involved in the phosphorylation process (Widman et al., 1999), which help 

ERK1/2 activate the appropriate substrate required for a specific response. 

ERK1 and 2 are proline-directed protein kinases, in that they phosphorylate serine or threonine 

residues nearby a proline residue. The main consensus sequence for recognition by ERK1/2 is 

Pro-Leu-(Ser or Thr)-Pro (Seger & Krebs, 1995). Several proteins can be phosphorylated by 

ERK1/2, including those in the cytoplasm and nucleus. About 160 substrates have already been 

identified and have been reviewed by Yoon & Seger (2006). Examples of ERK1/2 substrates 

include the S6 kinase p90 RSK (MAPK-activated protein kinase), cytosolic phosopholipase A2, 

and the juxtamembrane region of the epidermal growth factor (EGF) receptor (Seger & Krebs, 

1995). Many microtubule-associated proteins (MAPs) are also substrates for ERK1/2, 

including MAP-1, MAP-2, MAP-4, and Tau (Seger & Krebs, 1995). Examples of transcription 

factors in the nucleus that are also phosphorylated and activated by ERK1/2 are Elk1, v-ets 



  

20 

erythroblastosis virus E26 oncogene homolog 1 (Ets1), stress-activated protein kinase 1a 

(Sap1a), c-Myc, Tal, and Myb, whose activity is thought to be inhibited by ERK1/2 

phosphorylation (Widman et al., 1999).  

ERK1/2 activity is predominantly regulated by the upstream components in the MAPK module 

(Table 1.1). However, ERK1/2 activity is also regulated by protein phosphatases, which are 

important determinants of the cellular responses regulated by the MAPK cascade (Widman et 

al., 1999). ERK1/2 inactivation can be mediated by the removal of phosphate groups from 

either one or both of the regulatory residues. The best studied ERK1/2 phosphatase is the 

MAPK phosphatase 3 (MKP3) that is a product of an inducible gene, and is highly specific to 

ERK1/2 (Camps et al., 1998). Another function of MKP3 is to act as a negative feedback, 

whereby its own phosphorylation leads to its degradation, which further facilitates ERK1/2 

activity (Camps et al., 1998).  

 

1.2.5 The ERK5 Pathway 

In comparison to the ERK1/2 pathway, the ERK5 pathway is less characterised. ERK5 was 

first identified from its direct and specific interaction with MEK5 (Zhou et al., 1995). It was 

classed as a novel signalling pathway as it harboured no interaction with the MEK1/ERK1 

pathway (Zhou et al., 1995). The ERK5 signalling cascade acts through sequential activation of 

MEKK2/3, MEK5 and ERK5 and transmits signal to a variety of stress and mitogenic related 

targets (Raviv et al., 2004).  

Unlike the MAPK pathways described above, who serve a single set of extracellular stimuli 

such as stress or mitogens, the ERK5 pathway serves both stress responses and proliferation 

(Raviv et al., 2004). ERK5 itself is twice the size of other MAPKs (Zhou et al., 1995) and its 
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substrates include myocyte enhancer factor 2 (MEF2 – Kato et al., 1997) and the ERK1/2 

substrate c-Myc (Nishimoto & Nishida, 2006). 

 

1.3 The ERK1/2 Pathway in the Cell Cycle 

The activity of endogenous ERK1/2 has been shown to decrease as cells enter mitosis 

(Edelmann et al., 1996). Because signalling pathways have more than one function, as 

demonstrated by their various substrates, it is difficult to establish a bona fide role for them. To 

investigate the ERK1/2 pathway, different cell lines have been used, which then raises the 

possibility that the response may be specific to the cell type. 

Studies in Xenopus oocytes have provided information supporting the function of ERK1/2 in 

amphibian cell meiosis. Fan & Sun (2003) reviewed the function of ERK1/2 in mammalian cell 

meiosis where it plays a pivotal role in maintaining metaphase II arrest of the cycling oocyte 

until fertilisation. The ERK1/2 signalling pathway involved in Xenopous oocytes includes the 

serine/threonine protein kinase Mos (a MKKK) which is produced by the proto-oncogene c-

mos that activates MEK1/2 which then activates ERK1/2 (Fan & Sun, 2003). Upon oocyte 

fertilisation, active ERK1/2 is important in reorganising the microtubule network and may 

assist in the transition from meiosis I to meiosis II (Fan and Sun., 2003). There is evidence 

showing partial association of ERK1/2 with the microtubule organising centres (MTOCs) 

present at the spindle poles as well as in the cytoplasm (Verlhac et al., 1994), giving ERK1/2 

an ideal location to carry out its function in meiosis.  

The requirement for ERK1/2 in S-phase entry was demonstrated by a G1 arrest in cells when 

ERK1/2 activity was blocked (Lavoie et al., 1996). The mechanism by which ERK1/2 induces 

S-phase entry has been reviewed recently by Torii et al (2006). ERK1/2 activation is important 
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in activating the transcription factor Elk-1, which subsequently induces the expression of c-fos. 

The Fos and Jun families of nucleoproteins form homo or heterodimeric complexes that bind 

DNA and modulate expression of target genes required for S-phase entry, such as cyclin D. 

Cyclin D forms a complex with CDK4/6 (section 1.1) and eventually induces expression of 

cyclin E, along with other proteins required for S-phase entry (Torii et al., 2006). Therefore, 

the activation of ERK1/2 triggers the induction of many genes important for S-phase entry. 

In 1998, two independent groups published their findings that suggested a role for ERK1/2 in 

the mitotic phase of the cell cycle. Shapiro et al (1998) used a phospho-specific ERK1/2 

antibody to demonstrate in NIH 3T3 cells, that active ERK1/2 and MEK1 become concentrated 

within the nucleus early in prophase before nuclear envelope breakdown. In late prophase, they 

became localised at spindle poles, but the intracellular distribution of ERK1/2 and MEK1 did 

not overlap, as active MEK1 was excluded from condensed chromosomes whereas active 

ERK1/2 associated with kinetochores and at the periphery of condensed chromosomes. 

Furthermore, Shapiro et al (1998) identified a link between ERK1/2 activity and the 3F3/2 

phosphoantigen that regulate the metaphase-to-anaphase transition in mitosis, suggesting that 

3F3/2 phosphoantigens are likely to be targets for ERK1/2 or ERK-related kinases. Shapiro et 

al., (1998) proposed two roles for ERK1/2. One, that active ERK1/2 may act as a signal at 

kinetochores allowing cells to sense improper chromosome attachment to spindle microtubules 

via phosphorylation of the 3F3/2 phosphoantigen. Secondly, it was proposed that active 

ERK1/2 might regulate spindle assembly, possibly through regulation of the activity of motors 

or microtubule polymerisation.  

Interestingly, Zecevic et al  (1998), using a phospho-MAPK (ERK1/2) antibody, demonstrated 

that active ERK1/2 was localised at kinetochores, asters and at the midbody of dividing PtK1 

cells. Active ERK1/2 was present on kinetochores in prophase and became undetectable by 
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mid-anaphase. They deduced that the intracellular localisation of active ERK1/2, consistent 

with its potential role in regulation of mitotic progression and the time course of its activation 

and inactivation, was consistent with a role in the regulation of chromosome movement. 

Zecevic et al (1998) co-immunoprecipitated active ERK1/2 with centromere-binding protein E 

(CENP-E, a kinetochore motor protein) during mitosis demonstrating that CENP-E can be 

phosphorylated by active ERK1/2 and may play a role in mediating interactions between 

chromosomes and microtubules. 

In keeping with the idea that the ERK1/2 pathway is essential during mitotic progression, 

Hayne et al (2000) used Nocodazole (a microtubule depolymerising drug) to show that the 

ERK1/2 pathway is activated upon treatment with the drug, and that the ERK1/2 pathway is 

necessary for normal G2/M progression, as inhibiting the pathway caused a block at G2 (Hayne 

et al., 2000). Not only does ERK1/2 seem important during mitosis, it has also been suggested 

that ERK1/2 has a role in regulating cell survival (Erhardt et al., 1999). Erhardt et al (1999) 

described the B-Raf/MEK/ERK1/2 pathway as essential for cell survival in Rat-1 fibroblast 

cell lines since treatment with a MEK inhibitor or expression of a dominant inhibitory MEK 

mutant blocks the anti-apoptotic activity of B-Raf and that this pathway promotes apoptosis 

after growth factor deprivation (Erhardt et al., 1999).   

Thus, the role of the ERK1/2 pathway appears to be highly significant, not only during mitosis 

but also as a survival signal for the cell. Therefore there is no doubt that the accumulation of 

mutations in critical genes encoding proteins of the ERK1/2 MAPK signalling pathway may 

cause damaging effects such as altered programmes of cell proliferation, differentiation and 

death, resulting in cancer. 
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1.4 Ras and Raf Signalling in Cancer 

The identification of the genes mutated in cancers suggests that they affect discrete pathways, 

each making distinct contributions to the malignant phenotype. Mutations in the Ras pathway 

(Figure 1.6) and in the retinoblastoma (Rb) protein, both important in driving cell division, 

affect cell cycle control and drive uncontrolled proliferation (McCormick, 1999).  

Ras activates multiple pathways aside from the ERK pathway. These include the 

phosphatidylinositol 3-kinase (PI3K) pathway, the p120 Ras GAP pathway and the Ral GDS 

pathway (Vojtek & Der, 1998). Mutations in the Ras family of genes can be found in 20% to 

30% of tumour types including adenocarcinomas of the pancreas, the colon, the lung, in thyroid 

tumours and in myeloid leukaemia (Bos, 1989). Constitutive activation of Ras results in 

constitutive activation of ERK1/2, hence rapid cell proliferation and cell survival, which is 

further enhanced by defects in other components of the Ras pathways such as Rb (McCormick, 

1999). Mutations in the Rb protein inactivate Rb and disable the Rb checkpoint. This leads to 

up-regulation of cyclin D-CDK activity (brought about by active ERK1/2), allowing cells to 

escape senescence and differentiation (McCormick, 1999). Recently, mutations in Raf have 

also been discovered in cancers. In particular, the V600E mutation in B-Raf, where Valine at 

position 600 is substituted for Glutamic acid, is seen in approximately 70% of human 

malignant melanomas (Davies et al., 2002). 

The elucidation of key mutations within the ERK1/2 pathway has progressed and because Ras 

is central to many pathways and prominent in many tumours, it would be extremely useful to 

target the Ras signalling pathway to block cell survival effects, thereby increasing the 

efficiency of chemotherapy. 
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It has been suggested that blocking the downstream affects of mutated components of the 

ERK1/2 pathway by inhibiting MEK1/2 (Figure 1.6) in cells treated with microtubule-

interfering-agents (MIAs) may reduce potential survival effects of ERK1/2 and further induce 

apoptosis (McDaid and Horwitz., 2001, McDaid et al., 2005, MacKeigan et al., 2000). What 

remains is to find the mechanism by which ERK1/2 induces cell survival, which is currently 

unknown. 

 

1.5 Cancer Chemotherapy and Microtubule-Interfering Agents (MIAs) 

Anti-cancer drugs have been developed to target the destruction of cancer cells. The major 

groups of drugs used as chemotherapeutic agents include alkylating agents (Sanderson & 
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Figure 1.6: Key mutations within the ERK1/2 pathway. Mutations causing constitutive activation of 

either Ras (*Ras) or Raf (*Raf), result in increased activation of ERK1/2 (PP-ERK1/2). Inhibiting MEK1/2 

activity (shown in green) decreases the downstream effects of mutated Ras or Raf providing a mechanism 

by which chemotherapeutic drugs can increase apoptosis of cancer cells. 
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Shield, 1995), antimetabolites (Cole et al., 2005), topoisomerase I and topoisomerase II 

inhibitors (Rothenberg, 1997; Hande, 1998) and spindle inhibitors (Wood et al., 2001). The 

alkylating agents consist of five major groups (Sanderson & Shield, 1995). These are the 

nitrogen mustards; the ethylenimines; the alkyl sulfonates; the nitrosoureas and the triazenes 

(Sanderson & Shield, 1995), which act directly on DNA, causing cross-linking of DNA strands, 

abnormal base-pairing or DNA strand breaks, thus preventing the cell from dividing 

(Sanderson & Shield, 1995). Antimetabolites are substances that closely resemble an essential 

nutrient that is required by the cell and therefore interferes with physiological reactions 

involving it (Cole et al., 2005).  As a result antimetablites cause cell death by starvation, 

differentiation or alteration of cell function (Cole et al., 2005). Topoisomerase inhibitors 

stabilise the covalent link of topoisomerase enzymes to DNA creating permanent double-

stranded breaks within the DNA strand, which then triggers apoptosis of the cell (Hande, 1998; 

Rothenberg, 1997).  Finally, there are the spindle inhibitors (Wood et al., 2001). These anti-

tumour agents are usually derived from plants and so far are known to target β-tubulin (Wood 

et al., 2005). Spindle inhibitors work by stabilising or destabilising microtubules, thereby 

blocking the ability of cells to divide (Wood et al., 2001).  

Chemotherapeutic microtubule-interfering agents or MIAs belong to the family of spindle 

inhibitors. MIAs are able to bind β-tubulin on microtubules and inhibit proliferation by acting 

on the mitotic spindle (section 1.5.1 & 1.5.2 (pages 27 to 29) - Mollinedo & Gajate, 2003). The 

biological consequences of interfering with microtubule dynamics in this way include M-phase 

arrest, inhibition of cell proliferation and apoptosis (Jordan & Wilson, 1998). 

There are two types of MIAs that are currently used for cancer chemotherapy; firstly there are 

the vinca alkaloids (such as Vinblastine and Vincristine), which destabilise microtubules by 

inhibiting microtubule polymerisation (Mollinedo & Gajate, 2003). The second type are 
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taxanes (e.g. Taxol), which stabilise microtubules (Mollinedo & Gajate, 2003). Although each 

type of compound exerts opposite effects, they have the common property of suppressing 

microtubule dynamics and thereby microtubule function, leading to the disruption of mitotic 

spindle function and activation of the spindle-assembly checkpoint (Jordan & Wilson, 1998). 

Once the spindle checkpoint is activated, cells arrest at the metaphase to anaphase transition 

(Fang et al., 1999).  

However, the extent to which microtubules are involved in other cellular functions, including 

chemotaxis, intracellular transport and transmission of receptor signalling, renders non-

malignant cells in interphase, vulnerable to the effects of these MIAs. This lack of selectivity 

towards tumour cells leads to a number of toxic side effects (Mollinedo & Gajate, 2003).  

The way in which MIAs function to halt the cell cycle at a specific point has been the subject 

of research for many laboratories (Deacon et al., 2003, Milross et al., 1996, Weaver & 

Cleaveland, 2005). MIAs disrupt microtubule dynamics, activating the spindle-checkpoint, 

which initiates the ERK1/2 signalling pathway and blocking cells at M phase. Failure to 

proceed through the cell cycle is responsible for the activation of apoptosis (Deacon et al., 

2003). In addition, MIAs can promote a number of effects on the centrosomes, including 

abnormal centriole structure, centrosome fragmentation and inappropriate centrosome 

duplication (Wendell et al., 1993). 

 

1.5.1 Taxol 

Taxol, also known as Paclitaxel, has been used for decades in the treatment of ovarian, breast 

and non-small cell lung cancers (Rao et al., 1999). In 1971, Taxol was identified as the active 

constituent of the bark extract from the Pacific yew, Taxus brevifolia (Wani et al., 1971). 

Mastropaolo et al., (1995), determined the crystal structure of Taxol and found that it exists in 
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solution as a homodimer, interacting with solvent atoms through an extensive network of 

hydrogen bonds (Mastropaolo et al., 1995).  

The cellular targets of Taxol are the microtubules, specifically β-tubulin (Rao et al., 1992), and 

its binding site is on the microtubule polymer. The addition of Taxol results in the 

reorganisation of the microtubule cytoskeleton, forming stable bundles of microtubules (Rao et 

al., 1992). Normal microtubule dynamics are disrupted by Taxol and cells arrest in M-phase 

with inhibition of normal cell division (Schiff & Horwitz, 1980). The specific binding site for 

Taxol was determined and shown to occupy three distinct sites on β-tubulin; between residues 

1-31, resides 217-233 and an arginine residue at position 282 (Rao et al., 1999).  

Clinically, Taxol is given as an infusion (drip) into the vein at a plasma concentration between 

0.19 – 3.65 g/ml and has many side effects including bruising, anaemia, hair loss, headaches 

(http//www.pakageinserts.bms.com/pi/pi_taxol.pdf). 

 

 

1.5.2 Vinblastine/Vincristine 

The vinca alkaloids are naturally occurring compounds that are found in the periwinkle plant 

Vinca rosea Linn (Mollinedo & Gajate, 2003). Vinblastine and Vincristine are two of the four 

compounds that belong to this group. The others are Vindesine and Vinorelbine, but for the 

purpose of this project I will not be talking in depth about them individually. 

Although specific differences exist among the vinca alkaloids regarding their biological 

functions, the way they bind β-tubulin is similar. They bind to both high and low affinity sites 

on β-tubulin (Bhattacharyya & Wolff, 1976). The binding of vinca alkaloids to the high affinity 

sites located at the ends of microtubules results in disruption of microtubules. Low 
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concentrations of the drugs modify the dynamics at the ends of the microtubules, especially 

those involved in the mitotic spindle, which accelerates microtubule disassembly 

(Bhattacharyya & Wolff, 1976). This, however, does not result in gross microtubule 

disorganisation. At higher concentrations, the drugs are able to bind to low affinity binding 

sites as well as along the walls of microtubules leading to their disruption and disorganisation 

(Mollinedo & Gajate, 2003). 

Clinically, Vinblastine and Vincristine are used for treatment of leukaemia, lymphoma, breast 

and lung cancers, and their side affects include bruising, anaemia, nausea, constipation and 

numbness/tingling in hands and feet. The plasma concentration for Vincristine varies from 0.59 

to 213µg/ml (Krishna et al., 2001) and for Vinblastine it ranges from 2.3 to 230µg/ml (Chao et 

al., 1999). 

Previous studies have investigated the effects of these MIAs on the activity of ERK1/2 (Hayne 

et al., 2000, Boldt et al., 2002, Deacon et al., 2003) and found that ERK1/2 is activated 

independently of mitosis. In addition to activating ERK1/2, MIAs were also found to activate 

the spindle assembly checkpoint and induce a mitotic cell cycle arrest (Sorger et al., 1997). As 

a result, it was suggested that MIA-mediated active ERK1/2 and therefore MIAs were 

responsible for favouring the survival of the cell (Boldt et al., 2002). There has been a report of 

enhanced ERK1/2 activation in various human tumours (Kiyokawa et al., 1994) which 

supports the idea that active ERK1/2 may mediate cell survival. However the mechanisms 

involved in ERK1/2 mediated cell survival requires the understanding of the apoptotic pathway. 
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1.6 MIAs and Apoptosis 

Apoptosis, or cell suicide, is a form of cell death that is morphologically and biochemically 

distinct from necrosis (Budihardjo et al., 1999). The three major components involved in 

apoptosis are the Bcl-2 family proteins; the caspases (Cysteine Aspartyl-specific Proteases), 

and the Apaf-1/CED-4 protein that relays the signal integrated by Bcl-2 family proteins to 

caspases (Budihardjo et al., 1999). The activation of these proteins results in distinct changes 

that are characteristic of apoptosis. These include mitochondrial damage, nuclear membrane 

breakdown, DNA fragmentation, chromatin condensation, and the formation of apoptotic 

bodies (Thornberry & Lazebnik, 1998).  

Apoptosis is triggered by two different pathways; the cell surface death receptor pathway, and 

the mitochondria-initiated pathway. Both pathways involve the activation of caspases, making 

them the key components in programmed cell death.  

The first caspase to be discovered as a cytokine-processing enzyme was called interleukin-1 β-

converting enzyme (ICE) (Budihardjo et al., 1999). Since then, over 14 caspases have been 

cloned (Thornberry & Lazebnik, 1998) and numbered. Caspases 2, 3, 6, 7, 8, 9, and 10 are 

initiators and executioners of apoptosis, whereas Caspases 1 and caspase 11 function mainly in 

cytokine processing (Cohen, 1997). Caspases exist as inactive zymogens within the cell, 

termed procaspases. Upon an external signal, procaspases are proteolytically processed at 

conserved aspartic acid residues to assume an active state that consists of large and small 

catalytic subunits (Green & Reed, 1998). 
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1.6.1 Cell Death via Cell Surface Death Receptors 

Cell surface death receptors are a family of transmembrane proteins belonging to the tumour 

necrosis factor (TNF) or nerve growth factor (NGF) receptor superfamily (Budihardjo et al., 

1999). Of this family, the Fas receptor is an important component in mediating this pathway. 

When the Fas receptor binds its ligand, Fas/CD95 ligand (FasL), it is recognised and translated 

into intracellular signals that lead to caspase activation by three distinct steps: ligand-induced 

receptor trimerisation; the recruitment of intracellular receptor-associated proteins, and the 

initiation of caspase activation (Figure 1.7, Budiharjo et al., 1999). The cytoplasmic region of 

Fas contains a death domain (DD), which then recruits a DD-containing adaptor molecule, 

FADD (Fas-associating protein with death domain). The N terminus of FADD (called the death 

effecter domain, DED) is required to recruit upstream procaspases such as procaspase 8 and/or 

procaspase 10 that in turn brings about the final stages of cell death (Budiharjo et al., 1999). 

 

1.6.2 Mitochondrial-induced Cell Death 

The Bcl-2 family of proteins, both pro- and anti-apoptotic forms, governs this pathway. The 

anti-apoptotic members of the family include Bcl-2, Bcl-Xl, Mcl-1, Bfl-1, Bcl-W and Boo, and 

the pro-apoptotic members include Bax, Bak, Bok, Bad, Bid, Bim, Bik, Hrk (Green & Reed, 

1998). Many Bcl-2 proteins (usually the anti-apoptotic) are constitutively expressed in 

mitochondrial membranes whereas the pro-apoptotic members are localised to extra-

mitochondrial compartments. Upon apoptosis induction, the pro-apoptotic proteins translocate 

to the mitochondria and induce mitochondrial membrane permeabilisation and the release of 

pro-apoptotic molecules such as cytochrome c into the cytosol (Green & Reed, 1998).  

It is at this point where the two pathways of caspase activation merge. Activation of caspase 8 

in the cell surface death receptor pathway provides the signal for cytochrome c release by 
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inducing Bid cleavage (Figure 1.7). Once released from the mitochondria, cytochrome c 

interacts with other cytosolic protein factors such as Apaf-1 and procaspase-9 (the apoptosome), 

to activate procaspase-3, known as an effector caspase that brings about the characteristics of 

apoptosis (Budihardjo et al., 1999). 

 

 

 

 

 

 

 

Figure 1.7: The Pathways Leading to Caspase Activation in Apoptosis. The text explains the cell 

surface death receptor-induced and mitochondrial-induced cell death. The alternative route to cell death 

includes p53 which is activated via damage to chromosomal DNA, and via Bad release from 14-3-3 

proteins in growth factor deprivation. Image from the following website;  

http://claim.springer.de/EncRef/CancerResearch/samples/0003.htm 
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1.7 Background to the Project 

Understanding how MIAs induce cell death will provide valuable information for 

improving anti-cancer therapy. Hence, previous studies in the laboratory have focussed on 

determining the mechanism of cell death following MIA-induced mitotic cell cycle arrest. 

Initial data in our lab (unpublished) suggested that mitotically-arrested cells undergo 

apoptosis by activation of the intrinsic apoptotic pathway. To determine this, Nocodazole 

(3µM) was added to a population of cells synchronised in G1/S-phase by an aphidicolin-

thymidine block. Nocodazole treatment for 12 hours or more induced the majority of cells 

in the population to arrest in mitosis (Figure 1.8). Apoptosis was assessed by 

immunocytochemistry to detect the presence of cleaved caspase-3 in Nocodazole-treated 

cells. Cells arrested in mitosis following treatment with Nocodazole displayed caspase-3 

cleavage (Figure 1.9) suggesting that apoptosis only occurs in cells that have reached and 

arrested in mitosis. The data obtained for caspase-3 cleavage was quantified and it was 

found that apoptosis occurred in the mitotic population of cells only (Figure 1.10). There 

was a time-dependent increase in apoptosis, particularly between 12 to 24 hours post 

Nocodazole treatment (Figure 1.10). 
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Figure 1.8: Nocodazole causes a mitotic block of synchronised Hela cells. 6 hours after a G1/S-

phase block, cells were treated with Nocodazole (3µM) causing a shift in the DNA content by 24 hours 

as determined by flow cytometry (right image). This indicates mitotic arrest in response to Nocodazole 

treatment in comparison to the control (untreated cells, left image). G1=G1 phase, M=Mitotic phase. 

G1 M G1 M 

Cleaved Caspase-3 Hoechst 33342 Merge 

Figure 1.9: Caspase-3 is cleaved in Nocodazole-arrested mitotic cells. Hela cells were treated with 

Nocodazole (3µM) for 12 hours. Immunofluorescence was performed using an anti-cleaved caspase-3 

(green) antibody and the DNA dye Hoechst 33342 (blue). 
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Further evidence suggesting that mitotically arrested cells undergo apoptosis was the presence 

of cytoplasmic cytochrome c in mitotic cells after treatment with Nocodazole for 12, 18 and 24 

hours (Figure 1.11a). Cytoplasmic cytochrome c was also detected in mitotic cells after 12 hour 

treatments with Taxol, Vinblastine and Vincristine (Figure 1.11b), indicating that these MIAs 

are responsible for mitotic arrest which then leads to the demise of the cell. 

Evidence suggesting the involvement of the intrinsic pathway (caspase-9 and caspase-3) of 

apoptosis following Nocodazole treatment was obtained by both in vitro caspase activity assays 

(not shown) and by Western blotting (Figure 1.12). The Western blot shows that cells arrested 

in mitosis, following 12 and 24 hour treatment with Nocodazole, have increased activation of 

both caspase-9 and caspase-3 confirming a role for the intrinsic pathway.  
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Figure 1.10: Apoptosis in Nocodaole-arrested mitotic cells. Hela cells were treated with 

Nocodazole (3µM) for the indicated periods and separated into a mitotic and non-mitotic 

(attached) population.. Immunocytochemistry was performed using an anti-cleaved caspase-

3 antibody and the DNA dye Hoechst 33342. Approximately 50 – 100 cells were counted in 

random fields in 3 independent experiments and cells displaying cleaved caspase-3 were 

interpreted as apoptotic. Each time point indicates the mean (± SD). 
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Figure 1.11: Cytochrome C is released in mitotic cells. A - A time course of Hela cells treated with 

Nocodazole for 12, 18 and 24 hours. Control cells were either untreated (0) or treated with 

Staurosporine (1mg/ml, 6 hours). Cytochrome C was detected using an anti-cytochrome C antibody 

on a western blot. B – Hela cells were treated with Nocodazole, Taxol, Vinblastine or Vincristine for 

12 hours. Cytochrome C was detected on a western blot as above. 
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Figure 1.12: Caspase Activation in Response to Nocodazole. Treatment with 1μg/ml Nocodazole 

yielded mitotic (M) and attached (A) populations. Control cells were either untreated (0) or treated 

with Staursporine (1mg/ml, 6 hours). Antibodies that detect active and inactive forms of caspases-9 

and caspases-3 were used for immunoblotting. 
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In additional preliminary experiments, caspase-8 cleavage in response to Nocodazole treatment 

was also investigated (data not shown). Unlike caspase-3 and caspase-9, caspase-8 cleavage 

was not seen in mitotically arrested cells following 12 or 24 hour treatment with Nocodazole, 

suggesting that the extrinsic pathway of apoptosis is not involved in bringing about cell death. 

Although further work is required to accurately establish the mechanism of cell death, this data 

suggests that following mitotic cell cycle arrest, cells undergo apoptosis via activation of the 

mitochondrial pathway. 

Published data from the laboratory (Deacon et al., 2003) showed that ERK1/2 is activated 

primarily in non-mitotic populations of Hela cells after treatment with Nocodazole, Taxol, 

Vinblastine or Vincristine. Cells arrested in mitosis undergo apoptosis where ERK1/2 was not 

found to have reduced activity (Deacon et al., 2003), leading to suggestions that active ERK1/2 

may have a role in regulating cell survival. 

Another observation in the laboratory (unpublished) indicated that suppressing ERK1/2 

activation, using the MEK inhibitor U0126, during MIA-treatment increased MIA-induced 

apoptosis. This was consistent with published data where a MEK inhibitor was added with 

Nocodazole or Taxol to inhibit activation of ERK1/2. An increase in MIA-induced 

apoptosis was observed (McDaid and Horwitz., 2001; McDaid et al., 2005; MacKeigan et 

al., 2000), further supporting a role for ERK1/2 in cell survival. However, the mechanism 

by which ERK1/2 may regulate cell survival is yet unknown. 

Possible targets of ERK1/2 include caspase-9 and the Bcl-2 protein Bim. Recently it has been 

suggested that caspase-9 and Bim can be directly phosphorylated by active ERK1/2 (Allan et 

al., 2003; Luciano et al., 2003). 

ERK1/2 has been shown to phosphorylate caspase-9 on threonine residue 125 in HEK293, 

Hela and NIH3T3 cells (Allan et al., 2003). This phosphorylation was proposed to block 
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caspase-9 processing and subsequent caspase-3 activation, thereby promoting cell survival 

(Allan et al., 2003). 

The phosphorylation of Bim on serine residue 69 by ERK1/2 (Luciano et al., 2003) has been 

shown to inhibit Bim activity by targeting Bim for proteasomal-dependent degradation 

resulting in cell survival (Ley et al., 2003). Luciano et al (2003) investigated this 

phosphorylation in various cell lines including the human B lymphoma cell line Ramos and 

chronic myelogenous leukaemia cells K562 and found similar results. ERK’s effect on Bim has 

also been observed in human mammary epithelial cell line, MCF10A (Marani et al., 2004), 

therefore the phosphorylation of Bim by ERK1/2 may also occur in Hela cells. 
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1.8 Aims and Objectives 

Treatment of cancer cells with chemotherapeutic MIAs such as Taxol reduces tumour growth 

by causing cell death. However, the mechanism by which these drugs induce cell death is 

unclear. Our preliminary studies and work by other groups has shown that ERK1/2 is activated 

by MIAs such as Taxol (Boldt et al., 2002, McDaid et al., 2005, MacKeigan et al., 2000). 

Furthermore, our initial studies (unpublished) and reports by other groups have found that 

inhibition of MEK1/2 increases Taxol-induced apoptosis (McDaid and Horwitz., 2001, 

McDaid et al., 2005, MacKeigan et al., 2000). However, the mechanism responsible for MIA-

induced cell death remains unclear.  

Therefore the aims of this project were: 

 To investigating the time course of ERK1/2 activation by MIAs using an anti-active 

ERK1/2 antibody; 

 To examine whether a MEK inhibitor enhances apoptosis induced by MIAs; 

 To asses whether inhibition of ERK1/2 by the MEK1/2 inhibitor induces apoptosis via 

the intrinsic or extrinsic pathway; 

 To examine whether ERK1/2 acts as a survival signal by phosphorylating and 

inactivating two known substrates of ERK1/2, caspases-9 and Bim. 

 

Figure 1.13 summarises the pathways that will be investigated in this project. The results of 

this study will provide further insight into the mechanism by which ERK1/2 may inhibit MIA-

induced apoptosis and provide a rational basis for future therapeutic strategies.    
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Figure 1.13: Summary of the pathways involved in drug-induced cell survival and death. As suggested by many studies, active ERK1/2 

impinges on the apoptotic pathway to increase cell survival by targeting Bim and caspase-9. However, the apoptotic pathway involved in 

response to anti-cancer drugs is still unclear. This scheme illustrates some of the pathways that will be investigated in this project (highlighted 

in red). 
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CHAPTER 2 

MATERIALS AND METHODS 
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2.1 Materials 

2.1.1 Source of reagents 

Reagent Supplier 

Protogel Geneflow (Staffordshire, UK) 

Foetal Bovine Serum, 

x100 Penicillin/Streptomycin, 

SeeBlue Plus 2
R
 prestained protein 

molecular weight markers 

Invitrogen (Paisley, UK) 

Ampicillin Melford Laboratories (Suffolk, UK) 

Prolong Gold Anti-Fade mounting medium Molecular Probes (Invitrogen, Paisley, UK) 

Agar, 

Yeast Extract, 

Tryptone 

Oxoid (Basingstoke, UK) 

Enhanced Chemiluminescence (ECL) 

reagent   

Pharmacia Life Sciences (Kent, UK) 

Coomassie Protein Assay Kit Pierce (Rockford, USA) 

High efficiency competent JM109 E-Coli 

cells 

Promega (Southampton, UK) 

Fugene 6 transfection reagent Roche (Lewes, UK) 

Dulbecco’s Modified Eagles Medium  

(DMEM), 

Dulbecco’s Phosphate Buffered Saline (PBS), 

without Ca
2+

 and Mg
2+ 

 ions, 

Sigma (Poole, UK) 
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Cell Dissociation Medium, 

TEMED, 

Hoechst 33342 (1µM)) 

Poly-L-Lysine 

 

2.1.2 Drugs 

All drugs used were purchased from Sigma apart from those indicated in the table below: 

Drug Supplier 

U0126 MEK Inhibitor 

Staurosporine 

Okadaic Acid 

Etoposide 

Anisomysin 

Calbiochem (Nottingham, UK) 

 

2.1.3 Antibodies 

Primary Antibodies Working 

Concentration 

Application Supplier 

Anti-Bim, polyclonal 1:2000 Western Blotting Calbiochem 

(Nottingham, 

UK) 

Anti-Phospho ERK1/2  

Polyclonal 

Anti-Phospho Caspase-9 

1:1000 

 

1:1000 

Western Blotting 

Immunofluorescence 

Western Blotting 

Cell Signalling 

Technology 

(New England 
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Polyclonal 

Anti-Caspase-3 Monoclonal 

 

1:1000 

 

Western Blotting 

Biolabs, UK) 

Anti-Caspase-8 Polyclonal 1:1000 Western Blotting Pharmingen 

Anti-active MAPK (ERK1/2) 

Polyclonal 

1:5000 Western Blotting Promega 

(Southampton, 

UK) 

Anti-Caspase-9 Polyclonal 0.2µg/ml Western Blotting Research 

Diagnostics Inc. 

(Massachusetts, 

USA) 

Anti-α-PARP Polyclonal 

Anti-Cytokeratin-18 M30 

Monoclonal 

1:2000 

1:1000 

Western Blotting 

Immunofluorescence 

Roche  

(Lewes, UK) 

Anti-ERK1/2 Polyclonal 

Anti-HA Epitope, Polyclonal 

and Monoclonal 

0.2µg/ml Western Blotting 

Western Blotting 

Santa Cruz 

Biotechnology 

(Insight 

Biotechnology, 

Middlesex, UK) 

Anti-FLAG Monoclonal 

Anti-γ-tubulin Monoclonal 

1:1000 

1:1000 

Western Blotting 

Western Blotting 

Sigma  

(Poole, UK) 

Anti-Bim Polyclonal 1μg/ml Western Blotting 

 

Stressgen 

(Cambridge 

BioScience, 
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Cambridge, UK) 

Anti-phospho BIM-EL 

Polyclonal 

0.5µg/ml Western Blotting Upstate Cell 

Signalling  

Solutions 

Secondary Antibodies    

Anti-rabbit Alexa Fluor  

488nm Goat 

Anti-mouse Alexa Fluor 

488nm Goat 

2μg/ml 

 

2μg/ml 

Immunofluorescence  

 

Immunofluorescence 

Molecular Probes 

(Invitrogen, 

Paisley, UK) 

Anti-rabbit Horse-radish 

Peroxidase (HRP) Conjugate 

Anti-mouse Horse-radish 

Peroxidase (HRP) Conjugate 

1μg/ml 

 

1μg/ml 

Western Blotting 

 

Western Blotting 

Sigma  

(Poole, UK) 

 

2.1.4 Buffers and Solutions 

Buffer Composition 

RIPA cell lysis buffer 0.01M Tris-HCl pH 7.0, 0.15M NaCl, 2mM EDTA, 0.1% w/v 

SDS, 1% v/v NP-40, 0.5% w/v Na Deoxycholate, 50mM NaF, 

30mM Na Pyrophosphate, H2O up to 100ml, 100 M Na 

Orthovanadate and Protease Inhibitor cocktail 

10x SDS PAGE  

Running Buffer 

30.3g Tris, 144g Glycine, 10g SDS, H2O to 1 litre 

2x Sample Buffer 2ml Glycerol, 2ml of 10% SDS, 0.25mg Bromophenol blue, 
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2.5ml Tris-SDS buffer (6.06g Tris, 4ml of 10% SDS, H2O to 

100ml, pH 8.8), 0.5ml β-mercaptoethanol, H2O to 10ml 

Transfer Buffer 3.6g Glycine, 0.75g Tris, 0.25 SDS, 50ml Methanol, H2O to 

250ml 

10x Tris-Saline (pH 7.4) 0.1M Tris, 1.5M NaCl, H2O 

1x Tris-Saline-Tween 

(TST, pH 7.4) 

100ml 10x Tris-Saline, 1ml 0.1% Tween 20, H2O to 1 litre 

Blocking Buffers 1 or 5% (w/v) BSA in TST 

3 or 5% (w/v) Milk in TST 

1% (w/v) BSA in PBS 

Antibody Dilutants 1or 5% (w/v) BSA in TST 

3 or 5% (w/v) Milk in TST 

Sterile SOC medium 

(pH 7.0) 

2g Tryptone, 0.5g Yeast Extract, 1ml of 1M NaCl, 

0.25ml of 1M KCl, 1ml of 2M Mg
2+

, 1ml 2M Glucose,  

H20 to 100ml 

Sterile LB Medium 

(pH 7.0) 

10g Tryptone, 5g Yeast Extract, 10g NaCl, H20 to 1 litre 

 

2.1.5 Plasmids 

Plasmid Vector Application Supplier 

pcMV5-GFP-Erk2 Eukaryotic protein expression Gift from Dr. M. Cobb, 

University of Texas 

Flag-caspase-9 Eukaryotic protein expression Gift from Dr. G. Nunez, 
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University of Michigan 

HA-Bim-EL Eukaryotic protein expression Gift from Dr. S. Cook, 

Babraham Institute, UK 

 

2.1.6 Miscellaneous 

Product Supplier 

Human Annexin V-FITC Kit Bender MedSystems (UK) 

SmartSpec 3000 spectrophotometer Bio-Rad (Herts, UK) 

Nikon 300 inverted microscope 

ORCA ER charge coupled device camera 

Openlab 5.09 software 

Adobe Photoshop for image editing 

Nikon (Kingston upon Thames, UK) 

Hamamatsu (Shizuoka, Japan) 

Improvision (Coventry, UK) 

Adobe Systems (San Jose, CA) 

Hoeffer Semi-Dry Blotter, 

Hybond-C Extra Nitrocellulose Membrane 

Pharmacia Life Sciences 

Qia Filter Plasmid Maxiprep Kit Qiagen (Sussex, UK) 
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2.2 Methods 

2.2.1 Cell Culture and Preparation of Cell Extracts 

Human cervical carcinoma cells (HeLa) were cultured in DMEM (supplemented with 10% v/v 

FBS and 1% v/v Penicillin/Streptomycin) in a humidified incubator at 37
 o
C with 5% CO2. To 

obtain mitotically arrested cells, an asynchronous population of Hela cells was treated with 

Nocodazole (3μM), Taxol (1μM), Vinblastine (1μM), or Vincristine (1μM) for various time 

points (0 to 24 hrs). Mitotic cells were collected by a mechanical shake-off, washed in cold 

PBS, and lysed in Radioimmunoprecipitation (RIPA) assay buffer as described previously 

(Patel et al., 1998). Non-mitotic cells that remained attached to the plates were washed three 

times with cold PBS and lysed by scraping into RIPA buffer. Cell lysates were centrifuged at 

14,000 x g for 10 minutes at 4
o
C and the protein content was determined using the Coomassie 

protein assay reagent before normalising in RIPA buffer and solubilising in 2x SDS-PAGE 

sample buffer. 

Alternatively, cell extracts were also made by lysing cells directly into 2x sample buffer after 

washing in cold PBS. The cell extracts were then sonicated for approximately 15 seconds prior 

to analysis. 

 

2.2.2 Immunocytochemistry and Microscopy 

HeLa cells were grown on coverslips in 6-well plates 24 hours before use and treated with 

Nocodazole (3μM), Taxol (1μM), Vinblastine (1μM), or Vincristine (1μM), with or without 

U0126 (10µM), for various times (0 to 24 hrs). The cells were washed three times in cold PBS 

and fixed in cold (-20˚C) methanol for 30 minutes. Mitotic cells were recovered by “shake-off” 
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and attached to poly-L-lysine (1mg/ml in H2O)-coated coverslips. The mitotic cells were 

washed three times in cold PBS and fixed in cold (-20ºC) methanol for 30 minutes. 

Fixed cells were then washed three times with PBS and blocked with 1% BSA in PBS for 45-

60 minutes at room temperature. Cells were incubated with primary antibodies diluted in 

blocking buffer for one hour at room temperature, washed three times with PBS before 

incubation with 2˚ Alexa Fluor 488 goat anti-rabbit or anti-mouse IgG (diluted 1:1000 in 

blocking solution), for one hour at room temperature. The cells were washed three times with 

PBS and the nuclei labelled by staining with Hoechst 33342 (1µM in PBS) for 5 minutes at 

room temperature. Finally, the cells were washed three times with PBS before the coverslips 

were mounted onto slides using the mounting medium and sealed with clear nail varnish. Cells 

were observed and captured under a Nikon 300 inverted microscope using an ORCA ER 

camera. Images were sorted using Openlab 5.09 software and processed in Adobe Photoshop 

(see 2.1.6). 

 

2.2.3 Transient Transfection  

HeLa cells were grown in 6-well plates (either on coverslips for use in immunofluoresence or 

directly on the plate for lysing) and 24 hours later, cells were transfected with plasmid DNA 

using FuGENE 6 according to the manufacturer’s protocol. 18 to 24 hours after transfection, 

the cells were treated with Nocodazole (3μM), Taxol (1μM), Vinblastine (1μM) or Vincristine 

(1μM) for various times (0 to 24 hours) and were either prepared for immunofluorescence (see 

2.2.2) or lysed to produce cell extracts for Western blotting (see 2.2.1 and 2.2.4).  
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2.2.4 SDS PAGE and Western Blotting 

Cell lysates solubilised in SDS-PAGE sample buffer were resolved by SDS-PAGE (using the 

appropriate percentage SDS gel) and electro-blotted onto nitrocellulose membrane using a 

Hoeffer semi-dry blotting apparatus. Membranes were blocked in the appropriate blocking 

buffer recommended by the manufacturer for one hour at room temperature. Incubation with 1˚ 

antibody was overnight at 4˚C. The membranes were washed three x 5 minutes in TST before 

incubation with 2˚ antibody for one hour at room temperature. Proteins were visualised using 

ECL reagent and developed on X-ray film. 

 

2.2.5 Bacterial Transformation 

To 1μl of plasmid, 50μl of JM109 E-coli cells were added and incubated on ice for 20 minutes. 

The cells were then heat-shocked for 45-50 seconds in a water bath set to 42°C, after which the 

cells were returned to ice for a further 2 minutes. 950μl of room temperature SOC medium was 

added to the bacterial cells and the suspension incubated for 1.5 hours at 37°C, with mixing 

every 15 minutes. The bacteria were pelleted by centrifugation at 14,000rpm for 15 seconds at 

room temperature. 900μl of the supernatant was discarded and the bacterial pellet resuspended 

in the remaining medium. This bacterial suspension was plated onto an agar plate containing 

Ampicillin (1µg/ml) and incubated overnight at 37°C. A single colony was picked and used to 

inoculate 500ml LB medium containing Ampicillin (1µg/ml). The plasmid was extracted and 

purified using the Qiagen maxi-prep kit and protocol. To measure the concentration of DNA, 

5μl of purified plasmid was diluted in 495μl of water and its absorbance measured at 260nm, 

using a spectrophotometer (BioRad), where an absorbance reading of 1.0 corresponded to 

50μg/ml of DNA. 
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2.2.6 Flow Cytometry 

To analyse apoptosis using FITC-labelled annexin-V, flow cytometry was used. Hela cells 

were grown on 10cm tissue cultured plates and treated with Nocodazole (3μM), with and 

without a 15 minute pre-treatment with U0126, for various time points (0 to 24 hours). As a 

positive control, cells were treated with Etoposide for 24 hours. Two populations of cells were 

collected. First, the non-mitotic, attached population was lifted off by washing once with warm 

PBS and incubating with cell dissociation medium for 20 minutes. Once cells had detached 

fresh warm DMEM (with FBS and antibiotics) was added to incubated for 30 minutes to allow 

the cells to recover from detachment and spun down at 11,000 rpm for 5 minutes to pellet the 

cells. The medium was discarded and the cells were washed in 5ml PBS and pelleted by 

centrifugation (11,000rpm, 5min at room temperature). The cells were then resuspended in 

500μl of Annexin-binding buffer and 5μl FITC-Annexin-V added. 

Secondly, the mitotic population were collected by mechanical shake-off and spun at 11,000 

rpm for 5 minutes. The medium was discarded and spun again in PBS. As above, the cells were 

resuspended in 500μl of Annexin-binding buffer and 5μl FITC-Annexin-V added. The cells 

were then prepared for FACS analysis using the reagents and protocol provided by the 

manufacturer. An additional 300μl of cold PBS was added to each sample to give a minimum 

of 500μl required for FACS analysis. 

 

 

 

 

 

 

 

 



  

52 

 

 

 

 

 

 

 

CHAPTER 3 

RESULTS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

53 

3.1 ERK1/2 Activation and Intracellular Localisation in Response to MIAs 

3.1.1 Activation State of ERK1/2 

To investigate whether therapeutic concentrations of MIAs activate ERK1/2, an asynchronous 

population of Hela cells was treated with 0.1, 1, 10 or 100 µM of Taxol, Vinblastine or 

Vincristine or 0.3, 3, 33 and 330 µM of Nocodazole, for one hour and the cells lysed in RIPA 

buffer (section 2.2.1). Control cells were treated with an equivalent volume of DMSO alone as 

a negative control and positive control cells were treated with Phorbol Myristate Acetate (PMA, 

1µg/ml) for one hour, a known activator of ERK1/2 (Anselmo et al.,  2001). The cell extracts 

were normalized using the Coomassie protein assay kit, resolved by SDS PAGE and Western 

blotted (section 2.2.4) with an anti-active ERK1/2 (or P-ERK1/2) antibody according to the 

manufacturers protocol. The P-ERK1/2 antibody detects ERK1/2 that is phosphorylated on 

Thr183 and Tyr185 (Widman et al., 1999). Figure 3.1 shows the effect of varying 

concentrations of MIAs on ERK1/2 activation. All four drugs also activated ERK1/2 in a 

concentration-dependent manner (Figure 3.1), however, Nocodazole activated ERK1 and 

ERK2 equally whereas Taxol, Vinblastine and Vincristine appeared to preferentially activate 

ERK2 at low concentrations (0.1 and 1µM). Cells treated with PMA showed strong 

phosphorylation of ERK1/2 compared to DMSO-treated control cells. The same blots were 

washed and immunoblotted with a polyclonal antibody to detect total ERK1/2 protein. The data 

indicate that the level of total ERK1/2 protein was uniform in each sample which shows that 

the changes observed in the levels of phosphorylated ERK1/2 are not the result of differences 

in the amount of ERK1/2 in each lane. As 1µM concentration of Taxol, Vinblastine and 

Vincristine, and a 3µM concentration of Nocodazole were able to activate ERK1/2, these 

concentrations were used in subsequent experiments. 



Figure 3.1: The effect of MIAs on ERK1/2 activity. An asynchronous population of HeLa cells was treated with varying

concentrations of either (A) Nocodazole, (B) Taxol, (C) Vinblastine, (D) Vincristine, DMSO alone (0.01% v/v) or PMA alone

(1μg/ml) for one hour. Cell extracts were prepared as described in Materials and Method (see section 2.2.1) and immunoblotted with

an anti-P-ERK1/2 antibody (Upper panel, A - D) or with an anti-ERK1/2 antibody (Lower panel, A – D). WB = Western Blot
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Next, a time course analysis of ERK1/2 activation by the MIAs was performed. An 

asynchronous population of Hela cells was treated with either Taxol, Vinblastine, Vincristine 

(all at 1µM) or Nocodazole (3µM) for varying times. Cells were first separated into non-

mitotic and mitotic populations (see section 2.2.1), lysed in RIPA buffer and protein 

concentrations normalized. The cell lysates were resolved by SDS-PAGE and Western blotted 

using a P-ERK1/2 antibody (Figure 3.2). All four drugs caused rapid activation of ERK1/2, as 

ERK1/2 was phosphorylated within 30 minutes of drug addition. Phosphorylation of ERK1/2 

was seen up to 16 hours following MIA treatment in the attached, non-mitotic populations, 

whereas ERK1/2 phosphorylation was reduced in the mitotic populations (12 and 16 hours 

after MIA addition). The reason for this is not understood but this outcome was consistently 

observed in the response to all four drugs. 

 

3.1.2 Intracellular Localisation of ERK1/2 Following Activation by PMA 

ERK1/2 translocation into the nucleus is an indicator of ERK1/2 activation (Lenormand et al., 

1998) therefore ERK1/2 localisation was determined following drug addition using the same P-

ERK1/2 antibody that was used for Western blotting. Hela cells were grown on coverslips 24 

hours before use and were treated with PMA (1μg/ml) for either 30 minutes or one hour. The 

coverslips were processed for immunofluorescence as described in section 2.2.2 and then 

incubated with varying concentrations of the P-ERK1/2 antibody to determine the optimum 

antibody concentration required to detect active ERK1/2 in cells. The results indicate that the 

P-ERK1/2 antibody was able to detect active ERK1/2 at all concentrations tested in cells that 

had been treated with PMA for either 30 minutes or one hour (Figure 3.3). However, clear 

translocation of P-ERK1/2 into the nucleus was only seen following treatment of Hela cells 

with PMA for 60 minutes when the P-ERK1/2 antibody was used at a dilution of 1:200. 
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To ensure that the staining observed with the P-ERK1/2 antibody was specific, Hela cells were 

treated with PMA (1µg/ml) for 30-60 minutes or with an equivalent volume of DMSO alone. 

The results (Figure 3.4) indicated that no staining was observed in the absence of ERK1/2 

activation (Figure 3.4A) whereas in the PMA-treated cells there was a time-dependent 

translocation of P-ERK1/2 from the cytoplasm to the nucleus (Figure 3.4B, C).  

The results of this experiment were quantitated by counting 100 cells in random fields to 

determine the number of cells that displayed a nuclear localisation of P-ERK1/2 at various 

intervals following PMA addition. The results (Figure 3.5) showed that within 30 minutes of 

PMA addition, approximately 38% of the cells displayed P-ERK1/2 in the nucleus. 

Translocation of P-ERK1/2 into the nucleus was maximum at 60 minutes post PMA addition 

(60% of cells displaying nuclear P-ERK1/2 after staining) after which there was a gradual 

decrease in the number of cells showing nuclear P-ERK1/2. Therefore the results of this 

experiment provided evidence of P-ERK1/2 translocation into the nucleus following activation 

with PMA. 

 

3.13 Intracellular Localisation of ERK1/2 Following Activation by MIAs 

Two methods were used to investigate the intracellular distribution of ERK1/2 in response to 

MIA treatment. First, Hela cells were treated with Taxol, Vinblastine, Vincristine (all at 1μM) 

or Nocodazole (3µM) for various times. P-ERK1/2 was detected by immunofluorescence 

microscopy using the anti-P-ERK antibody. In the second method, Hela cells were transfected 

with GFP-ERK1 as described in Materials and Methods (section 2.2.3). The transfected cells 

were then treated with Taxol, Vinblastine, Vincristine (all at 1µM) or Nocodazole (3µM) for 

varying times.  
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The results (Figure 3.6 - Figure 3.9) showed that all four drugs caused rapid ERK1/2 

phosphorylation (within 30 minutes to one hour) and its translocation from the cytoplasm to the 

nucleus. However, P-ERK1/2 translocation was more clearly observed when assessed using 

GFP-ERK1. Treatment with Nocodazole induced high levels of ERK1/2 phosphorylation that 

was detected by both methods (Figure 3.6). At 30 minutes post Nocodazole addition, P-

ERK1/2 was present throughout the cell whereas at one hour P-ERK1/2 appeared to be 

localised in the nucleus. After four hours of Nocodazole treatment, antibody detection 

indicated that P-ERK1/2 remained inside the nucleus (Figure 3.6 A, B) whereas GFP-ERK1 

detection showed P-ERK1/2 located throughout the cell (Figure 3.6 C, D). Results for Taxol 

treatment (Figure 3.7) also indicated that ERK1/2 is rapidly activated and located throughout 

the cell after 30 minutes. At one hour post Taxol addition, P-ERK1/2 had translocated to the 

nucleus and at four hours, P-ERK1/2 reappeared throughout the cell as seen by both methods 

of detection. Treatment with Vinblastine (Figure 3.8) and Vincristine (Figure 3.9) indicated 

that both drugs affected the distribution of P-ERK1/2 in a manner similar to that observed with 

Taxol treatment. In summary, all four drugs induced phosphorylation and translocation of 

ERK1/2 within one hour of treatment. 

The results of this experiment were quantitated by counting 100 cells in random fields to 

determine the percentage of cells with P-ERK1/2 in the nucleus at intervals after each drug 

addition. The results (Figure 3.10) indicate that all four drugs induced rapid translocation of P-

ERK1/2 within 30 minutes to one hour following drug treatment. After one hour, the 

percentage of cells with nuclear P-ERK1/2 decreases indicating P-ERK1/2 translocated back to 

the cytoplasm. 

 

 



A

C

B

0.5 1 4

P
-E

R
K

1
/2

 A
N

T
IB

O
D

Y
G

F
P

-E
rk

1
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Figure 3.8: Time course of ERK1/2 translocation into the nucleus after treatment of Hela cells

with Vinblastine. Hela cells were treated with Vinblastine (1μM) for the indicated times. The

intracellular localisation of active ERK1/2 was determined using either the anti-P-ERK1/2 antibody

(A, B) or GFP-Erk1 (C, D). (B) Merged images of DNA (blue) and anti-P-ERK1/2 (green), (D)

merged images of GFP-Erk (green) and DNA (blue). Scale bar = 5μm.

0 

66



0.5 1 4

P
-E

R
K

1
/2

 A
N

T
IB

O
D

Y
G

F
P

-E
rk

1

B

C

D

A

Time (hours) post Vincristine addition
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3.2 The Effect of Inhibiting ERK1/2 Activation on Cell Death 

3.2.1 Inhibiting ERK1/2 Using U0126 

After determining that ERK1/2 is rapidly phosphorylated and translocated to the nucleus in 

response to MIAs, I investigated the consequence of inhibiting MIA-induced ERK1/2 activity. 

First, the effect of a range of concentrations of U0126 (0 to 20µM) on PMA-induced ERK1/2 

activation was examined. Cells were pre-incubated with U0126 (0 to 20µM) or DMSO alone 

for 15 minutes before the addition of PMA (1µg/ml final concentration). After further 60 

minutes incubation, the cells were lysed and the activation state of ERK1/2 was examined by 

immunoblotting with the P-ERK1/2 antibody.  The results (Figure 3.11A, top panel) indicate 

that U0126 caused a dose-dependent inhibition of PMA-induced ERK1/2 activation. However, 

U0126 inhibited ERK1 more potently than ERK2. An immunoblot with an ERK1/2 antibody 

confirmed that the changes in ERK1/2 phosphorylation were not as a result of variations in the 

levels of ERK1/2 protein (Figure 3.11A, bottom panel). 

Next, the effect of U0126 (0 to 20µM) on MIA-induced ERK1/2 activation was examined. 

Cells were pre-treated with U0126 (0 to 20µM) for 15 minutes before the addition of either 

Nocodazole (3μM), Taxol (1μM), Vinblastine (1µM) or Vincristine (1µM). After further 60 

minutes incubation, the cells were lysed and the activation state of ERK1/2 was examined with 

the P-ERK1/2 antibody. As with PMA treatment, U0126 caused a dose-dependent inhibition of 

MIA-induced ERK1/2 activation (Figure 3.11 B, C, D and E, top panels). ERK1 was inhibited 

more potently than ERK2 in Nocodazole, Taxol, Vinblastine and Vincristine-treated cells. The 

levels of ERK1/2 protein remained constant throughout drug-treatment, as seen with the anti-

ERK1/2 antibody (Figure 3.11 B, C, D and E, bottom panels), confirming that the activation 

state of ERK1/2 varied in response to the MIAs and U0126.  
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The effect of U0126 on ERK1 inhibition was observed at concentrations of U0126 between 10 

and 20μM. Therefore, a time course experiment was performed to determine whether 10μM of 

U0126 could sustain ERK1/2 inhibition following the addition of Nocodazole or Taxol. Hela 

cells were pre-treated with U0126 (10μM) for 15 minutes prior to the addition of either 

Nocodazole (3µM) or Taxol (1µM). Cells were incubated with the MIAs for 2 to 8 hours 

before examining ERK1/2 activity by immunoblotting with the P-ERK1/2 antibody. The 

results (Figure 3.12, top panel) shows that U0126 (10µM) gradually inhibited Nocodazole-

induced activation of ERK1 and ERK2 over the time points examined, whereas U0126 (10µM) 

inhibited Taxol-induced activation of ERK1 and ERK2 at 2 and 4 hours with some ERK1/2 

activation visible after 8 hours of treatment. Although ERK1/2 activation can be seen after 8 

hours of treatment with Taxol plus U0126, this ERK1/2 activation seems significantly reduced 

in comparison to cells treated with Taxol in the absence of U0126, suggesting that U0126 is 

effective in inhibiting ERK1/2 activation.  

The reduction in ERK1/2 activation in response to U0126 again was not the result of variations 

in the levels of ERK1/2 protein, as shown by the immunoblot with the anti-ERK1/2 antibody 

(Figure 3.12, bottom panel).  

The results described above confirm that U0126 can inhibit ERK1/2 activation by MIAs; since 

U0126 inhibits MEK1/2, this suggests that MIA-induced activation of ERK1/2 is MEK1/2 

dependent. 
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and Methods (see section 2.2.1) and immunoblotted with either anti_-ERK1/2 antibody (Upper panel, A-E) and an anti-ERK1/2 antibody

(Lower panel, A-E). WB = Western Blot
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Figure 3.12: Time course of Nocodazole and Taxol-induced ERK1/2 activation by U0126. An asynchronous population HeLa cells were
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3.2.2 ERK1/2 Inhibition and Cell Death 

As explained in section 1.3 (page 20), ERK1/2 has been implicated in regulating cell survival 

because its inhibition promotes apoptosis in response to growth factor deprivation (Erhardt et 

al., 1999). ERK1/2 has also been implicated as a survival signal because its inhibition enhances 

Taxol-induced cell death (MacKeigan et al., 2000; McDaid and Horwitz, 2001; McDaid et al., 

2005). To examine whether the inhibition of MIA-induced ERK1/2 activation by U0126 

affects cell survival, various methods were applied: (i) examination of cytokeratin-18 cleavage 

using the M30 antibody; (ii) determination of PARP cleavage, (iii) Annexin-V binding, (iv) 

measuring apoptosis is mitotic cells using the M30 antibody and (v) Western blotting to 

determine the activation state of caspases involved in apoptosis. 

 

3.2.2i M30 Staining 

 First, the level of cell death was measured using the M30 antibody (Deacon et al., 1993). The 

M30 antibody only detects caspase-3 cleaved cytokeratin-18 (Kohler et al., 2002). In a 

preliminary experiment, Hela cells were grown on coverslips and treated with either DMSO or 

Staurosporine ((1μM), a broad specificity protein kinase inhibitor, known to induce apoptosis 

(Weil et al., 1996)) for 6 hours. The cells were then fixed and stained with the M30 antibody. 

Examination of the cells by fluorescent microscopy indicated that DMSO-treated cells showed 

no cytokeratin-18 cleavage (Figure 3.13Ai), the DNA intact and the chromatin present in a 

decondensed state (Figure 3.13Aii), whereas cells treated with Staurosporine showed 

cytokeratin-18 cleavage (Figure 3.13Bi) and chromatin condensation (Figure 3.13Bii). 

Next, Hela cells were pre-treated with 10µM U0126 for 15 minutes, followed by Nocodazole 

(3µM) or Taxol (1µM) for 2 to 8 hours. The cells were then fixed and the levels of apoptosis 

assessed by staining with the M30 antibody. Nocodazole and Taxol induced apoptosis, 
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assessed by cytokeratin-18 cleavage, both in the presence and absence of U0126 (Figure 3.14). 

Quantifying the levels of apoptosis in this experiment (Figure 3.15) indicated that both 

Nocodazole and Taxol treatment alone caused a time-dependent increase in the number of 

apoptotic cells. However, in the presence of U0126 (10µM) there was an approximate 2-fold 

increase in the number of apoptotic cells at each time point examined, suggesting that U0126 

may potentiate Nocodazole or Taxol-mediated apoptosis by blocking MEK-dependent ERK1/2 

activation. Furthermore, statistical analysis (based on a T-test) indicates a p value below 0.05 

for the values obtained, confirming that the increase in cell death upon the addition of U0126 

was statistically significant. 
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3.2.2ii PARP Cleavage 

The second method investigated the effects of U0126 on Nocodazole and Taxol-induced 

apoptosis using PARP cleavage as an indicator of apoptosis (Boulares et al., 1999). Hela cells 

were treated with either Nocodazole (3μM) or Taxol (1μM), with or without a 15 minute pre-

treatment with U0126, for 2 to 24 hours. The results (Figure 3.16) indicated that PARP 

cleavage was not observed in cells treated with either Nocodazole or Taxol alone for 2 to 8 

hours.  The addition of U0126 (10µM) to either Nocodazole or Taxol had no effect on PARP 

cleavage at 2 to 8 hours after treatment. PARP cleavage was only observed in the mitotic 

populations of both Nocodazole and Taxol-treated cells (12 and 24 hours). These results 

suggest that U0126-mediated ERK1/2 inhibition does not induce apoptosis in the attached 

population of cells at 2 to 8 hours following MIA addition. Apoptosis is only induced in 

mitotic cells after 12 and 24 hours of treatment with Nocodazole or Taxol, either with and 

without U0126. No significant difference in PARP cleavage was observed in the mitotic cell 

populations that were treated with or without U0126, suggesting that U0126 had no effect on 

the levels of apoptosis in mitotic cells as assessed by PARP cleavage. 

 

3.22iii Annexin-V binding 

The third method used to analyse the effect of U0126 on Taxol-induced apoptosis was 

Annexin-V binding. Hela cells were treated with either Taxol (1µM) alone or pre-treated for 15 

minutes with U0126 (10µM) before addition of Taxol (1µM, final concentration). Control cells 

were treated with either DMSO alone (0.05% v/v) or etoposide (100µg/ml - a topoisomerase 

inhibitor, known to induce apoptosis in Hela cells (Torriglia et al., 1999). The cells were 

labelled with annexin-V and propidium iodide (PI) as described in Materials and Methods (see 

2.2.6) and analysed by flow cytometry (as described in Figure 3.17). 
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As shown in Figure 3.18, cells treated with DMSO alone (0.05% v/v) and U0126 alone (10μM) 

for 24 hours did not affect cell survival and only 9.1% and 11.1% of the cells, respectively, 

were found in the upper left quadrant indicating apoptotic cells.  For cells treated with 

etoposide (100µg/ml for 24 hours), 26.7% of cells were found in the upper left quadrant, with 

16.1% in the upper right quadrant indicating early and late apoptotic cells respectively.  

When Hela cells were treated with Taxol (1μM), either with or without U0126 (10μM) and 

assayed for apoptosis, it was found that U0126 did not significantly affect the level of 

apoptosis at 2, 6 and 24 hours after Taxol treatment (Figures 3.18 & 3.19). However, at 16 

hours of Taxol treatment, U0126 increased the level of Taxol-induced apoptosis. At 16 hours 

41.1% of Taxol-treated cells were apoptotic whereas in the presence of U0126 and Taxol, 

61.4% of the cells were apoptotic. The results of this experiment indicate that apoptosis occurs 
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Figure 3.17: Analysis of cell death using Annexin-V and flow cytometry. Data 

created by the FACS machine are arranged by the ability of cells to bind annexin-V 

and incorporate PI. The apoptotic nature of the cells is determined by which 

quadrant they appear in and follows the path indicated by the red arrows. 
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significantly in mitotic cells rather than attached cells, as treatment with Taxol for more than 

12 hours causes the majority of cells to arrest in mitosis. Quantitation of the results of two 

independent experiments (shown in figure 3.19) suggest that the effect of U0126 on Taxol-

induced apoptosis were variable, with only one experiment showing that U0126 increased 

Taxol-induced apoptosis in the mitotic population (16 hours post drug treatment). 
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Figure 3.18: The effect of U0126 on Nocodazole and Taxol-induced apoptosis by flow

cytometry. Hela cells were treated with Taxol (1μM) alone or with a 15 minute pre-

treatment with U0126 (10μM). Control cells were treated with DMSO (0.05% v/v), U0126

(10μM) or Etoposide (100μg/ml) for 24 hours. The cells were prepared for analysis as

described in Materials and Methods (see section 2.2.6). This data represents one set of FACS

analysis carried out with the percentage apoptosis shown in red.
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3.2.2iv Apoptosis in Mitotic Cells 

As the addition of U0126 did not greatly affect MIA-induced apoptosis at the early time points 

following addition of the MIAs, I decided to examine more closely the effect of U0126 on 

apoptosis in just the MIA-arrested mitotic population of cells. First I examined the state of 

ERK1/2 phosphorylation in Taxol-arrested mitotic cells.  

An asynchronous population of Hela cells was treated with Taxol (1µM) for 12 and 24 hours 

and the cells arrested in mitosis were collected by “shake-off” and attached to poly-L-lysine-

coated coverslips. The cells were fixed and stained with an anti-γ-tubulin antibody to stain the 

centrosomes (green), the anti-P-ERK1/2 antibody (red) and the DNA-binding dye Hoechst 

33342 (blue). The results show that P-ERK1/2 localises to a specific subcellular location of the 

cell that is co-stained by γ-tubulin (Figure 3.20) and represent the centrosomes. Unfortunately, 

there appears to be one centrosome in one of the images (Figure 3.20, 12 hour, γ-tubulin 

image). This was because the second centrosome was out of the plane of focus. Despite this, P-

ERK1/2 appears co-localised with the centrosomes in mitotic cells, suggesting that a small 

fraction of P-ERK1/2 must be active in the mitotically-arrested cells.  

Since ERK1/2 was found to be activated in the mitotic cells, I next examined the effect of 

inhibiting ERK1/2 on the survival of the mitotic cells by treating the cells with various 

concentrations of U0126. An asynchronous population of Hela cells was pre-treated with 

U0126 (0, 5, 10 or 20µM) for 15 minutes prior to the addition of Taxol (1µM) and incubated 

for a further 24 hours. Mitotic cells were collected by “shake-off” and attached to poly-L-

lysine-coated coverslips. The cells were fixed and stained with the M30 antibody and the DNA 

dye Hoechst. The results indicate that there is a concentration-dependent increase of apoptosis 

in response to U0126 (plus Taxol) in comparison to treatment with Taxol alone (Figure 3.21). 

To support this further, statistical analysis (as measured by a T-test) shows that the values 
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obtained for cell death are overall statistically significant compared to the control and also 

compared to Taxol alone (Figure 3.21). This not only suggests that U0126-mediated ERK1/2 

inhibition plays an important role in enhancing apoptosis in Hela cells but also suggests that 

ERK1/2 activation itself has a role in regulating cell survival in response to Taxol in mitotic 

cells. 
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Figure 3.20: Determining P-ERK1/2 localisation in Taxol-arrested mitotic cells. Hela cells

were treated with 1 μM Taxol for 12 and 24 hours. Cells arrested in mitosis were collected by

“shake-off” (see section 2.2.1, page 47) and attached to poly-L-lysine-coated coverslips. The

localisation of ERK1/2 was determined using P-ERK1/2 (red) and γ-tubulin (green) antibodies and

Hoechst-dyed DNA. Scale bar = 5µm.
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Figure 3.21: Levels of U0126-mediated apoptosis in Taxol-induced mitotic cells. Hela cells were pre-treated with varying

concentrations of U0126 (as indicated) for 15 minutes prior to the addition of Taxol (1µM) and incubated for a further 24

hours. Mitotic cells were collected by “shake-off”, fixed onto poly-L-lysine-coated coverslips and stained with the M30

antibody. Cells were counted in random fields for each experiment and the percentage of apoptotic cells was determined. The

plot shows the mean ( SD) for 3 separate experiments. p values are based on a two-sample T-test assuming unequal variances.
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3.2.2v Activation state of apoptotic proteins 

To understand how ERK1/2 may be involved in MIA-induced cell death, I investigated the 

extrinsic and the intrinsic pathways (section 1.6) of apoptosis. To determine whether the 

extrinsic pathway is involved in MIA-induced cell death, the activation state of two mediators 

of the extrinsic pathway, caspase-8 and Bid, was investigated.  

Hela cells were treated with Nocodazole (3μM) or Taxol (1μM), either with or without a 15 

minute pre-treatment with U0126 (10μM) for 2 to 8 hours. Cells were also treated with DMSO 

(0.25%, v/v) for 8 hours or Staurosporine (1μM) for 6 hours. The cell extracts were 

immunoblotted with an anti-caspase-8 antibody that detects both full-length (55-53kDa) and 

cleaved (41-43kDa) caspase-8. The results (Figure 3.22) indicated that treatment with 

Staurosporine resulted in caspases-8 cleavage. However, treatment with Nocodazole or Taxol 

did not result in caspases-8 cleavage, either in the presence or absence of U0126, suggesting 

that the extrinsic pathway may not be involved in MIA-induced cell death. 

The cell extracts used in the preceding experiment were then immunoblotted with an anti-Bid 

antibody that detects both the intact (25kDa) and truncated (15kDa, tBid) forms of Bid. 

Treatment with Staurosporine resulted in Bid cleavage whereas treatment with Nocodazole 

indicated that Nocodazole did activate Bid (compared to DMSO-treated sample with sample 

treated with Nocodazole for 2 hours). Treatment with Taxol also resulted in Bid cleavage at 4 

and 8 hours post Taxol addition (Figure 3.23A). The addition of U0126 did not greatly alter the 

levels of tBid when compared to Nocodazole or Taxol treatment alone (Figure 3.23B), 

suggesting that Bid cleavage and therefore the extrinsic pathway is not required to mediate 

MIA-induced ERK1/2-mediated cell death. 
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Figure 3.22: The effect of U0126 on Caspase-8 cleavage. (A) Hela cells were treated with Nocodazole (3µM) or Taxol (1µM) for the indicated

times (hours) or with Staurosporine (1µM) for 6 hours or DMSO (0.05% v/v) for 8 hours. Cells were lysed and immunoblotted with an anti-

caspase-8 antibody (upper panel) and a γ-tubulin antibody (lower panel). (B) Hela cells were pre-treated with U0126 (10μM) for 15mins prior to the

addition of Nocodazole (3µM) or Taxol (1µM) for the indicated times. Cells were lysed and immunoblotted with an anti-caspase-8 antibody (upper

panel) and a γ-tubulin antibody (lower panel).
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Figure 3.23: The effect of U0126 on Bid cleavage. (A) Hela cells were treated with Nocodazole (3µM) or Taxol (1µM) for the indicated

times (hours) or with Staurosporine (1µM) for 6 hours or DMSO (0.05% v/v) for 8 hours. Cells were lysed and immunoblotted with an anti-

Bid antibody (upper panel) and a γ-tubulin antibody (lower panel). (B) Hela cells were pre-treated with U0126 (10μM) for 15mins prior to the

addition of Nocodazole (3µM) or Taxol (1µM) for the indicated times. Cells were lysed and immunoblotted with an anti-Bid antibody (upper

panel) and a γ-tubulin antibody (lower panel).
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To investigate whether U0126 enhances Nocodazole/Taxol-induced apoptosis through the 

activation of the intrinsic pathway, the activation state of caspase-9 and caspase-3 was 

examined. 

Hela cells were treated with Nocodazole (3µM) or Taxol (1µM), either with or without a 15 

minute pre-treatment with U0126 (10µM) for various times. Control cells were treated with 

DMSO (0.25%, v/v) for 24 hours or Staurosporine (1µM) for 6 hours. Caspase-9 cleavage was 

detected using an antibody that recognised the full-length inactive form (47kDa) and the 

cleaved active form (35-37kDa) of caspases-9. In the presence of Nocodazole or Taxol alone, 

only the full-length caspase-9 was observed at 2 to 8 hours after drug treatment. Prolonged 

treatment (24 hours) resulted in the cleavage of caspase-9 to the active form (Figure 3.24). The 

same cell extracts were immunobloted with an anti-caspase-3 antibody. The results (Figure 

3.25) showed that caspase-3 was not activated in response to treatment with Nocodazole alone 

at 2 to 8 hours. Caspase-3 was also inactive after 2 to 4 hours treatment with Taxol alone. This 

was consistent with the data obtained for caspase-9 cleavage. However, Nocodazole treatment 

in the presence of U0126 indicated that caspase-3 was cleaved at 4 to 8 hours after drug 

treatment. In addition, Taxol plus U0126 treatment also resulted in caspases-3 cleavage 

between 2 to 8 hours after drug treatment. This is a clear indication that U0126 sensitises both 

Nocodazole and Taxol-induced cell death by activation of the intrinsic apoptotic pathway. 
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Figure 3.24: The effect of U0126 on caspase-9 cleavage. Hela cells were treated with Nocodazole (3µM) or Taxol (1µM) (left panel) and with a

15 minute pre-treatment with U0126 (10µM, right panel) for the indicated times. Control cells were treated with either DMSO (0.05% v/v) for 24

hours or Staurosporine (1µM) for 6 hours. The cell extracts were immunoblotted with anti-caspase-9 antibody (upper panels) and γ-tubulin antibody

(lower panels).
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3.3 How ERK1/2 May Regulate Cell Survival 

To understand how ERK1/2 may be involved in the regulation of cell survival, I investigated 

the phosphorylation of two possible ERK1/2 substrates; caspase-9 and Bim (see Figure 1.13, 

page 39). 

 

3.3.1 Regulation by Caspase-9 Phosphorylation 

A study by Allan et al (2003) demonstrated that ERK1/2 phosphorylates caspase-9 on its 

threonine residue 125 in both mouse NIH3T3 and human HEK293 cells. To investigate this, 

Hela cells were treated with Taxol (1μM), with and without U0126 (10μM). Control cells were 

treated with either DMSO (0.25%, v/v) for 24 hours or Staurosporine (1μM) for 6 hours. The 

cells were lysed in SDS sample buffer as described in Materials and Methods (see section 2.2.1) 

and immunoblotted with an anti-phospho caspase-9 (P-caspase-9) antibody and an anti-

caspase-9 antibody. The results (Figure 3.26, left panel) indicate that the P-caspase-9 antibody 

did not detect a band at the expected molecular weight of 49kDa in response to Taxol, either 

with or without U0126. A band at approximately 44kDa was detected by the antibody but it did 

not correspond to the size of any form of caspase-9. 

An alternative method to increase the likelihood of detecting caspase-9 phosphorylation was 

also used. Hela cells were transfected with Flag epitope-tagged-caspase-9 as described in 

Materials and Methods (see section 2.2.3), in order to overexpress caspase-9. The transfected 

cells were treated with either DMSO (0.01%, v/v) or PMA (1μg/ml) for one hour. The results 

(Figure 3.26, right panel) indicated that the P-caspase-9 antibody did not detect the expected 

band at 49kDa in response to PMA. 
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I requested the manufacturers’ cell extract to use as a positive control. The positive control was 

a cell lysate made from MCF-7 cells treated with epidermal growth factor (EGF) and PMA. As 

advised by the manufacturer, the P-caspase-9 antibody detects phosphorylated caspase-9 at 

approximately 60kDa in this positive control. Surprisingly, the P-caspase-9 antibody did not 

consistently detect a positive 60kDa product in the positive control lysate (data not shown) 

therefore I decided against further use of this antibody. Further transfections of Hela cells, 

followed by treatment with Nocodazole (3μM) or Taxol (1μM) were performed and the cell 

extracts were immunoblotted with the anti-caspase-9 antibody in the hope of observing a 

mobility shift indicating the phosphorylation of caspase-9 but unfortunately, I encountered 

problems with the transfections of caspase-9 and so I was unable to complete the examination 

of the phosphorylation state of caspase-9 in MIA-treated cells. 

 

3.3.2 Regulation by Bim Phosphorylation 

It has also been reported that ERK1/2 is capable of phosphorylating the Bcl-2 protein Bim on 

serine residue 69 (Luciano et al., 2003) which then targets it for degradation by the proteasome 

in most cell types, including CCl39, CC139 clonal derivatives CR1–11 and CM3 cells and 

CHO cells (Ley et al., 2003).  

Initially, Hela cells were treated with Nocodazole (3μM) or Taxol (1μM), either with and 

without a 15 minute pre-treatment with U0126 (10μM) for one hour. The cell extracts were 

resolved by SDS PAGE and immunoblotted with an anti-Bim antibody, which detects native 

Bim-EL protein at 25kDa, and an anti-P-Bim antibody which recognises Bim-EL when it is 

phosphorylated on serine residue 69. Unfortunately, the anti-Bim antibody failed to detect 

native levels of Bim-EL in these extracts and the anti-P-Bim antibody gave high levels of non-

specific binding (data not shown). As with caspase-9, we decided to transfect Hela cells with 
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an HA epitope-tagged Bim-EL (HA-Bim) plasmid, in order to overexpress the protein and 

increase the probability of detecting phosphorylated Bim-EL. However, overexpressed Bim 

caused rapid cell death before treatment with MIAs could even begin. I decided to optimise the 

procedure and found that reducing the quantity of the HA-Bim plasmid and also reducing the 

plasmid incubation time minimised cell death. The transfected cells were then treated with 

Nocodazole (3μM) or Taxol (1μM), with and without pre-treatment with U0126 (10μM) for 

one hour. Unfortunately, due to the sensitivity of the anti-P-Bim antibody, high levels of non-

specific binding made it difficult to detect P-Bim-EL (data not shown). Eventually, we used an 

alternative anti-Bim antibody (Stressgen) shown to be very effective in detecting even low 

levels of Bim to identify Bim-EL phosphorylation by a mobility shift. To test this antibody, 

Hela cells were treated with PMA (1μg/ml) or Anisomycin (0.1μg/ml and 1μg/ml); a 

compound that activates JNK (Curtin & Cotter, 2002), which in turn phosphorylates Bim-EL 

on Threonine reside 56 (Lei & Davis, 2002). MCF-7 breast cancer cells were also used because 

they express high basal levels of Bim (O’Reilly et al., 2000). MCF-7 cells were treated with 

either DMSO (0.01%, v/v) or PMA (1μg/ml). The results (Figure 3.27 upper panel) suggest 

that MCF-7 cells express higher levels of Bim than Hela cells. Treatment with PMA in both 

Hela cells and MCF-7 cells caused a mobility shift of Bim-EL from 23kDa to approximately 

25kDa. Treatment with anisomysin in Hela cells also caused a similar mobility shift of Bim-EL, 

suggesting that Bim-EL is phosphorylated in response to PMA and anisomycin.  

The γ-tubulin blot (Figure 3.27, lower panel) shows that protein levels are equal in Hela cells. 

In MCF-7 cells, the protein content is lower than in Hela cells which suggest that Bim-EL must 

be expressed at considerably higher levels in MCF-7 cells.  
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The next step was to detect phosphorylation of Bim-EL in response to Nocodazole and Taxol 

using this highly specific antibody. Hela cells were treated with Taxol (1µM), with or without a 

15 minute pre-treatment with U0126 (10µM) for various times (Patel, R & Patel, V). Control 

cells were either untreated or treated with PMA (1mg/ml) for an hour. The cell extracts were 

immunoblotted with anti-Bim (Stressgen), anti P-ERK1/2 and anti-ERK1/2 antibodies. The 

anti-Bim antibody (Stressgen) effectively demonstrated the effects of Taxol and U0126 on 

Bim-EL phosphorylation via mobility shift (Figure 3.28). The results show Bim-EL 

phosphorylation at 6 and 9 hours post Taxol treatment, whereas after 18 and 24 hour treatment 

with Taxol (mitotic population of cells), very small fragments of Bim-EL can be seen, 

indicating possible Bim-EL degradation (Figure 3.28A, upper panel). The corresponding P-

ERK1/2 blot shows ERK1/2 phosphorylation at 6 and 9 hours post Taxol treatment, whereas at 

18 or 24 hours, ERK1/2 phosphorylation cannot be seen (Figure 3.28A, middle panel).  The 

phosphorylation of ERK1/2 and Bim-EL seen at 6 and 9 hours post Taxol treatment suggests 

that ERK1/2 may be involved in mediating Bim phosphorylation. However, although ERK1/2 

phosphorylation cannot be seen at 18 and 24 hours after Taxol treatment, Bim fragments can be 

seen. This may suggest that Bim-EL was degraded and therefore contributing to the survival of 

mitotic cells.  

Treatment with Taxol plus U0126 successfully inhibited ERK1/2 phosphorylation (Figure 

3.28B, middle panel) and also Bim-EL degradation, as fragmentation of Bim-EL cannot be 

seen (Figure 3.28B, upper panel). However, a slight shift in mobility of Bim-EL can still be 

seen although this shift does not reach the level seen after PMA treatment (Figure 3.28B, upper 

panel). Taking into account these results, it seems that ERK1/2 may have a role in regulating 

Bim-EL phosphorylation and possibly Bim-EL degradation. 
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In addition, equal protein loading confirmed by anti-ERK1/2 (Figure 3.28, lower panels) 

confirms that the changes observed in Bim-EL and ERK1/2 phosphorylation is not due to 

varying levels of ERK1/2 protein.  
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The focus of this project has been to determine whether ERK1/2 activation by MIAs such as 

Taxol acts as a survival signal and if so, to determine the mechanism by which it may prevent 

or delay cell death. Therapeutic agents such as Taxol have been used to treat cancers such as 

ovarian, breast and non-small cell lung cancers. Taxol and other MIAs have been reported to 

activate the ERK1/2 pathway (see section 1.5) which belongs to the mitogen-activated protein 

kinase (MAPK) family of signalling pathways (see section 1.2). There have been reports that 

activating the ERK1/2 pathway contributes to cell survival. However, the mechanism by which 

ERK1/2 mediates cell survival remains unknown. Therefore the aims of this project were: 

firstly, to investigate ERK1/2 activation in response to MIAs; secondly, to examine whether 

inhibiting ERK1/2 activation induces cell death and finally to investigate how ERK1/2 may 

regulate cell survival by examining the phosphorylation states of the possible ERK1/2 

substrates; caspases-9 and Bim. It is hoped that understanding the role of ERK1/2 in cell 

survival may lead to the development of more effective anti-cancer therapies.  

 

4.1 ERK1/2 Activation and Intracellular Localisation in Response to MIAs 

I investigated ERK1/2 activation in response to MIAs in two ways; the first was by Western 

blotting with an anti-P-ERK1/2 antibody and secondly by examining ERK1/2 translocation 

into the nucleus.  

Initially I determined both the optimum concentrations and incubation times required for MIAs 

to activate ERK1/2 in Hela cells. The MIAs used in this project were Nocodazole, Taxol, 

Vinblastine and Vincristine. Nocodazole is not used therapeutically but has been used 

extensively in the laboratory as a microtubule-depolymerising agent (Hayne et al., 2000, 

Deacon et al., 2003). ERK1/2 activation was observed at low concentrations of each drug 
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(1μM or 3μM) and this level of ERK1/2 activation increased with the concentration of MIAs 

used (see Figure 3.1). In this study, it was ensured that the concentrations of Taxol, Vinblastine 

and Vincristine used were within the therapeutic range found in the plasma following drug 

administration (see section 1.5, pages 26 to 28), as reported in other studies (Boldt et al., 2002, 

McDaid et al., 2001, MacKeigan et al., 2000 & Seidman et al., 2001). Therefore the majority 

of experiments in this study were carried out using 3µM of Nocodazole and 1μM of Taxol, 

Vinblastine and Vincristine.  

To determine their effect on ERK1/2 activation, Hela cells were incubated with either 

Nocodazole (3µM), Taxol (1µM), Vinblastine (1µM) or Vincristine (1µM) for a varying times. 

Although ERK1/2 was activated from 1 hour to 8 hours after drug treatment, prolonged 

treatment (12 and 24 hours) caused the majority of cells to arrest in mitosis where ERK1/2 

activation was reduced as assessed by using a phospho-specific ERK1/2 antibody. This result is 

consistent with previous studies (Shapiro et al., 1998, Harding et al., 2003, Bogre et al., 1999) 

that have investigated ERK1/2 activation and found that ERK1/2 activation is reduced in 

mitotic cells. However, the reason why ERK1/2 activation is reduced in the mitotic cell 

population remains unclear. There has been no direct evidence that suggests ERK1/2 is 

required in mitosis but there have been studies attempting to link activated ERK1/2 to the 

events of mitosis (Shapiro et al., 1998, Zecevic et al., 1998). Although immunoblotting using 

phospho-specific ERK1/2 antibodies shows no apparent P-ERK1/2, immunocytochemical 

staining has the advantage of detecting levels of P-ERK1/2 that may be below the threshold of 

detection by immunoblotting. Using an anti-active ERK1/2 antibody, Shapiro et al (1998) 

demonstrated that during the normal cell cycle, ERK1/2 is active throughout mitosis but at 

each phase, its location changes. Active ERK1/2 localised to the spindle poles between 

prophase and anaphase, and during metaphase, active ERK1/2 is localised in the chromosome 
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periphery. During cytokinesis, active ERK1/2 localises to the midbody (Shapiro et al., 1998). 

Zecevic et al (1998) reported very similar data, again using phospho-specific ERK1/2 

antibodies. However, they also identified a possible substrate for ERK1/2, the kinetochore 

motor protein CENP-E. Zecevic et al (1998) proposed that ERK1/2 alters the ability of CENP-

E to mediate interactions between chromosomes and microtubules, an important event in 

mitosis. 

 

The second method that I used to assay ERK1/2 activation by MIAs involved determination of 

its intracellular localisation. This was done using both an anti-P-ERK1/2 antibody and Green 

Fluorescent Protein (GFP)-tagged Erk1 (GFP-Erk1). Nuclear translocation of P-ERK1/2 has 

been reported by many groups (Khokhlatchev et al, 1998, Brunet et al., 1999, Horgan and 

Stork, 2002) in cell lines such as REF 25 (rat embryo fibroblast) cells, Swiss 3T3, Chinese 

hamster lung fibroblasts, Neuronal PC12 cells and COS-7 cells.  

GFP-Erk2 transfection into PC12 neuronal cells allowed detection of rapid GFP-ERK2 

translocation to the nucleus upon cell stimulation by NGF and EGF (Horgan and Stork, 2002). 

Microinjection of phosphorylated ERK2 (P-ERK2) protein into the cytoplasm of REF 25 cells 

resulted in rapid (within one minute after microinjection) P-ERK2 translocation to the nucleus, 

as detected using anti-P-ERK antibodies (Khokhlatchev et al., 1998). Further work by 

Khokhlatchev et al (1998) involved using kinase-deficient K52R Myc-epitope tagged ERK2 to 

demonstrate that ERK2 was phosphorylated and translocated to the nucleus upon cell 

stimulation with platelet-derived growth factor (PDGF). By introducing a mutant ERK2 protein, 

where the activating phosphorylation sites, threonine 183 and tyrosine 185, were mutated into 

alanine (T182A) and phenylalanine (Y185F), respectively, Khokhlatchev et al (1998) also 
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found that phosphorylation at these two sites is the important factor that determines nuclear 

translocation of ERK2 (Khokhlatchev et a., 1998). 

One aim of the present study was to confirm that endogenous ERK1/2 was phosphorylated 

when cells were stimulated with MIAs and that the P-ERK1/2 translocates to the nucleus in 

Hela cells. The results of studies using both immunocytochemistry, using antibodies against P-

ERK1/2, and GFP-ERK1 indicated that P-ERK1/2 translocated from the cytoplasm to the 

nucleus within 60 minutes of treatment with the MIAs. Although immunostaining shows 

moderate levels of P-ERK within the nucleus, the data obtained by GFP-ERK1 allowed clear 

observation of P-ERK1/2 translocation into the nucleus upon activation by the MIAs. P-

ERK1/2 translocation into the nucleus occurred predominantly at one hour following the 

addition of MIAs. This suggests that P-ERK1/2 is rapidly translocated to the nucleus upon 

activation, presumably to initiate the expression of proteins required by the cell (such as cyclin 

D), and then exported back to the cytoplasm between 2 to 4 hours after treatment. 

The data showing ERK1/2 phosphorylation and translocation in response to MIAs supports 

previous studies that ERK1/2 can be phosphorylated and rapidly translocated to the nucleus 

(Khokhlatchev et a., 1998; Brunet et al., 1999; Horgan & Stork, 2003). The mechanisms 

involved in ERK1/2 translocation are much less understood. Khokhlatchev et al (1998) 

reported that microinjected mutants (T183A and Y185F)) of ERK2 can dimerise with 

phosphorylated wild-type ERK2 to enter the nucleus but further studies are required to clarify 

dimerisation as part of a mechanism for ERK2 nuclear translocation. Another study suggested 

the possibility that ERK1/2 translocation requires ERK1/2 activation and the synthesis of short-

lived proteins, possibly nuclear anchors (Lenormand et al., 1998). Lenormand et al (1998) 

inhibited protein synthesis with cycloheximide or inhibited the proteasome-dependent protein 

degradation pathway with LLnL (a membrane-permeable inhibitor of cysteine proteases that 
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acts upon proteasomes), which then lead to the inhibition of ERK1/2 nuclear translocation. 

Although Lenormand et al (1998) did not investigate the mechanisms involved in nuclear 

anchor-mediated ERK1/2 nuclear translocation, their study suggested that ERK1/2 activation 

leads to the synthesis of MAPK nuclear anchor proteins which somehow allows ERK1/2 to 

localise inside the nucleus.  

Further work is essential to understand how ERK1/2 is transported to the nucleus and exported 

out but taking into account the results obtained in this project and previous published reports, 

the phosphorylation and activation of ERK1/2 is essential for the relocation of a proportion of 

ERK1/2 from the cytoplasm to the nucleus. 

 

4.2 Inhibition of ERK1/2 and Cell Death 

The idea that ERK1/2 may be involved in cell survival in response to MIAs originated from the 

observation that inhibiting ERK1/2’s activity using a MEK inhibitor such as U0126 or CI-1040, 

in combination with MIAs such as Taxol, resulted in greater cell death than that caused by 

MIAs alone (McDaid and Horwitz., 2001, McDaid et al., 2005, MacKeigan et al., 2000). The 

mechanism by which ERK1/2 may regulate cell survival is currently unclear. Therefore, in the 

present study U0126, a specific inhibitor of MEK (Favata et al., 1998), was used to inhibit 

ERK1/2 activity.  

Pre-incubation of cells with U0126 at a range of concentrations before the addition of 

Nocodazole, Taxol, Vinblastine or Vincristine indicated that 10μM U0126 suppressed MIA-

induced ERK1/2 activation. This result was consistent with the data published by Favata et al, 

1998 and MacKeigan et al, 2000. The inhibition of ERK1/2 was dose-dependent and sustained 
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as long as the cells were incubated with the drug (up to 8 hours). This property may be useful 

when considering the role of a MEK inhibitor, such as U0126, in cancer chemotherapy.  

 

Before investigating the mechanism by which ERK1/2-inhibition may regulate cell death, I 

first aimed to reproduce what had been shown by previous studies (MacKeigan et al., 2000; 

McDaid and Horwitz, 2001; McDaid et al., 2005), mainly that inhibiting ERK1/2 increase cell 

death in response to MIAs in Hela cells. Previous studies have reported an increase in cell 

death after treatment with an MIA in combination with a MEK inhibitor for 16 hours or more 

in cultured cell lines (MacKeigan et al, 2000; Stadheim et al, 2001; McDaid and Horwitz, 2001) 

and also in vivo using human heterotransplanted non-small cell lung cancer (NSCLC) tumours 

in nude mice (McDaid et al, 2005). In comparison to their treatment with Taxol alone, the 

introduction of a MEK inhibitor more than doubled the number of cells undergoing apoptosis. 

However, in this project, I wanted to determine the kinetics of MIA-induced cell death in the 

presence of U0126 at earlier time points to see if ERK1/2 inhibition had similar effects. 

 

The effect of ERK1/2 inhibition on the survival of Hela cells treated with MIAs was assessed 

by a number of assays: (i) Cleavage of cytokeratin-18 using an M30 antibody; (ii) PARP 

cleavage; (iii) Annexin binding assay; (iv) measuring apoptosis specifically in mitotic cells 

using the M30 antibody; (v) cleavage of caspase-8 and Bid; (vi) cleavage of caspase-9 and 

caspase-3. Due to time constraints, for this part of the study, it was decided to examine the 

effects of MEK inhibition using just Nocodazole (a microtubule depolymerising agent) and 

Taxol (a microtubule-stabilising agent).  

Immunostaining with the M30 antibody to detect cytokeratin-18 indicated an approximate 2-

fold increase in cell death at each time point in response to U0126 compared to treatment with 
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Nocodazole or Taxol alone. Cell death in response to treatment with MIAs alone was seen after 

12 hours, but in this study, the presence of U0126 increased the number of cells undergoing 

apoptosis between 2 to 8 hours, as measured by cytokeratin-18 cleavage. Unfortunately, the 

controls required for results shown in figures 3.14 and 3.15 did not include treatment with 

U0126 alone for the time points investigated. However, the results obtained using Annexin-

binding (see figure 3.18, page 81) shows that treatment with U0126 alone for 24 hours did not 

affect the number of cells undergoing apoptosis in comparison to treatment with DMSO alone. 

Therefore, I would presume that treatment with U0126 alone would not affect cytokeratin-18 

cleavage. This suggests that ERK1/2 may represent a survival signal in Hela cells as inhibiting 

ERK1/2 activity increases apoptosis.  

To confirm the results obtained with the M30 antibody I also examined PARP cleavage 

following Nocodazole and Taxol treatment (with and without U0126) over the same time 

course. PARP cleavage was observed after 12-hour treatment with Nocodazole or Taxol alone 

where the majority of cells had arrested in mitosis, showing consistency with the M30 antibody 

above. However, in contrast to the M30 data, the presence of U0126 did not affect the levels of 

PARP cleavage confirming that in response to MIAs, cells arrest in mitosis before undergoing 

apoptosis.  

Annexin-V-binding assay was employed to measure the number of cells undergoing apoptosis 

at each time point in response to Taxol alone or in the presence of Taxol and U0126. Annexin-

V is a calcium-dependent phospholipid binding protein which binds phoshatidylserine that is 

exposed to the surface of the cell during apoptosis. Exposure of phoshatidylserine is an early 

marker for apoptosis, therefore a useful tool for this assay. The data obtained were variable but 

indicated that cell death does not increase between 2 to 8 hours of treatment with Taxol plus 

U0126, whereas longer periods of treatment (16 hours) resulted in increased cell death (up to 
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20%) of the mitotic population in response to ERK1/2 inhibition. 24 hour treatment with Taxol 

plus U0126 however, gave an unusual result which may have been due to errors in preparing 

the cells for flow cytometry. Unfortunately, due to limited time in the laboratory, I was unable 

to isolate and rectify the error.  

The results obtained so far indicates that even in the presence of a MEK inhibitor, cell death 

only increases significantly once cells have entered mitosis. There is the possibility that the 

activation state of ERK1/2, which differs in the different phases of the cell cycle, could be the 

key. Immunocytochemical studies using P-ERK1/2 antibodies have shown that ERK1/2 is 

found active in the nucleus during pro-metaphase of the cell cycle (Shapiro et al., 1998; 

Zecevic et al., 1998). In response to MIAs such as Taxol, active ERK1/2 in cells that are in 

pro-metaphase could possibly bring about survival of these cells, therefore, the inhibition of 

ERK1/2 in mitotic populations of cells by U0126 may increase the number of cells undergoing 

apoptosis. These results contradict the data obtained with cytokeratin-18 staining as a marker 

for apoptosis. The increase in the number of apoptotic cells observed at early time points 

following the addition of U0126 suggests that the M30 antibody is a highly sensitive assay in 

comparison to PARP cleavage assay or the Annexin-V assay. However, there is scope for 

further improving and duplicating the Annexin-V assay to obtaining reliable, accurate and 

informative results. 

I next decided to assess the effects of U0126 on apoptosis in Hela cells arrested in mitosis by 

Taxol. The reason for this was because P-ERK1/2 was found to co-localise with the 

centrosomes, suggesting an important function for ERK1/2 during mitotic cell cycle arrest. It 

has been reported that ERK1/2 co-localised with γ-tubulin at the centrosomes in Swiss 3T3 

cells (Willard & Crouch, 2001), which then lead to the conclusion that ERK1/2 may act to 

coordinate passage through mitosis in Swiss 3T3 cells. To investigate whether P-ERK1/2 that 
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is co-localised with the centrosomes is involved in cell survival, mitotic Hela cells were treated 

with Taxol, either with or without U0126 for 24 hours (Patel, V & Patel, R). My results 

indicated that there was a dose-dependent increase in apoptosis in response to increasing 

concentrations of U0126, suggesting that inhibiting ERK1/2 that is located at the centrosomes 

is one of the key steps to bringing about cell death in Taxol-treated cells. Previous studies of 

ERK1/2 inhibition were based on prolonged (12 to 16 hours) treatments with Taxol and a MEK 

inhibitor (MacKeigan et al, 2000; Stadheim et al, 2001; McDaid and Horwitz, 2001) where the 

majority of cells would have arrested in mitosis and the results of this experiment are 

consistent with this by showing that the effects of a MEK inhibitor can be seen mainly after 

prolonged treatment. 

 

Following this, the mechanism responsible for bringing about cell death in response to Taxol 

and MEK/ERK1/2 inhibition was investigated. Previous unpublished work in our laboratory 

(Mistry, P & Patel, R) investigated the cleavage and activation of caspase-3 and caspase-9 (see 

section 1.7, figures 1.13 & 1.15). Cleavage of both caspase-3 and caspase-9 was observed only 

in the mitotic cells after treatment with Nocodazole for 12 and 24 hours. This suggested that 

the intrinsic pathway of apoptosis may be involved in MIA-induced apoptosis. To extend these 

observations I investigated the activation states of caspase-8, Bid, caspase-9 and caspase-3. 

In response to Taxol or Nocodazole alone or in the presence of U0126, there was no cleavage 

of caspase-8. There were however, basal levels of cleaved Bid in cells treated with Nocodazole 

and Taxol alone which then increased slightly once U0126 was introduced. Bid is a direct 

substrate of caspase-8 (Li et al., 1998) but in recent years there has been speculation regarding 

Bid cleavage by caspase-3 (Esposti et al., 2003) and also caspase-2 (Guo et al., 2002). 

Caspase-3 and caspase-2 are proteins of the intrinsic pathway (Budihardjo et al., 1999; Guo et 
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al., 2002) therefore it is unlikely that cell death occurs via the extrinsic pathway. Unfortunately, 

the anti-caspase-2 antibody available to me failed to detect caspase-2 in control cells and 

Nocodazole or Taxol-treated cells (data not shown). Due to limited time I was unable to 

examine the activation state of caspase-2 which may have given further insight into the reason 

why cleaved Bid was detected in my samples.  

Caspase-9 and caspase-3 cleavage were only observed after treatment with Nocodazole or 

Taxol alone for 24 hours which supports our previous unpublished data which showed caspase-

9 and caspase-3 cleavage in the mitotic cells after 12 and 24 hour treatment with Nocodazole 

(Figure 1.16). In response to U0126 these levels increase slightly, suggesting that both caspase-

9 and caspase-3 are involved in apoptosis. The caspase-9 and caspase-3 processing seen in 

response to U0126 does not cause increased apoptosis at earlier time points, as assessed by 

PARP cleavage and the Annexin-V-binding data, but it may play a role after treatment with 

MIAs and U0126 for more than 12 hours (i.e. when cells have arrested in mitosis).  

 

These results show that mitotic cell cycle arrest is followed by apoptosis and that centrosomal 

ERK1/2 may act as a survival signal in mitotically-arrested Hela cells. This is further supported 

by U0126-mediated increase in apoptosis of mitotic cells which is mediated by the intrinsic 

pathway of apoptosis. 

 

4.3 Mechanism of ERK1/2 Mediated Cell Survival 

4.3.1 Caspase-9 

It has been reported that caspase-9 is phosphorylated by activated ERK1/2 on its threonine 125 

residue thereby rendering it inactive by inhibiting the processing of caspase-9 associated with 
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its enzymatic activation (Allan et al., 2003). Although Allan et al (2003) used mouse NIH3T3 

and human HEK293 cells, it is possible that activation of ERK1/2 by MIAs may also lead to 

the phosphorylation of caspase-9 in Hela cells.  

To detect caspase-9 phosphorylation, I used a phospho-specific antibody against phospho-

caspase-9 (P-caspase-9 on thr125). Initially, Hela cells were treated with PMA (1μg/ml) for 60 

minutes and the cell extracts were immunoblotted with the anti-P-caspase-9 antibody. 

Although ERK1/2 was successfully activated in response to PMA, phosphorylation of 

caspases-9 was not observed with the antibody (data not shown). To improve our chances of 

detecting P-caspase-9, Hela cells were then treated with PMA (1μg/ml) and Okadaic acid 

(1μM), a specific inhibitor of protein phosphatases 1 and 2A (Haystead et al., 1989). These cell 

extracts were also immunoblotted with the anti-P-caspase-9 antibody and again ERK1/2 was 

activated but P-caspase-9 was not detected (data not shown).  

It has since been reported that caspase-9 is also phosphorylated in cells arrested in mitosis, in 

response to Nocodazole or Taxol, on threonine 125 by CDK1/cyclin B as a way of regulating 

the onset of apoptosis (Allan & Clarke, 2007).  It was proposed that cells arrested in mitosis 

eventually bypass the spindle assembly checkpoint (called “mitotic checkpoint slippage”) 

caused by gradual inactivation of cyclin B, thereby causing a slow net dephosphorylation of 

caspase-9 and initiating apoptosis (Allan and Clarke, 2007). In a final attempt to detect 

caspase-9 phosphorylation, cell extracts made from Taxol-treated cells (with or without pre-

treatment with U0126), including mitotic cells after 24 hour treatment with Taxol, were 

immunoblotted with the anti-P-caspase-9 antibody but again the antibody failed to detect 

caspase-9 phosphorylation (Figure 3.24, left panel). 

From all of the experiments that were attempted, it was concluded that the anti-P-caspase-9 

antibody was not working. After contacting the manufacturers of this antibody, they sent an 
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aliquot of their positive control; MCF-7 cells treated with PMA and epidermal growth factor 

(EGF). The manufacturers advised that in this cell extract, the P-caspase-9 antibody detected 

phosphorylated caspase-9 at 60kDa. Surprisingly, the anti-P-caspase-9 antibody did not 

consistently detect P-caspase-9 so we decided against further use of this antibody. 

I then decided to overexpress caspases-9 by transfecting Hela cells with Flag-tagged caspase-9 

and treating them with PMA (1μg/ml). Although the transfections were successful, as shown 

using an anti-Flag antibody, the anti-P-caspase-9 antibody did not detect P-caspase-9 in the 

transfected control cells or in the transfected cells following PMA treatment. Immunoblotting 

with the anti-caspase-9 antibody showed that caspase-9 was expressed in the transfected cells 

but no mobility shift was observed to indicate that caspase-9 had been phosphorylated (Figure 

3.24, right panel). In these experiments, we were unable to obtain a reliable positive control 

showing caspase-9 phosphorylation and due to the time taken to perform initial tests, I was 

unable to continue investigating the role of ERK1/2 in regulating caspase-9 phosphorylation. 

 

4.3.2 Bim 

The pro-apoptotic Bcl-2 protein Bim has also been suggested to be a target for regulation by 

ERK1/2. Three independent studies have shown that Bim is phosphorylated by ERK1/2, 

thereby targeting it for proteasomal degradation (Ley et al., 2003, Luciano et al., 2003 and 

Marani et al., 2004).  

Initially, Hela cells were treated with PMA (1μg/ml) and the cell extracts were immunoblotted 

with a phospho-specific antibody against phospho-Bim (P-Bim) and also an anti-Bim antibody 

(Calbiochem). The anti-P-Bim antibody was very sensitive so a lot of background was 

observed (data not shown). The antibody was diluted further but the result was the same. The 

commercial anti-Bim antibody did not detect any protein at the various concentrations tested 
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(data not shown). Instead it was decided to overexpress Bim by transfecting HA-epitope-tagged 

Bim (HA-Bim) into Hela cells using Fugene 6 transfection reagent. After transfection, the cells 

were treated with PMA (1μg/ml), and the cell extracts were immunoblotted with both anti-P-

Bim and anti-Bim antibodies. Transfection was confirmed using an anti-HA antibody but again 

the anti-P-Bim antibody produced a lot of non-specific binding whereas the anti-Bim antibody 

failed to detect any protein (data not shown). I varied the incubation times of the HA-Bim 

plasmid plus transfection reagent mix with the cells but it seemed that overexpressing Bim 

caused cell death quite rapidly, leaving very few live cells to treat with the drugs.  

A second anti-Bim antibody (Stressgen) was kindly provided (by Roger Snowden, MRC 

Toxicology Unit, University of Leicester) as an alternative and with this antibody, we hoped to 

detect native Bim and also observe P-Bim by a mobility shift as a result of phosphorylation as 

has been reported previously (Marani et al., 2004). Hela cells were treated with DMSO, PMA 

and anisomycin and MCF-7 cells were treated with DMSO and PMA. It has been established 

that Bim expression levels vary between cell types; with Hela cells expressing very low levels 

of Bim protein (O’Reilly et al., 2000). MCF-7 cells were found to express high levels of Bim 

protein and therefore it was used as a positive control in this experiment. The anti-Bim 

antibody (Stressgen) was used to immunoblot cell extracts prepared from Hela cells and MCF-

7 cells. The results showed that upon either PMA treatment or anisomycin treatment, the 

mobility of Bim increased from 23kDa to 25kDa (Figure 3.21). This mobility shift of Bim has 

been shown to be as a result of phosphorylation (Ley et al., 2003). Therefore, in Hela cells Bim 

is phosphorylated in response to PMA and anisomycin. In MCF-7 cells, a mobility shift of the 

Bim protein was also seen in response to PMA.  
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Recent publications (Ley et al., 2003, Luciano et al., 2003 and Marani et al., 2004) have 

reported Bim phosphorylation mediated by ERK1/2 in a variety of cell lines, suggesting the 

possibility that Bim phosphorylation by ERK1/2 may be universal to all cell types. To 

investigate the possibility that Bim is phosphorylated by ERK1/2 in response to MIAs in Hela 

cells, Hela cells were treated with Taxol (either with or without U0126) and immunoblotted 

with the anti-Bim (Stressgen) and anti-P-ERK1/2 antibodies in the hope to observe a mobility 

shift to indicate Bim phosphorylation in response to ERK1/2 phosphorylation (Patel, V & Patel, 

R). The phosphorylation of Bim seen in response to Taxol (6 and 9 hours post treatment) 

directly correlated with the phosphorylation of ERK1/2. In addition, inhibiting ERK1/2 with 

U0126 prevented significant Bim phosphorylation, thereby supporting previous publications 

(Ley et al., 2003; Luciano et al., 2003; Marani et al., 2004) that have suggested a role for 

ERK1/2 in mediating Bim phosphorylation. Furthermore, fragments of Bim were seen after 18 

and 24 hours post Taxol treatment whereas upon ERK1/2 inhibition with U0126, these 

fragments of Bim did not appear.  This result corroborates the notion that ERK1/2-mediated 

phosphorylation of Bim targets Bim for degradation (Ley et al., 2003).  

The main uncertainty is whether these effects on Bim are mediated by ERK1/2 or rather ERK5. 

Similarities between ERK5 and ERK1/2 have been reported and reviewed by Nishimoto & 

Nishida (2006). ERK5 has been shown to to be activated in response to serum, one of the well-

known activators of ERK1/2 (Kato et al., 1997). ERK5 (as well as ERK1/2) can also induce 

immediate early genes such as c-Fos and c-Jun (Kato et al., 1997; Kamakura et al., 1999) and 

the most important similarity with ERK1/2 is that ERK5 activity can be inhibited by U0126, 

which was identified as MEK1/2-specific inhibitor (Kamakura et al., 1999). Taking these 

factors into account, it seems very likely that ERK5 has the potential to mediate Bim 

phosphorylation. Further work needs to be carried out in order to confirm this but the results 
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that have been presented in this project cannot be overlooked. It could be a possibility that both 

ERK1/2 and ERK5 are required to work together in order to regulate cell survival in response 

to MIAs but again, some verification is required. 

 

4.4 Conclusion and Future Work 

This project has examined the activation state of ERK1/2 in response to MIAs and has shown 

that ERK1/2 translocates to the nucleus in response to MIAs. Its inactivation has proved to be a 

very useful strategy in cancer therapy so far by increasing the number of cancer cells 

undergoing apoptosis. We have found that in Hela cells cell death does not occur between 2 

and 8 hours of incubation with U0126. The data obtained in this project has however, given an 

indication that U0126 increases cell death after extended treatment (16 hours), when cells have 

arrested in mitosis, as assessed by Annexin-V-binding, which so far, supports the results of 

previous studies. An interesting prospect arose from the possibility that a small amount of 

ERK1/2 is active in early mitosis, suggesting that it may be this population of ERK1/2 proteins 

that are responsible for cell survival. The inhibition of this population of ERK1/2 proteins may 

increase cell death. Subsequent analysis of apoptosis in mitotic Hela cells treated with Taxol 

and U0126 showed that U0126-mediated increase in apoptosis is highly dependent on cells 

being held in mitosis, where the inhibition of ERK1/2 (co-localised with the centrosomes) 

plays a crucial role. So far, no previous reports have demonstrated the importance of inhibiting 

centrosomal ERK1/2 specifically in order to increase cell death of MIA-treated cancer cells. 

This is a vital piece of evidence that may be useful for future therapeutic strategies. 

Proteins of the apoptotic pathways were then investigated and from the data presented, I found 

that the intrinsic pathway is most likely to be involved in bringing about apoptosis (see figure 
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4.1 for summary). This is the first report showing that the intrinsic pathway may mediate cell 

death in response to inhibiting ERK1/2 activation using U0126 in Hela cells. Further work here 

is required to confirm this hypothesis; for example by knocking out caspase-9 and caspase-3 

and observing the effects on cell death in the presence of MIAs plus U0126. If the intrinsic 

pathway is involved, the expected result, having knocked out both caspases, would be an 

overall decrease in the number of cells undergoing apoptosis in the presence of U0126.  

These result may be used for further studies in other cell lines and eventually be a target for 

improving existing cancer therapies. 

This project also investigated the mechanisms of regulation by which ERK1/2 may regulate 

cell survival in mitotically-arrested cells. Based on published data, we aimed at finding whether 

caspase-9 and Bim are phosphorylated by active ERK1/2 in Hela cells, making them incapable 

of initiating apoptosis. Unfortunately this was not resolved in this study and this work needs to 

continue in order to clarify this potential mechanism. As previous publications have found 

caspase-9 and Bim to be phosphorylated by active ERK1/2, there is some confidence that 

similar results may be obtained from further experiments in Hela cells. 

So far, alternative anti-P-caspase-9 antibodies to detect phosphorylation on thr125 have not 

been found from other commercial sources therefore a different approach to detect caspases-9 

phosphorylation on thr125 will be required. There is the possibility of phosphorylating 

recombinant caspases-9 protein with recombinant, active ERK1/2 in vitro which then could be 

used as a positive control for the anti-P-caspase-9 antibody. 
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Figure 4.1: Summary of the pathways involved in ERK-mediated cell death in response to MIAs + U0126s. Based on the 

results of this project, it seems that the mechanism involved in MIA-induced, ERK1/2-mediated cell death requires the components 

of the intrinsic apoptotic pathway and not of the extrinsic apoptotic pathway. The effect of MIAs with U0126 on the phosphorylation 

state of caspase-9 was not concluded in this study but the cleavage of caspase-9 observed in response to ERK1/2 activation suggests 

the involvement of the intrinsic apoptotic pathway. 
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Alternatively, to increase the probablity of detecting P-caspase-9, caspase-9 could be 

immunoprecipitated post treatement with MIAs and then western blotted using the anti-P-

caspase-9 antibody. If caspase-9 is found to be phosphorylated by ERK1/2, it will be a further 

indication that the intrinsic pathway is involved in mediating cell death. 

The anti-Bim antibody (Stressgen) showed Bim-EL phosphorylation by a mobility shift in 

response to Taxol and also suggested that this phosphorylation causes degradation of Bim-EL. 

In addition, further work needs to continue to determine whether Bim-EL phosphorylation is 

regulated by ERK1/2 or ERK5. One possibility would be to knock out ERK1/2 and observe the 

effects of MIAs and U0126 on ERK5 using a specific anti-ERK5 antibody and also observe 

Bim-EL phosphorylation using the anti-Bim antibody (Stressgen). There is a possibility that 

ERK5 may be the MAPK involved in regulating cell survival as well as ERK1/2 but this 

cannot be assumed as yet. 

 

Finding how ERK1/2 regulates cell survival will be highly beneficial in designing new drugs to 

target cancer cells. Likewise, establishing the mechanism by which cell death occurs upon 

ERK1/2 inhibition will also provide new insights into developing highly specific drugs to 

target cancer cells.  

 

 

 

 

 

 

 



  

121 

 

 

 

 

 

 

 

 

 

 

REFERENCES 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

122 

AARONSON, D.S. and HORVATH, C.M., 2002. A road map for those who don't know 

JAK-STAT. Science (New York, N.Y.), 296(5573), pp. 1653-1655.  

ALLAN, L.A., MORRICE, N., BRADY, S., MAGEE, G., PATHAK, S. and CLARKE, 

P.R., 2003. Inhibition of Caspase-9 Through Phosphorylation at Thr 125 by ERK MAPK. 

Nature Cell Biology, 5(7), pp. 647-653.  

ALLAN, L.A. and CLARKE, P.R., 2007. Phosphorylation of caspase-9 by CDK1/cyclin 

B1 protects mitotic cells against apoptosis. Molecular cell, 26(2), pp. 301-310.  

ANSELMO, A.N., BUMEISTER, R., THOMAS, J.M. and WHITE, M.A., 2002. Critical 

contribution of linker proteins to Raf kinase activation. The Journal of biological 

chemistry, 277(8), pp. 5940-5943.  

ARELLANO, M. and MORENO, S., 1997. Regulation of CDK/cyclin complexes during 

the cell cycle. The international journal of biochemistry & cell biology, 29(4), pp. 559-573.  

ATFI, A., BUISINE, M., MAZARS, A. and GESPACH, C., 1997. Induction of Apoptosis 

by DPC4, a Transcriptional Factor Regulated by Transforming Groth Factor-β Through 

Stress-activated Protein Kinase/c-Jun N-terminal Kinase (SAPK/JNK) Signaling Pathway. 

The Journal of Biochemcal Chemistry, 272(40), pp. 24731-24734.  

BHATTACHARYYA, B. and WOLFF, J., 1976. Tubulin aggregation and disaggregation: 

mediation by two distinct vinblastine-binding sites. Proceedings of the National Academy 

of Sciences of the United States of America, 73(7), pp. 2375-2378.  

BOGOYEVITCH, M.A., MARSHALL, C.J. and SUGDEN, P.H., 1995. Hypertrophic 

Agonists Stimulate the Activities of the Protein Kinases c-Raf and A-Raf in Cultured 

Ventricular Myocytes. Journal of Biological Chemistry, 270, pp. 26303-26310.  

BOGRE, L., CALDERINI, O., BINAROVA, P., MATTAUCH, M., TILL, S., KIEGERL, 

S., JONAK, C., POLLASCHEK, C., BARKER, P., HUSKISSON, N.S., HIRT, H. and 

HEBERLE-BORS, E., 1999. A MAP kinase is activated late in plant mitosis and becomes 

localized to the plane of cell division. The Plant Cell, 11(1), pp. 101-113.  

BOLDT, S., WEIDLE, U.H. and KOLCH, W., The Role of MAPK Pathways in the Action 

of Chemotherapeutic Drugs. Carcinogenesis, 23(11), pp. 1831-1838.  

BOS, J.L., 1989. ras Oncogenes in Human Cancer: A Review1. Cancer research, 49, pp. 

4682-4689.  



  

123 

BRUNET, A., ROUX, D., LENORMAND, S., D., KEYSE, S. and POUYSSEGUR, J., 

1999. Nuclear Translocation of p42/p44 Mitogen-activated Protein Kinase is Required for 

Growth Factor-induced Gene Expression and Cell Cycle Entry. The European Molecular 

Biology Organization Journal, 18(3), pp. 664-674.  

BUDIHARDJO, I., OLIVER, H., LUTTER, M., LUO, X. and WANG, X., 1999. 

Biochemical Pathways of Caspase Activation During Apoptosis. Annual Review of Cell 

and Developmental Biology, 15, pp. 269-290.  

CAMPS, M., NICHOLS, A., GILLIERON, C., ANTONSSON, B., MUDA, M., 

CHABERT, C., BOSCHERT, U. and ARKINSTALL, S., 1998. Catalytic activation of the 

phosphatase MKP-3 by ERK2 mitogen-activated protein kinase. Science (New York, N.Y.), 

280(5367), pp. 1262-1265.  

CANAGARAJAH, B., KHOKHLATCHEV, A., COBB, M.H. and GOLDSMITH, E.J., 

1997. Activation Mechanism of the MAP Kinase ERK2 by Dual Phosphorylation. Cell, 90, 

pp. 859-869.  

CHAO, D., BAHL, P., HOULBROOK, S., HOY, L., HARRIS, A. and AUSTYN, J.M., 

1999. Human cultured dendritic cells show differential sensitivity to chemotherapy agents 

as assessed by the MTS assay. British journal of cancer, 81(8), pp. 1280-1284.  

CHEN, Y., WANG, X., TEMPLETON, D., DAVIS, R.J. and TAN, T., 1996. The Role of 

c-Jun N-terminal Kinase (JNK) in Apoptosis Induced by Ultraviolet C and γ Radiation. The 

Journal of Biological Chemistry, 271(50), pp. 31929-31936.  

CHEN, Z., GIBSON, T.B., ROBINSON, F., SILVESTRO, L., PEARSON, G., XU, B., 

WRIGHT, A., VANDERBILT, C. and COBB, M.H., 2001. MAP Kinases. Chemical 

Reviews, 101, pp. 2449-2476.  

CHOW, C.W., RINCON, M., CAVANAGH, J., DICKENS, M. and DAVIS, R.J., 1997. 

Nuclear Accumulation of NFAT4 Opposed by the JNK Signal Transduction Pathway. 

Science, 278, pp. 1638-1641.  

COHEN, G.M., 1997. Caspases: the executioners of apoptosis. Biochemical Journal, 326, 

pp. 1-16.  

COLE, P.D., ZEBALA, J.A. and KAMEN, B.A., 2005. Antimetabolites: A new 

perspective. Drug Discovery Today: Therapeutic Strategies, 2(4), pp. 337-342.  



  

124 

CREWS, C.M., ALESSANDRINI, A. and ERIKSON, R.L., 1992. The Primary Structure 

of MEK, a Protein Kinase tha Phosphorylates the ERK Gene Product. Science, 258, pp. 

478-480.  

CURTIN, J.F. and COTTER, T.G., 2002. Anisomycin activates JNK and sensitises DU 145 

prostate carcinoma cells to Fas mediated apoptosis. British journal of cancer, 87(10), pp. 

1188-1194.  

DEACON, K., MISTRY, P., CHERNOFF, J., BLANK, J.L. and PATEL, R., 2003. p38 

Mitogen-activated protein kinase mediates cell death and p21-activated kinase mediates cell 

survival during chemotherapeutic drug-induced mitotic arrest. Molecular biology of the 

cell, 14(5), pp. 2071-2087.  

DERIJARD, B., HIBI, M., WU, I., BARRETT, T., SU, B., DENG, T., KARIN, M. and 

DAVIS, R., 1994. JNK1: A protein kinase stimulated by UV light and H-Ras that binds and 

phosphorylates the c-jun activation domain. Cell, 76(6), pp. 1025-1037. 

DEGLI ESPOSTI, M., FERRY, G., MASDEHORS, P., BOUTIN, J.A., HICKMAN, J.A. 

and DIVE, C., 2003. Post-translational modification of Bid has differential effects on its 

susceptibility to cleavage by caspase 8 or caspase 3. The Journal of biological chemistry, 

278(18), pp. 15749-15757.  

DEGLI ESPOSTI, M., FERRY, G., MASDEHORS, P., BOUTIN, J.A., HICKMAN, J.A. 

and DIVE, C., 2003. Post-translational modification of Bid has differential effects on its 

susceptibility to cleavage by caspase 8 or caspase 3. The Journal of biological chemistry, 

278(18), pp. 15749-15757.  

DENT, P., JELINEK, T., MORRISON, D.K., WEBER, M.J. and STURGIL, T.W., 1995. 

Reversal of Raf-1 Activation by Purified and Membrane-associated Protein Phosphatases. 

Science, 268, pp. 1902-1906.  

DIAZ, B., BARNARD, D., FILSON, A., MACDONALD, S., KING, A. and MARSHALL, 

M., 1997. Phosphorylation of Raf-1 serine 338-serine 339 is an essential regulatory event 

for Ras-dependent activation and biological signaling. Molecular and cellular biology, 

17(8), pp. 4509-4516.  

EDELMANN, H.M., KUHNE, C., PETRITSCH, C. and BALLOU, L.M., 1996. Cell cycle 

regulation of p70 S6 kinase and p42/p44 mitogen-activated protein kinases in Swiss mouse 

3T3 fibroblasts. The Journal of biological chemistry, 271(2), pp. 963-971.  



  

125 

EGAN, S.E., GIDDINGS, B.W., BROOKS, M.W., BUDAY, Y., SIZELAND, A.M. and 

WEINBERG, R.A., 1993. Association of Sos Ras Exchange Protein with Grb2 is 

Implicated in Tyrosine Kinase Signal Transduction and Transformation. Nature, 363, pp. 

45-51.  

ENSLEN, H., BRANCHO, D.M. and DAVIS, R.J., 2000. Molecular Determinants that 

Mediate Selective Activation of p38 MAP Kinase Isoforms. The European Molecular 

Biology Organization Journal, 19, pp. 1301-1311.  

ERHARDT, P., SCHREMSER, E.J. and COOPER, G.M., 1999. B-Raf Inhibits 

Programmed Cell Death Downstream of Cytochrome C Release from Mitochondria by 

Activating the MEK/ERK Pathway. Molecular and Cellular Biology, 19(8), pp. 5308-5315.  

FABIAN, J.R., DAAR, I.O. and MORRISON, D.K., 1993. Critical Tyrosine Residues 

Regulate the Enzymatic and Biological Activity of Raf-1 Kinase. Molecular and Cellular 

Biology, 13, pp. 7170-7179.  

FAN, H.Y. and SUN, Q.Y., 2004. Involvement of mitogen-activated protein kinase cascade 

during oocyte maturation and fertilization in mammals. Biology of reproduction, 70(3), pp. 

535-547.  

FANG, G., YU, H. and KIRSCHNER, M.W., 1999. Control of mitotic transitions by the 

anaphase-promoting complex. Philosophical transactions of the Royal Society of 

London.Series B, Biological sciences, 354(1389), pp. 1583-1590.  

FANGER, G.R., GERWINS, P., WIDMAN, C., JARPE, M.B. and JOHNSON, G.L., 1997. 

MEKKs, GCKs, MLKs, PAKs, TAKs, and Tpls: Upstream Regulators of the c-Jun Amio-

terminal Kinases? Current Opinions in Genetics and Development, 7(1), pp. 67-74.  

FAVATA, M.F., HORIUCHI, K.Y., MANOS, E.J., DAULERIO, A.J., STRADLEY, D.A., 

FEESER, W.S., VAN DYK, D.E., PITTS, W.J., EARL, R.A., HOBBS, F., COPELAND, 

R.A., MAGOLDA, R.L., SCHERLE, P.A. and TRZASKOS, J.M., 1998. Identification of a 

novel inhibitor of mitogen-activated protein kinase kinase. The Journal of biological 

chemistry, 273(29), pp. 18623-18632.  

FLAHERTY, K.T., 2006. Chemotherapy and targeted therapy combinations in advanced 

melanoma. Clinical Cancer Research, 12, pp. 2366s-2370s.  



  

126 

GARTNER, A., NASMYTH, K. and AMMERER, G., 1992. Signal Transduction in 

Saccharomyces cerevisiae Requires Tyrosine and Threonine Phosphorylation of FUS3 and 

KSS1. Genes and Development, 6, pp. 1280-1292.  

GIRIO, A., CARLOS-MONTERO, J., PANDIELLA, A. and CHATTERJEE, S., 2007. 

Erk5 is activated and acts as a survival factor in mitosis. Cellular Signaling, 19, pp. 1964-

1972. 

GREEN, D.R. and REED, J.C., 1998. Mitochondria and Apoptosis. Science, 281, pp. 1309-

1312.  

GUO, Y., SRINIVASULA, S.M., DRUILHE, A., FERNANDES-ALNEMRI, T. and 

ALNEMRI, E.S., 2002. Caspase-2 induces apoptosis by releasing proapoptotic proteins 

from mitochondria. The Journal of biological chemistry, 277(16), pp. 13430-13437.  

GUPTA, S., CAMPBELL, D., DERIJARD, B. and DAVIS, R.J., 1995. Transcription 

Factor AFT2 Regulation by the JNK Signal Transduction Pathway. Science, 267(5196), pp. 

389-393.  

HABELHAH, H., SHAH, K., HUANG, L., OSTARECK-LEDERER, A., BURLINGAME, 

A.L., SHOKAT, K.M., HENTZE, M.W. and RONAI, Z., 2001. ERK Phosphorylation 

Drives Cytoplasmic Accumulation of hnRNP-K and Inhibition of mRNA Translation. 

Nature Cell Biology, 3, pp. 325-330.  

HAMID BOULARES, A., YAKOVLEV, A., IVANOVA, V., STOICA, B., WANG, G., 

IYER, S. and SMULSON, M., 1999. Role of Poly(ADP-ribose) Polymerase (PARP) 

Cleavage in Apoptosis. The Journal of biological chemistry, 274(33), pp. 22932-22940.  

HARDING, A., GILES, N., BURGEST, A., HANCOCK, J.F. and GABRIELLI, B.G., 

2003. Mechanism of Mitosis-specific Activation of MEK1. The Journal of Biochemcal 

Chemistry, 278(19), pp. 16747-16754.  

HAYNE, C., TZIVION, G. and LUO, Z., 2000. Raf-1/MEK/MAPK pathway is necessary 

for the G2/M transition induced by nocodazole. The Journal of biological chemistry, 

275(41), pp. 31876-31882.  

HAYSTEAD, T.A., SIM, A.T., CARLING, D., HONNOR, R.C., TSUKITANI, Y., 

COHEN, P. and HARDIE, D.G., 1989. Effects of the Tumour Promoter Okadaic Acid on 

Intracellular Protein Phosphorylation and Metabolism. Nature, 337, pp. 78-81.  



  

127 

HERMEKING, H., LENGAUER, C., POLYAK, K., HE, T.C., ZHANG, L., 

THIAGALINGAM, S., KINZLER, K.W. and VOGELSTEIN, B., 1997. 14-3-3σ is a p53-

regulated Inhibitor of G2/M Progression. Molecular Biology of the Cell, 1, pp. 3-11.  

HORGAN, A.M. and STORK, P.J., 2003. Examining the mechanism of Erk nuclear 

translocation using green fluorescent protein. Experimental cell research, 285(2), pp. 208-

220.  

HU, M.C., QIU, W.R. and WANG, Y.P., 1997. JNK1 JNK2 nad JNK3 are p53 N-terminal 

Serine 34 Kinases. Oncogene, 15(19), pp. 2277-2287.  

HUSER, M., LUCKETT, J., CHILOECHES, A., MERCER, K., IWOBI, M., GIBLETT, S., 

SUN, X.M., BROWN, J., MARAIS, R. and PRITCHARD, C., 2001. MEK Kinase Activity 

is not Essential for Raf-1 Function. The European Molecular Biology Organization 

Journal, 20, pp. 1940-1951.  

ICHIJO, H., NISHIDA, E., IRIE, K., DIJKE, P.T., SAITOH, M., MORIGUCHI, T., 

TAKAGI, M., MATSUMOTO, K., MIYAZONO, K. and GOTOH, Y., 1997. Induction of 

Apoptosis by ASK1, a Mammalian MAPKKK that Activates SAPK/JNK and p38 

Signaling Pathways. Science, 275, pp. 90-94.  

JOHNSON, D.G. and WALKER, C.L., 1999. Cyclins and cell cycle checkpoints. Annual 

Reviews of Pharmacology and Toxicology, 39, pp. 295-312.  

JOHNSON, G.L. and LAPADAT, R., 2002. Mitogen-Activated Protein Kinase Pathways 

Mediated by ERK, JNK, and p38 Protein Kinases. Science, 298, pp. 1911-1912.  

JORDON, M.A. and WILSON, L., 1998. Microtubules and actin filaments: dynamic 

targets for cancer therapy. Current opinion in cell biology, 10, pp. 123-130.  

KAMAKURA, S., MORIGUCHI, T. and NISHIDA, E., 1999. Activation of the protein 

kinase ERK5/BMK1 by receptor tyrosine kinases. The Journal of Biological Chemistry, 

274(37), pp. 26563-26571.  

KATO, Y., KRAVCHENKO, V.V., TAPPING, R.I., HAN, J., ULEVITCH, R.J. and LEE, 

J.D., 1997. BMK1/ERK5 regulates serum-induced early gene expression through 

transcription factor MEF2C. The EMBO journal, 16(23), pp. 7054-7066.  

KHOKHLATCHEV, A.V., CANAGARAJAH, B., WILSBACHER, J., ROBINSON, M., 

ATKINSON, M., GOLDSMITH, E. and COBB, M.H., 1998. Phosphorylation of the MAP 



  

128 

kinase ERK2 promotes its homodimerization and nuclear translocation. Cell, 93(4), pp. 

605-615.  

KIYOKAWA, E., TAKAI, S., TANAKA, M., IWASE, T., SUZUKI, M., XIANG, Y., 

NAITO, Y., YAMADA, K., SUGIMURA, H. and KINO, I., 1994. Overexpression of ERK, 

an EPH family of receptor protein tyrosine kinase, in various human tumours. Cancer 

Research, 54, pp. 3645-3650.  

KOHLER, C., ORRENIUS, S. and ZHIVOTOVSKY, B., 2002. Evaluation of caspase 

activity in apoptotic cells. Journal of Immunological Methods, 265, pp. 97-110.  

KRISHNA, R., WEBB, M.S., ST ONGE, G. and MAYER, L.D., 2001. Liposomal and 

nonliposomal drug pharmacokinetics after administration of liposome-encapsulated 

vincristine and their contribution to drug tissue distribution properties. The Journal of 

pharmacology and experimental therapeutics, 298(3), pp. 1206-1212.  

KUMMER, J.L., RAO, P.K. and HEINDENREICH, K.A., 1997. Apoptosis Induced by 

Withdrawal of Trophic Factors is Mediated by p38 Mitogen-activated Protein Kinase. The 

Journal of Biological Chemistry, 272(33), pp. 20490-20494.  

KYRIAKIS, J.M., BANERJEE, P., NIKOLAKAKI, E., DAI, T., RUBIE, E.A., AHMAD, 

M.F., AVRUCH, J. and WOODGETT, J.R., 1994. The Stress-activated Protein Kinase 

Subfamily of c-Jun Kinases. Nature, 369, pp. 156-160.  

LANGE-CARTER, C.A. and JOHNSON, G.L., 1994. Ras-dependent Growth Factor 

Regulation of MEK Kinase in PC12 Cells. Science, 265, pp. 1458-1461.  

LAVOIE, J.N., L'ALLEMAIN, G., BRUNET, A., MULLER, R. and POUYSSEGUR, J., 

1996. Cyclin D1 expression is regulated positively by the p42/p44MAPK and negatively by 

the p38/HOGMAPK pathway. The Journal of biological chemistry, 271(34), pp. 20608-

20616.  

LEI, K. and DAVIS, R.J., 2003. JNK phosphorylation of Bim-related members of the Bcl2 

family induces Bax-dependent apoptosis. Proceedings of the National Academy of Sciences 

of the United States of America, 100(5), pp. 2432-2437.  

LENORMAND, P., BRONDELLO, J.M., BRUNET, A. and POUYSSEGUR, J., 1998. 

Growth factor-induced p42/p44 MAPK nuclear translocation and retention requires both 

MAPK activation and neosynthesis of nuclear anchoring proteins. The Journal of cell 

biology, 142(3), pp. 625-633.  



  

129 

LEW, D.J. and REED, S.I., 1993. Morphogenesis in the yeast cell cycle: regulation by 

Cdc28 and cyclins. The Journal of cell biology, 120(6), pp. 1305-1320.  

LEY, R., BALMANNO, K., HADFIELD, K., WESTON, C. and COOK, S.J., 2003. 

Activation of the ERK1/2 signaling pathway promotes phosphorylation and proteasome-

dependent degradation of the BH3-only protein, Bim. The Journal of biological chemistry, 

278(21), pp. 18811-18816.  

LI, H., ZHU, H., XU, C.J. and YUAN, J., 1998. Cleavage of BID by caspase 8 mediates the 

mitochondrial damage in the Fas pathway of apoptosis. Cell, 94(4), pp. 491-501.  

LUCIANO, F., JACQUEL, A., COLOSETTI, P., HERRANT, M., CAGNOL, S., PAGES, 

G. and AUBERGER, P., 2003. Phosphorylation of Bim-EL by Erk1/2 on serine 69 

promotes its degradation via the proteasome pathway and regulates its proapoptotic 

function. Oncogene, 22(43), pp. 6785-6793.  

MACKEIGAN, J.P., COLLINS, T.S. and TING, JENNY P. Y., 2000. MEK Inhibition 

Enhances Paclitaxel-induced Tumor Apoptosis. The Journal of Biochemcal Chemistry, 

275(50), pp. 38953-38956.  

MARAIS, R., LIGHT, Y., PATERSON, H.F. and MARSHALL, C.J., 1995. Ras Recruits 

Raf-1 to the Plasma Membrane for Activation by Tyrosine Phosphorylation. The European 

Molecular Biology Organization Journal, 14, pp. 3136-3145.  

MARAIS, R. and MARSHALL, C.J., 1996. Control of the ERK MAP Kinase Cascade by 

Ras and Raf. Cancer Surveys, 27, pp. 101-125.  

MARANI, M., HANCOCK, D., LOPES, R., TENEV, T., DOWNWARD, J. and 

LEMOINE, N.R., 2004. Role of Bim in the survival pathway induced by Raf in epithelial 

cells. Oncogene, 23(14), pp. 2431-2441.  

MASTROPAOLO, D., CAMERMAN, A., LUO, Y., BRAYER, G.D. and CAMERMAN, 

N., 1995. Crystal and molecular structure of paclitaxel (taxol). Proceedings of the National 

Academy of Sciences of the United States of America, 92(15), pp. 6920-6924.  

MCCORMICK, F., 1999. Signalling Networks that Cause Cancer. Trends in Biochemical 

Sciences, 24(12), pp. M53-m56.  



  

130 

MCDAID, H.M. and HORWITZ, S.B., 2001. Selective potentiation of paclitaxel (taxol)-

induced cell death by mitogen-activated protein kinase kinase inhibition in human cancer 

cell lines. Molecular pharmacology, 60(2), pp. 290-301.  

MCDAID, H.M., LOPEZ-BARCONS, L., GROSSMAN, A., LIA, M., KELLER, S., 

PEREZ-SOLER, R. and HORWITZ, S.B., 2005. Enhancement of the therapeutic efficacy 

of taxol by the mitogen-activated protein kinase kinase inhibitor CI-1040 in nude mice 

bearing human heterotransplants. Cancer research, 65(7), pp. 2854-2860.  

MERCER, K., GIBLETT, S., OAKDEN, A., BROWN, J., MARAIS, R. and PRITCHARD, 

C., 2005. A-Raf and Raf-1 Work Together to Influence Transient ERK Phosphorylation 

and G1/S Cell Cycle Progression. Oncogene, 24, pp. 5207-5217.  

MERCER, K.E. and PRITCHARD, C.A., 2003. Raf Proteins and Cancer: B-Raf is 

Identified as a Mutational Target. Biochemica et Biophysica Acta, 1653, pp. 25-40.  

MILROSS, C.G., MASON, K.A., HUNTER, N.R., CHUNG, W.K., PETERS, L.J. and 

MILAS, L., 1996. Relationship of mitotic arrest and apoptosis to antitumor effect of 

paclitaxel. Journal of the National Cancer Institute, 88(18), pp. 1308-1314.  

MISTRY, P., DEACON, K., MISTRY, S., BLANK, J. and PATEL, R., 2004. NF-kB 

Promotes Survival during Mitotic Cell Arrest. The Journal of Biochemcal Chemistry, 

279(2), pp. 1482-1490.  

MIYAZAWA, K., SHINOZAKI, M., HARA, T., FURUYA, T. and MIYAZONO, K., 

2002. Two major Smad pathways in TGF-beta superfamily signalling. Genes to cells : 

devoted to molecular & cellular mechanisms, 7(12), pp. 1191-1204.  

MOLLINEDO, F. and GAJATE, C., 2003. Microtubules, microtubule-interfering agents 

and apoptosis. Apoptosis : An International Journal on Programmed Cell Death, 8(5), pp. 

413-450.  

MORRISON, D.K. and CUTLER, R.E., 1997. The complexity of Raf-1 regulation. Current 

opinion in cell biology, 9(2), pp. 174-179.  

NISHIMOTO, S and NISHIDA, E., 2006. MAPK signaling: ERK5 versus ERK1/2. 

European Molecular Biology Organisation, 7(8), pp. 782-786. 

OBATA, T., BROWN, G.E. and YAFFE, M.B., 2000. MAP Kinase Pathways Activated by 

Stress: The p38 MAPK Pathway. Critical Care Medicine, 28(4), pp. N67-N77.  



  

131 

ONO, K. and HAN, J., 2000. The p38 Signal Transduction Pathway: Activation and 

Function. Cell Signal, 12, pp. 1-13.  

O'REILLY, L.A., CULLEN, L., VISVADER, J., LINDEMAN, G.J., PRINT, C., BATH, 

M.L., HUANG, DAVID C. S. and STRASSER, A., 2000. The proapoptotic BH3-only 

protein Bim is expressed in hematopoietic, epithelial, neuronal and germ cells. American 

Journal of Pathology, 157, pp. 449-461.  

PARDEE, A.B., 1989. G1 events and regulation of cell proliferation. Science, 249, pp. 603-

606.  

PEYSSONNAUX, C. and EYCHENE, A., 2001. The Raf/MEK/ERK Pathway: New 

Concepts of Activation. Biology of the Cell, 93, pp. 53-62.  

PINES, J. and RIEDER, C.L., 2001. Re-staging mitosis: a contemporary view of mitotic 

progression. Nature cell biology, 3(1), pp. E3-6.  

PRITCHARD, C.A., SAMUELS, M.L., BOSCH, E. and MCMAHON, M., 1995. 

Conditionally Oncogenic Forms of the A-Raf and B-Raf Protein Kinases Display Differemt 

Bilogical and Biochemical Properties in NIH 3T3 Cells. Molecular and Cellular Biology, 

15, pp. 6430-6442.  

RAO, S., HE, L., CHAKRAVARTY, S., OJIMA, I., ORR, G.A. and HORWITZ, S.B., 

1999. Characterization of the Taxol Binding Site on the Microtubule. The Journal of 

Biochemcal Chemistry, 274(53), pp. 37990-37994.  

RAVIV, Z., KALIE, E and SEGER, R., 2004. MEK5 and ERK5 are localized in the nuclei 

of resting as well as stimulated cells, while MEKK2 translocates from the cytosol to the 

nucleus upon stimulation. Journal of Cell Science, 117, pp. 1773-1784.   

REED, J.C., 2000. Mechanisms of Apoptosis. American Journal of Pathology, 157(5), pp. 

1415-1430.  

REUTER, C.W., MORGAN, M.A. and BERGMANN, L., 2000. Targeting the Ras 

signaling pathway: a rational, mechanism-based treatment for hematologic malignancies? 

Blood, 96(5), pp. 1655-1669.  

ROTHENBERG, M.L., 1997. Topoisomerase I inhibitors: review and update. Annals of 

Oncology : Official Journal of the European Society for Medical Oncology / ESMO, 8(9), 

pp. 837-855.  



  

132 

ROUX, P.P. and BLENIS, J., 2004. ERK and p38 MAPK-activated Protein Kinases: A 

Family of Protein Kinases with Diverse Biological Functions. Microbiology and Molecular 

Biology Reviews, 68(2), pp. 320-344.  

RUDNER, A.D. and MURRAY, A.W., 1996. The Spindle Assembly Checkpoint. Current 

opinion in cell biology, 8, pp. 773-780.  

SANCHEZ, I., HUGHES, R.T., MAYER, B.J., YEE, K., WOODGETT, J.R., AVRUCH, 

J., KYRIAKLS, J.A. and ZON, L.I., 2002. Role of SAPK/ERK Kinase 1 in the Stress-

activated Pathway Regulating Transcription Factor c-Jun. Nature, 372, pp. 794-798.  

SANDERSON, BARBARA J. S. and SHIELD, A.J., 1996. Mutagenic damage to 

mammalian cells by therapeutic alkylating agents. Mutation Research, 355, pp. 41-57.  

SCHIFF, P.B. and HORWITZ, S.B., 1980. Taxol stabilizes microtubules in mouse 

fibroblast cells. Proceedings of the National Academy of Sciences of the United States of 

America, 77(3), pp. 1561-1565.  

SEGER, R. and KREBS, E.G., 1995. The MAPK Signaling Cascade. The Federation of 

American Societies for Experimental Biology, 9, pp. 726-735.  

SHAPIRO, P.S., VAISBERG, E., HUNT, A.J., TOLWINSKI, N.S., WHALEN, A.M., 

MCINTOSH, R.J. and AHN, N.G., 1998. Activation of the MKK/ERK Pathway during 

Somatic Cell Mitosis: Direct Interaction of Active ERK with Kinetochores and Regulation 

of teh Mitotic 3F3/2 Phosphoantigen. The Journal of Cell Biology, 142(6), pp. 1533-1545.  

SHEN, Y.H., GODLEWSKI, J., ZHU, J., SATHYANARAYANA, P., LEANER, V., 

BIRRER, M.J., RANA, A. and TZIVION, G., 2003. Cross-talk Between JNK/SAPK and 

ERK/MAPK Pathways. The Journal of Biochemcal Chemistry, 278(29), pp. 26715-26721.  

SORGER, P.K., DOBLES, M., TOURNEBIZE, R. and HYMAN, A.A., 1997. Coupling 

cell division and cell death to microtubule dynamics. Current opinion in cell biology, 9, pp. 

807-814.  

STADHEIM, T.A., XIAO, H. and EASTMAN, A., 2001. Inhibition of extracellular signal-

regulated kinase (ERK) mediates cell cycle phase independent apoptosis in vinblastine-

treated ML-1 cells. Cancer research, 61(4), pp. 1533-1540.  

STANCATO, L.F., CHOW, Y., HUTCHINSON, K.A., PERDEW, G.H., JOVE, R. and 

PRATT, W.B., 1993. Raf Exists in a Native Heterocomplex with hsp90 and p50 that can be 



  

133 

Reconstituted in a Cell-free System. The Journal of Biological Chemistry, 268(29), pp. 

21711-21716.  

STORM, S.M., CLEVELAND, J.L. and RAPP, U.R., 1990. Expression of raf Family 

Proto-oncogenes in Normal Mouse Tissues. Oncogene, 5, pp. 345-351.  

SUGDEN, P.H. and CLERK, A., 1997. Regulation of the ERK subgroup of the MAP 

Kinase Cascades Through G Protein-Coupled Receptors. Cell Signal, 9(5), pp. 337-351.  

THORNBERRY, N.A. and LAZEBNIK, Y., 1998. Caspases: enemies within. Science 

(New York, N.Y.), 281(5381), pp. 1312-1316.  

TORII, S., YAMAMOTO, T., TSUCHIYA, Y. and NISHIDA, E., 2006. ERK MAP kinase 

in G cell cycle progression and cancer. Cancer science, 97(8), pp. 697-702.  

TORRIGLIA, A., NEGRI, C., CHAUDUN, E., PROSPERI, E., COURTOIS, Y., COUNIS, 

M.F. and SCOVASSI, A.I., 1999. Differential involvement of DNases in HeLa cell 

apoptosis induced by etoposide and long term-culture. Cell death and differentiation, 6(3), 

pp. 234-244.  

TOURNIER, C., HESS, P., YANG, D.D., XU, J., TURNER, T.K., NIMNUAL, A., BAR-

SAGI, D., JONES, S.N., FLAVELL, R.A. and DAVIS, R.J., 2000. Requirement of JNK for 

Stress-induced Activation of the Cytochrome c-mediated Death Pathway. Science, 288, pp. 

870-874.  

TZIVION, G., LUO, Z. and AVRUCH, J., 1998. A Dimeric 14-3-3 Protein is an Essential 

Cofactor for Raf Kinase Activity. Nature, 394, pp. 88-92.  

VERHEIJI, M., BOSE, R., LIN, X.H., YAO, B., JARVIS, W.D., GRANT, S., BIRRER, 

M.J., SZABO, E., ZON, L.I., KYRIAKIS, J.M., HAIMOVITZ-FRIEDMAN, A., FUKS, Z. 

and KOLESNICK, R.N., 1996. Requirement for Ceramide-initiated SAPK/JNK Signaling 

in Stress-induced Apoptosis. Nature, 380, pp. 75-79.  

VERLHAC, M.H., KUBIAK, J.Z., CLARKE, H.J. and MARO, B., 1994. Microtubule and 

chromatin behavior follow MAP kinase activity but not MPF activity during meiosis in 

mouse oocytes. Development (Cambridge, England), 120(4), pp. 1017-1025.  

VIVIER, E., NUNES, J. and VELY, F., 2004. Natural killercell signaling pathways. 

Science, 306, pp. 1517-1519.  



  

134 

VLAHOPOULOS, S. and ZOUMPOURLIS, V.C., 2004. JNK: a key modulator of 

intracellular signaling. Biochemistry.Biokhimiia, 69(8), pp. 844-854.  

VOJTEK, A.B. and DER, C.J., 1998. Increasing complexity of the Ras signaling pathway. 

The Journal of biological chemistry, 273(32), pp. 19925-19928.  

WANI, M.C., TAYLOR, H.L., WALL, M.E., COGGON, P. and MCPHAIL, A.T., 1971. 

Plant antitumor agents. VI. Isolation and structure of taxol, a novel antileukaemic and 

antitumor agent from Taxus Brevifolia. Journal of the American Chemical Society, 93(9), 

pp. 2325-2327.  

WARTMANN, M. and DAVIS, R.J., 1994. The Native Structure of the Activated Raf 

Protein Kinase is a Membrane-bound Multi-subunit Complex. The Journal of Biochemcal 

Chemistry, 269(9), pp. 6695-6701.  

WEAVER, B.A. and CLEVELAND, D.W., 2005. Decoding the links between mitosis, 

cancer, and chemotherapy: The mitotic checkpoint, adaptation, and cell death. Cancer cell, 

8(1), pp. 7-12.  

WEIL, M., JACOBSON, M.D., COLES, H.S., DAVIES, T.J., GARDNER, R.L., RAFF, 

K.D. and RAFF, M.C., 1996. Constitutive expression of the machinery for programmed 

cell death. The Journal of cell biology, 133(5), pp. 1053-1059.  

WENDELL, K.L., WILSON, L. and JORDAN, M.A., 1993. Mitotic block in HeLa cells by 

vinblastine: ultrastructural changes in kinetochore-microtubule attachment and in 

centrosomes. Journal of cell science, 104 ( Pt 2)(Pt 2), pp. 261-274.  

WIDMAN, C., GIBSON, S., JARPE, M.B. and JOHNSON, G.L., 1999. Mitogen-Activated 

Protein Kinase: Conservation of a Three-Kinase Module From Yeast to Human. 

Physiological Reviews, 79(1), pp. 143-180.  

WILLARD, F.S. and CROUCH, M.F., 2001. MEK, ERK, and p90RSK are present on 

mitotic tubulin in Swiss 3T3 cells: a role for the MAP kinase pathway in regulating mitotic 

exit. Cellular signalling, 13(9), pp. 653-664.  

WILSON, K.P., FITZGIBBON, M.J., CARON, P.R., GRIFFITH, J.P., CHEN, W., 

MCCAFFREY, P.G., CHAMBERS, S.P. and SU, M.S., 1996. Crystal structure of p38 

mitogen-activated protein kinase. The Journal of biological chemistry, 271(44), pp. 27696-

27700.  



  

135 

WOJNOWSKI, L., ZIMMER, A.M., BECK, T.W., HAHN, H., BERNAL, R., RAPP, U.R. 

and ZIMMER, A., 1997. Endothelial Apoptosis in B-Raf Deficient Mice. Nature Genetics, 

16, pp. 293-297.  

WOOD, K.W., CORNWELL, W.D. and JACKSON, J.R., 2001. Past and future of the 

mitotic spindle as an oncology target. Current opinion in pharmacology, 1(4), pp. 370-377.  

XIA, Z., DICKENS, M., RAINGEAUD, J., DAVIS, R.J. and GREENBERG, M.E., 1995. 

Opposing Effects of ERK and JNK-p38 MAP Kinases on Apoptosis. Science, 270, pp. 

1326-1331.  

YANG, D.D., KUAN, C.Y., WHITMARSH, A.J., RINCON, M., ZHENG, T.S., DAVIS, 

R.J., RAKIC, P. and FLAVELL, R.A., 1997. Absence of Excitotoxcity-induced Apoptosis 

in the Hippocampus of Mice Lacking the jnk3 Gene. Nature, 389, pp. 865-870.  

YOON, S. and SEGER, R., 2006. The Extracellular Signal-Regulated Kinase: Multiple 

Substrates Regulate Diverse Cellular Functions. Growth Factors, 24(1), pp. 21-44.  

YORK, R.D., YAO, H., DILLON, T., ELLIG, C.L., ECKERT, S.P., MCCLESEY, E.W. 

and STORK, P. J. S., 1998. Rap1 Mediates Sustained MAP Kinase Activation Induced by 

Nerve Growth Factor. Nature, 392, pp. 622-626.  

ZECEVIC, M., CATLING, A.D., EBLEN, S.T., RENZI, L., HITTLE, J.C., YEN, T.J., 

GORBSKY, G.J. and WEBER, M.J., 1998. Active MAP Kinase in Mitosis: Localisation at 

Kinetochores and Association with the Motor Protein CENP-E. The Journal of Cell 

Biology, 142(6), pp. 1547-1558.  

ZINCK, R., CAHILL, M.A., KRACHT, M., SACHSENMAIER, C., HIPSKIND, R.A. and 

NORDHEIM, A., 1995. Protein Synthesis Inhibitors Reveal Differential Regulation of 

Mitogen-actived Protein Kinase and Stress-activated Protein Kinase Pathways that 

Converge on Elk-1. Molecular and Cellular Biology, 15(9), pp. 4930-4938.  

 

Web-based References 

http://claim.springer.de/EncRef/CancerResearch/samples/0003.htm 

 


	Title pages
	FINAL COPY_Part1
	FINAL COPY_Part2_Part1_Part1
	Results landscape_Part1
	FINAL COPY_Part2_Part1_Part3
	Results landscape_Part2
	Results landscape_Part3
	Results landscape_Part4
	Results landscape_Part5
	FINAL COPY_Part2_Part1_Part8
	Results landscape_Part6
	Results landscape_Part7
	FINAL COPY_Part2_Part1_Part11
	Results portrait_Part1
	Results portrait_Part2
	Results portrait_Part3
	Results portrait_Part4
	Results landscape_Part8
	FINAL COPY_Part2_Part1_Part17
	FINAL COPY_Part2_Part1_Part18
	Results landscape_Part9
	Results landscape_Part10
	FINAL COPY_Part2_Part1_Part21
	FINAL COPY_Part2_Part1_Part22
	Results landscape_Part11
	Results portrait_Part5
	Results portrait_Part6
	FINAL COPY_Part2_Part1_Part26
	Results landscape_Part12
	FINAL COPY_Part2_Part1_Part28
	FINAL COPY_Part2_Part1_Part29
	Results portrait_Part7
	Results portrait_Part8
	FINAL COPY_Part2_Part1_Part32
	FINAL COPY_Part2_Part1_Part33
	Results portrait_Part9
	Results landscape_Part13
	FINAL COPY_Part2_Part1_Part36
	Results landscape_Part14
	Results landscape_Part15
	FINAL COPY_Part2_Part1_Part39
	Results landscape_Part16
	Results landscape_Part17
	FINAL COPY_Part2_Part1_Part42
	Results landscape_Part18
	FINAL COPY_Part2_Part1_Part44
	FINAL COPY_Part2_Part1_Part45
	Results landscape_Part19
	FINAL COPY_Part2_Part1_Part47
	FINAL COPY_Part2_Part1_Part48
	Results landscape_Part20
	FINAL COPY_Part2_Part2
	FINAL COPY_Part3



