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Sarah Louise Pashley 

Abstract 

EML4-ALK fusions are found in approximately 5% of lung cancer patients. Multiple variants 

of the EML4-ALK fusion exist due to alternate breakpoints in the EML4 gene. EML4-ALK 

variant 3 (V3) is a significant clinical risk factor being associated with accelerated metastasis, 

heightened resistance to ALK inhibitor treatment and worse survival rates compared to 

other common variants, such as V1. Interestingly, EML4-ALK V3 but not V1 binds interphase 

microtubules. Cells expressing EML4-ALK V3 display a more mesenchymal-like morphology 

and exhibit enhanced migration. These phenotypic changes rely on EML4-ALK V3 interaction 

and activation of the NEK9 and NEK7 kinases. However, the downstream substrates of this 

pathway and how they contribute to oncogenic progression remain unclear. 

 

Here, we have tested the hypothesis that the mitotic kinesin, Eg5, is a downstream 

substrate of the EML4-ALK V3:NEK9:NEK7 pathway. NEK7 is known to phosphorylate Eg5 to 

promote centrosome separation in mitosis and dendrite extension in post-mitotic neurons. 

Strikingly, we found that in proliferating cells, Eg5 is recruited to interphase microtubules in 

cells expressing EML4-ALK V3 but not V1. Furthermore, this recruitment was reduced upon 

depletion of NEK7 from V3 cells. The mesenchymal morphology of V3 cells was also lost 

upon chemical inhibition of Eg5 or expression of a phosphonull-Eg5 mutant. We therefore 

propose that Eg5 is a downstream substrate of the EML4-ALK V3:NEK9:NEK7 pathway that 

contributes to microtubule-dependent morphological changes in cells expressing V3. 

 

We also investigated whether EML4-ALK V3 has a role at the centrosome based on recent 

published findings that cells expressing V3 exhibit centrosome amplification and enhanced 

microtubule nucleation. Strikingly, we found EML4-ALK V3 but not V1 co-localised with 

interphase centrosomes but that this was not associated with recruitment of Eg5. Together, 

our data provide new mechanistic insights that reveal novel therapeutic opportunities for 

treatment of lung cancer patients with EML4-ALK V3.  
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1.1. Lung cancer 

1.1.1. Incidence, classification and diagnosis 

Lung cancer remains the leading cause of cancer related death worldwide, accounting for 

around a quarter of these deaths (cancer.org, 2022). In the UK, 21% of cancer-related 

deaths are the result of lung cancer (Cancer Research UK, nd). According to the American 

Cancer Society, more people die from lung cancer each year than breast, colon and prostate 

cancers combined (cancer.org, 2022). Lung cancers are classified as either small cell lung 

cancer (SCLC) or non-small cell lung cancer (NSCLC) with around 85% of lung cancers being 

NSCLC (Figure 1.1) (cancer.org, 2022). NSCLC is further divided into three categories: 

adenocarcinomas, squamous cell carcinomas and large cell carcinomas, with 

adenocarcinomas being the most common type, accounting for around 40% of all NSCLC 

cases (Figure 1.1) (National Cancer Institute, 2022; Zappa and Mousa, 2016).  

 

Adenocarcinomas arise in alveolar cells that secrete mucus usually in the periphery of the 

lung. In contrast, squamous cell carcinomas arise from epithelial cells that line the airways 

and extend into the centre of the lungs (Zappa and Mousa, 2016). Large cell carcinomas are 

often diagnosed as a tumour that fails to fit into adenocarcinoma or squamous cell 

carcinoma categories, but also usually tend to begin in the centre of the lung (Zappa and 

Mousa, 2016). This classification of lung cancer is usually determined using 

immunohistochemical (IHC) analysis of tissue samples taken from a patient’s tumour. 

Adenocarcinomas and squamous cell carcinomas both have distinct diagnostic markers, 

Thyroid Transcription Factor-1 (TTF-1) for adenocarcinoma and p40 or p63 for squamous cell 

carcinoma (Fletcher, 2019; Stenhouse et al., 2004; Nobre, Albergaria and Schmitt, 2013). 

Large cell carcinoma is usually diagnosed if none of these diagnostic markers are found 

(Fletcher, 2019). 

 

1.1.2. Oncogenic drivers of lung adenocarcinoma 

Many lung adenocarcinomas share common genetic alterations. Three of the most 

frequently seen oncogenic drivers are KRAS mutations, EGFR mutations and ALK  



3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Histological classification of lung cancer. Lung cancers are categorised as either SCLC or 

NSCLC (top). NSCLC are then further subcategorised into adenocarcinoma, squamous cell carcinoma 

or large cell carcinoma based on IHC analysis (bottom). Figure adapted from Targeted Oncology 

(2017). 
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rearrangements (Figure 1.2) (Luo and Lam, 2013; Grosse et al., 2019). Many other genetic 

alterations have been identified, such as mutations in BRAF or MET or fusions of ROS1 or 

RET, albeit these occur less frequently and will not be discussed further in this thesis 

(Chevallier et al., 2021).  

 

Mutations in the Kirsten rat sarcoma (KRAS) gene occur in approximately 30% of lung 

adenocarcinomas, making these the most common oncogenic driver of this cancer type 

(Chevallier et al., 2021; Grosse et al., 2019). As KRAS is a small GTPase, some mutations lead 

to its constitutive activation and subsequently the activation of signalling cascades which 

result in cancer cell proliferation (Chevallier et al., 2021). Interestingly, the mutation of 

residue G12 is frequently seen in multiple cancer types and is thought to account for as 

many as 89% of KRAS mutations (Liu, Kang and Tang, 2022). Most commonly mutated to 

G12C in NSCLC, inhibitors that target this mutant protein have been developed: sotorasib 

and adagrasib (Liu, Kang and Tang, 2022). Excitingly, sotorasib was approved for the 

treatment of NSCLC by the FDA in 2021 and was made available to patients in the UK via the 

NHS a year later (Jaber, 2021; NHS England, 2022). Previously, patients that presented with 

mutant KRAS would have been treated with chemotherapy and, more recently, 

immunotherapy (Chevallier et al., 2021). 

 

The second most frequently occurring genetic alteration in lung adenocarcinoma is 

mutation of the Epidermal Growth Factor receptor (EGFR), with approximately 19% of these 

cancers possessing a mutation in this gene (Chevallier et al., 2021; Grosse et al., 2019). EGFR 

belongs to the ErbB family of receptors and consists of an extracellular ligand binding 

domain, a transmembrane domain and an intracellular tyrosine kinase domain (Díaz-Serrano 

et al., 2018). Ligand binding to EGFR results in its dimerization, either with itself or other 

members of the ErbB receptor family, and activation of the tyrosine kinase domain. 

Activation of EGFR results in activation of multiple downstream signalling pathways 

including JAK/STAT, PI3K/Akt and RAS/RAF/MAPK, which ultimately lead to cell proliferation, 

survival and migration (Díaz-Serrano et al., 2018). In lung cancers, deletion of exon 19 or  
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Figure 1.2. Incidence of oncogenic drivers of lung adenocarcinoma. The three most common 

oncogenic drivers of lung adenocarcinoma are proportionally shown in the pie chart – KRAS (blue), 

EGFR (green) and ALK (pink). Other (orange) represents all other known oncogenic drivers of these 

cancers as well as samples where no oncogenic driver is identified. 
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L858R substitution in exon 21, both found in the tyrosine kinase domain, collectively 

account for around 90% of oncogenic genetic alterations present in EGFR (Díaz-Serrano et 

al., 2018; Chevallier et al., 2021). These alterations result in ligand-independent activation of 

EGFR and drive cell proliferation through activation of the downstream signalling pathways 

(Chevallier et al., 2021). Interestingly, EGFR mutations frequently occur in patients with 

limited smoking history (Díaz-Serrano et al., 2018). To date, three generations of EGFR 

inhibitors have been approved for use in the clinic, although acquired resistance is a 

significant problem and forms the basis of further research into future generations of EGFR 

inhibitors (Díaz-Serrano et al., 2018). 

 

The third most common genetic alteration found in lung adenocarcinomas is fusion of the 

Anaplastic Lymphoma Kinase (ALK) gene, which exists in approximately 5% of lung 

adenocarcinomas (Grosse et al., 2019; Chevallier et al., 2021). Multiple ALK fusion partners 

have been identified. However, the most common fusion partner in NSCLC is EML4 (Du et 

al., 2018; Liu et al., 2020). EML4-ALK fusions are thoroughly discussed in section 1.2. and 

form the basis for this study. 

 

1.1.3. Current treatments of lung cancer 

Current treatments for lung cancer include surgery, radiotherapy, chemotherapy and 

immunotherapy and are very much assessed on a case-by-case basis. Factors that determine 

which treatment is most suitable for each patient include whether the cancer is in one lung 

or both, whether the cancer has spread further than the lungs and a patient’s general health 

(nhs.uk, 2019). If the cancer is just in one lung and the patient is in good health generally, 

surgery is usually recommended. The procedure recommended depends on the number, 

size and positioning of the tumour(s) and will either involve removing one small piece of the 

lung (small tumours in one position in the lung); a large piece of the lung (larger tumour in 

one position) or the entire lung (if the tumour is located in the middle of the lung or there 

are multiple tumours throughout the lung). This may then be followed by chemotherapy to 

ensure any cancerous cells left behind after surgery are killed (NHS, 2019; Zappa and 

Mousa, 2016).  
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If surgery is deemed unsuitable for a patient, radiotherapy can be offered as an alternative 

(Lemjabbar-Alaoui et al., 2015; NHS, 2019). This can either be used alone or in combination 

with chemotherapy. Radiotherapy can be given in different ways – either externally 

(conventional or stereotactic) or internally where a radioactive material delivered by a 

catheter is pressed up against the tumour. External radiotherapy is more commonly used in 

the treatment of lung cancer and internal radiotherapy is more often used in palliative care 

(NHS, 2019).  

 

If the cancer has spread beyond the lungs, chemotherapy or immunotherapy are 

recommended (Lemjabbar-Alaoui et al., 2015; NHS, 2019). Chemotherapy provides a 

combination of toxic drugs such as platinum compounds (cisplatin/carboplatin), taxanes 

(docetaxel/paclitaxel), vinca alkaloids (vinblastine), usually administered via an intravenous 

drip and given repeatedly over multiple sessions (Zappa and Mousa, 2016). The number of 

chemotherapy sessions needed depend on the type and grade of the cancer. Alternatively, 

immunotherapy aims to stimulate the immune system to attack cancer cells. Common 

immunotherapeutic drugs used in the treatment of lung cancer are pembrolizumab and 

atezolizumab (NHS, 2019).  

 

Finally, if the cancer contains specific mutations such as the ones described in section 1.1.2., 

targeted therapies may be offered either as an alternative to chemotherapy, or after a 

course of chemotherapy has been given. Targeted therapies include sotorasib for KRAS 

mutations, EGFR inhibitors, such as erlotinib or gefinitib, and ALK inhibitors which are 

discussed further in section 1.2.5. (NHS, 2019; Lemjabbar-Alaoui et al., 2015; Jaber, 2021).  

 

1.2. EML4-ALK fusions  

1.2.1. Discovery and occurrence in cancer 

EML4-ALK fusions were first identified in 2007 through screening of cDNA libraries produced 

from a specimen taken from a Japanese NSCLC patient (Soda et al., 2007). In the same 

study, transfection of EML4-ALK constructs into mouse 3T3 fibroblasts confirmed the 
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transformative activity of EML4-ALK and injection of these fibroblasts into nude mice led to 

the development of tumours (Soda et al., 2007). Further screening of a larger cohort of 

patients revealed that EML4-ALK fusions are found in approximately 5% of NSCLCs (Soda et 

al., 2007). These fusions have since been identified in a variety of other cancers, including 

but not limited to: breast, colorectal and pancreatic cancers (Lin et al., 2009; Ou et al., 2021; 

Singhi et al., 2017).   

 

EML4-ALK fusions are the result of a chromosome inversion event of chromosome 2p (Soda 

et al., 2007). Since the initial discovery, over fifteen different variants of EML4-ALK have 

been identified, further described in section 1.2.4 (Sabir et al., 2017). Interestingly, EML4-

ALK fusions are most commonly identified in younger patients who have no or light smoking 

history (Sasaki et al., 2010). Importantly, EML4-ALK fusions are mutually exclusive to other 

common oncogenic drivers of NSCLC, including mutations in EGFR and KRAS, and are now 

routinely screened for in lung cancer patients (Gainor et al., 2013; Lei et al., 2022). 

 

1.2.2. Echinoderm microtubule-associated protein-Like (EML) proteins 

The founding member of the Echinoderm Microtubule Associated Protein (EMAP) family 

was initially discovered in extracts from unfertilised sea urchin eggs and was found to co-

purify with microtubules and decorate microtubules both in interphase and mitotic cells 

(Suprenant et al., 1993). EMAP orthologs were later identified in other species including 

worms and humans (termed EMAP-like proteins (ELP or EML)) and are relatively well 

conserved, with most EMLs having a basic N-terminal domain and a C-terminal domain 

containing WD repeats (Suprenant et al., 2000; Hueston et al., 2008). 

 

Humans express six EML proteins termed EML1-EML6 (Fry et al., 2016). Structurally, EML1-

EML4 are highly similar, whereas EML5 and EML6 diverge from the typical EMAP structure. 

EML1-EML4 possess a relatively unstructured N-terminus consisting of a coiled coil and basic 

linker region and a highly structured C-terminus containing WD repeats and a hydrophobic 

EML protein (HELP) motif. Collectively, the structure formed by the WD repeats and HELP 
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motif is referred to as the Tandem Atypical β-Propeller in EML protein (TAPE) domain (Fry et 

al., 2016; Richards et al., 2014). Interestingly, EML5 and EML6 contain no N-terminal coiled 

coil and encompass three contiguous TAPE domains (Figure 1.3) (Fry et al., 2016).  

 

A crystal structure of the TAPE domain from EML1 was solved that revealed a pair of β-

propellers formed from the WD repeats with the HELP domain forming a hydrophobic core 

between the two propellers (Richards et al., 2014). Interestingly, one of the β-propellers 

was found to deviate from the canonical structure typical of seven bladed β-propellers 

(Richards et al., 2014). Usually, each blade of a seven bladed β-propeller consists of 

antiparallel β-sheets which twist to form four strands and this is true of the N-terminal β-

propeller of the EML1 TAPE domain (Richards et al., 2014). The C-terminal β-propeller on 

the other hand, consists of six canonical blades and one non-canonical blade, where two 

individual subdomains form blade 12 rather than the continuous four stranded β-sheet 

structure previously described (Richards et al., 2014). Overall, the structural integrity of the 

TAPE domain is maintained despite the non-canonical blade in the C-terminal β-propeller, 

however the secondary structure is different to typical seven bladed β-propeller proteins 

(Richards et al., 2014).  

 

Crystal structures of the EML2 and EML4 N-terminal coiled coil regions were also solved 

which revealed the coiled coil is necessary for trimerization of EML proteins leading to this 

region being called the trimerization domain (TD) (Richards et al., 2015). Moreover, EML 

proteins contain a conserved ALAD (alanine, leucine, alanine, aspartic acid) motif within the 

TD, consisting of 17 amino acids which facilitates self-association. Intriguingly, EML proteins 

not only self-associate but, in some cases, heterotrimers can be formed (Richards et al., 

2015). Specifically, where the ALAD motif sequence is reasonably conserved between EML 

proteins, as is the case between EML2 and EML3 but not EML1 and EML3, co-

immunoprecipitation experiments revealed hetero-association of the different EML proteins 

(Richards et al., 2015). In addition to trimerization, the TD was also shown to be required for 

microtubule binding. However, the TD alone was not sufficient to confer microtubule 

association but the N-terminal domain as a whole could associate suggesting other 
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Figure 1.3. EML proteins. Schematic diagram showing the sea urchin Echinoderm Microtubule 

Associated Protein (EMAP) and the six human orthologs (EML1-EML6). All EMLs (and EMAP) contain 

a basic N-terminus (green) and at least one TAPE domain (purple). In addition, EML1-EML4 contain 

an N-terminal coiled coil (yellow) which facilitates trimerization. Figure adapted from Fry et al. 

(2016). 
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residues in the N-terminal basic linker region are required in addition to the TD (Richards et 

al., 2015). Interestingly, the TAPE domain was shown to be capable of binding soluble α/β 

tubulin heterodimers (Richards et al., 2014).  

 

EML1-EML4 have all been shown capable of binding interphase microtubules (Richards et 

al., 2015; Eichenmüller et al., 2002; Tegha-Dunghu et al., 2008; Pollmann et al., 2006; 

Houtman et al., 2007). In contrast, it has recently been shown in our lab using YFP/FLAG 

tagged constructs that EML5 and EML6 do not associate with interphase microtubules, 

consistent with these two EMLs lacking the N-terminal coiled coil domain (Hafiyani, 2022). 

Interestingly, EML6 was seen to localise at the spindle poles late in mitosis and around the 

contractile ring at cytokinesis, suggesting that EML6 may have a unique role towards the 

end stages of cell division, although this remains to be elucidated (Hafiyani, 2022).  

 

In addition to binding interphase microtubules, EML1-EML4 have all previously been found 

to localise to the mitotic spindle (Eichenmüller et al., 2002; Tegha-Dunghu et al., 2008; 

Pollmann et al., 2006). However, studies in our lab revealed that both EML3 and EML4 

dissociate from microtubules of the mitotic spindle (Fry et al., 2016; Adib et al., 2019). 

Interestingly, it was shown that the mitotic kinases NEK6 and NEK7 (discussed in section 

1.3.2.2) phosphorylate the N-terminal domain of EML4 at residues S144 and S146 and this 

phosphorylation perturbed EML4-microtubule interaction (Adib et al., 2019). Mutation of 

these two residues to alanine resulted in EML4 still being present on the mitotic spindle, 

increasing the stability of the spindle microtubules and disturbing chromosome congression 

(Adib et al., 2019).  

 

It is clear from previous studies that the binding of EMLs to microtubules affects their 

dynamics. However, these studies present contrasting views on whether EMLs stabilise or 

destabilise microtubules (Houtman et al., 2007; Eichenmüller et al., 2002). These studies 

were performed on different EML proteins, so it is possible that distinct EMLs alter 

microtubule dynamics in a different manner. In addition, there is evidence of alternative 
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splicing of EML proteins so it could also be that different splice variants regulate 

microtubules in contrasting ways (Lepley, Palange and Suprenant, 1999). Indeed, a recent 

study provided some evidence for this where it was found that the short isoform of EML2 

(EML2-S) preferentially binds tyrosinated microtubules whereas full length EML2 (EML2-L) 

had no preference for tyrosinated or detyrosinated microtubules (Hotta et al., 2022). Hence, 

at the current time, the role of different EMLs in regulating microtubule dynamics remains 

unclear and further research is needed. 

 

There is also evidence of EML proteins being associated with human disease. For example, 

EML1 has previously been linked to Usher’s syndrome where patients suffer from deafness 

and blindness (Eudy et al., 1997). Furthermore, EML1 mutations have been attributed to 

neuronal heterotopia in mice and humans, a defect in neuronal cell migration (Kielar et al., 

2014). Similarly, upregulation of EML5 expression in neurons and glial cells has been linked 

to epilepsy (Sun et al., 2015). These diseases are all consistent with the expression of EML 

proteins in the nervous system and their suspected roles in development and mechano-

transmission (Houtman et al., 2007; Kielar et al., 2014; O’Connor et al., 2004; Hueston et al., 

2008).  

 

Importantly, EML proteins have been associated with cancer where they are commonly 

fused to other genes forming oncogenic fusion proteins. These fusion genes are arguably 

more studied than the EML proteins themselves. A fusion between EML1-ABL1 was the first 

oncogenic fusion involving an EML protein to be identified in 2005 in T cell acute 

lymphoblastic leukaemia (De Keersmaecker et al., 2005). Subsequently, EML4-ALK fusions 

were identified in NSCLC (discussed in depth in section 1.2.4) (Soda et al., 2007). More 

recently, a double fusion involving the fusion of EML6 to ALK and FBXO11-ALK has also been 

identified in a tumour from a lung adenocarcinoma patient, although this fusion is currently 

poorly characterised (Lin, Ren and Liang, 2018). It will be interesting to see if other fusions 

involving EML proteins come to light in the future. 
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1.2.3. Anaplastic Lymphoma Kinase (ALK)  

The Anaplastic Lymphoma Kinase (ALK) was first discovered in 1994 as part of an oncogenic 

fusion protein formed with nucleophosmin (NPM) in anaplastic large cell lymphoma (ALCL) 

(Morris et al., 1994). Strikingly, around a third of tumours of this type have an NPM-ALK 

fusion in which the C-terminal kinase domain of ALK is fused to the N-terminus of NPM 

(Morris et al., 1994). After the identification of NPM-ALK in ALCL, research began 

investigating the normal role of ALK in cell biology. It was later discovered by two groups 

that ALK was a receptor tyrosine kinase (RTK) consisting of an extracellular ligand binding 

domain, a transmembrane domain and an intracellular tyrosine kinase domain (Figure 1.4) 

(Morris et al., 1997; Iwahara et al., 1997). Both of these studies reported the exclusive 

expression of ALK in the nervous system where it is believed to be important for the normal 

development and function of the nervous system (Morris et al., 1997; Iwahara et al., 1997). 

However, the physiological role of ALK remains poorly understood. 

 

The kinase domain of ALK has striking similarity to that of the insulin receptor and for this 

reason ALK is included in a subfamily of the insulin receptor superfamily (Morris et al., 1997; 

Hallberg and Palmer, 2016). However, the extracellular ligand binding domain shows more 

divergence from other RTKs and includes a low-density lipoprotein receptor class A domain 

(LDLa), meprin A-5 protein and receptor protein-tyrosine phosphatase mu (MAM) domains 

and a glycine-rich region (Lorén et al., 2001).  

 

The ligands capable of activating ALK were discovered much later. FAM150A and FAM150B 

were both found to bind to the ALK extracellular domain and activate ALK signalling (Guan 

et al., 2015; Reshetnyak et al., 2015; Reshetnyak et al., 2021; De Munck et al., 2021). These 

ligands were found to be highly expressed in the thyroid and adrenal glands respectively 

(Zhang et al., 2014), although studies of these ligands remain scarce. Upon ligand binding, 

ALK dimerises and autophosphorylation results in release of an autoinhibitory confirmation 

and thus activates ALK (Figure 1.4) (Bossi et al., 2010; Lee et al., 2010; Della-Corte et al., 

2018). ALK signalling activates a plethora of downstream signalling pathways, including 

MEK/ERK, JAK/STAT and PI3K/Akt, making it easy to see how the deregulation of ALK can  
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Figure 1.4. The ALK tyrosine kinase receptor. (A) The ALK kinase consists of an intracellular tyrosine 

kinase domain (white) and transmembrane and juxtamembrane domains (yellow and lilac) typical of 

the insulin receptor superfamily. The extracellular domain is less reminiscent of the insulin receptor 

superfamily and consists of MAM domains (blue), an LDLa domain (green) and a glycine rich region 

(red). The dotted brown line represents the breakpoint in ALK, the intracellular portion of which 

forms fusion proteins such as EML4-ALK or NPM-ALK. (B) The ALK receptor (green) is a 

transmembrane receptor (cell membrane shown). Ligands (blue) bind the extracellular domain of 

ALK resulting in its dimerization and activation. Once active, ALK activates multiple signalling 

pathways (black arrows). Adapted from Sabir et al. (2017). 
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contribute to oncogenic progression (Hallberg and Palmer, 2016). 

 

In the case of cancer, ALK activation is achieved independently of ligand binding. This can be 

achieved in one of two ways: (i) activating mutation of ALK or (ii) ALK dimerization mediated 

by a fusion partner (Hallberg and Palmer, 2016). A number of ALK activating mutations have 

been identified in neuroblastoma, a common and often fatal childhood cancer (George et 

al., 2008). For example, ALK mutation was found in 8% of primary neuroblastoma patient 

samples and the most frequently seen mutation, F1174L, was subsequently found in three 

neuroblastoma cell lines (George et al., 2008). These mutations were shown to activate ALK 

leading to the phosphorylation of downstream substrates, such as STAT3 and Akt, and the 

ability of these mutants to transform cytokine dependent Ba/F3 cells (George et al., 2008). 

Alternatively, the fusion of ALK to proteins such as NPM or EML4 results in dimerization of 

the fusion proteins and subsequent autophosphorylation of ALK, resulting in constitutive 

activation of the ALK kinase domain (Hallberg and Palmer, 2016). Although these are the 

most commonly reported ALK fusions, a vast array of other fusions involving ALK do exist, 

some of which are also found in ALCL or NSCLC (Hallberg and Palmer, 2016; Xiang et al., 

2022). 

 

1.2.4. EML4-ALK fusion proteins 

EML4-ALK fusions consist of the N-terminal region of EML4 fused to the C-terminal tyrosine 

kinase domain of ALK (Soda et al., 2007). The amount of EML4 incorporated into the fusion 

differs between variants, due to there being different breakpoints in the EML4 gene, 

although all EML4-ALK variants contain the same portion of the ALK kinase (Sabir et al., 

2017). Soda et al. (2007) initially discovered two variants of EML4-ALK, variant 1 and 2 (V1 

and V2), where introns 13 and 20 of EML4 were fused to intron 20 of ALK, respectively. 

Variants 3a and 3b (V3a/V3b) were discovered shortly afterwards, both of which consist of 

the first six exons of EML4 fused to exon 20 of ALK; V3b contains an extra eleven amino 

acids not present in V3a as a result of alternative splicing (Choi et al., 2008). Interestingly, 

V1, V2 and V3 collectively account for approximately 90% of EML4-ALK fusions detected in 

lung cancer patients (Sabir et al., 2017). Other less common variants of EML4-ALK have also 
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been discovered, with as many as fifteen EML4-ALK variants currently described (Sabir et al., 

2017). 

 

The alternative breakpoints in the EML4 gene mean that EML4-ALK variants diverge in the 

functional domains of EML4 that they possess. Importantly, all EML4-ALK variants contain 

the trimerization domain (TD) of EML4 which results in the trimerization of EML4-ALK 

variants. This facilitates ALK autophosphorylation and constitutive activation of the ALK 

kinase (Richards et al., 2015). Constitutive activation of ALK results in oncogenic signalling 

downstream of EML4-ALK variants, including through the PI3K/Akt, Ras/Raf/MEK/ERK and 

JAK/STAT pathways contributing to cell proliferation, survival and migration (Hallberg and 

Palmer, 2016; Sabir et al., 2017; Papageorgiou et al., 2022). Moreover, EML4-ALK variants 

can be incorporated into phase separated foci which act as signalling hubs promoting 

oncogenic progression (Sampson et al., 2021; Tulpule et al., 2021; Qin et al., 2021).  

 

EML4-ALK variants can be categorised into long variants, which contain a partial TAPE 

domain (V1, V2 and V4) and short variants, which contain no TAPE domain (V3 and V5) 

(Figure 1.5). As described in section 1.2.2, the TAPE domain is a highly structured region and 

the inclusion of a disrupted TAPE domain in longer EML4-ALK variants renders these fusion 

proteins unstable. Moreover, the longer EML4-ALK variants rely on interaction with 

molecular chaperone HSP90 for stability (Heuckmann et al., 2012; Richards et al., 2014). 

Interestingly, the differences in protein stability exhibited by EML4-ALK variants has 

previously been linked to sensitivity to ALK inhibitors, with patients with V3 or V5 showing 

greater resistance to targeted ALK inhibition (Woo et al., 2017; Heuckmann et al., 2012). 

This is consistent with findings that patients with EML4-ALK V3 have shorter progression-

free survival and worse overall survival than patients with longer EML4-ALK variants 

(Christopoulos et al., 2018; Woo et al., 2017).  

 

The intracellular localisation of EML4-ALK variants also varies greatly. Whilst longer variants 

predominantly form aggregates in the cytoplasm, EML4-ALK V3 is recruited to interphase  
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Figure 1.5. EML4-ALK variants. A schematic view of the first five EML4-ALK variants discovered are 

shown. They all contain the C-terminal ALK tyrosine kinase domain (white). Shorter variants (V3 and 

V5) contain only the coiled coil (yellow) and some of the basic region (green) of EML4. In addition to 

this, longer variants contain part of the EML4 TAPE domain (purple). Text on the right-hand side 

indicates which exons of EML4 (E) are fused with ALK exon 20 (A20). Adapted from Sabir et al. 

(2017). 
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microtubules (Richards et al., 2015; O’Regan et al., 2020). It has been shown that the N-

terminal portion of EML4, including the TD and basic linker region, is required for 

microtubule binding (Richards et al., 2015). Although all EML4-ALK variants contain the TD 

and at least part of the linker region, it is possible that the interaction of longer variants with 

HSP90 may sterically block the interaction of longer variants with microtubules (Richards et 

al., 2015). However, a recent study has shown that an EML4-ALK V1 mutant with deletion of 

the 12N blade from the EML4 TAPE domain was able to localise to microtubules, suggesting 

that a misfolded 12N blade may block the interaction of longer EML4-ALK variants with 

microtubules (Sampson et al., 2021).  

 

EML4-ALK V3 not only binds interphase microtubules but also remains bound to spindle 

microtubules during mitosis. This is in contrast to wild type EML4, which is removed from 

microtubules upon mitotic entry (Lucken et al., 2022; Adib et al., 2019). Interestingly, cells 

expressing V3 exhibit hyperstabilised K-fibers and exhibit more mitotic errors, including 

misaligned and lagging chromosomes, than cells expressing EML4-ALK V1 (Lucken et al., 

2022). In addition, EML4-ALK V3 expressing cells also exhibit centrosome amplification and 

an enhanced microtubule nucleation capacity compared to V1 expressing cells, suggesting 

EML4-ALK V3 may affect centrosome biology (Lucken et al., 2022; Sampson et al., 2022).  

 

The ability of EML4-ALK V3 to bind to interphase microtubules may well be responsible for 

some of the more aggressive properties of tumours with this variant. In support of this 

hypothesis, cultured cells expressing EML4-ALK V3 appear more mesenchymal in shape 

compared to cells expressing the longer EML4-ALK variants, such as V1. Specifically, they 

appear more elongated and form long cytoplasmic protrusions that contain microtubules 

and actin filaments (O’Regan et al., 2020). V3 expressing cells also exhibit accelerated and 

less directional migration as demonstrated using wound healing, single cell tracking and 

Boyden chamber-style directional migration assays (O’Regan et al., 2020). Cells expressing 

V3 also contain more stable microtubules compared to cells expressing longer EML4-ALK 

variants. This was demonstrated by the detection of elevated acetylated tubulin levels by 

both Western blotting and immunofluorescence microscopy (O’Regan et al., 2020; Sampson 
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et al., 2022).  Consistent with this, microtubules in cells expressing EML4-ALK V3 were more 

resistant to the microtubule destabilizing drug, vincristine, compared to cells expressing 

EML4-ALK V1 (Sampson et al., 2022). Thus, it is plausible that microtubule stabilisation in 

EML4-ALK V3 cells may be responsible for the mesenchymal morphology and accelerated 

migration phenotypes and contribute to treatment failure in NSCLC patients. 

 

The mesenchymal-like changes in cells expressing EML4-ALK V3 were found to depend on 

the NEK9 and NEK7 kinases (described in section 1.3) (O’Regan et al., 2020). EML4-ALK V3, 

NEK9 and NEK7 are believed to form a complex. A physical interaction between EML4-ALK 

V3 and the NEK9 kinase was demonstrated by co-immunoprecipitation, whilst a direct 

interaction between NEK9 and NEK7 has also been confirmed by biochemical and structural 

biology approaches (O’Regan et al., 2020; Haq et al., 2015; Belham et al., 2003). Persuasive 

evidence also suggests that the catalytic activity of both NEK9 and NEK7 are required for the 

formation of protrusions, the increased migration and the stabilisation of microtubules in V3 

cells (O’Regan et al., 2020). When NEK9 or NEK7 were depleted from cells expressing V3, 

cell length and migration were reduced while migration became more directional. 

Furthermore, cell lines expressing constitutively active mutants of NEK9 or NEK7 developed 

similar morphologies to cells expressing EML4-ALK V3, whereas no morphology changes 

were seen in cells expressing kinase inactive NEK9 or NEK7. Cells expressing activated NEK9 

or NEK7 also migrated further, faster and less directionally than their respective parental 

cell lines. In addition, acetylated tubulin expression was significantly higher in the activated 

NEK9 cell line compared to cells expressing WT or kinase inactive NEK9. Importantly, 

chemical inhibition of ALK or expression of a catalytically-inactive EML4-ALK V3 induced 

neither morphology changes or increased migration. Together, these data suggest that the 

NEK9 and NEK7, but not ALK, kinases must be active in order for microtubule stabilisation, 

cell morphology and migration changes to occur (O’Regan et al., 2020).   

 

Therefore, our current working model is that EML4-ALK V3 recruits NEK9 to interphase 

microtubules where it becomes locally activated and this in turn recruits and activates NEK7 

(Figure 1.6) (O’Regan et al., 2020). Whilst it is clear that the NEK9 and NEK7 kinases act  
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Figure 1.6. Current working model of EML4-ALK V3:NEK9:NEK7 pathway. EML4-ALK V3 (blue) is 

capable of binding microtubules through the N-terminal domain of EML4. EML4 physically interacts 

with NEK9 (green) which in turn directly interacts with NEK7 (orange). Together, this leads to 

increased microtubule stabilisation, cell elongation and accelerated cell migration. 
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downstream of EML4-ALK V3 to promote changes in morphology and migration, the 

downstream substrates and mechanisms remain unclear. Nevertheless, these observations 

offer a potential explanation for the increased metastatic spread and ALK inhibitor 

resistance characteristic of patients with EML4-ALK V3 driven cancers (Christopoulos et al., 

2018). 

 

1.2.5. ALK inhibitors in current therapies 

The current standard of care treatment for patients with ALK-positive NSCLC are targeted 

ALK inhibitors (Woo et al., 2017). Following identification of EML4-ALK as an oncogenic 

driver, attention immediately turned to the possible use of drugs that had already been 

developed that inhibited the catalytic activity of ALK, such as crizotinib. Initially, studies 

confirmed the treatment of NSCLC with crizotinib was superior to standard chemotherapy 

approaches using drugs such as pemetrexed or docetaxel, with progression free survival 

(PFS) significantly longer in patients treated with crizotinib (Kwak et al., 2010; Shaw et al., 

2013; Solomon et al., 2014). This led to the fast-track approval of crizotinib by the FDA for 

treatment of ALK+ NSCLC in 2011 (Kazandjian et al., 2014). However, it quickly became 

apparent that these cancers acquire resistance to these inhibitors (Rolfo et al., 2014). 

Common mutations in the ALK catalytic domain that confer resistance include L1196M, 

C1156Y and G1202R (Choi et al., 2010; Heuckmann et al., 2011; Gainor and Shaw, 2013; 

Elshatlawy et al., 2023). In an attempt to combat this, later generations of ALK inhibitors 

have been developed, with ceretinib, alectinib and brigatinib being approved for clinical use 

as second-generation inhibitors and lorlatinib as a third-generation inhibitor (Wu et al., 

2016; Elshatlawy et al., 2023).  

 

However, it has also become clear that not all variants of EML4-ALK respond equally to the 

ALK inhibitors. Studies using cultured cells have shown that cells expressing EML4-ALK V3 

are broadly resistant to crizotinib, ceretinib and alectinib (Woo et al., 2017; Noh et al., 

2017). Indeed, these findings are mirrored in the clinic where NSCLC patients with V3 

showed poorer progression-free survival with first- and second-line ALK inhibitor treatment 

(Christopoulos et al., 2018; Woo et al., 2017; Noh et al., 2017). 
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The most recent advance in the ALK inhibitor field is the development of fourth-generation 

ALK inhibitors, including those which are “double-mutant active”, meaning they are 

effective at treating ALK+ cancers with multiple common ALK mutations such as 

G1202R+L1196M, that confer resistance to previous generations of ALK inhibitors (Peng et 

al., 2022; Ou et al., 2021). Two fourth-generation inhibitors have been developed, TPX-0131 

and NVL-655, which are currently in phase I/II clinical trials (identifier: NCT04849273 and 

NCT05384626 respectively). Pre-clinical studies have found that both drugs are active 

against common mutations in ALK, such as G1202R and L1196M, and are also central-

nervous system (CNS) penetrant (Murray et al., 2021; Pelish et al., 2021). These studies are 

particularly promising for patients whose cancers have developed resistance to current 

approved ALK inhibitors due to secondary ALK mutations and for patients who have brain 

metastases. 

 

In addition to the development of fourth generation ALK inhibitors, experimental 

approaches are being explored in cultured cells using combinations of ALK inhibitors and 

microtubule poisons. While combinations of ceretinib or alectinib with the microtubule 

stabilising drug, paclitaxel, were found to be synergistic in EML4-ALK V3 expressing cells, 

combinations of crizotinib or ceretinib with the microtubule destabilising drug, vincristine, 

were effective in reducing viability of cells expressing EML4-ALK V1 (Lucken et al., 2022; 

Sampson et al., 2022). These results suggest that microtubule dynamics are an important 

factor to consider when selecting combination treatments. Combination of ALK inhibitors 

with HSP90 inhibitors has also been investigated in the context of ALK+ NSCLC in light of the 

finding that the long variants require HSP90 for protein stability. Initially, crizotinib and 17-

DMAG, a HSP90 inhibitor, were shown to display synergy in cells with EML4-ALK variants 

(Heuckmann et al., 2012). However, for reasons that remain unclear, HSP90 inhibitors have 

shown limited success in the clinic to date (Pillai and Ramalingam, 2018). 

 

In addition to the combination of ALK inhibitors with other chemotherapeutic agents, 

combining ALK inhibitors with radiotherapy or immunotherapy has also been explored 

(Papageorgiou et al., 2022). Administration with crizotinib was found to be synergistic with 
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radiotherapy treatment in H3122 cells derived from an NSCLC patient that expresses EML4-

ALK V1. Indeed, this combination was more effective at treating H3122 xenografts in mice 

than either treatment alone (Dai et al., 2015). Unfortunately, the combination of ALK 

inhibitors with immunotherapy has not proven to be as promising so far, with one clinical 

trial being terminated early due to severe adverse side effects (Spigel et al., 2018). 

Nevertheless, combination treatments of ALK inhibitors with either chemotherapeutic 

agents, radiotherapy or immunotherapy are a worthwhile avenue to continue to explore in 

the hope of improving current treatment of patients with ALK rearranged NSCLC. 

 

1.3. Mammalian NEK kinases 

1.3.1.  Never In Mitosis A (NIMA) protein 

The mammalian NEK kinase family are orthologs of the Never In Mitosis A (NIMA) protein. 

NIMA was discovered in Aspergillus nidulans in 1975 and was found to be a regulator of 

mitotic progression (Morris, 1975). Using temperature sensitive mutants of Aspergillus 

nidulans, NIMA was found to be required for transition from G2 to prophase (Oakley and 

Morris, 1983). NIMA was later identified as a kinase (Osmani et al., 1988) and related 

proteins have since been identified in other species, including unicellular fungi such as yeast, 

lower eukaryotes such as Chlamydomonas, Drosophila and Plasmodium as well as humans 

(Bachus et al., 2022; Fry, Bayliss and Roig, 2017; Moniz et al., 2011; Meirelles et al., 2014; 

Quarmby and Mahjoub, 2005; Mahjoub, Qasim Rasi and Quarmby, 2004; Reininger et al., 

2009). 

 

1.3.2. The NEK kinase family 

The mammalian NIMA Related Kinase (NEK) family is a specific group of eleven serine-

threonine kinases (NEK1-NEK11). The kinases were sequentially named in the order of 

identification and all contain a relatively well-conserved kinase domain. Most of the NEKs, 

apart from NEK3, NEK5 and NEK11, contain an inhibitory tyrosine residue within the 

catalytic site that blocks activity and allows regulation in an allosteric manner (Bachus et al., 

2022). The NEK kinases can be grouped into three clades based on phylogenetic analysis, 
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with NEK4, NEK6, NEK7, NEK8, NEK9 and NEK10 forming clade 1, NEK11 being the sole 

member of clade 2, and NEK1, NEK2, NEK3 and NEK5 belonging to clade 3 (Bachus et al., 

2022).  

 

Despite belonging to the same family, the NEK kinases are diverse in their size, structure and 

protein domain content as a result of major differences in their non-catalytic regions (Figure 

1.7). This is reflective of the multitude of diverse roles these proteins have within the cell. 

The smallest members of the NEK kinase family, NEK6 and NEK7, consist only of their kinase 

domains and a short N-terminal extension (Moniz et al., 2011). The longer NEK kinases 

contain additional domains, most notably coiled-coil motifs, PEST sequences that are 

commonly found in proteins with short half-lives, Regulator of Chromosome Condensation 1 

(RCC1)-like domains, deadbox domains and armadillo repeats. The RCC1 domains are 

homologous to the major structural element within RCC1, a Ran GEF, although no evidence 

exists to suggest that the NEK kinases containing an RCC1 domain (NEK8 and NEK9) have 

GEF activity (Moniz et al., 2011). Deadbox domains are involved in a plethora of cellular 

processes, including gene expression, assembly of complexes such as ribosomes and nuclear 

export of mRNA (Jarmoskaite and Russell, 2011; Meirelles et al., 2014). The only NEK kinase 

in possession of a deadbox domain is NEK5 (Moniz et al., 2011). Similarly, NEK10 has its own 

unique domain, distinct from the other NEKs, with armadillo repeats, which may be involved 

in protein-protein interactions (Huber et al., 1997; Meirelles et al., 2014; Moniz et al., 2011). 

The incorporation of these different domains into the various NEK kinases may offer some 

explanation of their diverse activities. 

 

1.3.2.1. NEK9 

NEK9 (also known as Nercc1) consists of an N-terminal kinase domain in addition to other 

regulatory domains such as RCC1 domains and a coiled coil that are important for NEK9 

function. Importantly, RCC1 acts as an autoinhibitory domain through a yet undefined 

mechanism and its deletion results in a constitutively active kinase (Roig et al., 2002; Fry, 

Bayliss and Roig, 2017). Interestingly, the coiled coil promotes dimerization and is also 

required for auto-activation (Roig et al., 2002). Intriguingly, between the RCC1 domains and  
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Figure 1.7. Comparison of Aspergillus NIMA and human NEK kinase domain organisation. 

Schematic diagram of the eleven human NEK kinases, as well as the founding member of this family, 

NIMA from Aspergillus nidulans. All eleven human NEKs contain a kinase domain (aligned in the 

schematic) plus other functional domains, some of which exist in NIMA. CC = Coiled coil; P = PEST; A= 

Armadillo. Amino acid sequence length and phylogenetic clade are written on the right-hand side of 

each kinase. Figure adapted from Moniz et al. (2011). 
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coiled coil lies a stretch of S/TP and PXXP motifs where NEK6 and NEK7 are known to bind 

NEK9 (this interaction is described further in section 1.3.3). Moreover, dynein light chain 

LC8, also binds to inactive NEK9 within this region and blocks interaction with NEK6 and 

NEK7, therefore only active NEK9 is capable of interaction with NEK6 and NEK7 (Regué et 

al., 2011). 

 

NEK9 is heavily involved in the control of mitosis, as well as having roles in ciliogenesis and 

gene regulation (Bachus et al., 2022). At mitotic onset, NEK9 is phosphorylated by CDK1 and 

PLK1 resulting in its activation (Roig et al., 2002; Sdelci et al., 2012). Once activated, NEK9 

promotes chromosome alignment and segregation and interference with NEK9 in cells 

results in spindle abnormalities, chromosome misalignment and prometaphase arrest (Roig 

et al., 2002).  

 

In addition to this, it has been shown that NEK9 also has roles at the spindle poles in mitosis. 

Activated NEK9 localises to the spindle poles where physical interaction with γ-tubulin was 

demonstrated by co-immunoprecipitation experiments (Roig et al., 2005). Furthermore, the 

deletion of Xenopus XNercc (NEK9 ortholog) from Xenopus egg extracts caused delayed 

spindle assembly and a reduction in bipolar spindle formation (Roig et al., 2005). It was later 

uncovered that NEK9 phosphorylates an adaptor protein, NEDD1, which also interacts with 

γ-tubulin and this phosphorylation event results in the recruitment of NEDD1-γ-tubulin to 

the centrosome (Sdelci et al., 2012). Further evidence for the role of NEK9 in mitosis comes 

from the identification of the mitotic signalling modules, comprised of NEK9-NEK6-Kif20A 

and NEK9-NEK7-Kif14 (described in section 1.3.2.2), and the NEK9-NEK6/NEK7-Eg5 signalling 

module which drives bipolar spindle formation (described in section 1.3.3 and 1.5.2) (Cullati 

et al., 2017; Rapley et al., 2008; Bertran et al., 2011). 

 

Together, NEK8 and NEK9 are the only NEK kinases to incorporate an RCC1 domain (Moniz 

et al., 2011). Interestingly, there are strong links between mutations in the RCC1 domain of 

NEK8 and ciliopathies (Liu et al., 2002; Otto et al., 2008). Similarly, human skeletal dysplasia 
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has also been attributed to a mutation resulting in a premature stop codon in the NEK9 

RCC1 domain (Casey et al., 2016). Genetic screening of patients with skeletal dysplasia 

revealed a premature stop codon in the NEK9 gene which results in a truncated NEK9 

protein, missing a large portion of the RCC1 domain (Casey et al., 2016). Intriguingly, 

fibroblasts taken from these patients displayed a decrease in cilia number and length. 

Additionally, expression analysis of the NEK9 ortholog, nekl-1 in C. elegans, revealed almost 

exclusive expression in ciliated cells (Casey et al., 2016). Together, these findings provide 

evidence that NEK9 is involved in ciliogenesis. 

 

A link between NEK9 and gene regulation came from studies which explored the interaction 

between NEK9 and adenovirus E1A protein (Jung, Radko and Pelka, 2016). Upon adenovirus 

infection of a cell, the virus must deactivate host defence mechanisms in order to prosper 

and it appears E1A interaction with NEK9 is an example of a mechanism used to achieve 

this. This study demonstrated that NEK9 could bind to promoters of the viral genome as well 

as the host cell’s genome and act as a transcriptional repressor (Jung, Radko and Pelka, 

2016). Of note, the NEK9-E1A complex was able to silence GADD54A, a p53 inducible gene 

(Jung, Radko and Pelka, 2016). Similarly, studies in cancer cells have shown that NEK9 is 

crucial for cancer cell proliferation in p53 inactive cells and repression of NEK9 resulted in 

changes to expression of genes that encode cell cycle regulators and mRNA processing 

factors (Kurioka et al., 2014). Together, these studies provide evidence of a role for NEK9 in 

gene regulation. 

 

1.3.2.2. NEK6 and NEK7 

NEK6 and NEK7 are the smallest members of the NEK kinase family and share 77% sequence 

identity (Bachus et al., 2022). Interestingly, the catalytic domains exhibit 86% sequence 

conservation and the diversity arises from the short N-terminal extensions which confer 

substrate specificity (de Souza et al., 2014). Indeed, a study which produced a NEK7 

interactome using yeast-2-hybrid and immunoprecipitation with mass spectrometry 

approaches, found many NEK7 interacting proteins distinct to those which interact with 

NEK6. This suggests that despite being relatively well conserved, these two NEKs are likely 
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to have some distinct functions (de Souza et al., 2014). Similar to other members of the NEK 

family, NEK6 and NEK7 have been found to play diverse roles in cell cycle control and 

microtubule regulation. 

 

NEK6 and NEK7 are activated by NEK9 at the onset of mitosis, where NEK9 phosphorylates 

specific serine residues present in their activation loops (Belham et al., 2003). The activation 

of each component of this signalling cascade is described further in section 1.3.3. In 

addition, siRNA depletion or expression of kinase inactive mutants of NEK6 or NEK7 caused 

metaphase arrest and apoptosis, highlighting the significance of these two kinases in mitotic 

control (O’Regan and Fry, 2009). Furthermore, treatment of these cells with a SAC inhibitor 

allowed the cells to progress through metaphase, but they later arrested in cytokinesis 

(O’Regan and Fry, 2009). These data suggest NEK6 and NEK7 have two independent 

functions at both metaphase and cytokinesis.  

 

Indeed, subsequent research identified two signalling modules involving kinesins consisting 

of NEK9-NEK6-Kif20A and NEK9-NEK7-Kif14 that regulate late mitotic progression and 

cytokinesis, respectively (Cullati et al., 2017). The NEK9-NEK6-Kif20A signalling module was 

shown to become active in prometaphase and allows the timely recruitment of Kif20A to 

the central spindle by anaphase where it facilitates microtubule bundling (Cullati et al., 

2017). Similarly, Kif14 is also recruited to the central spindle in anaphase by the NEK9-NEK7-

Kif14 signalling module where it transports the citron kinase, which is necessary for the 

completion of cytokinesis (Cullati et al., 2017). Intriguingly, Kif20A and Kif14 are not the only 

kinesins NEK6 and NEK7 can interact with. NEK6 and NEK7 also phosphorylate Eg5 (Kif11), 

which is essential for the formation of a bipolar spindle in early mitosis (Rapley et al., 2008; 

Bertran et al., 2011). This will be discussed in more depth in sections 1.3.3 and 1.5.2.  

 

Similar to certain other members of the NEK family, NEK6 has also been linked to the DNA 

damage response. Indeed, NEK6 has been shown to be directly phosphorylated by CHK1 and 

CHK2 kinases in response to DNA damage (Lee et al., 2008). This phosphorylation inhibits 
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NEK6 activity and promotes effective G2/M arrest, again highlighting the necessity of NEK6 

for mitotic progression (Lee et al., 2008). 

 

NEK6 and NEK7 perform multiple roles which are essential for bipolar spindle formation. For 

example, NEK6 phosphorylates the chaperone protein, HSP72, which results in its 

recruitment to the mitotic spindle (O’Regan et al., 2015). Here, HSP72 facilitates the 

assembly of K-fibres through the recruitment of microtubule-binding proteins, ch-TOG and 

TACC3 (O’Regan et al., 2015). Interestingly, NEK6 phosphorylation of HSP72 has also been 

linked to the clustering of supernumerary centrosomes (Sampson et al., 2017). NEK7 is 

equally necessary for spindle formation. A study found that NEK7 interacts with and recruits 

Regulator of G-protein signaling 2 (RGS2) to the mitotic spindle and depletion of either of 

these proteins was seen to result in reduction of γ-tubulin at the spindle poles and 

chromosome alignment and congression errors (de Souza et al., 2015). Furthermore, in 

RGS2 depleted cells, the spindle was mis-orientated suggesting that these proteins are 

necessary for the correct organisation of the mitotic spindle (de Souza et al., 2015). 

Additionally, NEK6 and NEK7 were also shown to phosphorylate EML4 resulting in its 

removal from spindle microtubules; this was necessary to allow accurate chromosome 

congression presumably by modulating microtubule dynamics (Adib et al., 2019). These 

studies all provide evidence for NEK6 and NEK7 performing regulatory roles in relation to 

the microtubule cytoskeleton. Indeed, NEK7 has previously been found to promote 

microtubule dynamic instability (Cohen et al., 2013). This study measured microtubule 

dynamics using a fluorescent EB3 protein (+ end tracking protein) to track the plus ends of 

microtubules. Cells depleted of NEK7 were found to have less dynamic microtubules as 

shown by lower growth/shrinkage speeds, suggesting that NEK7 promotes dynamic 

instability (Cohen et al., 2013).  

 

In addition to these roles in bipolar spindle organization, another study suggested a role for 

NEK6 and NEK7 in centriole duplication. Here, expression of recombinant versions of NEK6 

or NEK7 that carried a tag directing these kinases to the centrosome resulted in extra 

centriole formation (Kim, Kim and Rhee, 2011). Meanwhile, depletion of NEK7 resulted in 
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failure to duplicate centrioles and a loss of recruitment of PCM proteins to the centrosome 

(Kim, Kim and Rhee, 2011).  

 

Finally, in what appears to be a quite distinct function, NEK7 has a role in activating the NLR 

Family Pyrin Domain Containing 3 (NLRP3) inflammasome in macrophages, which results in 

the release of interleukins in response to pathogens and other stimuli (Sun et al., 2020). The 

NLRP3 inflammasome is a multi-protein complex containing NLRP3 as well as pro-caspase-1 

and has been associated with a variety of inflammatory diseases, such as Alzheimer’s 

disease, inflammatory bowel disease (IBD) and type II diabetes (Sun et al., 2020). NEK7 has 

been found to directly bind to NLRP3 and promote the assembly of the inflammasome 

complex in a manner that is independent of NEK7 catalytic activity (Sharif et al., 2019). 

 

1.3.3. The NEK9-NEK6/NEK7 signalling cascade 

The exact mechanism of NEK9 activation is still unclear, although NEK9 is capable of 

autophosphorylation and autoactivation (Roig et al., 2002). However, it has been shown 

that both CDK1 and PLK1 can phosphorylate NEK9 at the onset of mitosis, when NEK9 

becomes active (Roig et al., 2002; Bertran et al., 2011; Sdelci et al., 2012). CDK1 

phosphorylates NEK9 in its C-terminal domain creating a binding site for PLK1. Moreover, 

PLK1 was found to phosphorylate T210 in the activation loop of NEK9, which is essential for 

NEK9 activation (Bertran et al., 2011; Roig et al., 2005). It is therefore proposed that CDK1 

phosphorylation of NEK9 permits the binding and subsequent phosphorylation of NEK9 by 

PLK1, which results in NEK9 activation (Bertran et al., 2011).  

 

Initial evidence that a signalling cascade of NEK kinases exists surfaced in 2003 when it 

became clear that NEK9 could phosphorylate and activate NEK6 and NEK7 (Belham et al., 

2003). Here, NEK9 was found to bind and phosphorylate S206 in the activation loop of NEK6 

and the corresponding residue, S195, in NEK7 and the use of phosphomutants supported 

the importance of phosphorylation at these residues for the activation of these kinases 

(Belham et al., 2003; O’Regan & Fry, 2009). Later studies aimed to better elucidate the 
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mechanism of NEK6/NEK7 activation using structural biology. The crystal structure of NEK7 

revealed an autoinhibitory tyrosine residue (Y97) which interacts with the activation loop 

resulting in an inactive conformation (Richards et al., 2009). Moreover, a Y97A mutant of 

NEK7 and an equivalent Y108A mutant of NEK6 are constitutively active, highlighting the 

importance of these residues in regulating the kinase activation status (Richards et al., 

2009). In addition, incubation of the C-terminal non-catalytic domain of NEK9 with NEK6 or 

NEK7 was seen to increase the activity of the kinases, but failed to increase the activity of 

the phosphonull NEK6 or NEK7 mutants, suggesting that interaction with the NEK9 non-

catalytic domain somehow relieves the inhibitory tyrosine from the active site (Figure 1.8) 

(Richards et al., 2009).  

 

Further biochemical studies revealed that residues 810-828 of NEK9 are the minimum 

requirement for physical interaction with NEK7 (Haq et al., 2015). Moreover, a crystal 

structure obtained of a NEK7-Y97F mutant in complex with residues 810-828 of NEK9, 

revealed that NEK7 was present as a back-to-back dimer, where the residue at position 97 

was shifted due to interactions formed through dimerization (Haq et al., 2015). In addition, 

activation of NEK7 was shown to rely on NEK9 dimerization and the authors therefore 

proposed that dimeric NEK9 promotes the dimerization of NEK7, which in turn releases the 

autoinhibitory Y97 residue thereby activating NEK7 in an allosteric manner (Haq et al., 

2015). 

 

An example of a cellular function that utilises this NEK kinase signalling cascade is 

centrosome separation at prophase. Here, PLK1 activates the NEK9-NEK6/NEK7 cascade 

which in turn results in Eg5 recruitment to centrosomes where it facilitates their separation 

(Bertran et al., 2011). In line with this, Eg5 had previously been found to be a target of NEK6, 

where its phosphorylation on S1033 is essential for mitotic progression (Rapley et al., 2008). 

Together, these studies identify a downstream target of the NEK9-NEK6/NEK7 signalling 

cascade and demonstrate a functional application of this pathway in mitosis.  
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Figure 1.8. Mechanism of NEK7 activation. Left - NEK7 (blue) in its inactive form contains an 

inhibitory tyrosine residue, Y97 (grey). Right - NEK9 (yellow) dimers promote the dimerization of 

NEK7 which somehow relieves the inhibitory Y97 residue and allows for NEK7 autophosphorylation 

(arrow across top). NEK9 also directly phosphorylates NEK7 on S195 (pink). Figure adapted from Fry, 

Bayliss and Roig (2017). 
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This signalling pathway is just one example where the NEK9-NEK6/NEK7 cascade is present. 

Other examples with roles in mitosis have been described such as the NEK9-NEK6-Kif20A or 

NEK9-NEK7-Kif14 pathways (described in section 1.3.2.2) (Cullati et al., 2017). Another 

example where the NEK9-NEK7 signalling cascade exists was identified in EML4-ALK V3 

expressing cells. As described in section 1.2.4, cells expressing EML4-ALK V3 develop an 

elongated morphology and become more migratory and these changes were found to 

depend on NEK9 and NEK7 activity (O’Regan et al., 2020). Furthermore, the NEK9-Eg5 

signalling axis has been linked with increased metastatic potential in colon cancer samples, 

where expression of both these proteins was elevated in the majority of cancer samples 

(Kim et al., 2023). Consistent with this, NEK9, NEK6 and NEK7 have all been found to be 

upregulated in a variety of cancers (O’Regan et al., 2020; He et al., 2018; Zhou et al., 2016). 

This highlights the significance of the NEK9-NEK6/NEK7 signalling cascade in mitotic control 

and the consequence of its deregulation in cancer. 

 

1.4. Microtubules 

1.4.1. Microtubule structure, organisation and function 

Together with actin filaments and intermediate filaments, microtubules constitute a 

component of the cellular cytoskeleton (Hohmann and Dehghani, 2019). Microtubules 

consist of α/β-tubulin heterodimers which, in the presence of GTP, polymerise to form a 

protofilament and assemble laterally to form a hollow tube, usually comprising 13 

protofilaments, with a width of 25 nm (Desai and Mitchison, 1997). Microtubules consisting 

of fewer or more than 13 protofilaments do exist across different species of plants, animals 

and microorganisms and have been observed in vitro, however microtubules in vivo usually 

consist of 13 protofilaments (Chaaban and Brouhard, 2017). Importantly, microtubules are 

polar structures where the slow growing minus end (-) is usually located at a microtubule 

organising centre (MTOC) and the fast growing plus end (+) extends towards the cell 

periphery (Baas and Lin, 2011). Notably, the polarity exists not only for the microtubule as a 

whole but also along the length of the lattice which is crucial for the movement of 

microtubule motors (discussed in section 1.4.2) (Baas and Lin, 2011). 
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Microtubules are dynamic structures and frequently undergo growth (polymerisation) and 

shrinkage (depolymerisation). The switch from growth to shrinkage is known as catastrophe, 

while the switch from shrinkage to growth is known as rescue. The stochastic nature of 

these four processes means that microtubules exhibit a property known as dynamic 

instability (Figure 1.9) (Gardner, Zanic and Howard 2013; Mitchison and Kirschner, 1984). 

The process of dynamic instability relies on GTP, which binds to both the α- and β-tubulin 

subunit. The presence of GTP-bound tubulin subunits at microtubule plus ends creates a 

GTP-cap that stabilises the plus end and allows polymerisation to take place (Mitchison and 

Kirschner, 1984). Upon GTP hydrolysis by the β-tubulin subunit, a conformational change 

takes place in the α/β-tubulin heterodimer that causes the bending of protofilaments. This 

in turn destabilises the microtubule lattice and depolymerisation occurs (Mitchison and 

Kirschner, 1984). Moreover, dynamic instability is regulated by microtubule-assoicated 

proteins (MAPs), such as plus-end tip tracking proteins (+TIPs), which can alter the 

frequency and rate of the different parameters of microtubule dynamics (Zhang et al., 2015; 

Akhmanova and Steinmetz, 2010). 

 

Dynamic instability allows for the rapid re-organisation of the microtubule cytoskeleton, 

something which is crucial for a number of its functions. Indeed, rapid re-organisation of 

microtubules is needed at the onset of mitosis, when microtubules and their associated 

proteins cooperate to form the mitotic spindle (Prosser and Pelletier, 2017). At this time, 

interphase microtubules are almost completely depolymerised and reassemble to form the 

mitotic spindle (Petry, 2016). Importantly, dynamic instability of microtubules contributes to 

the ‘search and capture’ of chromosomes during prometaphase (Kirschner and Mitchison, 

1986). In this model, microtubules polymerise and search the cytoplasmic space. Once 

attached to a kinetochore, these microtubules become capped and stabilised, whereas 

those that are not attached will depolymerise (Kirschner and Mitchison, 1986). 

 

Another important function of microtubules is the transport of intracellular cargos. 

Microtubules act as tracks for motor proteins, such as dyneins and kinesins (discussed in 

section 1.4.2), which are responsible for the transport of vesicles and organelles (Barlan and  
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Figure 1.9. Dynamic instability of microtubules. Microtubules undergo phases of growth 

(polymerisation) and shrinkage (depolymerisation) and are able to rapidly switch between the two. 

Catastrophe is the switch from growth to shrinkage and rescue is the switch from shrinkage to 

growth. These processes give microtubules the property of dynamic instability. Figure adapted from 

Bowne-Anderson et al. (2013). 
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Gelfand, 2017). This is particularly important in neuronal cells where the transport of cargos 

is imperative for synaptic activity and general neuronal function (Barlan and Gelfand, 2017).  

 

In addition to their roles in mitosis and intracellular transport, microtubules also have roles 

in maintaining cell shape, polarity and migration (discussed further in section 1.6.3) (Jolly et 

al., 2010; Tomasek and Hay, 1984; Etienne-Manneville, 2013). Lastly, microtubules are a key 

component of eukaryotic cilia and flagella (Satir and Christensen, 2007).  

 

1.4.2. Microtubule motors 

As described in the previous section, microtubules act as tracks for the transport of cargos 

and organelles. The microtubules alone are not enough to facilitate intracellular transport 

but require motor proteins that are capable of both interacting with the cargo and 

processivity along microtubules. Microtubule motor proteins typically fall into one of two 

major superfamilies: kinesins and dyneins (Caviston and Holzbaur, 2006). 

 

Kinesins (also known as KIFs) generally consist of three domains: motor, stalk and tail. All 

kinesins possess a relatively well-conserved catalytic motor domain where ATP is hydrolysed 

and energy released for processive movement. The microtubule binding site also exists 

within the motor domain (Miki, Okada and Hirokawa, 2005). Interestingly, kinesins show 

more variance in their stalk and tail domains which reflects the variety of cargos kinesins can 

interact with and the diverse processes kinesins are involved with in the cell (Miki, Okada 

and Hirokawa, 2005). Considering specific kinesins are conserved between species but 

multiple superfamilies exist within a single species, it has been proposed that evolution 

resulted in the divergence of kinesins, which now perform distinct functions (Miki, Okada 

and Hirokawa, 2005). 

 

Mammalian kinesins can be categorised into fifteen superfamilies, each of which can 

contain multiple individual proteins, based on phylogenetic analysis (Figure 1.10). These  
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Figure 1.10. Phylogenetic tree of the mouse kinesin superfamily. Mammals have 45 genes encoding 

kinesins, all of which are included in this phylogenetic tree. These kinesins are grouped into 15 

families (Kinesin 1-Kinesin 14B). Figure taken from Hirokawa et al. (2009). 
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superfamilies can be further grouped into three categories depending on the position of the 

motor domain (Hirokawa et al., 2009). N-kinesins, which make up the majority of kinesins, 

have an N-terminal motor domain and are plus-end directed whereas C-kinesins, such as 

KIFC2 and KIFC3, have a motor domain at the C-terminus and are minus-end directed. The 

third category is M-kinesins which have a motor domain in the centre of the protein 

sequence and these depolymerise microtubules, an example of an M-kinesin being KIF2A 

(Hirokawa et al., 2009). Although minus-end directed kinesins do exist, they are rare and the 

majority of well-researched kinesins are plus-end directed, therefore kinesins generally are 

described as plus-end directed motors. 

 

Most kinesins assemble into homodimers and are believed to move along microtubules in a 

“hand-over-hand” fashion where each motor domain sequentially takes a step in the 

direction of motion (Shao and Gao, 2006). Excitingly, direct observation of kinesin-1 

“walking” along microtubules in living cells confirmed a 16 nm length hand-over-hand 

movement recently, using a super-resolution imaging technique called MINFLUX (Deguchi et 

al., 2023). Here, kinesin-1 was expressed in living cells and single motor domains labelled 

with fluorescent dyes. MINFLUX was able to spatially and temporally track the movement of 

the motor domains (Deguchi et al., 2023). 

 

In contrast to kinesins, dyneins are minus-end directed motors with roles in intracellular 

transport, cell division and ciliary beating (Roberts et al., 2013). Dyneins are large multi-

subunit proteins, each dynein containing two heavy chains and multiple smaller subunits, 

including intermediate chains, light intermediate chains and light chains (Vallee et al., 2004).  

The motor domain exists within the dynein heavy chain, along with diverse tail domains, 

which facilitate subunit association necessary for interaction with cargo (Roberts et al., 

2013).  

 

Similar to kinesins, nine major subfamilies of dynein heavy chain exist, with cytoplasmic 

dynein 1 being the major transporter in human cells, involved in almost all minus-end 
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directed transport (Roberts et al., 2013). Cytoplasmic dynein 2 is involved with the transport 

of cargos along cilia and flagella and the other seven dyneins form part of the ciliary 

axoneme, where they are required for cilia beating (Roberts et al., 2013). Crucially, dynein 

often relies on a co-factor, dynactin, to allow it to perform its role in intracellular transport 

(Schroer and Sheetz, 1991; Gill et al., 1991). Dynactin forms a complex with dynein, where it 

increases dynein processivity as well as facilitates the interaction of dynein with cargoes 

(King and Schroer, 2000; Waterman-Storer et al., 1997). 

 

1.4.3. The centrosome and microtubule nucleation 

The centrosome is the major microtubule organising centre (MTOC) of the human cell, and 

the site from where microtubules are nucleated and attached by their minus ends. At the 

onset of mitosis, a cell usually has two centrosomes which separate to form the poles of the 

mitotic spindle. This process is essential for the formation of a bipolar spindle and accurate 

chromosome segregation (Fukasawa, 2005). Following cytokinesis, each daughter cell will 

receive only one centrosome, highlighting the need for centrosome duplication to occur in 

the subsequent round of the cell cycle in preparation for the next mitosis (Fukasawa, 2005). 

 

The centrosome consists of a pair of centrioles (mother and daughter) surrounded by 

pericentriolar material (PCM). Interestingly, centrioles display an evolutionary conserved 9-

fold radial symmetry and are barrel-shaped structures approximately 500 nm in length and 

200 nm in diameter (Nigg and Holland, 2018; Jana, 2021). Indeed, the first step in 

centrosome duplication is the disengagement of the mother and daughter centriole, where 

the tight link between them is severed although a distinct loose tether remains (Nigg and 

Holland, 2018). This is followed by the assembly of new procentrioles at the proximal ends 

of the mother and daughter centrioles, a step which occurs during S phase (Nigg and 

Holland, 2018; Jana, 2021). During G2, the procentrioles gain length and mature by 

recruiting PCM proteins. The original daughter centriole acquires appendages that are 

required for microtubule nucleation and is thus now also known as a mother centriole (Nigg 

and Holland, 2018). Meanwhile, the two fully grown procentrioles are now daughter 

centrioles. Together, the duplicated centrioles have now formed two centrosomes. Upon 
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mitotic entry, the loose tether between the two new centrosomes is severed (this involves a 

member of the NEK kinase family - NEK2 (Fry et al., 1998)) and the centrosomes separate to 

form the two opposing spindle poles (involving Eg5 – see section 1.5.2). Upon cytokinesis, 

each centrosome consisting of two centrioles is separated into two new daughter cells 

(Figure 1.11) (Nigg and Holland, 2018; Jana, 2021). 

 

The centrosome cycle is coupled to DNA replication in S phase and must only occur once per 

cell cycle. Deregulation of the centrosome cycle can result in centrosome amplification, 

where cells have more than two centrosomes (Fukasawa, 2005; Godinho and Pellman, 

2014). During mitosis, these cells may form multipolar spindles that can lead to problems in 

equal segregation of chromosomes resulting in daughter cells that may be aneuploid 

(Fukasawa, 2005; Godinho and Pellman, 2014). In an attempt to progress through mitosis, 

cells may employ mechanisms that cluster supernumerary centrosomes so that a pseudo-

bipolar spindle is formed (Brinkley, 2001). However, merotelic kinetochore-microtubule 

attachments can still occur in cells with pseudo-bipolar spindles, which will lead to 

chromosome segregation errors and contribute to aneuploidy (Godinho and Pellman, 2014). 

Indeed, deregulation of the centrosome cycle is one factor that leads to diseases such as 

cancer (Nigg and Holland, 2018). 

 

The primary function of the centrosome in cells is to nucleate microtubules. Although the 

precise mechanism remains unclear, microtubule nucleation occurs primarily within the 

PCM and crucially requires the γ-tubulin ring complex (γ-TuRC) (Woodruff, Wueseke and 

Hyman, 2014; Job, Valiron and Oakley, 2003). The core of the γ-TuRC consists of γ-tubulin 

and γ-tubulin complex proteins (GCP2-6) and is used to overcome a kinetic barrier which 

would otherwise hinder microtubule nucleation (Kollman et al., 2011; Thawani and Petry, 

2021). Initially, it was believed that the γ-TuRC acts as a seed from which microtubules 

assemble (Job, Valiron and Oakley, 2003). Indeed, later studies confirmed that the γ-TuRC 

acts as a microtubule template with 13 γ-tubulins per turn of the complex, consistent with 

microtubules typically consisting of 13 protofilaments (Kollman et al., 2010). 
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Figure 1.11. The centrosome duplication cycle. A cell begins the cell cycle in G1 having only one 

centrosome consisting of a mother (green) and daughter (yellow) centriole. The tight link is severed 

in G1 (disengagement) but the centrioles remained tethered. By S phase, new procentrioles begin to 

form. In G2, the new procentrioles mature and gain PCM proteins and the original daughter 

centriole gains appendages and becomes a mother centriole. At mitotic entry, the tether is severed 

as a result of NEK2 kinase activity and Eg5 facilitates centrosome separation to form the mitotic 

spindle poles. After abscission, each new daughter cell receives one centrosome, consisting of two 

centrioles, and the centrosome cycle begins again. Figure adapted from Wang, Jiang and Zhang 

(2014). 
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In addition to its role in nucleating microtubules, the centrosome can also act as a signalling 

hub to coordinate signalling pathways involved in cell cycle control (Arquint, Gabryjonczyk 

and Nigg, 2014; Lin, Xie and Chan, 2022). Intriguingly, CDK1/cyclin B, PLK1 and Aurora A 

kinases have all been seen to localise to the centrosome (Bailly et al., 1989; Golsteyn et al., 

1995; Dutertre et al., 2004). Thus, it is thought that mitotic progression relies on activation 

of CDK1/cyclin B complexes at the centrosome, where the centrosome clusters all the 

necessary regulators of the complex in close proximity for efficient signalling to take place 

(Arquint, Gabryjonczyk and Nigg, 2014). Similarly, proteins of the DNA damage checkpoint 

such as CHK1 have also been found at the centrosome during interphase (Krämer et al., 

2004). Moreover, centrosomal CHK1 regulates the activity of CDC25B, which activates CDK1 

at the centrosome, suggesting that CHK1 prevents untimely activation of CDK1, important 

for correct cell cycle progression (Krämer et al., 2004). Interestingly, other tyrosine kinases 

have been found to localise to the centrosome such as Src family kinases (Ley et al., 1994). 

Hence, the concentration of multiple kinases/phosphatases at the centrosome suggests the 

centrosome may spatially organise cell signalling (Arquint, Gabryjonczyk and Nigg, 2014). 

 

1.4.4. Microtubule post-translational modifications 

Tubulins, the core component of microtubules, undergo a range of post-translational 

modifications (PTMs) which can impact microtubule dynamics and function. Tubulin PTMs 

can either occur on the highly structured tubulin body or the unstructured C-terminal 

tubulin tails (Janke and Magiera, 2020). A vast array of tubulin PTMs exist which may modify 

either α-tubulin or β-tubulin or both. Examples of PTMs include acetylation, 

detyrosination/tyrosination, glutamylation/polyglutamylation, methylation, 

phosphorylation and glycylation/polyglycylation, amongst others (Janke and Magiera, 2020). 

For the purpose of this thesis, only PTMs that are associated with microtubule stabilisation 

will be described, namely acetylation and detyrosination/tyrosination (Bär et al., 2022). 

 

A well characterised PTM of the tubulin body is the acetylation of α-tubulin at lysine 40 

(K40). Intriguingly, this is the only known tubulin PTM that is found inside the lumen of the 

microtubule (Janke and Montagnac, 2017). Moreover, α-tubulin K40 is only found to be 
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acetylated within the microtubule lattice and not in α/β-tubulin heterodimers meaning that 

the enzyme that catalyses K40 acetylation (α-tubulin acetyltransferase 1 (αTAT1)), must 

somehow gain access to the narrow microtubule lumen. How αTAT1 gains access to the 

microtubule lumen still remains puzzling to researchers, but a number of hypotheses exist 

including entry via the open microtubule end or localised entry through defective sites 

within the microtubule lattice (Janke and Montagnac, 2017). Notably, the acetylation of K40 

is a reversible process and the deacetylation of α-tubulin is performed by histone 

deacetylase 6 (HDAC6) and sirtuin 2 (SIRT2) (Janke and Montagnac, 2017). 

 

Microtubule stabilisation is associated with K40 acetylation, although whether stabilisation 

occurs because of K40 acetylation or whether K40 acetylation occurs as a result of 

microtubule stabilisation is still unclear. Nevertheless, antibodies that detect acetylated K40 

in α-tubulin are commonly used as a marker for microtubule stabilisation in cell-based 

studies (Janke and Montagnac, 2017). However, recent studies have shown that K40 

acetylation increases the flexibility of microtubules making them more resistant to 

mechanical stress, thus contributing to the life span of long-lived microtubules (Portran et 

al., 2017; Xu et al., 2017). 

 

Tubulin acetylation is not the only PTM that can affect microtubule stability. Indeed, 

tyrosination/detyrosination also indirectly affect microtubule dynamics by modulating the 

binding of specific motor proteins (Bär et al., 2022). Detyrosination involves the stripping of 

the C-terminal tyrosine residue on α-tubulin by tyrosine carboxypeptidases, such as 

vasohibin (VASH) when in complex with small vasohibin binding protein (SVBP). 

Interestingly, detyrosination is also a reversible process and the reverse reaction, 

tyrosination, involves the re-addition of the C-terminal tyrosine residue by tubulin-tyrosine 

ligase (TTL) (Bär et al., 2022). 

 

Intriguingly, studies have shown that the mitotic centrosome associated kinesin (MCAK), 

which promotes microtubule depolymerisation, and CLIP-170, which promotes microtubule 



44 
 

polymerisation, both preferentially bind tyrosinated microtubules (Peris et al., 2009; Peris et 

al., 2006). Here, they are thought to contribute to the dynamic instability of tyrosinated 

microtubules and these proteins are lost upon detyrosination of microtubules which 

subsequently become more stable (Peris et al., 2009; Peris et al., 2006; Bär et al., 2022). 

 

1.5. The Eg5 kinesin 

1.5.1. Eg5 structure and function 

Eg5 (also known as KIF11 or Kinesin Spindle Protein (KSP)) is a plus-end directed kinesin 

belonging to the Kinesin-5 family, with a major role in mitosis (Sawin et al., 1992). Early 

studies revealed that Eg5 co-localised with spindle microtubules in Xenopus egg extracts, 

with particular enrichment at the spindle poles (Sawin et al., 1992). Notably, Eg5 does not 

associate with interphase microtubules in animal cells and requires phosphorylation by 

CDK1 for recruitment to the mitotic spindle (Sawin and Mitchison, 1995; Blangy et al., 1995; 

Cahu et al., 2008). Intriguingly, plant cells are an exception to this where Eg5 localises along 

microtubules throughout the cell cycle, including in interphase (Liu, Ran and Zhou, 2018). 

Despite this, sequence analysis of the Eg5 motor domain revealed that this domain is 

conserved across multiple species of the plant and animal kingdoms suggesting the overall 

conservation of Eg5 function throughout evolution (Liu, Ran and Zhou, 2018). 

 

Immunodepletion of Eg5 from Xenopus egg extracts or microinjection of anti-Eg5 antibodies 

into human cells inhibited mitotic spindle formation and caused cell cycle arrest highlighting 

its essential role for bipolar spindle formation and efficient mitosis (Sawin et al., 1992; 

Blangy et al., 1995). Eg5 was later identified to be a bipolar tetrameric molecule (a pair of 

dimers) that has the ability to cross-link anti-parallel microtubules (Kashina et al., 1996; Acar 

et al., 2013; Kapitein et al., 2005; Mann and Wadsworth, 2019). Moreover, Eg5 can ‘walk’ on 

the microtubules it cross-links causing antiparallel spindle microtubules to slide past one 

another, a property that is essential for spindle pole separation and formation of a bipolar 

spindle (Kapitein et al., 2005; McIntosh, Molodtsov and Ataullakhanov, 2012).  
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Typical of kinesins, Eg5 monomers consist of three domains: a motor domain, stalk domain 

and tail domain (Figure 1.12) (Waitzman and Rice, 2014; Liu, Ran and Zhou, 2018). Whilst 

microtubule binding and the ATPase activity of Eg5 are facilitated by the motor domain, the 

stalk and tail domains each have their own functions (Liu, Ran and Zhou, 2018). The stalk 

domain is required to cross-link and slide antiparallel microtubules as it is known to 

orientate the motor domains relative to each other. Furthermore, only the N-terminal half 

of the stalk domain is required for Eg5 dimers to be formed, whereas the C-terminal portion 

of the stalk contains a bipolar assembly (BASS) domain which is necessary for the formation 

of tetramers from two sets of dimers (Figure 1.12) (Acar et al., 2013; Waitzman and Rice, 

2014). The tail domain on the other hand regulates microtubule localisation of the Eg5 

protein. Indeed, previous studies have shown that CDK1 phosphorylation of residues in the 

tail domain (T926 in humans and T937 in Xenopus) is necessary for spindle localisation of 

Eg5 (Blangy et al., 1995; Sawin and Mitchison, 1995). 

 

1.5.2. Eg5 in centrosome separation and spindle formation 

Evidence of Eg5 having a role in centrosome separation was first seen in 1995 when micro-

injection of anti-Eg5 antibodies was observed to arrest cells in mitosis with monoastral 

microtubule arrays (Blangy et al., 1995). Analysis of the spindles in these cells revealed that 

centrosomes were still very close together and surrounded by condensed chromosomes 

which had failed to align for metaphase (Blangy et al., 1995). The mitotic arrest was the 

result of activation of the spindle assembly checkpoint due to condensed chromosomes that 

were not attached in a bi-oriented manner. It was later discovered that NEK6 (section 

1.3.2.2/1.3.3) can also phosphorylate Eg5 during mitosis with the key site identified as 

S1033, which is also in the tail domain (Rapley et al., 2008). This phosphorylation event did 

not prevent the binding of Eg5 to spindle microtubules. However, expression of a 

phosphonull Eg5-S1033A mutant resulted in a large percentage of cells with monopolar 

spindles, suggesting that NEK6 regulation of Eg5 is necessary for centrosome separation 

(Rapley et al., 2008). 
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Figure 1.12. Schematic diagram of Eg5 domain structure. (A) Eg5 monomers contain a motor 

domain (green), stalk (pink) and tail domain (yellow). The C-terminus of the stalk contains a BASS 

domain (blue) that is required for the formation of homotetramers (B). (C) Eg5 tetramers cross-link 

antiparallel microtubules where two motor heads walk on each microtubule allowing them to slide 

past each other. Arrows indicate direction of movement. Adapted from Liu, Ran and Zhou (2018). 
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A later study provided evidence of a kinase-dependent signalling cascade consisting of PLK1-

NEK9-NEK6/NEK7-Eg5 that was shown to control centrosome separation (Bertran et al., 

2011). Individual depletion of each component of this signalling cascade was shown to 

abrogate centrosome separation. Moreover, depletion of PLK1, NEK9, NEK6 or NEK7 in cells 

perturbed the recruitment of Eg5 to mitotic centrosomes, when compared to mock 

depleted control cells. The recruitment of Eg5 to mitotic centrosomes in PLK1 depleted cells, 

as well as centrosome separation, could be rescued by an activated mutant of NEK9 or 

overexpression of NEK6 which has previously been shown to stimulate NEK6 activity 

(Bertran et al., 2011; Belham et al., 2003). Additionally, failure to phosphorylate S1033 of 

Eg5 - as shown by expression of an Eg5 phosphonull (S1033A) mutant - resulted in loss of 

recruitment of Eg5 to prophase centrosomes and unseparated spindle poles (Bertran et al., 

2011). Together, these data show that the NEK9-NEK6/NEK7 signalling module acts 

downstream of PLK1 to phosphorylate Eg5, resulting in its recruitment to the centrosomes 

where its microtubule cross-linking and kinesin activity drive centrosomes apart (Bertran et 

al., 2011). 

 

An additional interaction has been described which may also be necessary for centrosome 

separation. Eg5 was shown to interact with the mitotic spindle assembly factor, TPX2 (Ma et 

al., 2011). This interaction was necessary for K-fibre formation and for the spindle 

microtubule localisation of Eg5 (Ma et al., 2011). Furthermore, TPX2 contains a nuclear 

localisation signal (NLS), which can be phosphorylated by NEK9, preventing its import to the 

nucleus (Eibes et al., 2018). It was proposed that NEK9 phosphorylation of TPX2 results in a 

pool of TPX2 being retained around centrosomes, where it interacts with and anchors Eg5. 

This interaction is thought to permit Eg5 activity to drive centrosome separation (Eibes et 

al., 2018). 

 

1.5.3. Eg5 in neurons 

Although primarily studied in the context of mitotic spindle assembly, Eg5 has also been 

implicated in the control of axon length in neuronal cells. Exposure of cultured sensory 

neurons to the Eg5 inhibitor, monastrol, led to an increase in axonal number and length. 
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This led the authors to propose that Eg5 acts to oppose axonal growth in post-mitotic 

neurons (Haque et al., 2004). Consistent with this, Eg5 depletion was also found to stimulate 

axon growth of cultured neurons and increase axon branching (Myers and Baas, 2007).  

 

In addition to regulating axonal growth, Eg5 is believed to have a role in controlling the 

migration of neurons. Eg5 was found to be phosphorylated in one side of the growth cone, 

opposite to the side microtubules invaded to drive growth cone turning, suggesting that Eg5 

phosphorylation blocks entry of microtubules on one side of the growth cone (Nadar et al., 

2008). The authors proposed that Eg5 has a direct role in controlling the direction of 

migration in neurons by controlling the side of the growth cone that microtubules can 

invade (Nadar et al., 2008). Furthermore, a separate study showed that inhibiting Eg5 

resulted in faster but less directional migration in cultured neurons (Falnikar, Tole and Baas, 

2011). Interestingly, these neurons were also found to have shorter leading processes after 

Eg5 inhibition (Falnikar, Tole and Baas, 2011).  

 

Of particular interest to this study, Eg5 was shown to be phosphorylated by NEK7 in 

differentiating neurons where it contributes to the extension of dendrites (Freixo et al., 

2018). Firstly, NEK7 expression was found to increase in mouse hippocampal neurons 15 

days after induction of differentiation. Secondly, depleting NEK7 from these neurons 

resulted in a significant reduction in dendrite length, a phenotype that was mirrored by 

inhibition of Eg5. Thirdly, NEK7 was found to phosphorylate Eg5 on S1033 in neurons 

resulting in its recruitment to distal dendrites. Finally, expression of an Eg5-S1033D 

phosphomimetic mutant was able to rescue dendrite length after NEK7 depletion, whereas 

wild-type Eg5 and a phosphonull Eg5-S1033A mutant both failed to do so (Figure 1.13) 

(Freixo et al., 2018). An earlier study performed in cultured rodent primary neurons 

reported that inhibition of Eg5 resulted in shorter and thinner dendrites (Kahn et al., 2015). 

Together, these studies suggest that Eg5 performs contrasting roles in dendrites and axons 

consistent with the different orientations of microtubules in dendrites and axons (Stone, 

Roegiers and Rolls, 2008). Axons contain microtubules in a plus-end-out orientation (distal  
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Figure 1.13. NEK7 phosphorylation of Eg5 at S1033 promotes dendrite extension in neurons. NEK7 

depletion reduced the length of differentiating neurons. Transfection of an Eg5-S1033D 

phosphomimetic mutant could rescue dendrite length but not WT Eg5 or Eg5-S1033A. 

Phosphorylation of Eg5 at S1033 (blue) promotes its recruitment to microtubules in dendrites. Based 

on findings from Freixo et al. (2018). 
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to the cell body), whereas dendrites have the majority of microtubules oriented minus-end-

out (Stone, Roegiers and Rolls, 2008). 

 

1.5.4. Eg5 as a microtubule polymerase 

A relatively recent study investigating the motor properties of Eg5 unexpectedly revealed 

that Eg5 does in fact have microtubule polymerase activity (Chen and Hancock, 2015). 

Incubating an Eg5 dimer with microtubules in vitro was demonstrated to increase the 

growth rate whilst reducing the catastrophe frequency of the microtubules when compared 

to control microtubules in the absence of Eg5. Subsequently, a later study proposed that 

Eg5 can promote a curved-to-straight transition in tubulin which promotes lateral bond 

formation necessary for microtubule growth (Chen et al., 2019). This hypothesis was based 

on findings that Eg5 reduces the affinity of so-called ‘wedge’ microtubule inhibitors, such as 

colchicine, vinblastine and nocodazole, which promote microtubule shrinkage by stabilising 

the kinked conformation of tubulin, meaning lateral bonds are no longer able to form (Chen 

et al., 2019).  

 

Intriguingly, single molecule fluorescence experiments revealed that Eg5 could track the 

plus-ends of microtubules where Eg5 paused for 7 seconds (Chen and Hancock, 2015). 

Furthermore, it was demonstrated that the Eg5 motor domain preferentially binds 

microtubules over free tubulin, consistent with Eg5 being a polymerase rather than a 

depolymerase (Chen et al., 2019). Taking these experiments together, the authors proposed 

that Eg5 stabilises the interactions between newly added tubulin dimers with the pre-

existing protofilament by stepping on to the tubulin dimer and straightening it therefore 

enhancing microtubule polymerisation (Chen and Hancock, 2015; Chen et al., 2019). 

 

1.5.5. Eg5 in cancer 

Eg5 expression is frequently upregulated in a variety of cancers, including colorectal, breast, 

liver and NSCLC (Kim et al., 2023; Jin et al., 2017; Shao et al., 2021; Saijo et al., 2006). 

Interestingly, overexpression of Eg5 in vivo can contribute to spindle defects leading to 
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aneuploidy, genomic instability and tumour formation (Castillo et al., 2007). This study 

generated transgenic mice which were designed to overexpress Eg5. These mice were found 

to develop a variety of malignancies after an average of 21 months which included 

hematopoietic neoplasias, pulmonary and mammary adenocarcinomas, and ovarian 

neoplasms (Castillo et al., 2007). In addition to this, mouse embryonic fibroblasts (MEFs) 

isolated from these transgenic mice revealed a significant proportion of monopolar or 

multipolar spindles in mitotic cells. Analysis of the DNA content of these cells by flow 

cytometry revealed a substantial number of cells overexpressing Eg5 to be tetraploid or 

even octoploid (Castillo et al., 2007). Together, these findings demonstrate that Eg5 

overexpression can contribute to many of the pre-requisites of cancer formation, namely 

aneuploidy, genomic instability and cellular transformation. In line with this, multiple 

studies have also highlighted the use of Eg5 as a prognostic marker, where patients with 

higher Eg5 expression are seen to have distant metastases and lower overall survival rates 

than those with low expression (Kim et al., 2023; Shao et al., 2021; Jin et al., 2017). 

 

Eg5 has also been linked to cancer cell migration and invasion. A study investigating the 

effects of an Eg5 inhibitor, dimethylenastron, found this inhibitor reduced the invasion of 

multiple pancreatic cancer cell lines (Sun et al., 2011). Cells were treated with varying 

concentrations of dimethylenastron and their ability to invade through Matrigel in a 

transwell assay system was assessed. Indeed, higher concentrations of dimethyenastron 

showed a greater effect on reducing cell invasion (Sun et al., 2011). This study also claimed 

that dimethylenastron reduced migration of pancreatic cancer cells in a wound healing 

assay (Sun et al., 2011). However, Eg5 inhibitors cause mitotic arrest, which brings into 

question whether these assays are appropriate to use when cells are treated with such 

inhibitors. Nonetheless, a similar study which investigated the effect of Eg5 inhibitors on 

migration of gastric adenocarcinoma cells obtained similar results, this time from a transwell 

migration assay in the presence or absence of chemoattractant (Marconi et al., 2019). In this 

study, the Eg5 inhibitor, K858, and two similar novel inhibitors developed by the authors 

were used and all three inhibitors markedly reduced cell migration (Marconi et al., 2019). 
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Eg5 is also believed to have a role in angiogenesis. A study demonstrated that upon 

stimulation of angiogenesis in vivo, Eg5 expression was upregulated in chick chorio-allantoic 

membrane (Exertier et al., 2013). Similar results were produced in human umbilical vein 

endothelial cells (HUVECs) cultured in vitro. Immunohistochemical staining of glioblastoma 

or renal cell carcinoma samples revealed Eg5 was localised within endothelial cells and 

capillaries, respectively (Exertier et al., 2013). Interestingly, HUVEC proliferation, adherence, 

spreading and migration could be suppressed with Eg5 inhibitors. Eg5 inhibition was also 

found to hinder angiogenesis in vivo in both a mouse aortic ring assay and upon injection of 

Eg5 inhibitors into chick or zebrafish embryos (Exertier et al., 2013). Taken together, these 

findings provide intriguing evidence that Eg5 is necessary for establishment of vascular 

systems. 

 

1.5.6. Eg5 inhibitors 

The crucial role of Eg5 in dividing cells makes Eg5 an attractive target for chemotherapeutic 

intervention. A variety of Eg5 inhibitors have been developed which have different 

mechanisms of action. Eg5 inhibitors can be divided into two categories: loop 5 (L5) 

inhibitors, which destabilise microtubules, and rigor inhibitors, which stabilise microtubules 

(Chen et al., 2017). Examples of L5 inhibitors include monastrol, S-trityl-L-cysteine (STLC), 

ispinesib and filanesib, whereas rigor inhibitors include 2-[1-(4-fluorophenyl)cyclopropyl]-4-

(pyridin-4-yl)thiazole (FCPT) and BRD9876 (Figure 1.14) (Chen et al., 2017; Skoufias et al., 

2006).  

 

Specifically described as ATP uncompetitive inhibitors, L5 inhibitors bind in or near the L5 

loop and inhibit the ATPase activity, preventing an essential conformational change from 

happening in the Eg5 motor which would permit association with microtubules. Hence, 

these inhibitors weaken Eg5 interaction with microtubules and makes them prone to 

depolymerisation (Larson et al., 2010; Chen et al., 2017). The addition of these kind of 

inhibitors to cells prevents the separation of centrosomes and formation of a bipolar 

spindle, meaning that cells will arrest in mitosis with a monopolar spindle (Skoufias et al., 

2006; Chen et al., 2017). These drugs are attractive candidates for chemotherapy as they  
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Figure 1.14. Mechanisms of Eg5 inhibitors. (A) Eg5 inhibitors can be classified as either loop 5 or 

rigor inhibitors. Loop 5 inhibitors weaken the interaction between Eg5 and the microtubules 

resulting in microtubules destabilisation. Rigor inhibitors on the other hand strengthen the Eg5-

microtubule interaction resulting in microtubule stabilisation. (B) The chemical structures of five 

well-used Eg5 inhibitors. Monastrol, STLC, ispinesib and filanesib are all loop 5 inhibitors, whereas 

BRD9876 is a rigor inhibitor (adapted from Chen et al. (2017)). 
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will, in theory, selectively target dividing cells without causing toxic side-effects on non-

proliferating cells, such as neurons, which is a drawback of microtubule poisons (Shi and 

Mitchison, 2017). However, many of these L5 inhibitors have given disappointing results in 

clinical trials (Shi and Mitchison, 2017; Garcia-Saez and Skoufias, 2021). Nevertheless, one 

inhibitor, filanesib (also known as Arry-520) has now reached phase III clinical trials after 

showing promising results in the treatment of multiple myeloma (Owens, 2013; Indorato et 

al., 2019).  

 

Eg5 rigor inhibitors stabilise microtubules and can be ATP-competitive or non-competitive 

(Chen et al., 2017). FCPT is an example of an ATP-competitive rigor inhibitor that binds in 

the ATP binding site of L5; BRD9876 binds to the α4-α6 interface but there are contrasting 

views of whether BRD9876 is an ATP-competitive or non-competitive inhibitor (Groen et al., 

2008; Chattopadhyay et al., 2015; Chen et al., 2017). Treatment of cells with either of these 

rigor inhibitors prevents bipolar spindle formation unless cells are already in mitosis at the 

time of treatment. Cells already in mitosis maintain spindle integrity when treated with 

these inhibitors. However, it has been reported that treating cells with FCPT results in less 

microtubules at spindle poles and the mis-localisation of TPX2 and γ-tubulin to the spindle 

equator rather than the spindle poles (Chen et al., 2017; Groen et al., 2008). 

 

1.6. Cell migration 

1.6.1. Mesenchymal cell migration 

Cell migration is essential for many biological processes, including embryonic development, 

wound healing and immune responses. It is also necessary for pathological events, such as 

cancer cell dissemination and metastasis. Two general methods of cell migration have been 

described: mesenchymal migration and amoeboid migration. Whilst amoeboid migration 

relies heavily on acto-myosin contraction where cells appear blebbed and lack adhesions, 

mesenchymal migration is characterised by cells adopting a particular type of morphology 

with a distinct leading and trailing edge with force generated on adhesion sites (Graziani et 

al., 2022; Etienne-Manneville, 2013). Due to the mesenchymal-like morphologies of cells 

used in this study, amoeboid migration will not be discussed further. 
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Mesenchymal migration can be broken down into four key events that must take place in 

order for efficient cell movement: protrusion, adhesion, contraction and retraction (Figure 

1.15) (Etienne-Manneville, 2013). Different types of protrusion are required at the front of 

the cell which drive cell migration and are largely comprised of highly branched actin 

filaments (Rottner and Schaks, 2019). The first of these essential protrusions is a 

lamellipodium. Lamellipodia are dynamic structures formed from the assembly of branched 

actin filaments which physically push the cell membrane forward in the direction of 

migration (Innocenti, 2018; Rottner and Schaks, 2019). Lamellipodia are established due to 

the activity of the Rho GTPases Rac1 and Cdc42 and activation of their downstream targets, 

the WAVE complex (target of Rac1), WASP/N-WASP (target of Cdc42), which in turn activate 

the Arp2/3 complex that promotes actin branching (Rottner and Schaks, 2019; Etienne-

Manneville and Hall, 2002; Mattila and Lappalainen, 2008). Another type of protrusion 

formed by migrating cells are filopodia. Filopodia are thin hair-like structures formed from 

bundled actin filaments that are capable of sensing the extracellular environment (Mattila 

and Lappalainen, 2008; Etienne-Manneville and Hall, 2002). In contrast to lamellipodia, 

filopodia are formed due to the activity of Cdc42 which can activate formins, such as mDia2, 

that also control actin organization (Peng et al., 2003; Rottner and Schaks, 2019). 

 

A third specialised type of actin-based protrusion, termed invadapodia, are formed by 

cancer cells and contribute to the degradation of the basement membrane through co-

ordination of extracellular proteolytic activity (Paterson and Courtneidge, 2018). Once the 

basement membrane is degraded, cancer cells can invade into the extracellular matrix 

(ECM) and thus begin the process of metastasis. These specialised protrusions are also 

thought to form downstream of Cdc42 activity, mediated by N-WASP and the Arp2/3 

complex (Paterson and Courtneidge, 2018; Rottner and Schaks, 2019). A number of proteins 

are associated with invadapodia, including proteases from the matrix metalloprotease 

family (MT1-MMP, MMP2 and MMP9) and serine protease family (e.g. separase and 

urokinase-type plasminogen activator (uPA)), which facilitate the breakdown of the 

basement membrane (Paterson and Courtneidge, 2018). It is worth noting that some normal 

cell types such as osteoclasts and immune cells are also capable of forming protrusions  
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Figure 1.15. Four steps of mesenchymal cell migration. 1. The first step of mesenchymal cell 

migration is protrusion. Actin (red) polymerisation occurs at the front of the cell and pushes the cell 

membrane forward. 2. The second stage is the formation of new focal adhesions (yellow star) behind 

the leading edge of the cell. Focal adhesions provide points of contact between the cell and the 

extracellular matrix (orange). 3. The third stage is contraction. Acto-myosin contraction generates 

force over mature focal adhesions (green) which allows the cell to pull itself forward. 4. The final 

stage is retraction of the cell rear. Focal adhesions are disassembled at the cell rear. Yellow arrow 

indicates direction of migration. Figure adapted from Ananthakrishnan and Ehrlicher, 2007. 
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capable of proteolytic activity. Here, these invasive protrusions are known as podosomes 

(Paterson and Courtneidge, 2018). 

 

The second essential step of mesenchymal migration is adhesion. Focal adhesions form 

underneath protrusions at the leading edge and attach the actin cytoskeleton to the 

extracellular matrix (ECM), providing points of contact for the cell to generate traction 

(Parsons, Horwitz and Schwartz, 2010). The initial link between the cell and the ECM is 

formed by the extracellular portion of integrins, transmembrane proteins that bind to 

specific recognition sequences in ECM components such as collagen and fibronectin. Once a 

physical link has been established, a conformational change occurs in the intracellular 

portion of the integrins, which exposes its cytoplasmic tail where focal adhesion proteins 

such as talin and vinculin are recruited to the nascent adhesion site (Parsons, Horwitz and 

Schwartz, 2010). The recruitment of focal adhesion proteins to the nascent adhesion site 

relies on tyrosine phosphorylation events predominately performed by the focal adhesion 

kinase (FAK) and Src (Maziveyi and Alahari, 2017). 

 

Once assembled, focal adhesions can mature and eventually disassemble at the rear of the 

cell. Mature focal adhesions are linked to actin filaments and it is here that the cell 

generates the force required to pull itself over the adhesion (Maziveyi and Alahari, 2017). 

The maturation of focal adhesions into focal complexes is thought to be in part due to acto-

myosin contractility (Parsons, Horwitz and Schwartz, 2010). The tension generated by acto-

myosin causes stretching of focal adhesion proteins, such as talin, which exposes binding 

sites for other focal adhesion proteins, namely vinculin, resulting in further recruitment of 

these proteins to form larger complexes (del Rio et al., 2009). Although less well understood 

than focal adhesion assembly, it is clear that focal adhesion disassembly is coupled to cell 

retraction. Disassembly is also thought to occur as a result of acto-myosin contractility and 

Rho GTPase activity, as well as calpain mediated cleavage of talin and integrin β subunits 

(Parsons, Horwitz and Schwartz, 2010; Franco et al., 2004; Flevaris et al., 2007).  
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Acto-myosin contractility is required not only for the turnover of focal adhesions, but also 

for the contraction of the cell as a whole (Haga and Ridley, 2016). The main regulators of 

acto-myosin contractility are the Rho GTPase, RhoA, and its downstream effectors, Rho-

associated coiled-coil containing kinases (ROCKs). Upon activation, ROCKs can 

phosphorylate and activate LIM-kinases (LIMKs), which subsequently phosphorylate and 

inactivate cofilin, an actin severing protein (Ohashi et al., 2000). This increases the stability 

of actin filaments. In addition to this, ROCKs also phosphorylate and inactivate myosin light 

chain (MLC) phosphatase. The result of this is an increase in cellular levels of 

phosphorylated MLC which promotes the cross-linking of actin filaments by myosin II and 

therefore the production of contractile forces (Narumiya, Tanji and Ishizaki, 2009; Haga and 

Ridley, 2016). RhoA signalling via the formin, mDia, is also responsible for the formation of 

actin stress fibres, a subset of which associate with mature focal adhesions (Narumiya, Tanji 

and Ishizaki, 2009; Haga and Ridley, 2016). 

 

The final stage of mesenchymal cell migration is retraction, which also largely relies on acto-

myosin contractility (Etienne-Manneville, 2013). Crucially, focal adhesions must be 

disassembled at the rear of the cell and failure to do so will inhibit the movement of cells. 

The turnover of focal adhesions also relies on microtubules (Etienne-Manneville, 2013; 

Ezratty, Partridge and Gundersen, 2005) and this will be discussed further in section 1.6.3. 

 

Finally, it is worth noting that for efficient mesenchymal migration, it is essential that cells 

maintain a distinct front-to-rear polarity. The Rho GTPase, Cdc42, is known to have direct 

roles in this (Etienne-Manneville, 2004; Cau and Hall, 2005). Cdc42 participates in signalling 

pathways that act on the microtubules and actin cytoskeleton, resulting in cell polarisation. 

The first of these signalling pathways involves a physical interaction between Cdc42 and 

Par6 which inactivates aPKC. This pathway is known to reorientate the centrosome which 

may lead to the capture of microtubule plus ends at the leading edge (Cau and Hall, 2005; 

Etienne-Manneville, 2004). Moreover, Cdc42 can also interact with IQGAP1 which associates 

with CLIP-170, a microtubule plus-end associated protein. This pathway also results in the 

capture of microtubules and interfering with these interactions leads to a loss of 
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polarisation in cells (Fukata et al., 2002). Another pathway involves an interaction between 

Cdc42 and PAK kinases which results in PAK activation. Once active, PAKs can localise β-pix 

and Rac1 at the leading edge where actin polymerisation takes place (Cau and Hall, 2005). 

 

In summary, mesenchymal cell migration is a complex process that relies on the 

establishment of a distinct cell front and rear. Multiple signalling pathways exist which act 

principally on the actin cytoskeleton but also on microtubules in order to form a protrusive 

front and a retracting rear and these pathways must be tightly controlled in both space and 

time to allow for efficient migration.  

 

1.6.2. Epithelial to mesenchymal transition 

Epithelial-to-mesenchymal transition (EMT) is a process by which epithelial cells alter their 

phenotype and gain migratory and invasive potential (Roche, 2018). Furthermore, EMT is 

characterised by a loss of cell-cell adhesion and cell-matrix adhesion, a change in cell-

surface proteins, a loss of apical-basal polarity and gain of front-rear polarity; remodelling of 

the cytoskeleton underlies many of these morphology changes (Roche, 2018). Mesenchymal 

cells also exhibit more resistance to senescence and apoptosis and can display stem-cell like 

properties (Thiery et al., 2009). Again, EMT is a normal process essential in embryonic 

development and body patterning (Thiery, 2002). Importantly, EMT is a reversible process, 

with transitions between EMT and mesenchymal-to-epithelial transition (MET) being 

necessary in organ development (Thiery, 2002; Kalluri and Weinberg, 2009). Interestingly, 

cancer cells will often undergo a partial EMT where they maintain the cell-cell adhesive 

properties of epithelial cells but benefit from the migratory potential of mesenchymal cells. 

Moreover, these cells can collectively migrate as clusters (Jolly et al., 2015). 

 

A key marker of EMT is the loss of E-cadherin expression. E-cadherin is a cell surface protein 

essential for mediating cell-cell adhesion where it facilitates the formation of adherens 

junctions through interaction with α/β-catenins, which in turn bind the actin cytoskeleton 

(Thiery, 2002). Desmosomes can also be formed through E-cadherin interaction between 
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neighbouring cells, where cells are anchored together through indirect interaction with 

intermediate filaments (Thiery, 2002). Coupled with the loss of E-cadherin expression in 

mesenchymal cells is an increase in N-cadherin expression (Mrozik et al., 2018). 

Interestingly, the expression of N-cadherin promotes cell clustering, albeit with weaker 

interactions and therefore assists collective cell migration (Klymenko et al., 2017). 

Expression of N-cadherin at the rear of “leader” cells results in the formation of actin-based 

protrusions at the front of the “leader” cell. This is achieved through the activation of Rac1 

and Cdc42 GTPases at the cell front, whereas an N-cadherin-p120 catenin complex excludes 

α5-integrin at the rear, where junctions with “follower” cells are formed. The exclusion of 

α5-integrin at the cell rear inhibits Rac1 and Cdc42 activity at the rear, thus N-cadherin 

directly participates in the establishment of front-rear polarity of mesenchymal cells and to 

cytoskeleton reorganisation mediated by Rho GTPases (Ouyang et al., 2013). 

 

The loss of E-cadherin can be triggered by transcription factors which bind to the promoter 

region of the E-cadherin gene (CDH1) and repress its transcription. Transcription factors 

known to do this include SNAI1 (Snail), SNAI2 (Slug), Twist, Zeb1 and Zeb2 (Loh et al., 2019; 

Roche, 2018). These transcription factors can cooperate with enzymes, such as DNA 

methylases, which keep the promotor of CDH1 hypermethylated, resulting in its epigenetic 

silencing (Serrano-Gomez, Maziveyi and Alahari, 2016). Growth factors, such as fibroblast 

growth factor (FGF), or signalling pathways such as the Wnt pathway are known to regulate 

the expression of these EMT-promoting transcription factors (Loh et al., 2019). 

 

In summary, the key events mediating EMT are the loss of E-cadherin expression and its 

replacement with N-cadherin. This cadherin switch can directly alter cellular properties such 

as adhesion, polarity, cytoskeleton organisation and cell morphology which promote the 

migration and invasion of mesenchymal cells. 
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1.6.3. The role of microtubules in cell migration 

The role of actin filaments in cell migration is extremely well characterised. However, it has 

become clear that microtubules also have multiple roles in the cell migration process above 

and beyond dictating cell polarity through centrosome positioning (Wadsworth, 1999). 

Whilst the assembly of actin filaments drives the formation of membrane protrusions, such 

as lamellipodia, microtubules play more subtle roles in this process. Microtubules are largely 

excluded from lamellipodial protrusions, but a few microtubules (termed pioneer 

microtubules) are permitted access where they contribute to trafficking of components 

required at the leading edge, as well as for mechanical support and signalling (Wadsworth, 

1999; Etienne-Manneville, 2013; Garcin and Straube, 2019). 

 

Microtubule-mediated trafficking of membrane components, mRNAs and signalling 

molecules to the leading edge is necessary for efficient directional migration. Crucially, cell 

membrane tension must be balanced with the forces of actin polymerisation at the cell 

front. To that end, the cell membrane must be extended and microtubules transport newly 

synthesised lipids and other necessary components to the leading edge for this purpose 

(Raucher and Sheetz, 2000; Garcin and Straube, 2019). Microtubules also transport mRNAs 

of proteins that are directly involved with actin polymerisation, such as the Arp2/3 complex, 

profilin and β-actin (Mingle et al., 2005; Johnsson and Karlsson, 2010; Hill, Schedlich and 

Gunning, 1994). The localised translation of these proteins is thought to contribute to 

limiting actin polymerisation to the leading edge (Garcin and Straube, 2019). In addition to 

membrane components and mRNAs, the Rho GTPases Rac1 and Cdc42 and one of their 

activators β-pix are also delivered to the leading edge via microtubule transport (Osmani et 

al., 2010; Palamidessi et al., 2008). 

 

The pushing force behind membrane protrusion is predominantly generated by actin 

polymerisation, although some evidence exists that suggests microtubules may also 

contribute to force generation (Etienne-Manneville, 2013). In neurons, microtubule sliding 

facilitated by kinesin-1 has been shown to be sufficient for initial neurite extension (Lu et al., 

2013). Indeed, this study showed neither actin nor microtubule polymerisation was required 
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to generate neurite outgrowth (Lu et al., 2013). Additionally, microtubules are required for 

the migration and invasion of mesenchymal cells in 3D culture models, where they promote 

the generation of long protrusions necessary to form adhesion sites needed for the cell to 

pull itself along (Bouchet et al., 2016). This was shown to be dependent on microtubule 

plus-end binding proteins, SLAIN2 and CLASP1, which prevent catastrophes from occurring. 

It was shown that pseudopods were unable to lengthen upon microtubule catastrophes at 

the pseudopod tip (Bouchet et al., 2016). 

 

Microtubule polymerisation or depolymerisation acts as a signal that activates different Rho 

GTPases. Microtubule polymerisation was first found to activate Rac1 at the leading edge in 

1999, where lamellipodia were seen to form in cells after nocodazole washout (Waterman-

Storer et al., 1999). Furthermore, treatment of cells with taxol was also found to stimulate 

lamellipodia formation (Waterman-Storer et al., 1999). Later research found that 

microtubules can in fact interact with guanine nucleotide exchange factors (GEFs), which 

activate the Rho GTPases. One study found the GEF Tiam2 (also known as STEF) was 

required for Rac1 activation during microtubule growth (Rooney et al., 2010). In contrast to 

this, microtubule depolymerisation activates RhoA at the cell rear (Krendel, Zenke and 

Bokoch, 2002). Here, the RhoA GEF, GEFH1, physically interacts with microtubules where it 

is kept in an inactive state. Microtubule depolymerisation facilitates the release of GEFH1 

when it can then activate RhoA at the cell rear (Krendel, Zenke and Bokoch, 2002).  

 

Microtubules are also involved in the regulation of focal adhesions, where they are thought 

to be involved in focal adhesion assembly, maturation and turnover. In fact, dynamic 

microtubules repeatedly associate with focal adhesion sites (Kaverina, Rottner and Small, 

1998). The role of microtubules in focal adhesion dynamics is likely to be mediated in part 

by the ability of microtubules to regulate Rho GTPases (Stehbens and Wittmann, 2012; 

Etienne-Manneville, 2013). Indeed, microtubule depolymerisation has been shown to 

activate RhoA, which has previously been shown to facilitate focal adhesion assembly 

(Krendel, Zenke and Bokoch, 2002; Ridley and Hall, 1992). Furthermore, the increase in acto-

myosin contractility stimulated by RhoA also results in adhesion maturation (Krendel, Zenke 
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and Bokoch, 2002). Similarly, Rac1 and its activator Tiam2 are thought to be required for 

focal adhesion disassembly, where Tiam2 has been shown to target microtubules to focal 

adhesions (Rooney et al., 2010).  

 

Microtubule-mediated transport of proteins is also thought to be involved in the focal 

adhesion life cycle. For example, microtubules are necessary to deliver integrins to the cell 

surface which form the building blocks of focal adhesions (Theisen, Straube and Straube, 

2012). Similarly, microtubules also transport Adenomatous Polyposis Coli (APC) to their plus-

ends in proximity to nascent focal adhesion sites where it is proposed APC stimulates focal 

adhesion dynamics (Fang and Svitkina, 2022). One study has shown that APC interacts with 

FAK and paxillin at the leading edge of the cell, therefore APC may have a role in focal 

adhesion assembly (Matsumoto et al., 2010). Conversely, studies have shown that APC 

nucleates actin filaments at focal adhesions where microtubule growth along actin stress 

fibres is required for microtubule capture at focal adhesions and their dissolution (Juanes et 

al., 2017; Kaverina, Rottner and Small, 1998).  

 

Lastly, microtubule stabilisation has been linked to cell migration and metastasis in multiple 

studies (Boggs et al., 2015; Bance et al., 2019; Kim et al., 2023). The first of these studies 

found that breast cancer cells formed long protrusions that contained acetylated 

microtubules, termed microtentacles (McTN), which are believed to play a role in the 

reattachment of suspended tumour cells (Boggs et al., 2015). Furthermore, mutation of the 

α-tubulin acetylation site, K40, to arginine reduced chemotactic cell migration, suggesting 

that tubulin acetylation somehow promotes a metastatic phenotype (Boggs et al., 2015). 

Similarly, another study showed that siRNA depletion of αTAT1 reduced the rate of 

migration in astrocytes (Bance et al., 2019). Moreover, αTAT1 was found to localise to focal 

adhesion sites where it is believed to locally stabilise microtubules and have an involvement 

in focal adhesion dynamics (Bance et al., 2019). Finally, acetylated tubulin expression has 

been found to be elevated in a number of cancer types. For example, one study found 

elevated acetylated tubulin in 74% of samples from a cohort of colon cancer patients and 

this was linked to increased metastatic potential (Kim et al., 2023). 
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1.7. Aims and objectives 

The mechanisms by which EML4-ALK V3 enables cancer cells to become more mesenchymal 

in morphology and migratory remain elusive. By understanding the pathways these cancer 

cells are using to promote cell migration, invasion and metastasis, there is potential for 

novel drug targets to be identified that could block these pathways and perhaps slow the 

spread of these cancer cells to secondary sites in the body. In addition to morphology and 

migration changes, research has also revealed significant alterations to the microtubule 

cytoskeleton in cells that express EML4-ALK V3, although how these alterations occur is still 

unclear. As it is known that these phenotypic changes are dependent on NEK9 and NEK7, 

and that a NEK7-Eg5 pathway exists in neurons that promotes dendrite extension, we were 

interested to see if this pathway was responsible for the phenotypic changes observed in 

EML4-ALK V3 cancer cells. In addition, some evidence suggesting that EML4-ALK V3 may 

have a role at the centrosome has recently emerged with cells expressing EML4-ALK V3 

exhibiting centrosome amplification and increased microtubule nucleation capacity (see 

section 1.2.4). This could promote genomic instability in these cancer cells. Therefore, we 

also sought to further investigate whether EML4-ALK V3 might localise to the centrosome 

along with the potential downstream components, NEK7 and Eg5. 

 

The aims of this project were therefore: 

(i) to investigate whether Eg5 regulates interphase microtubule stability, cell 

morphology and migration in EML4-ALK V3 cancer cells; 

(ii) to determine whether Eg5 is a downstream substrate of NEK7 in EML4-ALK V3 

cancer cells; 

(iii) to determine whether EML4-ALK V3 and downstream substrates localise to the 

centrosome and alter its behaviour. 
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The specific experimental objectives to investigate these aims were as follows: 

(i) compare the expression and intracellular localisation of Eg5 in isogenic BEAS-2B 

and NSCLC cell lines expressing EML4-ALK V3 to parental or EML4-ALK V1 cell 

lines; 

(ii) determine whether cell morphology and migration are altered in EML4-ALK V3 

cells upon chemical inhibition of Eg5 with STLC, filanesib and BRD9876; 

(iii) determine whether Eg5 is regulated by NEK7 in EML4-ALK V3 cell lines using 

siRNA depletion of NEK7; 

(iv) explore the localisation of Eg5 S1033 phosphomutants in EML4-ALK V1 and V3 

cell lines and determine whether phosphorylation of S1033 increases 

microtubule stability and cell length; 

(v) investigate whether EML4-ALK V3 and downstream components of the NEK9-

NEK7 pathway localise to the centrosome; 

(vi) explore whether microtubule nucleation from the centrosome is increased in 

cells expressing EML4-ALK V3.  
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2.1. Materials and reagents 

Table 2.1.1. Reagents and materials 

Reagent/material Supplier 

Ammonium persulfate (APS) Sigma Aldrich 

Bacteriological agar Sigma Aldrich 

β-mercaptoethanol Sigma Aldrich 

Boric acid Fisher 

Bovine Serum Albumin (BSA) Fisher Scientific 

Butanol Fisher 

Coverslips (22 mm/13 mm) Scientific Laboratory Supplies 

Dimethyl Sulfoxide (DMSO) Sigma Aldrich 

DTT Melford 

EDTA Fisher 

Enhanced chemiluminescence (ECL) 

Western blotting substrate 

Pierce 

Ethanol Fisher Scientific 

GeneRuler 1 kb plus DNA ladder ThermoFisher 

Glycerol Fisher Scientific 

Glycine Melford 

HCl Fluka 

HEPES Melford 

Hoechst 33258 Invitrogen 

KCl Acros organics 

KH2PO4 Fisher 

Luria Broth (LB) pellets Melford 

Methanol Fisher Scientific 

Microscope slides VWR 

Midi prep kit Zymo research 

NaCl Melford 

NaHCO3 Sigma Aldrich 
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Na2HPO4 Melford 

NaOH Organics 

Nescofilm Nesco 

Nitrocellulose (0.45 µm pores) Amersham 

Nonidet P-40 Fluka BioChemika 

N-propyl gallate Sigma Aldrich 

pH indicator paper VWR 

Precision Plus Protein Dual Colour Standard 

protein ladder 

BioRad 

Protein assay dye BioRad 

Protein inhibitor cocktail (PIC) Proteoloc 

ProtoGel (30% w/v acrylamide) Geneflow national diagnostics 

RNase A Invitrogen 

RNase Away Invitrogen 

Skimmed milk powder VWR 

Sodium deoxycholate Sigma Aldrich 

SDS Sigma Aldrich 

SYBR-Safe Invitrogen 

TEMED Santa Cruz 

Tris base Fluorochem 

Triton X-100 Sigma Aldrich 

Tween-20 MP Chemicals 

Whatman paper Scientific Laboratory Supplies 

XL-10 GOLD bacteria Agilent Technologies 

X-ray films Scientific Laboratory Supplies 

0.2 µm filter Pall Corporation 

1 ml/50 ml syringe BD Plastipak 

27G needles BD Bioscience 
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Table 2.1.2. Plasmids  

Plasmid Received From Antibiotic resistance 

pCS2 FLAG-Eg5 WT Dr. Joan Roig, Barcelona Amp 

pCS2 FLAG-Eg5 S1033A Dr. Joan Roig, Barcelona Amp 

pCS2 FLAG-Eg5 S1033D Dr. Joan Roig, Barcelona Amp 

 

 

Table 2.1.3. Sequencing primers 

Primer name Sequence (5’ – 3’) 

Eg5 Fwd1 CAGCCAAATTCGTCTGCGAAG 

Eg5 Fwd2 GCATACTCTAGTCGTTCCCAC 

Eg5 Fwd3 CTCAAGACTGATCTTCTAAGT 

Eg5 Rev1 GATCTGGGCTCGCAGAGGTAA 

Eg5 Rev2 CTTCGCAGACGAATTTGGCTG 

 

 

Table 2.1.4. Cell lines 

Cell line 

(Source/supplier) 

Cell origin Media Supplemented with 

BEAS-2B Parental 

(Dr Jene Choi, 

Seoul Korea) 

Bronchial 

epithelia 

RPMI 1640 10% FBS (v/v), 1% Penicillin-

Streptomycin (v/v), 1% G418 

(w/v) 

BEAS-2B EML4-

ALK V1/V3 

(Dr Jene Choi, 

Seoul, Korea)  

Bronchial 

epithelia 

RPMI 1640 10% FBS (v/v), 1% Penicillin-

Streptomycin (v/v), 1% G418 

(w/v), 0.25μg/ml puromycin 

H3122 

(ATCC) 

Lung 

adenocarcinoma  

RPMI 1640  10% FBS (v/v), 1% Penicillin-

Streptomycin (v/v) 
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H2228 

(ATCC) 

Lung 

adenocarcinoma 

RPMI 1640 10% FBS (v/v), 1% Penicillin-

Streptomycin (v/v) 

 

Table 2.1.5. Cell culture reagents 

Cell culture reagent  Supplier 

Collagen Type I, rat tail Corning 

DMEM Powder  Gibco 

Doxycycline Invitrogen 

FBS Gibco 

FuGENE HD (E2311) Promega 

G418 Sigma 

Oligofectamine 2000 (12252011) Invitrogen 

OptiMEM Gibco 

Penicillin-Streptomycin (100U/ml) Gibco 

Puromycin Invitrogen 

RPMI Gibco 

Trypsin Gibco 

 

 

Table 2.1.6. Cell culture materials 

Plastic Supplier 

6 cm dish TPP 

10 cm dish TPP 

T75 flask TPP 

6 well plate TPP 

8 well chamber slide LabTek 

Cryogenic tubes TPP 
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Table 2.1.7. Drugs 

Drug (Catalogue number) Supplier Final concentration 

BRD9876 (HY-110208) Generon 10 µM 

Filanesib (HY-15187) Generon 100 nM 

Nocodazole (M1404) Sigma 500 nM 

STLC (2799-07-7) Sigma 5 µM 

 

 

Table 2.1.8. siRNAs  

siRNA (Catalogue number) Supplier Final concentration 

GAPDH (AM4631) Ambion 50 nM 

NEK7_a (J-003795-12-0050) Dharmacon 50 nM 

NEK7_b (J-003795-14-0050) Dharmacon 50 nM 

 

 

Table 2.1.9. Primary antibodies 

Antibody 

 (Catalogue number) 

Supplier Species WB dilution IF dilution 

α-tubulin  

(PA5-19489) 

Invitrogen  Rabbit 1:5000 1:1000 

α-tubulin (T5168) Sigma Mouse  1:1000 

Acetylated tubulin 

(T6793) 

Sigma Mouse  1:1000 

ALK  

(D5F3) 

Cell Signalling Rabbit 1:1000 1:500 

ALK (4C588) Invitrogen Mouse  1:500 

Eg5 (23333-1-AP) Proteintech Rabbit 1:1000 1:200 

FLAG (F7425) Sigma Rabbit 1:1000 1:500 



72 
 

γ-tubulin (T6557) Sigma Mouse  1:1000 

γ-tubulin (T3559) Sigma Rabbit  1:1000 

GAPDH  

(14C10) 

Cell Signalling Rabbit 1:500  

NEK7 

(SAB2501398) 

Sigma Goat 1:500 1:500 

 

 

Table 2.1.10. Secondary antibodies 

Antibody  

(Catalogue number) 

Supplier Species WB dilution IF dilution 

Anti-mouse HRP 

(A90-116P) 

Bethyl Laboratories  1:2000  

Anti-rabbit HRP 

(A120-101P) 

Bethyl Laboratories  1:2000  

Anti-goat HRP 

(SAB3700295) 

Sigma  1:1000  

Alexa Fluor 488 

(A11008) 

Invitrogen Rabbit  1:200 

Alexa Fluor 488 

(A11001) 

Invitrogen Mouse  1:200 

Alexa Fluor 594 

(A11012) 

Invitrogen Rabbit  1:200 

Alexa Fluor 594 

(A11005) 

Invitrogen Mouse  1:200 

Alexa Fluor 647 

(A31571) 

Invitrogen Mouse  1:200 
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2.2. Methods 

2.2.1. Cell culture 

2.2.1.1. Cell maintenance 

Cells were grown in plastic flasks or on plates and kept in a 37oC, 5% CO2 incubator. When 

~80% confluent, cells were washed in PBS and incubated with trypsin at 37oC for 10 minutes 

to detach the cells. Cells were then collected using 2-8 ml of pre-warmed media, depending 

on the cell line and re-plated into new flasks or the relevant plates containing 2-10 ml pre-

warmed media. 

 

2.2.1.2. Cell storage 

Cells were stored in liquid nitrogen. To freeze down cells from culture, cells were washed in 

PBS and trypsin was added to detach cells. Cells were collected into falcon tubes with 2 ml 

of pre-warmed media then centrifuged at 1200 rpm for 5 minutes. Media was aspirated off 

and cells were resuspended in 4.5 ml FBS and 500 μl DMSO. Cells were then transferred into 

cryogenic tubes for storage. Cells were frozen in a -80oC freezer overnight before being 

transferred into liquid nitrogen. 

 

To get cells out of liquid nitrogen and into culture, cells were quickly defrosted in a 37oC 

water bath and 1 ml of pre-warmed media added to the tube. Cells were then added 

dropwise to a dish containing pre-warmed media. 

 

2.2.1.3. Induction of proteins in inducible cell lines 

In inducible cell lines, expression of proteins of interest was induced by adding 1 μg/ml 

doxycycline into the media for 72 hours (unless otherwise stated). 
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2.2.1.4. FuGENE transfection 

Cells were seeded into a 6 well plate in the relevant culture media 24-48 hours before 

transfection and allowed to reach 50-80% confluency. FuGENE was warmed to room 

temperature and vortexed before use. Serum and antibiotic free OptiMEM media was 

added to a tube followed by 2 µg plasmid DNA (at concentration 1 µg/ml) and 3 µl FuGENE 

in a 2:3 v/v ratio, giving a total volume of 200 μl. The transfection mix was then incubated at 

room temperature for 20 minutes. Meanwhile, cells were washed with antibiotic-free 

OptiMEM media twice before 1.8 ml of antibiotic-free OptiMEM was added to each well. 

Transfection mix was then added dropwise to cells and cells incubated at 37oC for 24 hours. 

Transfection efficiency was approximately 10% based on immunofluorescence microscopy 

staining. 

 

2.2.1.5. siRNA depletion 

Cells were seeded into a 6 well plate containing OptiMEM supplemented with 10% FBS at a 

confluency of approximately 30% the day before transfection. On the day of transfection, 

the cell culture hood and equipment used were thoroughly cleaned with RNase away spray. 

OptiMEM was warmed to 37oC and oligofectamine was warmed to room temperature. 5 µl 

of the siRNA oligos were mixed with 180 µl OptiMEM in an Eppendorf tube and 12 µl of 

OptiMEM and 3 µl of oligofectamine were mixed in a separate tube and incubated at room 

temperature for 5 minutes. The tubes containing the oligofectamine and siRNA oligos were 

then mixed and incubated at room temperature for a further 20 minutes. Cells were washed 

in OptiMEM containing no FBS or antibiotics 3 times before 800 µl of OptiMEM was added 

and the oligofectamine mixture added to each well dropwise. Cells were then incubated for 

4 hours at 37oC before adding 500 µl of OptiMEM media containing 30% FBS into the wells. 

Cells were then incubated for 72 hours. The significant loss of protein observed by Western 

blot demonstrates that the protein has been substantially reduced in most cells. 
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2.2.1.6. Embedding in collagen for 3D cell culture 

To embed cells in a collagen matrix, protocols were based on those published by Artym and 

Matsumoto (2010). Briefly, rat tail type I collagen was neutralised using 10X DMEM (made 

from powder), then 10X reconstitution buffer was added (2.2 g sodium bicarbonate, 4.8 g 

HEPES dissolved in 100 ml deionised H2O) followed by 1X PBS. 2N HCl and 2N NaOH were 

used to give a final pH of 7.1-7.4. Next, a layer of the neutralised collagen was spread over 

the bottom of wells in a chamber slide and incubated at 37oC with 5% CO2 for 25 minutes to 

allow the collagen to polymerise. After the collagen had polymerised, a cell suspension was 

added on top of the collagen layer and again incubated for 30 minutes to allow cells to 

attach to the collagen. Attachment was checked using a standard tissue culture microscope 

and by gently moving the chamber slides to check cells moved with the collagen matrix. 

Media was then aspirated off and another layer of collagen added on top of the cells to 

form a sandwich. The chamber slide was again placed back into the incubator for 30 

minutes to allow the top layer of collagen to polymerise. After the top layer of collagen had 

polymerised, 400 μl of the relevant cell culture media for the cell line was added to the 

chamber slide. The chamber slide was then incubated for 24 hours to allow cells to spread 

and begin to migrate through the collagen matrix. 

 

2.2.1.7. Collagen-coated coverslips 

Coverslips were coated with collagen where indicated. For this, 300 µl of 1 mg/ml rat tail 

type I collagen was pipetted directly on top of a coverslip placed in a 6 well plate. The 

coverslip was incubated at room temperature for 1 hour before being washed three times in 

PBS. The coverslips were then left to dry for 10 minutes before cells were seeded. 

 

2.2.1.8. Microtubule depolymerisation and regrowth assay 

To depolymerise microtubules, cells in a 6 well plate were treated with 500 nM nocodazole 

on ice for 30 minutes. To then enable microtubule regrowth, cells were quickly washed with 

pre-warmed media twice to remove residual nocodazole before being incubated with pre-

warmed media at 37oC for the indicated time periods. 
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2.2.2. Preparation of Eg5 constructs 

The WT, S1033A and S1033D Eg5 plasmids were kindly provided by Dr. Joan Roig, Barcelona. 

The plasmids were delivered on filter paper. To remove the plasmids from filter paper, filter 

paper was cut with sterile scissors around the area of each construct. The small pieces of 

filter paper were placed into Eppendorf tubes containing 100 µl TE buffer, mixed gently and 

incubated at room temperature for 10 minutes. The tubes were then centrifuged for a few 

seconds and the supernatant used for bacterial transformation. The plasmids were 

transformed into XL-10 Gold bacteria and grown on LB-ampicillin agar plates overnight. The 

following day, a colony was selected and placed into a tube containing 5 ml LB media and 5 

μl ampicillin. The culture was then amplified in 50 ml and a midi prep was performed 

according to manufacturer’s instructions to isolate the plasmid. Plasmids were then 

analysed on 1% agarose gels at 80 V for 45 minutes to confirm plasmid size. Plasmids were 

then sent to Source BioScience Cambridge to be sequenced. 

 

2.2.3. Cell lysis, SDS-PAGE and Western blotting 

Cells were washed with ice cold PBS before being scraped into RIPA buffer (50 mM Tris-HCl 

pH 8, 150 mM NaCl, 1% SDS, 0.5% sodium deoxycholate, 0.5% Nonidet P-40, 0.5% Triton-X-

100, supplemented with 1:100 RNAse A, 1:1000 DNAse, 1:100 DTT and 1:1000 Protease 

Inhibitor Cocktail). Lysates were then incubated on ice for 30 minutes before being passed 

through a 27G needle attached to a 1 ml syringe and then centrifuged at 13300 rpm for 20 

minutes. The protein concentration of clarified lysates was determined using the Bradford 

assay, where absorbance at 650 nm was measured and compared to a set of BSA standards. 

Samples were then mixed with an appropriate volume of sample buffer (62.5 mM Tris-HCl 

pH 6.8, 10% v/v glycerol, 2% w/v SDS, 5% v/v β-mercaptoethanol, 0.01% w/v bromophenol 

blue) to normalise protein concentration before being heated to 100oC for 10 minutes to 

denature samples. 

 

Lysates were loaded onto 10% SDS-PAGE gels (10% resolving gel: 4 ml protogel, 5 ml H2O, 3 

ml lower Tris pH 8.8, 150 µl of 10% APS and 10 µl TEMED; stacking gel: 650 µl protogel, 3 ml 
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H2O, 1.25 ml upper Tris pH 6.8, 75 µl of 10 % APS and 5 µl TEMED) and separated at 180 V 

for 1 hour. The gels were transferred onto nitrocellulose membranes using a semi-dry 

transfer unit (Amersham) at 70 mA per gel for 1 hour in the presence of Blotting buffer (6.06 

g Tris base, 28.8 g glycine, made up to 2 L with deionised water and supplemented with 10% 

methanol when needed). Nitrocellulose membranes were blocked in 5% w/v milk with PBST 

(1X PBS, 0.1% v/v Tween-20) for 1 hour at room temperature and then incubated with the 

relevant primary antibody in milk overnight at 4oC. Membranes were then washed three 

times in PBST, 10 minutes per wash and then incubated with the relevant secondary 

antibody in milk for 1 hour at room temperature. Membranes were again washed in PBST 

three times, 10 minutes per wash. ECL solution was added according to manufacturer’s 

instructions. Blots were then exposed to X-ray film and developed using a hyperprocessor in 

a dark room. 

 

2.2.4. Fixed and live cell microscopy 

2.2.4.1. Immunofluorescence staining  

Cells were plated on acid-etched glass coverslips before treatment and/or induction. Cells 

were fixed in ice cold methanol for a minimum of 20 minutes at -20oC. Cells were then 

washed 3 times in PBS before being blocked and permeabilised in 3% BSA containing 0.2% 

Triton X-100 for 1 hour at room temperature. Coverslips were then inverted onto parafilm 

containing droplets of the relevant primary antibodies diluted into 3% BSA containing 0.2% 

Triton X-100 for 2 hours. Coverslips were placed back into the 6 well plate and washed 3 

times in PBS for 5 minutes per wash. Coverslips were then inverted onto parafilm containing 

droplets of the relevant secondary antibodies diluted in 3% BSA containing 0.2% Triton X-

100 for 1 hour. Coverslips were washed 3 times in PBS for 5 minutes per wash before being 

mounted onto glass slides using mounting media (16 ml glycerol, 0.6 g N-propyl gallate, 4 ml 

H2O). 
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2.2.4.2. Confocal microscopy 

For lower resolution imaging, a VisiTech Infinity 3 confocal microscope was used fitted with 

a Hamamatsu C11440 -22CU Flash 4.0 V2 sCMOS camera and 60x Plan Apo (NA = 1.4) and 

20x Plan Apo (NA = 0.75) objectives. 

 

2.2.4.3. Super-resolution imaging 

A Zeiss Airyscan 2 microscope was used for super-resolution imaging fitted with a Plan-

Apochromat 63X objective (NA = 1.4). Airyscan calculation was used to improve resolution 

of images. 

 

2.2.4.4. Live cell imaging 

For live cell imaging, cells were embedded into collagen as described in section 2.2.1.6 in 8 

well chamber slides. Cells were imaged using a PhaseFocus Livecyte 2 imaging system fitted 

with a 37oC, 5% CO2 incubator. A PLN 10X objective (NA=0.25) was used to capture images 

every 15 minutes for 24 hours from three non-overlapping regions per well. 

 

2.2.5. Quantitative analyses 

2.2.5.1. Imaris co-localisation analysis 

Co-localisation analysis was performed using Imaris software where two channel images 

were captured and a mask, drawn in Fiji, was applied over an area of interest. Areas of 

interest were selected where the microtubules were clearest in each image and excluding 

the nucleus to get a more accurate measurement of the co-localisation of Eg5 with 

microtubules. The area inside the mask was then thresholded using the Costes method, 

which allowed for automatic threshold detection (Costes et al., 2004). Next, a co-localisation 

channel was built in Imaris which identified co-localised pixels within the area of interest. 

From the co-localisation channel, channel statistics were calculated which included a 

measurement of the percentage of channel B (Eg5) co-localised with channel A 
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(microtubules). The measurements were recorded in GraphPad Prism and presented in 

graphical format. 

 

2.2.5.2. Fiji co-localisation analysis 

In experiments where co-localisation analysis was required of specific areas, e.g. 

centrosomes, the PlotMultiColor4.3. Fiji macro developed by Dr. Kees Straatman was used. 

Briefly, a line was drawn through the relevant area of a two-channel image. The macro plots 

the intensity profiles of each channel along the length of the line drawn. Intensity values 

were copied from Fiji and put into Excel where the Pearson’s Correlation Coefficient was 

calculated. The closer the calculated Pearson’s value is to 1, the more co-localised the two 

channels are. A value close to 0 indicates a more random distribution of proteins in the two-

channel image, whereas negative Pearson’s values indicate anti-correlation so where one 

protein is localised the other is not. 

 

2.2.5.3. Fluorescence intensity analysis 

For fluorescence intensity analysis, images were captured on the VisiTech Infinity 3 confocal 

microscope with 40 section Z-stacks per image. In Fiji, images were processed using the sum 

slice function (Image  Z-stacks  Sum slices) which adds the intensity values throughout 

the Z-stack together. Next, the perimeter of the cell was drawn using the freehand tool so 

that the intensity values taken were from within the cell. Measurements were taken using 

Analyse  Measure and the measurements taken were cell area, mean intensity and 

integrated density. A background measurement was also taken from every image from a 

small square drawn in an area surrounding the cell with no apparent fluorescence signal. To 

calculate a corrected intensity value, the following formula was used: 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖

= 𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖 − (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖 ∗ 𝑚𝑚𝑐𝑐𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖 𝑐𝑐𝑜𝑜 𝑏𝑏𝑖𝑖𝑐𝑐𝑏𝑏𝑖𝑖𝑐𝑐𝑐𝑐𝑏𝑏𝑖𝑖𝑐𝑐) 

where the integrated density is the total fluorescence intensity from the entire cell (The 

Open Lab Book, n.d). Corrected measurements for the control treatment were averaged and 

the average made to equal 1. Individual measurements for the control and treated cells 
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were then made relative to this average. These values were plotted on a graph and 

statistical analysis performed. 

 

2.2.5.4. Cell length analysis 

Cell lengths were measured in Fiji where a line was drawn over the longest length of the 

cell, through the nucleus. The length of the line was then recorded in GraphPad Prism and 

presented in graphical format. Nucleation sites were measured in the same way where the 

diameter of the nucleation site was measured from the centre of the microtubule aster 

along the longest emanating microtubule. 

 

2.2.5.5. Single cell migration analysis 

Imaris software was used to track individual cells and measurements were taken for mean 

speed, average distance travelled between time points and straightness. Briefly, Imaris takes 

a time series of images and a spot is placed on each cell. The spot moves with the cell 

throughout the time series and the path taken by the cell is tracked. Data collated from 

Imaris was pasted into Microsoft Excel and sorted according to track duration. Any tracks 

shorter than 20 images (either because the cell had moved beyond the field of view or 

because a cell had entered mitosis) were not included in the final representation of data. 

Average distance between time points (total distance/number of time points), mean speed 

and straightness measurements were copied into GraphPad Prism to be presented in 

graphical format and statistical analysis performed.  

 

2.2.5.6. Western blot quantification 

Western blots were quantified in Fiji. A box was drawn around each band of the Western 

blot and an intensity profile obtained for each band. The area underneath the curves 

produced from the intensity profiles were recorded. Bands of interest were determined 

relative to the bands for the α-tubulin loading control for the relevant sample to allow 
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correction for loading errors. The values for the protein of interest in the control sample 

were made equal to 1 and the test samples made relative to the control. 

 

2.2.5.7. Statistical analysis 

All graphs were produced in GraphPad Prism Version 8.0/9.0 and are representative of three 

independent experiments unless otherwise stated. Statistical analysis was also performed 

using this software. Statistical tests performed were one-tailed unpaired Student’s t-test 

assuming unequal standard deviations when comparing two unrelated groups and one way 

ANOVA with post-hoc testing when comparing three or more groups. Statistical significance 

is defined by: P < 0.05 *; P < 0.01 **; P < 0.001 ***; P < 0.0001 ****; ns – not significant. 
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CHAPTER 3 

EML4-ALK V3 promotes recruitment of Eg5 to 

interphase microtubules downstream of NEK7 
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3.1. INTRODUCTION 

EML4-ALK fusions are found in around 5% of NSCLC and arise due to a chromosome 

inversion event on chromosome 2 (Soda et al., 2007). Multiple variants of the EML4-ALK 

fusion exist due to different breakpoints in the EML4 gene. All variants contain the same 

intracellular portion of ALK that includes its tyrosine kinase domain, but differ in the amount 

of EML4 they contain. All of the variants contain the N-terminal trimerization domain of 

EML4 and either none or some of the highly structured TAPE domain (Sabir et al., 2017). The 

disruption of the TAPE domain in longer EML4-ALK variants such as V1 and V2, renders 

these fusion proteins unstable. V3 and V5 on the other hand contain none of the EML4 TAPE 

domain and as a consequence these fusions are more stable (Richards et al., 2014; 

Heuckmann et al., 2012).  

 

Recently, it has been uncovered that NSCLC patients with EML4-ALK V3 are much more 

likely to have metastatic disease, less likely to respond to current therapies and are less 

likely to survive than patients with other EML4-ALK variants (Christopoulos et al., 2018; Woo 

et al., 2017). Strikingly, EML4-ALK V3 has been found to bind interphase microtubules in 

vitro, whereas other EML4-ALK variants were distributed throughout the cytoplasm 

(O’Regan et al., 2020). Furthermore, the cell cycle kinases, NEK9 and NEK7 were recruited to 

microtubules, downstream of EML4-ALK V3, while microtubule stabilisation was also 

observed. Cells expressing EML4-ALK V3 appear more mesenchymal in morphology, 

becoming less cobblestone-like and more elongated. They also exhibit an increased rate of 

migration as measured in wound healing, single cell tracking and chemotactic-dependent 

directional migration assays (O’Regan et al., 2020). These findings begin to offer a potential 

explanation as to why patients fare so badly with EML4-ALK V3. However, how these 

phenotypes are caused by the EML4-ALK V3:NEK9:NEK7 signalling cascade is unknown. 

 

Given the localisation of EML4-ALK V3 to interphase microtubules and the changes in 

microtubule dynamics exhibited by EML4-ALK V3 expressing cells, we hypothesised that a 

microtubule regulator could be a downstream target of the signalling pathway. One such 

microtubule-associated protein that potentially fits this hypothesis is the mitotic kinesin, 
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Eg5. Eg5 crosslinks anti-parallel microtubules and allows them to slide past one another, a 

function which is indispensable for bipolar spindle assembly in mitosis (McIntosh, 

Molodtsov and Ataullakhanov, 2012). However, Eg5 usually only associates with 

microtubules during mitosis and not in interphase (Sawin and Mitchison, 1995). 

Phosphorylation of T926 by the mitotic kinase, CDK1, has been shown to recruit Eg5 to the 

mitotic spindle at the onset of prophase where it remains until the end of telophase (Cahu 

et al., 2008; Sawin and Mitchison, 1995). 

 

Interestingly, Eg5 localisation is also regulated by NEK7. NEK7 phosphorylation of Eg5 at 

S1033 also facilitates its recruitment to centrosomes, leading to centrosome separation 

(Bertran et al., 2011; Rapley et al., 2008). Intriguingly, NEK7 can also phosphorylate Eg5 

during interphase in specialised cell types, notably to promote dendrite extension in 

neurons (Freixo et al., 2018). Fascinatingly, Eg5 is overexpressed in a variety of cancers and 

has been shown to contribute to tumour formation in mice (Garcia-Saez and Skoufias 2021; 

Castillo et al., 2007). 

 

In this chapter, I describe experiments that begin to investigate whether Eg5 could be 

recruited to interphase microtubules downstream of the EML4-ALK:NEK9:NEK7 signalling 

pathway. Specifically, using a commercial Eg5 antibody, the expression and localisation of 

Eg5 is explored and compared between different EML4-ALK expressing cell lines. In addition, 

the relationship between NEK7 and Eg5 is explored in the context of EML4-ALK V3. 
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3.2. RESULTS 

3.2.1. Characterisation of EML4-ALK variant expression in cell lines used in this study  

Before starting to analyse Eg5 expression and localisation, it was important to confirm 

expression of the appropriate EML4-ALK proteins in the cell lines used in this study. For this 

purpose, lysates were prepared from BEAS-2B parental cells, BEAS-2B cells that express 

EML4-ALK V1 or V3 upon induction with doxycycline, and NSCLC patient cell lines, H3122 

and H2228, which endogenously express EML4-ALK V1 and V3, respectively. BEAS-2B cell 

lines were induced for 72 hours before being lysed and analysed by Western blot using an 

antibody raised against the C-terminal tyrosine kinase domain of ALK. Uninduced samples 

were also analysed. Western blots confirmed expression at the expected molecular weight 

of both EML4-ALK variants in the induced samples with EML4-ALK V3 at ~90 kDa and EML4-

ALK V1 at ~130 kDa (Figure 3.1A). These proteins were induced to approximately the same 

levels. Interestingly, higher molecular weight versions of both EML4-ALK variants were 

detected, which has previously been shown to be the result of ALK-mediated 

autophosphorylation. Bands were also detected below the expected molecular weights of 

both EML4-ALK variants which are suspected to be degradation products. Western blotting 

revealed expression was slightly leaky as weak bands were also detected in uninduced 

samples. No bands for ALK were detected in the parental BEAS-2B cell line, with or without 

doxycycline, consistent with ALK not being expressed in these bronchial epithelial cells. An 

antibody against α-tubulin was used as a loading control and showed equal expression in all 

samples. 

 

Lysates were also prepared from untreated NSCLC patient cell lines, H3122 (V1) and H2228 

(V3) and Western blot analysis undertaken with the same antibodies as indicated above. 

The blots confirmed expression of EML4-ALK V1 at 130 kDa and EML4-ALK V3 at 90 kDa 

(Figure 3.1B). Again, these proteins showed a similar level of expression. 
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Figure 3.1. Expression of EML4-ALK variants in cell lines used in this study. (A) Lysates from BEAS-

2B cells were analysed by Western blot with ALK and α-tubulin antibodies as indicated. P = parental; 

V3 = variant 3; V1 = variant 1; + = induced with doxycycline; - = uninduced. * = phosphorylated ALK. 

(B) Lysates from NSCLC patient cell lines, H3122 and H2228 were analysed as described in A. Blots 

are representative of at least three independent experiments. Molecular weights are indicated on 

the left of blots. 
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3.2.2. Analysis of Eg5 expression in EML4-ALK cell lines 

In order to study the expression and localisation of Eg5, a commercially available antibody 

was purchased from Proteintech, which was raised against amino acids 707-1052, located in 

the tail domain of Eg5. To determine the level of Eg5 expression in cells expressing different 

EML4-ALK variants, Western blots of whole cell lysates were probed with the Eg5 antibody. 

Here, only induced samples were used from the three BEAS-2B cell lines. A band was 

detected at 120 kDa, the predicted molecular weight of Eg5, in each cell lysate (Figure 3.2A). 

The intensity of the Eg5 bands on these Western blots was measured in Fiji and normalised 

relative to the α-tubulin expression. This revealed that there was no significant alteration in 

Eg5 expression upon expression of either EML4-ALK V1 or V3 (Figure 3.2B). 

 

Eg5 expression was then analysed by Western blot in lysates prepared from the H3122 and 

H2228 cell lines. Interestingly, while Eg5 was clearly detected at the expected size of 120 

kDa in H3122 (V1) cells, it was barely visible in H2228 (V3) cells (Figure 3.2C). Bands were 

quantified as described above confirming a significantly reduced level of Eg5 expression in 

the H2228 (V3) cell line compared to the H3122 cell line (Figure 3.2D). However, analysis of 

the COSMIC database indicated that the H2228 cell line had a missense mutation in the 

KIF11 gene, which encodes Eg5, resulting in an amino acid substitution, A282V 

(Cancer.sanger.ac.uk, nd). This amino acid is positioned in the Eg5 motor domain (Figure 

3.2E). This may cause either the mRNA or protein for Eg5 to be less stable than the wild-

type, explaining the reduction in Eg5 expression seen in this cell line. 
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Figure 3.2. Eg5 expression in EML4-ALK cell lines. (A) Lysates from BEAS-2B cell lines were analysed 

by Western blot using antibodies against Eg5, α-tubulin and ALK as indicated. P = parental. (B) Eg5 

expression was quantified from blot represented in A. (C) Lysates from NSCLC patient cell lines were 

analysed as in A. (D) Eg5 expression was quantified for blot represented in C. (E) Schematic diagram 

of Eg5 protein showing A282V mutation site and antibody recognition site. Graphs are 

representative of three independent experiments and show means and standard deviation of each 

group. 
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3.2.3. Localisation of Eg5 to the mitotic spindle in cells expressing EML4-ALK variants 

We next examined Eg5 localisation in the three induced BEAS-2B cell lines and NSCLC 

patient cell lines by immunofluorescence microscopy. Staining with antibodies against Eg5 

and α-tubulin demonstrated the expected localisation of Eg5 to the mitotic spindle in all cell 

lines, confirming that Eg5 was correctly localised during mitosis in cells expressing the EML4-

ALK variants. Super-resolution imaging revealed Eg5 was present on spindle microtubules 

with a higher intensity at spindle poles, consistent with the role of Eg5 in centrosome 

separation. Furthermore, no Eg5 staining was detected on astral microtubules (Figure 

3.3A&B). 

 

3.2.4. Comparison of methods for measuring co-localisation 

A number of different co-localisation based experiments were undertaken in this project. 

There are many different ways to approach measuring co-localisation from images and 

indeed two different methods have been used in this study: an Imaris algorithm and the Fiji 

PlotMultiColor 4.3. macro, both of which can be used to calculate a Pearson’s correlation 

coefficient. The Imaris software takes a two-channel image and builds a separate channel of 

co-localised pixels. For these studies, a cytoplasmic region of interest (r.o.i.) was selected 

where distinct microtubules were observed and which used as much of the cell as this 

allowed, and a mask drawn in Fiji was placed over the r.o.i. in Imaris. The area within the 

mask was then thresholded and pixels that showed co-localisation between the two 

channels were highlighted in a separate channel. Channel statistics were then taken for the 

co-localisation channel, which included a measurement of the percentage of the protein of 

interest (in this case Eg5) that co-localised with microtubules (Figure 3.4). 

 

On the other hand, the PlotMultiColor Fiji macro was used to measure co-localisation from 

two channel images in specific areas of the cell, for example phase separated foci or the 

centrosomes. Here, a 10 μm line was drawn through the structures of interest, as well as the 

surrounding cytoplasm. Intensity profiles were obtained from both channels of the image 

along the 10 μm line and the values from these profiles were used to calculate the Pearson’s 
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correlation coefficient. The Pearson’s value can be interpreted as +1 = complete co-

localisation; 0 = random localisation; -1 = anti-co-localisation i.e. where one protein is, the 

other is not. 

 

The Imaris method was deemed more appropriate for examining punctate staining patterns 

throughout large areas of the cell. For this type of staining, the PlotMultiColor macro gave a 

range of Pearson’s values, which didn’t really reflect what was seen in the images. 

Specifically, when measuring co-localisation of Eg5 with microtubules using this macro, lines 

were drawn through microtubules with the Eg5 channel switched off in order to avoid bias. 

As a result, lines sometimes intersected Eg5 punctae on every microtubule the line crossed 

but in other cases Eg5 punctae were only present on some microtubules the line crossed, 

which is why a range of Pearson’s values were produced that were less representative of 

what was seen in the images (Figure 3.5).  

 

The Imaris method did however have its own limitations. Firstly, the software was unable to 

automatically detect a threshold on very thin protrusions, so only wider areas of the cell 

could be used for this analysis. Secondly, this analysis is very dependent on the density of 

microtubules within the cell. For example, a cell with more microtubules packed together 

will show a higher percentage of co-localisation compared to a cell with microtubules that 

are more separated. It was for this reason that a mask was drawn over cells to set a region 

of interest where individual microtubules were more distinct and separate. This did still 

however allow the majority of the cell to be used in most images making the final 

percentages more representative of the whole cell as compared to the PlotMultiColor 

method. 

 

 

 



91 

 

Figure 3.3. Eg5 localises to the mitotic spindle in cells expressing EML4-ALK variants. (A) Induced 

BEAS-2B cell lines were stained with Eg5 (green) and α-tubulin (red) antibodies and spindles were 

imaged. P = parental. (B) NSCLC patient cell lines were stained as described in A. White boxes show 

zoom regions. Scale bars in merge images = 5 μm and zooms = 2 μm. Images representative of a 

minimum of three independent experiments. 
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Figure 3.5. Schematic diagram showing why the PlotMultiColor macro is not appropriate for 

measuring co-localisation of punctate staining patterns. Diagram shows four scenarios with 

microtubules (red) and a protein of interest (green) where the staining pattern is punctate. Black 

lines represent the line that is drawn by the macro user in order to obtain intensity profiles. Ticks 

represent scenarios where the Pearson’s values obtained reflect what is seen in the image; crosses 

represent scenarios where the Pearson’s value does not reflect what is seen in the image. 
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3.2.5. Eg5 is recruited to interphase microtubules in EML4-ALK V3 expressing cells 

Having established that Eg5 is found on the spindles of mitotic cells in our cell lines, we were 

interested to check its localisation in interphase cells. For this, BEAS-2B cell lines were 

induced for 72 hours before being fixed and stained for immunofluorescence microscopy 

using Eg5 and α-tubulin antibodies. Super-resolution images of interphase cells were 

captured and percentage co-localisation of Eg5 with the microtubules was measured using 

Imaris software (Figure 3.4). Eg5 staining appeared as discrete punctae throughout the cells 

in all three cell lines (Figure 3.6A). For this reason, the Imaris co-localisation method was 

selected as more appropriate for measuring co-localisation of Eg5 with the microtubules in 

these cells. Strikingly, around 20% more Eg5 was seen to co-localise with interphase 

microtubules in cells expressing EML4-ALK V3, than in the parental or EML4-ALK V1 cell lines 

(Figure 3.6B).  

 

We also examined whether Eg5 was recruited to interphase microtubules in the H2228 and 

H3122 cell lines. Cells were stained using Eg5 and α-tubulin antibodies, imaged and 

quantified as previously described. The H2228 (V3) cells showed a two-fold higher 

percentage of Eg5 that co-localised with interphase microtubules as compared with the 

H3122 (V1) cell line, consistent with the data observed in BEAS-2B cells. Again, the Eg5 

protein appeared as discrete punctae throughout the cells in both cell lines (Figure 3.7A&B). 
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Figure 3.6. Eg5 co-localises with interphase microtubules in BEAS-2B cells expressing EML4-ALK V3. 

(A) Induced BEAS-2B cells were stained with Eg5 (green) and α-tubulin (red) antibodies. White

arrows indicate visible co-localisation. White boxes show zoom region. Scale bars = 10 μm. (B) Co-

localisation was measured using Imaris software. Measurements were taken from a total of 60 cells

from 3 independent experiments. Graph shows individual data points (one colour per repeat),

means and standard deviations.
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Figure 3.7. Eg5 co-localises with interphase microtubules in H2228 cells. (A) NSCLC patient cells 

were stained with Eg5 (green) and α-tubulin (red) antibodies. White arrows indicate visible co-

localisation. White boxes show zoom region. Scale bars = 10 μm. (B) Imaris software was used to 

measure co-localisation. Measurements were taken from 60 cells from three independent 

experiments (one repeat per colour). Graph shows individual data points, means and standard 

deviations.  
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3.2.6. NEK7 depletion reduces Eg5 localisation to interphase microtubules in V3 expressing 

cells 

Previous research from our lab has shown that EML4-ALK V3 binds interphase microtubules 

and recruits the mitotic kinases, NEK9 and NEK7. Furthermore, the morphology and 

migration phenotypes exhibited by EML4-ALK V3 expressing cells were shown to be 

dependent on these kinases (O’Regan et al., 2020). Given that Eg5 is a known substrate of 

NEK7 (Bertran et al., 2011; Rapley et al., 2008) and has been shown to act downstream of 

NEK7 in the extension of dendrites in non-dividing neuronal cells (Freixo et al., 2018), we 

were curious to investigate if NEK7 was responsible for recruiting Eg5 to interphase 

microtubules in the EML4-ALK V3 cell lines. To test this hypothesis, two siRNAs against 

NEK7, previously optimised in our lab, were used to deplete NEK7 from BEAS-2B:EML4-ALK 

V3 cells; a GAPDH siRNA was used as a control. Cells were induced for 24 hours before being 

transfected with siRNAs for 72 hours. Western blotting using an antibody against 

endogenous NEK7 confirmed successful depletion of the NEK7 protein by both siRNA oligos. 

Successful depletion of GAPDH in the control sample was shown using a GAPDH antibody 

(Figure 3.8A). A mock sample with no depletion was also included to show normal 

expression of both the NEK7 and GAPDH proteins, while EML4-ALK V3 expression was 

confirmed using an ALK antibody (Figure 3.8A). 

 

Depleted cells were then stained for immunofluorescence microscopy analysis using 

antibodies against Eg5 and α-tubulin, and images analysed using the Imaris method to 

determine co-localisation (Figure 3.8B). The results revealed loss of recruitment of Eg5 to 

interphase microtubules in cells depleted of NEK7 with both NEK7 siRNAs showing 

significant reduction compared to the siGAPDH control sample (Figure 3.8B & C). 

Interestingly, the siGAPDH control sample showed a somewhat lower percentage of Eg5 

localising with the microtubules than previously seen in the non-depleted BEAS-2B:EML4-

ALK V3 cell line (Figure 3.6B), suggesting that the process of transfection itself may have a 

modest effect on microtubule localisation. 

 



98 

 

 

 

 

 

B 

A 

α-tubulin Eg5 Merge Zoom

siG
AP

DH
siN

EK
7_

a
siN

EK
7_

b

NEK7

α-tubulin

ALK

GAPDH 

25 

37 

50 

37 

100 

75 

M G N7_bN7_a MW (kDa) 



99 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. NEK7 depletion reduces Eg5 recruitment to interphase microtubules in BEAS-2B:EML4-

ALK V3 cells. (A) Cells were depleted of NEK7 or GAPDH as indicated. Lysates from these cells were 

analysed by Western blot using antibodies against NEK7, GAPDH, ALK and α-tubulin as indicated. 

Molecular weights are shown on the left of the blots. M = mock; G = siGAPDH; N7_a = siNEK7_a; 

N7_b = siNEK7_b. (B) Depleted cells were stained with Eg5 (green) and α-tubulin (red) antibodies. 

White arrows indicate visible co-localisation. White boxes show zoom region. Scale bars = 10 μm. (C) 

Co-localisation was measured in Imaris. Measurements were taken from a total of 65 cells from 

three independent experiments. Graphs show individual data points (one colour per repeat), means 

and standard deviations of each group. 
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We then sought to determine if a similar reduction in microtubule localisation of Eg5 would 

be observed in the H2228 cell line upon depletion of NEK7. Cells were depleted with the two 

NEK7 siRNAs and the GAPDH control siRNA for 72 hours before being lysed for Western 

blotting or fixed for immunofluorescence staining. Some difficulties were experienced 

transfecting siNEK7_a into this cell line; however, siNEK7_b was consistently successful in 

depleting NEK7 (Figure 3.9A). Sufficient depletion was achieved once using siNEK7_a in this 

cell line, although the Western blots produced for the controls of this repeat were not of 

high quality and have not been shown. Depleted cells were fixed and stained using 

antibodies against Eg5 and α-tubulin, imaged and the percentage of co-localisation 

measured in Imaris. Consistent with data obtained from the BEAS-2B:EML4-ALK V3 cells, a 

significant reduction in the percentage of Eg5 recruited to microtubules was seen after NEK7 

depletion compared to the siGAPDH control sample (Figure 3.9B & C). 

 

3.2.7. Phosphomimetic Eg5 localises to interphase microtubules in cells expressing EML4-

ALK V1 

Previous research has shown that NEK7 phosphorylates Eg5 on S1033, which results in its 

recruitment to centrosomes where it is crucial for centrosome separation and efficient 

mitotic progression (Bertran et al., 2011; Rapley et al., 2008). Furthermore, NEK7 mediated 

phosphorylation of this residue has been shown to regulate the extension of dendrites in 

neurons (Freixo et al., 2018). We therefore investigated whether phosphorylation of this 

residue might be important for recruitment of Eg5 to interphase microtubules in EML4-ALK 

V3 expressing cells. For this purpose, FLAG-tagged phosphomimetic (S1033D) and 

phosphonull (S1033A) mutants of Eg5, as well as a FLAG-tagged wild-type (WT) Eg5 

construct, were kindly provided by Dr. Joan Roig (Molecular Biology Institute of Barcelona). 

 

We hypothesised that a phosphomimetic Eg5 mutant protein might localise to interphase 

microtubules in EML4-ALK V1 cells that lack activation of NEK7, while the phosphonull Eg5 

mutant protein would fail to localise to interphase microtubules in the EML4-ALK V3 cells. 

Therefore, the WT and S1033D Eg5 constructs were transfected into BEAS-2B:EML4-ALK V1 

cells, while WT and S1033A Eg5 were transfected into BEAS-2B:EML4-ALK V3 cells. The cell 
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lines were induced for 48 hours before being transfected with the relevant constructs; cells 

were lysed for Western blot or fixed for immunofluorescence microscopy after an additional 

24 hours. 

 

Western blotting using a FLAG antibody confirmed successful transfection of the WT and 

specific phosphomutant constructs in the appropriate cell lines with a band detected at the 

predicted size of 120 kDa in the relevant cells (Figure 3.10A). Strikingly, when these cells 

were then analysed by immunofluorescence microscopy, an increased proportion of the 

phosphomimetic Eg5-S1033D mutant protein was seen to co-localise with interphase 

microtubules than the WT Eg5 protein in V1 cells (Figure 3.10B & C). Interestingly though, 

no significant difference was detected in the amount of the WT and phosphonull S1033A 

Eg5 localised to microtubules in V3 cells (Figure 3.10D & E). This could be because the 

endogenous Eg5 protein was still present in these cells and this may have been 

phosphorylated by NEK7 and then assembled with the phosphonull Eg5 mutant into 

tetramers that localised to the microtubules. However, there was no difference in the 

percentage of recombinant FLAG-tagged WT Eg5 co-localising with interphase microtubules 

between the V1 and V3 cells, although this could be due to substantially higher expression 

of the transfected protein in both cell lines.  
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Figure 3.9. NEK7 depletion reduces Eg5 recruitment to interphase microtubules in H2228 cells. (A) 

H2228 cells were depleted of NEK7 or GAPDH and lysed for Western blot analysis. Analysis was 

performed with NEK7, GAPDH, ALK and α-tubulin antibodies as indicated. Molecular weights are 

shown on the left of the blots. M = mock; G = siGAPDH; N7_a = siNEK7_a; N7_b = siNEK7_b. (B) 

Depleted cells were stained with Eg5 (green) and α-tubulin (red) antibodies. White arrows indicate 

visible co-localisation. White boxes show zoom regions. Scale bars = 10 μm. (C) Co-localisation was 

measured in Imaris. A total of 60 cells were measured for the siGAPDH and siNEK7_b conditions 

from three independent experiments (one repeat per colour). 20 cells were measured for siNEK7_a 

from one repeat. Graph shows individual data points, means and standard deviations of each group. 

Statistical analysis was not performed to compare siGAPDH and siNEK7_a due to the data being from 

one repeat for siNEK7_a. 

 

 

C 



104 

 
B 

A 

α-tubulin FLAG Merge Zoom FLAG Zoom

V1
 W

T
V1

 S
10

33
D

C 

250 
150 
100 

75 

50 

V1 
WT 

V1 
SD 

V3 
WT 

V3 
SA 

FLAG 

α-tubulin 

MW (kDa) 



105 

 

Figure 3.10. More S1033D Eg5 localises with interphase microtubules in BEAS-2B:EML4-ALK V1 

cells than WT Eg5. (A) FLAG-tagged Eg5 constructs were transfected into the indicated cell lines. 

Lysates from these cells were analysed with FLAG and α-tubulin antibodies as indicated. Molecular 

weights are shown on the left of the blots. (B) V1 cells were stained with FLAG and α-tubulin 

antibodies. White boxes show zoom regions. Scale bars = 10 μm in merge; 5 μm in zooms. (C) Imaris 

co-localisation analysis was performed for cells represented in B. A total of 23 and 19 cells were 

measured respective to order of groups on the graph. (D) V3 cells were stained as described in B. 

White boxes and scale bars as before. (E) Co-localisation analysis was perfomed in Imaris for cells 

represented in D. A total of 21 cells were measured for each group. Graphs show individual data 

points from two independent experiments (one colour per repeat), means and standard deviations. 
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3.2.8. Eg5 is not recruited to phase separated foci formed by EML4-ALK variants 

Three papers have recently reported the incorporation of EML4-ALK variants into liquid-

liquid phase separated foci that form in the cytoplasm of cells (Tulpule et al., 2021; Sampson 

et al., 2021; Qin et al., 2021). These foci have been shown to contain not only the EML4-ALK 

proteins but also downstream components of signalling pathways activated by ALK that are 

capable of co-ordinating oncogenic signalling (Sampson et al., 2021). Following our 

observation that Eg5 is recruited to interphase microtubules in EML4-ALK V3 expressing 

cells, we were curious to see whether Eg5 can be incorporated into phase separated foci 

formed by either the EML4-ALK V1 or V3 proteins. For this purpose, induced BEAS-2B: 

EML4-ALK V1 and V3 cell lines were stained with ALK and Eg5 antibodies and processed for 

immunofluorescence microscopy. A small number of phase separated foci were found to be 

present in both cell lines and were identified throughout the cytoplasm as relatively large 

bright punctae (Figure 3.11A). 

 

To determine whether Eg5 was recruited to these punctae, the PlotMultiColor method was 

selected for measuring co-localisation in the phase separated foci, as we were only 

interested in a small number of foci in the cell. As previously described, a 10 μm line was 

drawn on images using Fiji software that, where possible, cut through a minimum of two 

large ALK punctae per cell. Analysing images in this way revealed only weak correlation 

between the ALK punctae and Eg5 in both the V1 (R= 0.1224) and V3 (R= 0.08949) cell lines, 

with no significant difference between the two. This suggests no significant recruitment of 

Eg5 to ALK punctae in either cell line (Figure 3.11B). 

 

A similar investigation was undertaken using the NSCLC patient cell lines to determine 

whether Eg5 was recruited to phase separated EML4-ALK foci in these cell lines. Cells were 

again stained with ALK and Eg5 antibodies and analysed by immunofluorescence microscopy 

(Figure 3.12A). The Pearson’s correlation values were calculated for the phase separated 

foci and again revealed a weak correlation between Eg5 and ALK signals in both cell lines 

(R=0.08821 in H3122 cells and R=0.1248 in H2228 cells), suggesting no significant co-

localisation to these phase-separated foci (Figure 3.12B).  
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Figure 3.11. Eg5 is not recruited to phase separated foci in BEAS-2B:EML4-ALK cell lines. (A) 

Induced cells were fixed and stained with Eg5 (red) and ALK (green) antibodies. White boxes show 

zoom regions. White arrows indicate where Pearson’s correlation measurements were taken from 

red and green channels. Scale bars = 10 μm in merge; 5 μm in zooms. (B) The PlotMultiColor 4.3 

macro was used for co-localisation analysis from images represented in A. Data is representative of 

three independent experiments. Graph shows individual data points (one colour per repeat), means 

and standard deviations. N= 54 for V1 cells and N=60 for V3 cells. 
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Figure 3.12. Eg5 is not recruited to phase separated foci in NSCLC patient cell lines. (A) Cells were 

stained with antibodies against Eg5 (red) and ALK (green). White boxes show zoom regions. Whire 

arrows indicate where Pearson’s correlation measurements were taken from red and green 

channels. Scale bars = 10 μm in merge; 5 μm in zooms. (B) Co-localisation was measured using the 

Plot MultiColor Fiji macro for images represented in A. Data is representative of three independent 

experiments. Graph shows individual data points (one repeat per colour), means and standard 

deviations. 60 data points were obtained from H3122 cells and 59 from H2228 cells. 
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3.3. DISCUSSION 

Recent studies undertaken in our lab revealed a signalling pathway downstream of EML4-

ALK V3 that was not present in cells expressing the other major EML4-ALK variants, notably 

V1 and V2. EML4-ALK V3 was discovered to bind interphase microtubules and these 

microtubules exhibited excessive stabilisation (O’Regan et al., 2020). Furthermore, a 

physical interaction was found between EML4-ALK V3 and two cell cycle-dependent 

serine/threonine kinases, NEK9 and NEK7, which resulted in their activation and 

translocation to microtubules (O’Regan et al., 2020). However, it remains unclear what the 

downstream substrates of these kinases in this signalling pathway are and how they may 

contribute to the observed phenotypic changes. 

 

This chapter set out to test the hypothesis that the microtubule-associated kinesin motor 

protein, Eg5, is a downstream substrate of the EML4-ALK V3:NEK9:NEK7 pathway. Our 

reasoning for this was that Eg5 is a microtubule associated protein that is a known substrate 

of NEK7 (Bertran et al., 2011; Rapley et al., 2008) and that phosphorylation of Eg5 by NEK7 

has previously been shown to result in similar phenotypic alterations in neurons to those 

observed in cells expressing EML4-ALK V3 or activated NEK7 (Freixo et al., 2018). 

 

To conduct these investigations, two sets of cell lines were used: NSCLC patient cell lines 

that endogenously express either EML4-ALK V1 or V3 (H3122 and H2228) and BEAS-2B cell 

lines that had been engineered to inducibly express these EML4-ALK variants. It is worth 

noting that while the patient-derived cell lines express the two different EML4-ALK variants, 

they also harbour many other genetic alterations that could affect their biology. This is the 

reason why a second model system was employed for these experiments. The parental 

BEAS-2B cell line is derived from bronchial epithelial cells and hence established from a non-

cancerous tissue relevant to lung cancer. Stable inducible cell lines were derived from the 

parental cell line that expressed EML4-ALK V1 or V3. Other than the EML4-ALK variant, the 

BEAS-2B cell lines are isogenic meaning that they are genetically identical making them an 

ideal model for these studies.  
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Given the importance of Eg5 in enabling formation of a bipolar mitotic spindle, it is 

unsurprising that Eg5 expression is upregulated in many cancers that are composed of 

rapidly dividing cells (Castillo et al., 2007; Saijo et al., 2006; Garcia-Saez and Skoufias, 2021). 

However, upon investigation in our BEAS-2B cell lines, no difference in Eg5 expression was 

found upon induction of EML4-ALK variants. Interestingly, expression was significantly 

higher in the H3122 cell line when compared to the H2228 cell line. This could be explained 

by the presence of a mutation in the KIF11 gene that encodes the Eg5 protein. Hence, 

H2228 cells express a mutant Eg5 protein and it is possible that either the mRNA or protein 

are less stable resulting in a reduction in the expression of Eg5. However, it remains feasible 

that this is also a consequence of the different EML4-ALK proteins present in these cells as 

these oncogenic fusion proteins are known to impact on gene expression.  

 

Intriguingly, Eg5 was found to be recruited to interphase microtubules in cells expressing 

EML4-ALK V3 but not EML4-ALK V1. In cycling cells, Eg5 is normally only recruited to 

microtubules in mitosis as a result of phosphorylation by CDK1 (Sawin and Mitchison, 1995; 

Liu, Ran and Zhou, 2018). Here, Eg5 appeared as discrete punctae that in V3 cells were 

largely dotted along interphase microtubules. Co-localisation analysis revealed around 20% 

more Eg5 was co-localising with interphase microtubules in both BEAS-2B:EML4-ALK V3 cells 

and H2228 cells as compared to the corresponding parental or V1 cell lines. Interestingly, in 

differentiated neurons, a recent study has found that by locking Eg5 on to microtubules 

using a chemical inhibitor, microtubule stabilisation is increased (Freixo et al., 2018). This 

observation was also reported using isolated microtubules attached to coverslips (Chen et 

al., 2017). Therefore, it is a possibility that Eg5 binding to interphase microtubules in EML4-

ALK V3 expressing cells could contribute to their stabilisation. This will be explored further in 

the next chapter. 

 

During mitotic entry in dividing cells, Eg5 is phosphorylated not only by CDK1 but also by 

NEK7, an event that supports centrosome separation and formation of a bipolar spindle 

(Bertran et al., 2011; Rapley et al., 2008). We therefore investigated whether it was NEK7 

that was responsible for the recruitment of Eg5 to interphase microtubules downstream of 
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EML4-ALK V3. Depletion of NEK7 with two different siRNA oligonucleotides led to a 

decrease in the percentage of Eg5 co-localising with interphase microtubules in EML4-ALK 

V3 expressing cells. This supports the hypothesis that NEK7 is indeed required for this 

untimely recruitment of Eg5 to interphase microtubules. It was likely that this is the 

outcome of a phosphorylation event rather than a physical interaction between NEK7 and 

Eg5. However, to provide further evidence for this and in the absence of a potent chemical 

inhibitor of NEK7, a catalytically inactive mutant of NEK7 could be transfected into EML4-

ALK V3 cells depleted of endogenous NEK7 and the percentage of Eg5 localising to 

microtubules measured. 

 

NEK7 was demonstrated to specifically phosphorylate S1033 in the tail domain of Eg5. 

Hence, as an additional approach to test the role of NEK7-dependent phosphorylation, we 

examined the consequences on Eg5 recruitment to interphase microtubules of expression of 

S1033 phosphomutants of Eg5. An S1033D mutant mimics the phosphorylation of this 

residue (phosphomimetic), while an S1033A mutant represents a non-phosphorylatable 

(phosphonull) protein (Bertran et al., 2011; Rapley et al., 2008; Freixo et al., 2018). 

Interestingly, when the phosphomimetic mutant was transfected into cells expressing EML4-

ALK V1, the percentage of the mutant Eg5 that co-localised with interphase microtubules 

was significantly higher than that of the WT protein. This suggests that phosphorylation at 

this site can lead to accumulation of Eg5 on interphase microtubules. However, when the 

phosphonull (S1033A) mutant was transfected into cells expressing EML4-ALK V3, no 

significant difference was seen in the localisation of the mutant Eg5 protein to the 

microtubules compared to the WT protein. As the endogenous Eg5 was still present in these 

cells, it could be recruited to microtubules upon phosphorylation by NEK7. Hence, as Eg5 is a 

tetrameric protein, the endogenous protein might assemble with the phosphonull mutant 

into tetramers that are recruited to microtubules. Thus, future experiments should test 

localisation of the phosphonull mutant in V3 cells depleted of the endogenous Eg5. It would 

also be interesting to examine the localisation of these phospho-mutant Eg5 proteins in cells 

expressing EML4-ALK but which have been depleted of NEK7. We predict that this would not 

prevent localisation of the phosphomimetic mutant Eg5 to microtubules. 
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There are several reports that suggest EML4-ALK variants can be incorporated into liquid-

liquid phase separated foci that are capable of ALK-dependent oncogenic signalling 

(Sampson et al., 2021; Tulpule et al., 2021; Qin et al., 2021). However, we found no 

evidence of a significant recruitment of Eg5 to EML4-ALK-containing phase separated foci in 

cells expressing either EML4-ALK V1 or V3. As the phase separated foci do not associate with 

microtubules (Sampson et al., 2021), it follows that microtubule associated proteins, such as 

Eg5, would not associate with phase separated foci. Importantly though, these data suggest 

that a strong physical interaction between EML4-ALK V3 and Eg5 is unlikely. However, it will 

still be worth exploring whether NEK7 is present in these foci or not. 

 

To conclude, whilst EML4-ALK V3 does not affect Eg5 expression, there is a potentially 

exciting change in Eg5 localisation with Eg5 recruited to interphase microtubules in cells 

expressing EML4-ALK V3 but not V1. Moreover, our data suggests that this occurs 

downstream of NEK7. Together, this provides compelling evidence that Eg5 is a downstream 

effector of the EML4-ALK V3:NEK9:NEK7 signalling module. However, exactly what Eg5 is 

doing to microtubules in these cells and whether this is important for the cellular 

phenotypes remains to be elucidated. In the next chapter, I describe experiments that set 

out to investigate whether Eg5 is contributing to the altered cellular phenotypes exhibited 

by EML4-ALK V3 cells including microtubule stabilisation, cell elongation and increased cell 

migration.  
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The morphology of cells expressing EML4-ALK 
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4.1. INTRODUCTION 

Metastasis is the spread of cancer cells from a primary tumour to secondary sites located in 

other organs around the body and accounts for 90% of cancer-related deaths (Seyfried and 

Huysentruyt, 2013). A key event in the process of metastasis is the epithelial-to-

mesenchymal transition (EMT) of cells, a normal phenomenon which is crucial for 

embryonic development of many animals (Thiery, 2002; Kalluri and Weinberg, 2009). EMT is 

characterised by cells losing their polarity, becoming more elongated (mesenchymal) in 

morphology as well as more migratory and invasive (Thiery et al., 2009). Cancer cells may 

use this normal process to their advantage with EMT offering an explanation of how 

epithelia-derived tumour cells are able to detach from their primary site and invade 

surrounding tissues (Kalluri and Weinberg, 2009). 

 

In the case of ALK+ NSCLC, patients with EML4-ALK V3 are more likely to have metastatic 

disease than those with other variants (Christopoulos et al., 2018). This is consistent with 

findings that cells in culture expressing EML4-ALK V3 develop a mesenchymal morphology 

with elongated cytoplasmic protrusions that contain both actin and stabilised microtubules 

(O’Regan et al., 2020). They also exhibit elevated rates of migration, suggesting that these 

cells may have undergone an EMT-like process, although classical markers of EMT, such as 

cadherins and β-catenin, have not been explored. Similar changes have been reported in 

breast cancer cells where elevated levels of acetylated tubulin, a marker of microtubule 

stabilisation, were shown to promote cell migration and formation of cytoplasmic 

protrusions, termed microtentacles, containing stable microtubules (Boggs et al., 2015). As 

well as contributing to invasion of neighbouring tissues, it is thought that these protrusions 

and the increased migratory potential contributes to reattachment of circulating tumour 

cells to a secondary site (Boggs et al., 2015). Furthermore, microtubule acetylation has been 

shown to stimulate cell migration, as well as focal adhesion turnover, in astrocytes (Bance et 

al., 2019). For this reason, elevated acetylated tubulin levels could be a good prognostic 

marker to indicate increased metastatic potential (Boggs et al., 2015). 
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What remains unclear is what causes these phenotypic changes in cells expressing EML4-

ALK V3 but not other common EML4-ALK variants. In the previous chapter, it was shown 

that Eg5, a mitotic kinesin, was recruited to interphase microtubules in V3 expressing cells, 

downstream of the NEK7 kinase. As previously described, Eg5 normally only associates with 

microtubules during mitosis and not interphase (Sawin and Mitchison, 1995). Many 

chemical inhibitors of Eg5 have been developed, some of which weaken the interaction 

between Eg5 and the microtubule (L5 inhibitors) while others strengthen this interaction 

(rigor inhibitors). Both kinds of inhibitors result in mitotic arrest with a monopolar spindle 

when added during interphase. This demonstrates that the kinesin activity of Eg5 is required 

to form a bipolar spindle through separation of centrosomes (Bertran et al., 2011). 

However, these two different inhibitor types have different consequences in cells that have 

first been pre-arrested in mitosis, with spindles being maintained in those subsequently 

treated with a rigor inhibitor but collapsing with an L5 inhibitor (Chen et al., 2017; 

Chattopadhyay et al., 2015). This difference in cellular mechanism of action of these two 

categories of Eg5 inhibitor is consistent with their different consequences on microtubule 

stability. Cells treated with L5 inhibitors, which block Eg5 interaction with microtubules, 

have less stable microtubules compared to cells treated with rigor inhibitors, which lock Eg5 

onto microtubules (Chen et al., 2017; Freixo et al., 2018). This indicates that Eg5 can play a 

role in regulating microtubule stability that is potentially independent of its processivity. 

 

Not only does Eg5 play a part in stabilising microtubules, it has also been found to be a 

microtubule polymerase (Chen and Hancock, 2015; Chen et al., 2019). It was proposed that 

Eg5 could step from a growing microtubule onto incoming tubulin dimers thereby stabilising 

the interaction with the growing protofilaments; this is reflected in an increased growth rate 

and reduced catastrophe frequency (Chen and Hancock, 2015; Chen et al., 2019). This is 

consistent with data in neuronal cells that show that Eg5 is required for dendrite extension 

(Freixo et al., 2018). As NEK7 phosphorylation of Eg5 was also shown to regulate dendrite 

length, it is tempting to speculate that this may be a result of NEK7-dependent regulation of 

microtubule stability. 
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Other research has also implicated Eg5 in cell migration. In neurons, Eg5 is believed to act as 

a brake on migration, as Eg5 inhibitors lead to faster migration (Falnikar et al., 2011). 

Furthermore, Eg5 has also been shown to guide microtubules into the peripheral region of a 

growth cone, assisting changes in the direction of migration (Nadar et al., 2008). However, 

while Eg5 has been shown to inhibit migration of neurons, the opposite has been shown to 

be true in cancer cells with Eg5 inhibition reducing cell motility and invasion of both 

pancreatic and gastric cancer cells (Sun et al., 2011; Marconi et al., 2019). 

 

Beyond the studies described above, both the NEK9-Eg5 signalling axis and microtubule 

acetylation have been linked to increased metastatic potential in colorectal cancer (Kim et 

al., 2023). Specifically, immunohistochemical analysis of tumour samples from patients with 

advanced colorectal cancer revealed elevated expression of NEK9 (69%), Eg5 (53%) and 

acetylated tubulin (74%) and these were associated with presence of distant metastases 

(Kim et al., 2023). Therefore, the aim of this chapter was to further explore whether Eg5 is 

contributing to microtubule stabilisation, cell morphology and migration downstream of the 

EML4-ALK V3:NEK9:NEK7 signalling module. Specifically, Eg5 inhibitors were used to 

determine if Eg5 is required for morphology and migration changes, while the 

phosphorylation of Eg5 at S1033 was explored further in the context of microtubule 

stabilisation and cell morphology. 
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4.2. RESULTS 

4.2.1. Characterising Eg5 inhibitors in EML4-ALK expressing cells 

To begin to investigate whether Eg5 recruitment to microtubules in interphase cells 

expressing EML4-ALK V3 was important for phenotypes such as cell morphology and 

migration, three Eg5 inhibitors were purchased for studies described in this chapter. These 

inhibitors were STLC, filanesib and BRD9876. Eg5 inhibitors can work in one of two ways: 

weakening the interaction between Eg5 and the microtubules (L5 inhibitors) or 

strengthening this interaction (rigor inhibitors) (Chen et al., 2017). STLC and filanesib are 

both L5 inhibitors, while BRD9876 is a rigor inhibitor. STLC has been commonly used for 

experimental studies, while filanesib is the only Eg5 inhibitor to have progressed to phase III 

clinical trials (Owens, 2013; Indorato et al., 2019). All Eg5 inhibitors should cause cells to 

arrest in mitosis. To confirm that this was also the case in cells expressing EML4-ALK 

proteins, live cell imaging was performed in the presence of each of the drugs. BEAS-

2B:EML4-ALK V1 and V3 cell lines were induced for 48 hours before then being treated with 

5 μM STLC, 100 nM filanesib, 10 μM BRD9876 or DMSO. Doses were chosen based on 

previous studies in the literature or by the suggested dose on the accompanying data sheet 

received from the supplier of each drug (Skoufias et al., 2006; Stiff et al., 2020). Cells were 

then immediately placed in the incubation chamber of a PhaseFocus LiveCyte 2 microscope 

and three 500-750 μm2 areas imaged every 15 minutes for 24 hours per treatment. The final 

images taken at 24 hours were used for quantification and the percentage of cells in mitosis 

based on a sustained rounded cell morphology was calculated for each condition. All three 

Eg5 inhibitors resulted in a significant percentage of cells in mitotic arrest after 24 hours in 

both the V1 and V3 BEAS-2B cell lines (Figure 4.1A-C). Furthermore, live imaging revealed 

that some cells also underwent apoptosis consistent with reports that exposure to Eg5 

inhibitors can cause cell death (Tao et al., 2005). These cells had previously arrested in 

mitosis and displayed a rounded morphology for hours before the cells appeared to bleb 

and disappear. 

 

A similar experiment was conducted with the NSCLC patient cell lines, H3122 (V1) and 

H2228 (V3), to confirm mitotic arrest after treatment with Eg5 inhibitors. Live cell imaging 
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was again performed for 24 hours after drug treatments and the final images used for 

quantification of mitotic arrest. However, due to the more rounded, cobblestone 

morphology of H3122 cells, it proved not to be possible to quantify mitotic arrest in this cell 

line using this imaging approach (Figure 4.2A). Mitotic arrest was however quantified in the 

H2228 cell line, where cell morphology is flatter and more elongated during interphase. All 

three Eg5 inhibitors caused a substantial mitotic arrest in H2228 cells (Figure 4.2B). 

However, only cells treated with filanesib reached statistical significance as, due to low 

seeding densities, not enough cells were present in the images for STLC or BRD9876 

treatment (P=0.2; P=0.07, respectively). We expect that if more cells had been present in 

the imaging windows these would also have reached statistical significance. 
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Figure 4.1. Eg5 inhibitors arrest BEAS-2B:EML4-ALK cells in mitosis. (A) Live cell imaging was 

performed for 24 hours after BEAS-2B cells were treated with Eg5 inhibitors. Mitotic cells indicated 

by white arrows. Scale bars = 100 µm. The percentage of BEAS-2B:EML4-ALK V1 (B) and V3 (C) cells 

that were in mitosis after 24 hours exposure to the labelled drug were calculated from images 

represented in (A). Three areas were imaged per condition, per repeat. Graphs show means, 

standard deviations and are representative of three repeats. 
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Figure 4.2. Eg5 inhibitors arrest H2228 cells in mitosis. (A) Live cell imaging of H2228 cells was 

performed for 24 hours after cells were treated with Eg5 inhibitors. Mitotic cells indicated by white 

arrows. Scale bars = 100 µm. (B) The percentage of cells in mitosis was calculated for each drug 

treatment for H2228 cells from live cell imaging after 24 hours - representative images in (A). Three 

areas were imaged per condition, per repeat. Graph shows means and standard deviations. Graph is 

representative of three independent experiments. 
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Eg5 is essential for centrosome separation and the formation of a bipolar spindle (Bertran et 

al., 2011; Rapley et al., 2008). When cells are treated with Eg5 inhibitors, centrosome 

separation is no longer achieved and cells form monopolar spindles (Blangy et al., 1995). 

Therefore, the presence of monopolar spindles was used as an additional marker to confirm 

the Eg5 inhibitors were working as expected in our cell lines. BEAS-2B:EML4-ALK V3 cells 

were induced for 48 hours before being treated with the different Eg5 inhibitors for a 

further 24 hours. The following day, cells were fixed and stained for immunofluorescence 

microscopy. Cells were stained with antibodies against α-tubulin to detect spindle 

microtubules and γ-tubulin to identify spindle poles, while DNA was also stained. Monopolar 

spindles were identified in rounded mitotic cells where condensed chromatin was arranged 

around a single aster of microtubules with unseparated poles. The vast majority of mitotic 

cells in samples treated with STLC, filanesib and BRD9876 appeared to have monopolar 

spindles, in contrast to the control DMSO-treated sample where spindles were bipolar 

(Figure 4.3A). 

 

Similarly, NSCLC patient H2228 (V3) cells were also treated with the Eg5 inhibitors for 24 

hours and stained for immunofluorescence microscopy as previously described to 

investigate the structure of mitotic spindles. Again, the majority of mitotic cells appeared to 

have monopolar spindles with all three Eg5 inhibitors (Figure 4.3B). Interestingly, bipolar 

spindles could also be seen in cells treated with the rigor inhibitor, BRD9876 as compared to 

the L5 inhibitors (Figure 4.3B). This is consistent with reports in the literature that cells 

already in mitosis at the time when the drug was added would have already formed bipolar 

spindles with spindle bipolarity maintained upon mitotic arrest (Chen et al., 2017; 

Chattopadhyay et al., 2015). This is likely to be the case for other rigor inhibitors that lock 

Eg5 onto the microtubules, but not for the L5 inhibitors that perturb interaction of Eg5 with 

microtubules. 
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4.2.2. Eg5 inhibitors reduce the length of cells expressing EML4-ALK V3 

To determine whether recruitment of Eg5 to interphase microtubules in cells expressing 

EML4-ALK V3 was contributing to the changes observed in cell morphology, EML4-ALK cell 

lines were treated with Eg5 inhibitors and cell length measured. BEAS-2B:EML4-ALK V1 and 

V3 cell lines were induced with doxycycline in a 10 cm dish for 24 hours before being 

detached and embedded into collagen to give a closer representation of a tumour 

microenvironment. Once embedded into collagen, cells were left to spread for 24 hours 

with the addition of more doxycycline to continue induction of the EML4-ALK proteins. The 

following day, cells were treated with DMSO or the Eg5 inhibitors and, after 1 hour, cells 

were placed on a PhaseFocus Livecyte 2 imaging system for live imaging. Cell length 

measurements were made on captured images in Fiji by drawing a line through the cell 

along the longest length (Figure 4.4A). 

 

The measurements taken using this approach first confirmed that, in the absence of drug 

treatment, the EML4-ALK V3 cells were significantly longer than the EML4-ALK V1 cells, in 

line with previous reports (O’Regan et al., 2020). Furthermore, none of the three Eg5 

inhibitors had any effect on the cell lengths of BEAS-2B:EML4-ALK V1 cells (Figure 4.4B). 

Importantly though, filanesib and BRD9876 both significantly reduced V3 cell length. Indeed, 

BRD9876 completely blocked the phenotype with cells reverting to the same size as 

untreated V1 cells (Figure 4.4C). The reduction in V3 cell length observed upon treatment 

with STLC was smaller and did not reach significance although, this could be due to a few 

outliers at the higher end of the measurements obtained (Figure 4.4C). 
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Figure 4.4. The length of BEAS-2B:EML4-ALK V3 cells is significantly reduced by Eg5 inhibitors 

filanesib and BRD9876. (A) Schematic showing how cell length was measured. Cell length 

measurements were taken in Fiji from BEAS-2B:EML4-ALK V1 (B) and V3 (C) cells treated with 

different Eg5 inhibitors or DMSO. Violin plots show spread of data with the median (solid line) and 

quartiles (dotted lines). Means for each group are written above the violins. N= 55, 93, 95, 76 for 

EML4-ALK V1 cells and N= 69, 82, 62, 49 for EML4-ALK V3 cells respective to the order of groups on 

the graphs. Data presented is from three independent experiments. 
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Previous research has shown that the H2228 (V3) patient cells, which express EML4-ALK V3, 

are significantly longer than the H3122 (V1) patient cells, which express EML4-ALK V1. 

Although these cell lines are not isogenic, this difference in morphology was shown to be 

dependent on the EML4-ALK variant as it was lost upon EML4-ALK depletion (O’Regan et al., 

2020). To investigate whether chemical inhibition of Eg5 affected cell length in these cells, 

they were embedded into collagen, allowed to spread for 24 hours and then treated with 

DMSO or the Eg5 inhibitors as previously described. After 1 hour, cells were placed on the 

PhaseFocus Livecyte 2 system for live cell imaging and cell length measurements taken as 

described before. Measurements taken confirmed a striking difference between the lengths 

of H3122 (V1) and H2228 (V3) cells in the absence of drug treatment with the difference 

between the means for these groups being approximately 60 µm (means = 21.43 µm for 

H3122 cells and 80.47 µm for H2228 cells). Treatment with each one of the three Eg5 

inhibitors had no effect on the length of H3122 (V1) cells (Figure 4.5A). However, consistent 

with data from BEAS-2B:EML4-ALK V3 cells, treatment with the Eg5 inhibitors, filanesib and 

BRD9876, significantly reduced the length of H2228 cells by approximately 20 µm (Figure 

4.5B). Again, there was a notable reduction in cell length upon treatment of H2228 cells 

with STLC although this was below the level of significance (Figure 4.5B). 
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Figure 4.5. The length of H2228 (V3) cells is significantly reduced by Eg5 inhibitors filanesib and 

BRD9876. Cell length measurements were taken in Fiji from H3122 (A) and H2228 (B) cells treated 

with different Eg5 inhibitors or DMSO. Violin plots show the median (solid line) and quartiles (dotted 

lines) for each group. Numbers written above the violins represent the mean for each group. N = 77, 

81, 68, 79 for H3122 cells and N = 33, 25, 43 and 30 H2228 cells respective to the order of groups on 

the graphs. Data presented is from three independent experiments. 
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4.2.3. Eg5 inhibitors did not alter migration of EML4-ALK V3 cells embedded in collagen 

Next, we sought to investigate whether the recruitment of Eg5 to interphase microtubules 

in cells expressing EML4-ALK V3 was also contributing to changes in their migration using a 

single cell tracking assay. BEAS-2B:EML4-ALK V1 and V3 cells were induced with doxycycline 

for 24 hours before being detached and embedded into collagen matrix. Doxycycline was 

then also added to the matrix for a further 24 hours whilst the cells spread and began to 

migrate within the collagen to ensure continued production of the EML4-ALK protein. After 

a further 24 hours, cells were treated with Eg5 inhibitors and live imaging performed on 

three non-overlapping areas per treatment with images captured every 15 minutes for 24 

hours. Images were compiled into videos in Fiji and individual cell tracking analysis 

performed using Imaris software. Briefly, a spot was placed in the centre of each cell and 

the movement of the spots tracked throughout the time-course of the video. Data was 

obtained for average distance travelled between time points, mean speed of movement and 

directionality. Cells were tracked for 24 hours or until they entered mitosis.  

 

In line with published data, BEAS-2B cells expressing EML4-ALK V3 exhibited enhanced 

migration using this assay travelling further and faster than BEAS-2B cells expressing EML4-

ALK V1 (Figure 4.6A&B) (O’Regan et al., 2020). However, in contrast to previous work, the 

movement of V3 cells was also seen to be more directional (0.4241) than V1 cells (0.3019) in 

these experiments (Figure 4.6C). Directionality measurements are obtained by 

displacement/distance, therefore the closer the value is to 1, the more directional the 

movement is. In contrast, if the directionality value is closer to 0, the movement of the cell 

is more random. This finding could be due to these cells being embedded in collagen, 

whereas in the previous study cells were directly plated into 6 well plates. Interestingly 

though, none of the Eg5 inhibitors had a significant effect on distance, speed or 

directionality of BEAS-2B:EML4-ALK V3 cells (Figure 4.7A-C). In contrast, filanesib led to an 

increase in both distance travelled and speed of migration in BEAS-2B cells expressing EML4-

ALK V1 and BRD9876 was seen to decrease distance travelled (Figure 4.7D&E). No 

differences in distance or speed were seen in cells treated with STLC. The directionality of 

movement of BEAS-2B cells expressing EML4-ALK V1 was modestly affected by filanesib,  
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Figure 4.6. BEAS-2B:EML4-ALK V3 cells travel further and faster than V1 cells. Induced cells were 

embedded into collagen and live cell imaging was performed. Measurements were taken for average 

distance between time points (A), speed (B) and directionality (C). Graphs represent three 

independent experiments and show the spread of data, median (solid line), quartiles (dotted lines) 

and means are written above each violin. N = 100 and 115 cells respective to the order of groups on 

the graphs. 
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Figure 4.7. Eg5 inhibitors have no effect on migration of BEAS-2B:EML4-ALK V3 cells. Induced cells 

were treated with the indicated Eg5 inhibitors before live cell imaging was performed for 24 hours. 

Measurements taken from V3 were average distance travelled between time points (A), speed (B) 

and directionality (C). The same measurements were also taken from V1 cells (D, E and F 

respectively). Graphs show the spread of the data, median (solid lines), quartiles (dotted lines) and 

means for each group are written above each violin. Graphs representative of three independent 

experiments. N= 115, 111, 92, 62 for V3 cells and N= 100, 128, 125, 52 for V1 cells, respective to the 

order of groups on the graphs. 
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albeit not to a level of significance, and was not affected by either of the other Eg5 

inhibitors (Figure 4.7F). 

 

To determine whether Eg5 was contributing to differences in cell migration of the NSCLC 

patient cell lines, H3122 (V1) and H2228 (V3), single cell tracking analysis was performed as 

described above in the presence of the different Eg5 inhibitors. Specifically, cells were 

embedded into collagen as before and allowed to spread for 24 hours. Eg5 inhibitors were 

then added to the embedded cells and three non-overlapping areas per treatment imaged 

every 15 minutes for 24 hours. Cells were again tracked for 24 hours or until mitotic entry. 

Unfortunately, due to the cobblestone appearance of H3122 cells, it was difficult to 

distinguish mitotically arrested cells from interphase cells and for this reason, quantification 

of migration in the H3122 cell line was not performed. In contrast, it was easy to distinguish 

the more elongated H2228 cells and tracks for these were quantified. Interestingly, single 

cell tracking analysis revealed that, while the L5 inhibitors, STLC and filanesib, had no effect 

on any of the migration parameters, the rigor inhibitor, BRD9876, reduced both the average 

distance travelled and mean speed of movement of H2228 cells (Figure 4.8A & B). However, 

BRD9876 did not affect the directionality of movement of H2228 cells (Figure 4.8C). 

 

Taken together, these data suggest that the motor activity of Eg5 is not required for the 

increased rate of cell migration observed in EML4-ALK V3 expressing cells. The fact that the 

rigor inhibitor, BRD9876, was seen to reduce migration distance and speed (but not 

directionality) in H2228 cells may reflect its different role on microtubule properties. 
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Figure 4.8. BRD9876 reduced distance and speed of migration in H2228 cells. Cells were treated 

with the indicated Eg5 inhibitors and live cell imaging was performed for 24 hours. Measurements 

were taken for the average distance travelled between time points (A), mean speed of movement 

(B) and directionality (C). Graphs represent three independent experiments and show the spread of 

data, median (solid lines), quartiles (dotted lines) and means for each group are written above each 

violin. N= 48, 29, 50 and 42 cells respective to the order of groups on the graphs. 
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4.2.4. NEK7 phosphorylation of Eg5 on S1033 regulates cell length 

It has previously been shown that NEK7 phosphorylation of Eg5 on S1033 regulates dendrite 

length in neurons (Freixo et al., 2018). Given our data indicating that phosphorylation of Eg5 

at S1033 regulates its recruitment to microtubules and that Eg5 inhibition reduces the 

length of cells expressing EML4-ALK V3, we sought to determine if this phosphorylation 

event also regulated the length of these V3 expressing cells. For this, BEAS-2B:EML4-ALK V1 

and V3 cell lines were seeded onto collagen coated coverslips and induced for 48 hours 

before being transfected with FLAG-tagged Eg5 constructs for 24 hours. Specifically, V1 cells 

were transfected with WT or the S1033D phosphomimetic mutant, while V3 cells were 

transfected with WT or the S1033A phosphonull mutant. Transfection into the different cell 

lines was confirmed by Western blot, which revealed bands at the predicted molecular 

weight of 120 kDa (Figure 3.10A). 

 

Cells transfected as above were then stained using a FLAG antibody to allow identification of 

transfected cells and images captured using a VisiTech Infinity 3 confocal microscope. Cell 

lengths were then measured in Fiji. Strikingly, BEAS-2B cells expressing EML4-ALK V1 were 

significantly longer when transfected with the phosphomimetic Eg5-S1033D mutant than 

those transfected with WT Eg5. By contrast, cells expressing EML4-ALK V3 were significantly 

shorter when transfected with the phosphonull Eg5-S1033A mutant than those transfected 

with WT Eg5 (Figure 4.9A&B). Hence, we conclude that phosphorylation of Eg5 at S1033 

causes an increase in cell length in isogenic cell lines expressing EML4-ALK variants. 

 

To add further evidence that it is NEK7 phosphorylation of Eg5 on S1033 that is regulating 

cell length in cells expressing EML4-ALK V3, NEK7 was depleted from BEAS-2B:EML4-ALK V3 

cells before these cells were transfected with the S1033D or S1033A Eg5 constructs. The 

intention was to see whether either construct could reverse the decrease in cell length 

observed upon depletion of NEK7. This would also prevent phosphorylation of the 

endogenous Eg5 protein by NEK7. For this, BEAS-2B:EML4-ALK V3 cells were seeded onto 

collagen coated coverslips and induced for 24 hours before being depleted of NEK7 for 48 

hours. siNEK7_b was chosen for this transfection as it was deemed the more effective of the 
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two siRNAs described in chapter 3. After depletion, cells were transfected with the Eg5 

constructs for a further 24 hours. Cells were then fixed, stained with FLAG and α-tubulin 

antibodies and imaged. As expected, NEK7 depletion reduced the length of cells expressing 

V3 when compared to cells depleted with siGAPDH control oligonucleotides. Strikingly, 

when these NEK7 depleted cells were transfected with the phosphomimetic Eg5-S1033D 

protein, the length of cells was restored to a level similar to control depleted cells. However, 

this was not the case when NEK7 depleted cells were transfected with the phosphonull Eg5-

S1033A mutant (Figure 4.10A&B). Many cells transfected with Eg5-S1033D had a very long 

and thin appearance with some having very long protrusions. On the other hand, cells 

transfected with S1033A were very short, many cells being notably smaller than 

untransfected NEK7 depleted cells. Taken together, these experiments provide persuasive 

evidence that NEK7 phosphorylation of S1033 contributes to the change in morphology of 

cells expressing EML4-ALK V3 expressing cells.  

 

4.2.5. NEK7 depletion reduces microtubule stability of EML4-ALK V3 cells 

Another phenotypic change exhibited by EML4-ALK V3 expressing cells is an increase in 

microtubule stability, as indicated by an increase in the intensity of acetylated tubulin on 

the microtubule network (O’Regan et al., 2020; Sampson et al., 2022). To determine 

whether the NEK9-NEK7 signalling module was contributing to microtubule stabilisation in 

V3 expressing cells, NEK7 depletions were performed. BEAS-2B:EML4-ALK V3 cells were 

induced for 24 hours before being depleted of NEK7 or GAPDH for 72 hours. Western 

blotting confirmed successful depletion of these proteins (Figure 3.8A). Using the same 

induction and depletion protocol, cells were fixed and stained for immunofluorescence 

microscopy with an antibody against acetylated tubulin. Images comprising of 40 z-sections 

were taken. In Fiji, a sum slice projection was performed where the intensity values from 

each of the 40 z-sections were added together. Cells were analysed as described in section 

2.2.5.3. Briefly, measurements were taken for the cell area, mean intensity value and 

integrated density (total intensity value). The same measurements were also taken for a 

background area to allow correction for background fluorescence. Acetylated tubulin 

intensity was significantly reduced in V3 cells depleted of NEK7 with both NEK7 siRNAs as  
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Figure 4.9. Phosphorylation of Eg5 on S1033 regulates cell length of BEAS-2B cells. (A) FLAG-tagged 

WT or S1033D Eg5 were transiently transfected into BEAS-2B:EML4-ALK V1 cells and WT or S1033A 

Eg5 transfected into V3 cells. Cells were stained with a FLAG antibody to allow detection of 

transfected cells. Scale bars = 50 μm. (B) Cell lengths of transfected cells were measured in Fiji. 

N=60; 79; 60 and 60 cells respective to the order of groups on the graph. Violin plot shows spread of 

data, median (solid line), quartiles (dotted lines) and means are written above each group. Data 

presented is representative of three independent experiments.   
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Figure 4.10. S1033D Eg5 rescues the length of BEAS-2B V3 cells after NEK7 depletion. (A) Cells were 

depleted of NEK7 or GAPDH. S1033D or S1033A Eg5 were transfected into NEK7 depleted cells. FLAG 

staining allowed detection of transfected cells and α-tubulin staining was used to image non-

transfected but depleted cells. Scale bars = 20 μm. (B) Cells lengths were measured for each 

condition. N = 70, 66, 68 and 70 cells respective to the order of groups on the graph. Violin plot 

shows spread of data, median (solid line), quartiles (dotted lines) and means are written above each 

group. Data presented is representative of three independent experiments. 
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compared to those depleted with the siGAPDH control (Figure 4.11A & B). Images shown in 

Figure 4.11A are maximum intensity projections representative of the described z stacks 

where brightness and contrast have not been adjusted. 

 

This experiment was then performed in H2228 (V3) cells. NEK7 depletion was performed 

with the two NEK7 siRNAs but, as previously described, siNEK7_a proved inconsistent in 

depleting NEK7 in these cells. Hence, only one sample was analysed as opposed to the three 

repeats performed with the other siRNAs (Figure 3.9A). Depleted cells were imaged and 40 

z-sections per image obtained and analysed as described above. This revealed a reduction in 

acetylated tubulin intensity in H2228 cells after NEK7 depletion with both NEK7 siRNAs as 

compared to the siGAPDH control sample (Figure 4.12A&B). 

 

Taken together, the reduction of acetylated tubulin intensity after NEK7 depletion in both 

BEAS-2B:EML4-ALK V3 cells and H2228 cells strongly suggests that microtubule stabilisation 

occurs downstream of NEK7. 

 

4.2.6. It is unclear whether microtubule stability is regulated by phosphorylation of Eg5 

Following the observation that microtubule stability is increased in cells expressing EML4-

ALK V3 downstream of NEK7, we sought to investigate whether Eg5 was contributing to this 

phenotype. For this, NEK7 was depleted from BEAS-2B:EML4-ALK V3 cells as previously 

described. The phosphomimetic (S1033D) and phosphonull (S1033A) Eg5 mutants were 

then transfected into the NEK7 depleted cells before immunofluorescence microscopy 

analysis with acetylated tubulin and FLAG antibodies. Images were captured as before and 

fluorescence intensity of acetylated tubulin measured in Fiji. 

 

Consistent with previous data, NEK7 depleted cells were seen to have lower intensities of 

acetylated tubulin than GAPDH depleted cells. However, transfection with neither the 

S1033D nor the S1033A Eg5 construct was able to rescue the intensity of acetylated tubulin 
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in NEK7 depleted cells as measured using the previously described method (Figure 4.13A & 

B). Cells transfected with the different Eg5 mutants have quite different morphologies 

though and this led us to question whether measuring fluorescence intensity from images of 

cells with large morphological differences was appropriate. The formula used to calculate 

the corrected fluorescence intensity (given in section 2.2.5.3) does take into account cell 

area when subtracting background fluorescence measurements. Nonetheless, we decided 

to directly measure cell area and surprisingly found that NEK7 depleted cells transfected 

with the phosphonull Eg5-S1033A had a significantly reduced mean area compared to either 

GAPDH depleted cells or NEK7 depleted cells that were untransfected or transfected with 

Eg5-S1033D (Figure 4.13C). Moreover, no significant difference was found in mean cell area 

between S1033D transfected cells and siGAPDH or siNEK7 control cells. Whether this has an 

impact on our measurements of acetylated tubulin intensity is difficult to know. Hence, 

taken together, these experiments still leave open the question of whether Eg5 is 

contributing to microtubule stability in EML4-ALK V3 expressing cells. 
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Figure 4.11. NEK7 depletion reduces acetylated tubulin intensity in BEAS-2B:EML4-ALK V3 cells. 

(A) Cells were depleted of NEK7 or GAPDH, stained for acetylated tubulin (green) and DNA stained

with Hoescht (blue) and imaged. Scale bars = 20 μm. (B) Fluorescence intensity measurements were

taken for the acetylated tubulin channel. Graph shows individual data points (one colour per repeat),

means and standard deviations. Data is representative of three independent experiments for

siGAPDH and siNEK7_a and two repeats for siNEK7_b. N= 59, 60 and 40 for the groups respective to

their order on the graph.
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Figure 4.12. NEK7 depletion reduced acetylated tubulin intensity in H2228 (V3) cells. (A) Cells were 

depleted of either NEK7 or GAPDH and stained with antibodies against acetylated tubulin (green). 

DNA was stained using Hoescht (blue). Scale bars = 10 μm. (B) Fiji was used to take fluorescence 

intensity measurements. Measurements were taken from three independent experiments for 

siGAPDH and siNEK7_b but only one repeat was achieved with siNEK7_a. Graphs show individual 

data points (one repeat per colour), means and standard deviations. N = 60, 20 and 60 for the 

groups respective to their order on the graph. No statistical analysis was performed to compare 

siGAPDH with siNEK7_a due to there being only one repeat. 

A Acetylated tubulin / DNA 

si
G

AP
DH

 
si

N
EK

7_
a 

si
N

EK
7_

b 

B 



141 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

siGAPDH siNEK7 UT 

S1
03

3A
 

S1
03

3D
 

Merge Acetylated tubulin FLAG 

A 
Ac

et
yl

at
ed

 tu
bu

lin
 



142 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. Eg5 phospho-mutants do not rescue acetylated tubulin intensity after NEK7 depletion. 

(A) BEAS-2B:EML4-ALK V3 cells were depleted of NEK7 and transfected with the indicated 

constructs. Cells were stained with acetylated tubulin (green) and FLAG (red). siGAPDH and siNEK7 

untransfected (UT) images have acetylated tubulin staining. Scale bars = 10 μm. (B) Acetylated 

tubulin intensity was measured from images represented in A. Graph shows individual data points, 

means and standard deviations. N= 60, 59, 60 and 58 cells respective to the order of groups on the 

graph. Data is collected from three independent experiments (one repeat per colour). (C) Cell areas 

were plotted for cells measured in B. Violin plots show median (solid line), quartiles (dotted lines) 

and means written above each group.  
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4.3. DISCUSSION 

Clinical research suggests that patients with EML4-ALK V3 have worse outcomes than 

patients with other variants, including more rapid metastasis, poor response to current 

targeted treatments and lower survival rates (Christopoulos et al., 2018). This is likely to be 

explained by EML4-ALK V3 promoting alternative or additional pathological processes in 

tumour cells. Consistent with this, it was found that in cells expressing EML4-ALK V3, the V3 

protein itself as well as NEK9 and NEK7 were recruited to interphase microtubules and this 

coincided with an increase in microtubule stability, a change to a more mesenchymal-like 

cell morphology, and increased cell migration (O’Regan et al., 2020). In the previous 

chapter, it was shown that Eg5, a mitotic kinesin, is also recruited in an untimely manner to 

microtubules in interphase EML4-ALK V3 cells, and that this was dependent on NEK7. In this 

chapter, I have used chemical inhibitors and mutant proteins to explore whether Eg5 is 

required for the three described phenotypic changes exhibited by EML4-ALK V3 cells. 

 

Again, we have used the isogenic BEAS-2B bronchial epithelial cells that can be induced to 

express EML4-ALK V1 and V3, and NSCLC patient cells that contain the V1 or V3 oncogenic 

fusions. The patient cell lines have distinct morphologies making them suitable models for 

our investigations. H3122 cells appear round and cobblestone in appearance, whereas 

H2228 cells have a more elongated mesenchymal appearance that was shown to be 

dependent on EML4-ALK V3 expression (O’Regan et al., 2020). The BEAS-2B cells on the 

other hand, appear mesenchymal in morphology when grown in 2D cultures including 

parental BEAS-2B cells (even without any EML4-ALK induction) (Han et al., 2020). However, 

we found that, when induced, BEAS-2B:EML4-ALK V3 cells formed longer cytoplasmic 

protrusions than the V1 cell line if the cells were embedded in collagen making them 

suitable for these studies. As collagen embedding is a form of 3D cell culture, it is a step 

closer to the reality of a tumour microenvironment. All morphology and migration studies 

described here were therefore performed either with cells embedded into collagen or 

seeded onto collagen-coated coverslips. 
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To begin to explore whether Eg5 was having a role in promoting the change in V3 cell 

morphology, small molecule chemical inhibitors of the ‘L5’ (STLC and filanesib) and ‘rigor’ 

(BRD9876) categories were obtained. While both inhibitors interfere with the catalytic 

ATPase cycle of the motor domain, L5 inhibitors prevent microtubule binding, while rigor 

inhibitors lock the motor domain in a microtubule-bound state. Hence, both interfere with 

Eg5 function although through different molecular mechanisms. We found a significant 

reduction in the lengths of cells expressing V3 with both types of inhibitor in both of our 

BEAS-2B and NSCLC cell line models. In contrast, we found no change in the length of cells 

expressing V1. This indicates that Eg5 is indeed involved in the morphological changes in V3 

cells that are observed downstream of the EML4-ALK V3:NEK9:NEK7 signalling module. This 

is consistent with the discovery that the morphological changes observed in V3 expressing 

cells are microtubule dependent (O’Regan et al., 2020). The fact that both kinds of inhibitor 

resulted in a reduction in cell length suggests that the motor activity of Eg5 is required for 

cell elongation and that its presence on interphase microtubules alone simply is not enough. 

In mitosis, the Eg5 tetramer crosslinks adjacent microtubules and promotes anti-parallel 

sliding to enable assembly of a bipolar spindle.  However, Eg5 can also act as a microtubule 

polymerase when Eg5 tetramers that “walk” towards the plus ends stabilise interactions 

between incoming tubulin dimers and the pre-formed protofilaments (Chen and Hancock, 

2015; Chen et al., 2019). Whether it is the microtubule crosslinking or polymerase activity of 

Eg5 that is responsible for the cell morphology changes remains to be determined, although 

this could potentially be addressed by measuring the rate of microtubule polymerization in 

these cells. 

 

Cancer cells often utilise normal cellular mechanisms to their advantage (Thiery, 2002). 

Indeed, the binding of Eg5 to microtubules in non-mitotic cells has been shown to 

contribute to the extension of neuronal dendrites and that this requires its phosphorylation 

by NEK7 on S1033 (Freixo et al., 2018). We therefore investigated whether this mechanism 

of Eg5 regulation might be important in cells expressing EML4-ALK V3. Strikingly, we found 

that an Eg5-S1033D - but not Eg5-S1033A - mutant could restore the elongated length of 

cells expressing V3 but that had been depleted of NEK7. Mutation from serine to aspartic 

acid mimics phosphorylation of the serine residue as it essentially has a similar charge and 
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structure, while its mutation to an alanine prevents phosphorylation. The fact that the 

S1033D ‘phosphomimetic’ mutant could rescue the cell length but the S1033A ‘phosphonull’ 

mutant did not, suggests that phosphorylation of this residue in Eg5 is necessary to regulate 

cell length. It has been demonstrated that phosphorylation of S1033 by NEK7 supports 

recruitment of Eg5 to centrosomes in mitosis (Bertran et al., 2011). Hence, based on our 

demonstration in Chapter 3 that the Eg5-S1033D protein associated with microtubules, we 

propose that activation of NEK7 in interphase by EML4-ALK V3 leads to phosphorylation of 

Eg5 at S1033, which in turn promotes not only its microtubule binding but also altered cell 

morphology. 

 

Eg5 has previously been implicated in regulating the speed and direction of neuronal cell 

migration (Falnikar et al., 2011; Nadar et al., 2008). Furthermore, Eg5 inhibition has been 

shown to reduce cell migration of pancreatic cancer cells (Sun et al., 2011). Using single cell 

tracking, we therefore sought to investigate whether inhibition of Eg5 would block the 

accelerated rate of migration of V3 cells. Interestingly, a reduction in migration distance and 

speed was found in H2228 cells that were treated with BRD9876, but not with the L5 

inhibitors. However, a significant reduction was not observed when the BEAS-2B:EML4-ALK 

V3 cell line was treated with BRD9876. On one hand, it is possible that the effect may have 

simply been smaller in the BEAS-2B V3 cells; equally this result may have been specific to 

the H2228 cell line. Furthermore, filanesib was seen to increase the distance and speed of 

migration of BEAS-2B:EML4-ALK V1 cells. These findings suggest that Eg5 is either not 

involved or at least does not play a central role in the accelerated migration of cells 

expressing EML4-ALK V3. 

 

Nevertheless, microtubules are well documented to contribute to directional cell migration 

through intracellular transport of signalling molecules to the leading edge and focal 

adhesion turnover (Garcin and Straube, 2019; Etienne-Manneville, 2013). Here, we opted to 

perform single cell tracking assays as Eg5 inhibitors cause mitotic arrest and so tracking 

could be stopped when cells entered mitosis. It would be interesting to test the Eg5 

inhibitors in an alternative cell migration assay, such as a Boyden-chamber style directional 
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migration assay. In the past, our lab has also performed wound healing assays to measure 

collective cell migration. However due to the inhibitors causing mitotic arrest, we deemed 

this approach to be inappropriate as cell confluency is a factor that must be tightly 

controlled during a wound healing assay. Nonetheless, it could be attempted for short time 

periods. It is also possible to investigate whether the phosphorylation of Eg5 on S1033 

affects the migration of EML4-ALK V3 cells using stable cell lines that express both EML4-ALK 

V3 and either the S1033D or S1033A Eg5 mutants. As these mutants are not known to 

induce a strong mitotic arrest, then cell migration could be measured by wound healing or 

single cell tracking assays where distance, speed and directionality can be measured. 

 

Previous experiments have shown that locking Eg5 onto interphase microtubules using rigor 

inhibitors increases microtubule stability (Chen et al., 2017; Freixo et al., 2018). Therefore, it 

was investigated whether phosphorylation of Eg5 on S1033 might also affect microtubule 

stability. Here, it was first demonstrated that, when NEK7 was depleted from V3 cell lines, 

microtubule acetylation – a marker of microtubule stability - is indeed reduced. This 

suggested that an effector downstream of NEK7 is contributing to microtubule stabilisation. 

We then transfected the Eg5 phosphomutants into NEK7 depleted cells to explore whether 

either mutant could rescue the phenotype. However, we found that neither S1033D nor 

S1033A Eg5 could increase microtubule stability. This may suggest that microtubule 

stabilisation is not solely regulated by recruitment of Eg5 to microtubules. Indeed, previous 

studies have only shown an increase in microtubule stability when cells are treated with 

rigor inhibitors. Hence, a measurable change in microtubule stabilisation may only be 

achieved when Eg5 is locked in an immobile state on microtubules. This could be 

investigated further in our cell lines by measuring acetylated tubulin intensity in cells 

treated with L5 or rigor inhibitors. 

 

It should be added that the large differences in cell morphology between cells transfected 

with the different Eg5 phosphomutants made it difficult to interpret acetylated tubulin 

intensity data collected from our images. Therefore, future experiments could again make 

use of stable cell lines in which both EML4-ALK V3 and the Eg5 phosphomutants are 
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expressed. Acetylated tubulin intensity could then also be assessed by Western blotting to 

determine whether either phosphomutant rescues the acetylated tubulin intensity after 

NEK7 depletion, as this approach should not be dependent on cell morphology. An 

additional experiment that could be performed would be to explore whether acetylated 

tubulin intensities differed in EML4-ALK V3 cells that were treated with BRD9876 following 

either mock or NEK7 depletion. As the amount of Eg5 that is on the microtubules is less 

after NEK7 depletion, we might expect less Eg5 to be locked on by BRD9876. Therefore, it 

could be hypothesised that less of an increase in acetylated tubulin intensity would be seen 

in V3 cells depleted of NEK7 but treated with BRD9876 than in cells that were not depleted 

of NEK7 but still treated with BRD9876. However, this approach could be interpreted as 

reporting more on the ability of NEK7 to cause Eg5 recruitment to microtubules than on the 

effect of Eg5 on microtubule stability. 

 

In conclusion, this chapter has shown that NEK7-dependent phosphorylation of Eg5 on 

S1033 regulates the length of cells expressing EML4-ALK V3. It has also demonstrated that 

the motor activity of Eg5 is required for cell elongation. It is therefore possible that Eg5 may 

contribute to metastasis in some ALK+ NSCLC tumours by means of promoting a 

mesenchymal cell morphology. EMT is a well-established tumour property and contributes 

not only to invasion but also to reattachment of circulating tumour cells at secondary 

metastatic sites (Boggs et al., 2015). However, it seems unlikely from our data that Eg5 is 

solely responsible for the accelerated migration of EML4-ALK V3 cells and this is consistent 

with other data from our lab demonstrating additional substrates for NEK7 in these cells. Of 

particular interest, it would be interesting to perform cell viability assays using the different 

classes of Eg5 inhibitor either alone or in combination with ALK inhibitors to explore 

whether these could provide an effective treatment option for patients with EML4-ALK V3 

cancers.  

 

In the next chapter, further work on how microtubule organization may be altered in cells 

expressing EML4-ALK V3 will be described with the focus on a potential role of EML4-ALK V3 

in microtubule nucleation from the centrosome. 
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CHAPTER 5 

EML4-ALK V3 has a role at the centrosome 
independent of NEK7 and Eg5 
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5.1. INTRODUCTION 

The centrosome is first and foremost a microtubule organising centre (MTOC) that is found 

in most animal cells. Responsible for nucleating microtubules, the centrosome is a key 

component of the mitotic spindle and is required for correct segregation of chromosomes 

and successful cell division (Fukasawa, 2005). After cytokinesis, each daughter cell only 

receives one centrosome, making centrosome replication necessary for subsequent cell 

cycle progression (Fukasawa, 2005). The centrosome normally only duplicates once per cell 

cycle, usually during S phase. However, in cancer cells, this normal biological process may 

become deregulated and centrosomes may duplicate more than once per cycle resulting in 

supernumerary centrosomes, also known as centrosome amplification (Fukasawa, 2005; 

Godinho and Pellman, 2014).  Centrosome amplification may also be a result of cytokinesis 

failure (Fukasawa, 2005). 

 

Centrosome amplification can be a problem for mitosis and cytokinesis and can result in 

chromosome segregation errors and aneuploidy through the formation of multipolar 

spindles (Fukasawa, 2005; Godinho and Pellman, 2014). Alternatively, cancer cells with 

amplified centrosomes will sometimes cluster centrosomes together to form a pseudo-

bipolar spindle (Brinkley, 2001). Often, this results in merotelic attachment of chromosomes 

to spindle poles, which contributes to aneuploidy (Godinho and Pellman, 2014). 

Consequently, centrosome amplification is thought to contribute to chromosome instability, 

one of the hallmarks of cancer (Fukasawa, 2005; Hanahan and Weinberg, 2011). Indeed, 

centrosome amplification has been observed in lung cancer-derived cell lines that express 

EML4-ALK V3, which also show an increase in mitotic errors such as multipolar spindle 

formation and misaligned chromosomes (Lucken et al., 2022). 

 

As mentioned, the principal purpose of the centrosome is to nucleate microtubules. 

Although the process of microtubule nucleation is not completely clear, many studies have 

highlighted the importance of the γ-tubulin ring complex (γTuRC) in this process (Job, 

Valiron and Oakley, 2003; Kollman et al., 2010; Kollman et al., 2011). Indeed, it is believed 

that the γ-TuRC acts as an anchor for a microtubule seed which is formed by several α/β-
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tubulin heterodimeric molecules (Job, Valiron and Oakley, 2003). Interestingly, 

phosphorylation of the γ-TuRC may result in a conformational change that regulates 

microtubule nucleation (Thawani and Petry, 2021). Examples of such phosphorylation 

events include CDK1 mediated phosphorylation of GCP6 which leads to microtubule 

remodelling and GSK3β phosphorylation of GCP5 which prohibits the localisation of the γ-

TuRC to the centrosome (Oriolo et al., 2007; Izumi et al., 2008). In the case of EML4-ALK 

driven cancer, it has been shown that H2228 cells, which endogenously express EML4-ALK 

V3, have a greater microtubule nucleation capacity than H3122 cells that express EML4-ALK 

V1. Furthermore, the microtubule nucleation capacity of H2228, but not H3122, cells could 

be reduced with the ALK inhibitor, ceretinib (Sampson et al., 2022). This suggests that ALK 

activity may promote microtubule nucleation in these cells, but exactly how ALK activity 

facilitates this is unclear. 

 

Besides their role as an MTOC, centrosomes are recognised as signalling hubs with many 

components of intracellular signalling pathways, including tyrosine kinases such as Src 

family kinases, found at the centrosome (Arquint, Gabryjonczyk and Nigg, 2014; Ley et al., 

1994). To date, no studies have investigated whether EML4-ALK variants are localised to the 

centrosome, despite evidence of centrosome amplification and increased microtubule 

nucleation capacity in cells expressing EML4-ALK V3 (Lucken et al., 2022; Sampson et al., 

2022). 

 

In this chapter, I describe experiments that have explored the localisation of EML4-ALK V3, 

as well as the downstream components NEK7 and Eg5, with respect to centrosomes, and 

investigated microtubule nucleation in cells expressing EML4-ALK V3. 
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5.2. RESULTS 

5.2.1. EML4-ALK V3 localises to the centrosome in interphase BEAS-2B cells 

Interesting data has recently been published that suggests the lung cancer patient cell line 

H2228 has an increased microtubule nucleation capacity in comparison to H3122 cells 

(Sampson et al., 2022). From this, we were interested to deduce whether EML4-ALK V3 itself 

localises to the centrosome. To investigate this, we used BEAS-2B cells expressing EML4-ALK 

V3 and the parental BEAS-2B cell line for a control, as well as NSCLC patient cell lines H3122 

(V1) and H2228 (V3). In order to accurately visualise whether EML4-ALK V3 localises to the 

centrosome, it was necessary to firstly depolymerise microtubules due to the known 

localisation of V3 on interphase microtubules (O’Regan et al., 2020; Richards et al., 2015). 

To do this, induced BEAS-2B cells and NSCLC cells were treated with 500 nM nocodazole on 

ice for 30 minutes, before being fixed for immunofluorescence microscopy. Staining with α-

tubulin antibodies confirmed complete microtubule depolymerisation throughout the 

cytoplasm, while staining with γ-tubulin antibodies revealed the position of the centrosome 

in all cell lines. Clear microtubules were seen in control samples whereas no structures 

could be seen at all in the treated samples where α-tubulin staining appeared diffuse 

throughout the cytoplasm (Figure 5.1A&B). 

 

Next, to investigate the localisation of EML4-ALK V3, antibodies against γ-tubulin were used 

to stain the centrosome and antibodies against ALK were used to stain the induced BEAS-2B 

cell lines that had been treated with nocodazole on ice. Strikingly, we found EML4-ALK V3 

co-localised strongly with the centrosome in the BEAS-2B:EML4-ALK V3 cell line whilst no 

co-localisation was seen in the BEAS-2B parental cell line (Figure 5.2A). To quantify this 

finding, the PlotMultiColor4.3 Fiji macro was used as previously described, drawing a 12 μm 

line that dissected both centrosomes and some of the surrounding cytoplasm. High 

Pearson’s correlation coefficient values were obtained for the V3 cell line (R= 0.8084) 

suggesting strong co-localisation between the ALK and γ-tubulin channels. Lower Pearson’s 

values (R= 0.5117) were obtained for control BEAS-2B parental cells, suggesting less co-

localisation in these cells (Figure 5.2B). 
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Figure 5.1. A combination nocodazole and cold treatment was performed in BEAS-2B and NSCLC 

cell lines. (A) Induced BEAS-2B cell lines were treated with nocodazole (noc) on ice for 30 minutes. 

Cells were stained with α-tubulin (red) and γ-tubulin (green). (B) NSCLC cell lines were treated and 

stained as described in A. White boxes show zoom region. Scale bars = 10 µm in merges; 5 µm in 

zooms. Images representative of three independent experiments. 

Merge Zoom γ-tubulin α-tubulin 

H3
12

2 

Co
nt

ro
l 

H3
12

2 

Co
ld

 +
 n

oc
 

B 

H2
22

8 

Co
nt

ro
l 

H2
22

8 

Co
ld

 +
 n

oc
 



154 

Figure 5.2. EML4-ALK V3 co-localises with the centrosome in BEAS-2B:EML4-ALK V3 cells. (A) 

Induced cells were treated with nocodazole on ice for 30 minutes before being stained with γ-

tubulin (red) and ALK (green) antibodies. White boxes show zoom region. White arrows indicate an 

example of where Pearson’s correlation was measured between the red and green channels. Scale 

bars = 10 µm in merge; 5 µm in zooms. (B) Co-localisation analysis was performed using the Fiji 

PlotMultiColor 4.3. macro for cells represented in A. Graph shows individual data points (one repeat 

per colour), means and standard deviations. Graph is representative of three independent 

experiments. N= 60 cells for both cell lines. 
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We also sought to investigate whether EML4-ALK V3 co-localised with the centrosome in the 

NSCLC cell line, H2228. H3122 cells expressing EML4-ALK V1 were used as a control. In order 

to do this, microtubules were firstly depolymerised as previously described before being 

fixed for immunofluorescence staining using ALK and γ-tubulin antibodies. In contrast to the 

induced BEAS-2B cells, we could not detect any major recruitment of either EML4-ALK 

variant to the centrosome in these cell lines (Figure 5.3A). Indeed, analysis using the 

PlotMultiColor4.3. Fiji macro revealed only weak correlation as indicated by low Pearson’s 

values in both cell lines (R= 0.3260 for H3122 and R= 0.3837 for H2228) (Figure 5.3B). 

However, the Pearson’s correlation coefficient was marginally higher in the H2228 than 

H3122 cell line which could suggest there is a minor increase of centrosome localisation of 

EML4-ALK V3 protein compared to EML4-ALK V1. This experiment could be repeated using 

an N-terminal EML4 rather than ALK antibody to stain the EML4-ALK variants to see if this 

reveals a similar small increase in recruitment of EML4-ALK V3 to the centrosome. 

 

Taken together, these experiments have provided some evidence of EML4-ALK V3 being 

recruited to the centrosome, consistent with data that suggests EML4-ALK V3 increases 

microtubule nucleation in cells (Sampson et al., 2022).  
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Figure 5.3. There is little recruitment of EML4-ALK variants to the centrosomes in NSCLC cell lines. 

(A) Cells were treated with nocodazole on ice for 30 minutes before being fixed and stained with

antibodies against γ-tubulin (red) and ALK (green). White boxes show zoom region. White arrows

indicate minor recruitment of EML4-ALK V3. Scale bars = 10 µm in merge; 5 µm in zooms. (B) Co-

localisation was analysed using the Fiji PlotMultiColor4.3. macro for cells represented in A. Graph

shows individual data points (one repeat per colour), means and standard deviations. Graph

represents three independent experiments. N= 60 cells for both cell lines.
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5.2.2. Neither NEK7 nor Eg5 are recruited to centrosomes in BEAS-2B:EML4-ALK V3 cells 

From previous published data and data presented in previous chapters of this thesis, our lab 

have established a novel signalling module: EML4-ALK V3:NEK9:NEK7:Eg5, all of which can 

be detected on interphase microtubules (O’Regan et al., 2020). As we observed EML4-ALK 

V3 is recruited to the centrosomes in BEAS-2B cells (Figure 5.2), we also sought to 

investigate whether other members of this signalling module were present at the 

centrosomes in these cells.  

 

Here, BEAS-2B:EML4-ALK V3 and parental cells were again treated with nocodazole on ice 

for 30 minutes to depolymerise microtubules, leaving centrosomes devoid of cytoplasmic 

microtubules clearly visible. To determine whether NEK7 also co-localised with the 

centrosome in these cells, antibodies against NEK7 were used to co-stain these cells with γ-

tubulin antibodies. Imaging revealed no visible recruitment of NEK7 to interphase cell 

centrosomes, although staining for NEK7 in these cell lines was very weak, consistent with 

this protein being in low abundance in these cells (Figure 5.4A). Nevertheless, the Pearson’s 

correlation coefficient was measured from the intensity profiles of images obtained and a 

weak correlation between NEK7 and γ-tubulin was detected in the EML4-ALK V3 cell line (R= 

0.5212) and a slightly stronger correlation in the parental cells (R= 0.6638) (Figure 5.4B). 

Moreover, Pearson’s values revealed significantly less NEK7 localised with the centrosomes 

in BEAS-2B:EML4-ALK V3 cells compared to the parental cell line, suggesting there is no 

active recruitment of NEK7 to the centrosomes in these cells downstream of EML4-ALK V3 

(Figure 5.4B). 

 

Likewise, similar experiments were performed to investigate whether Eg5 was recruited to 

centrosomes in parental BEAS-2B cells or BEAS-2B cells expressing EML4-ALK V3. Cells were 

treated as described above and stained with antibodies against Eg5 and γ-tubulin. Imaging 

revealed no visible recruitment of Eg5 to interphase centrosomes in either cell line (Figure 

5.5A). Measuring the Pearson’s correlation coefficients from these images revealed weak 

correlation between Eg5 and γ-tubulin in both cell lines (R= 0.5509 for parental and R= 

0.4470 for V3), suggesting no significant difference in localisation between the cell lines 
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(Figure 5.5B). The correlation coefficients measured were significantly higher in the parental 

cell line compared to the V3 cell line, again suggesting there is no active recruitment of Eg5 

to interphase centrosomes in BEAS-2B:EML4-ALK V3 cells.  

 

Together, these findings suggest that any changes to centrosome biology or activity in 

EML4-ALK V3 expressing cells are most likely independent of the EML4-ALK 

V3:NEK9:NEK7:Eg5 signalling module. Consistent with this, published data suggests that the 

increased microtubule nucleation capacity of V3 cells is dependent on ALK activity (Sampson 

et al., 2022), whereas changes in cell morphology and migration were shown to be 

independent of ALK activity and dependent on the EML4-ALK V3:NEK9:NEK7 signalling 

module (O’Regan et al., 2020). Therefore, it is likely that these two pathways (ALK activity 

and the NEK9:NEK7 module) represent different signalling cascades which have different 

downstream targets and regulate different cellular processes. 

 

5.2.3. EML4-ALK V3 expressing BEAS-2B cells have increased microtubule nucleation 
capacity 

Research that showed cells expressing EML4-ALK V3 have an increased microtubule 

nucleation capacity were performed in NSCLC patient cell lines H2228 (V3) and H3122 (V1) 

(Sampson et al., 2022). As previously discussed, as these are lung cancer cell lines, they also 

possess other genetic alterations in addition to the EML4-ALK variant they express. For this 

reason, we sought to determine if similar results on microtubule nucleation would be 

obtained in our isogenic BEAS-2B cell lines. In order to analyse microtubule nucleation 

capacity, induced cells firstly had their microtubules depolymerised as previously described. 

After 30 minutes of nocodazole and cold treatment, cells were quickly washed twice with 

pre-warmed media, to ensure complete removal of nocodazole. Cells were then incubated 

with pre-warmed media for either 1, 2, 5 or 10 minutes. The purpose of this time course 

experiment was to give us an idea of how quickly microtubule regrowth occurred in these 

cells and to allow us to select an appropriate time point to measure microtubule nucleation 

site diameter. A sample with no warm media added was included as a control to confirm  
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Figure 5.4. NEK7 is not selectively recruited to interphase centrosomes in BEAS-2B:EML4-ALK V3 

cells. (A) Induced cells were treated with nocodazole on ice for 30 minutes before being fixed and 

stained with γ-tubulin (red) and NEK7 (green) antibodies. White boxes show zoom regions. Scale 

bars = 10 µm in merge; 5 µm in zooms. (B) Co-localisation was analysed in Fiji using the 

PlotMultiColor 4.3. macro for images represented in A. Graph shows individual data points (one 

colour per repeat), means and standard deviations. Graph represents two independent experiments. 

N= 40 cells for both cell lines. 
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Figure 5.5. Eg5 is not selectively recruited to interphase centrosomes in BEAS-2B:EML4-ALK V3 

cells. (A) Induced cells were treated with nocodazole on ice for 30 minutes before being fixed and 

stained with antibodies against γ-tubulin (red) and Eg5 (green). White boxes show zoom regions. 

Scale bars = 10 µm in merge; 5 µm in zooms. (B) Co-localisation was analysed by the Fiji 

PlotMultiColor 4.3. macro for cells represented in A. Graph shows individual data points (one repeat 

per colour), means and standard deviations. Graph represents three independent experiments. N= 

60 for parental cells and 59 for V3 cells. 
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efficient microtubule depolymerisation. Cells were then fixed and stained for 

immunofluorescence microscopy using antibodies against α-tubulin and γ-tubulin. Imaging 

revealed complete microtubule depolymerisation in the 0 minute sample. Microtubules 

were largely repolymerised in many cells after 2 minutes of regrowth, as was the case in the 

5 minute and 10 minute samples (Figure 5.6). This led us to select the 1 minute regrowth 

time point for our future experiments to obtain measurements of the nucleation sites, as 

regrowth had begun but had not reached a stage where it would be difficult to accurately 

measure the nucleation site (Figure 5.6). 

 

Having decided to obtain measurements of nucleation site diameter after 1 minute of 

regrowth, cells were treated as previously described and nucleation sites were imaged 

revealing larger nucleation sites in V3 BEAS-2B cells compared to parental BEAS-2B cells 

(Figure 5.7B). From images, the diameter of the nucleation site was measured in Fiji by 

drawing a line from the central point between the centrosomes along the longest 

emanating microtubule (Figure 5.7A). Quantification revealed nucleation sites were 

approximately 5 µm larger in V3 cells than parental cells (Figure 5.7C). We also found a small 

number of cells had no obvious nucleation site after 1 minute of regrowth. To get an idea of 

how many cells had a clear nucleation site, 100 cells were counted and the percentage of 

cells that had a nucleation site was calculated. In parallel to diameter measurements, we 

found that ~20% more V3 cells had a nucleation site after 1 minute of regrowth compared 

to parental cells (Figure 5.7D). This difference did not quite reach statistical significance 

(P=0.15), but statistical analysis was completed from two repeats only so potentially would 

have reached significance with the third repeat.   

 

We also performed these experiments in the NSCLC cell lines, H2228 and H3122. Cells were 

treated with nocodazole on ice for 30 minutes as before to depolymerise microtubules and 

a time course experiment was again performed to allow us to decide the most appropriate 

time point to take measurements from. Cells were fixed and stained as before with α-

tubulin and γ-tubulin antibodies. Imaging again confirmed complete microtubule 

depolymerisation in the control 0 minute samples. We also found that the majority of  



162 

Figure 5.6. Time course of microtubule repolymerisation in BEAS-2B cells. Microtubules were 

depolymerised in induced BEAS-2B cells using nocodazole and cold treatment. Cells were then 

exposed to warm media for the times indicated (in minutes). Cells were stained with α-tubulin (red) 

and γ-tubulin (green). White boxes show zoom region. Scale bars = 10 µm in whole cell images; 5 µm 

in zooms. Images representative of two independent experiments.  
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Figure 5.7. BEAS-2B V3 cells have larger nucleation sites than parental cells. (A) Schematic showing 

how nucleation site diameter was measured. Black line indicates line of measurement. (B) Induced 

cells were treated with nocodazole on ice for 30 minutes. Cells were washed twice with warm media 

and then incubated with warm media for 1 minute. Cells were then fixed and stained with α-tubulin 

(red) and γ-tubulin (green) antibodies. Scale bars = 5 µm. (C) Nucleation site diameter was measured 

from images represented in A. Graph shows individual measurements (one repeat per colour), 

means and standard deviations. Representative of three independent experiments. N= 54 cells for 

parental and N = 51 for V3. (D) Percentage of cells with a distinct nucleation site was calculated. 

Graph shows means and standard deviations and is representative of two independent experiments. 
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H2228 cells had completely regrown microtubules after 5 minutes. Nucleation sites were 

not very distinct after the 1 minute time point in the H3122 cell line; hence, the 2 minute 

time point was selected to measure nucleation site diameters (Figure 5.8). Imaging 

nucleation sites in NSCLC cells after 2 minutes of regrowth revealed that H2228 cells had 

larger nucleation sites than H3122 cells (Figure 5.9A). Measuring the diameter of the 

microtubule aster confirmed this with asters being approximately 1.5 µm larger in H2228 

than H3122 cells (Figure 5.9B). We also quantified the percentage of cells with a clear 

nucleation site and found almost all of the cells measured had an obvious nucleation site 

(84% in H3122 and 99% in H2228) (Figure 5.9C). 

 

Together, these findings suggest that the increased microtubule nucleation capacity 

previously seen in H2228 cells (Sampson et al., 2022) is indeed a consequence of EML4-ALK 

V3 expression. Not only did measurements of the diameter of microtubule asters at a given 

time-point confirm that cells expressing V3 have a greater microtubule nucleation capacity, 

but also counting the percentage of cells that had a clear nucleation site after the relevant 

time point also showed faster microtubule regrowth in V3 cells compared to parental or V1 

cell lines. This potentially could be a result of EML4-ALK V3 localising to the centrosome, 

although exactly how microtubule nucleation is increased remains unknown. 
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Figure 5.8. Time course of microtubule regrowth in NSCLC cell lines. Cells were treated with 

nocodazole on ice for 30 minutes before being washed twice with warm media and incubated with 

warm media for the indicated time points (in minutes). Cells were then fixed and stained with α-

tubulin (red) and γ-tubulin (green) antibodies. White boxes show zoom regions. Scale bars = 10 µm 

in whole cell; 5 µm in zooms. Images representative of one experiment. 
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Figure 5.9. H2228 (V3) cells have a higher microtubule nucleation capacity than H3122 (V1) cells. 

(A) Cells were treated with nocodazole on ice for 30 minutes before being washed with warm media 

twice and incubated with warm media for 2 minutes. Cells were then fixed and stained with 

antibodies against α-tubulin (red) and γ-tubulin (green). Scale bars = 5 µm. (B) Measurements were 

taken of nucleation site diameter from images represented in A. Graphs show individual data points 

(one repeat per colour), means and standard deviations. Graph is representative of two independent 

experiments. N= 40 cells for both cell lines. (C) The percentage of cells with a clear nucleation site 

was calculated. Graph is representative of one experiment. 
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5.3. DISCUSSION 

Two recent studies have provided tantalizing evidence that there may be a role for EML4-

ALK V3 at the centrosome. Firstly, it has been shown that cells expressing EML4-ALK V3 

exhibit centrosome amplification in interphase and form multipolar spindles in mitosis 

(Lucken et al., 2022). Moreover, these results were obtained in the isogenic BEAS-2B cell 

lines as well as the NSCLC cell lines suggesting that the presence of EML4-ALK V3 is 

somehow causative for centrosome amplification. Secondly, a separate study has shown 

that cells of the H2228 (V3) NSCLC cell line exhibit more rapid microtubule nucleation from 

the centrosome than H3122 (V1) cells (Sampson et al., 2022). However, neither of these 

studies investigated whether EML4-ALK V3 localised to the centrosome, so this was the first 

question we set out to answer. 

 

Strikingly, we found that EML4-ALK V3 strongly co-localised with centrosomes in the BEAS-

2B inducible cell line (R = 0.8084). This was an unexpected finding as there is no evidence to 

date for localisation of wild-type ALK to centrosomes. A large number of protein kinases 

have been demonstrated to localise to centrosomes, including a number of tyrosine kinases, 

where their signalling is spatially organised (Arquint, Gabryjonczyk and Nigg, 2014; Ley et al., 

1994). Indeed, many cell cycle regulators are found to localise to the centrosome, including 

the CDK1/cyclin B complex, Aurora A and PLK1 (Bailly et al., 1989; Dutertre et al., 2004; 

Golsteyn et al., 1995). This raises the question of whether EML4-ALK V3 is capable of 

signalling from the centrosome, in a similar manner to its signalling from liquid-liquid phase 

separated foci (Sampson et al., 2021; Tulpule et al., 2021; Qin et al., 2021). This is an 

important area for future research as focused signalling of EML4-ALK V3 from the 

centrosome could increase activation of downstream targets. 

 

In contrast, a lower degree of co-localisation was detected between endogenous EML4-ALK 

V3 and the centrosome in H2228 cells. However, the Pearson’s correlation coefficient of co-

localisation between ALK and γ-tubulin was marginally higher in the H2228 cell line 

compared to the H3122 cell line (R= 0.3837 and R = 0.3260, respectively). This may suggest 

that more EML4-ALK V3 is recruited to the centrosome than EML4-ALK V1 in the NSCLC cell 
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lines. Staining with an antibody against the N-terminal region of EML4, rather than ALK, 

would be beneficial to determine if this confirms increased localisation in the H2228 cell line 

compared to H3122 cells. This would add further weight to the argument that there is 

increased recruitment of EML4-ALK V3 to centrosomes compared to EML4-ALK V1.  

  

Previous work from our laboratory revealed there is a signalling module comprised of EML4-

ALK V3:NEK9:NEK7 that is localised to microtubules in interphase cells (O’Regan et al., 

2020). In addition, previous chapters of this thesis demonstrated that the kinesin motor 

protein, Eg5, is a downstream target of NEK7 in this signalling pathway. For this reason, we 

also investigated whether NEK7 and Eg5 were recruited to interphase centrosomes in 

addition to the EML4-ALK V3 protein. However, experiments presented here revealed there 

was no significant recruitment of either NEK7 or Eg5 to centrosomes in cells expressing 

EML4-ALK V3. This suggests that whatever role EML4-ALK V3 is performing at the 

centrosome, including in microtubule nucleation, is independent of the NEK9:NEK7:Eg5 

signalling pathway and more likely to depend on ALK activity. Indeed, published work has 

demonstrated that the increased microtubule nucleation capacity of H2228 (V3) cells was 

reduced in the presence of the ALK inhibitor, ceritinib, supporting a dependence on ALK 

catalytic activity for this function (Sampson et al., 2022).  

 

It will be interesting to investigate whether localisation of EML4-ALK V3 to the centrosomes 

is required for deregulation of the centrosome duplication cycle and the amplification of 

centrosomes (Lucken et al., 2022). The key residues that enable EML4-ALK V3 to localise to 

the centrosome could be determined and these residues could then be mutated to see if 

this alters both localisation and centrosome amplification. To determine if ALK catalytic 

activity is disrupting the centrosome cycle, centrosome amplification should be quantified in 

cells treated with ALK inhibitors. It will also be intriguing to know what proteins at the 

centrosome EML4-ALK V3 interacts with and whether EML4-ALK V3 might phosphorylate a 

regulator of the centrosome cycle. 
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It is well documented that p53 has a surveillance role in detecting cells with amplified 

centrosomes and preventing their proliferation (Nigg and Holland, 2018). Intriguingly, it has 

been found that patients with EML4-ALK V3 and p53 mutations have worse outcomes 

compared with patients with just EML4-ALK V3 or p53 mutations alone (Christopoulos et al., 

2019; Tanimoto et al., 2021). This raises the question of whether the reason these patients 

have worse outcomes is due to the continual proliferation of cells with amplified 

centrosomes which are capable of evading p53-mediated arrest or death. p53 status may 

therefore be something to consider when selecting treatments for patients with EML4-ALK 

V3. It may be that an approach which combines standard chemotherapy with targeted ALK 

inhibitors would be more effective in these patients; however, further studies are needed to 

explore this. In addition, studies could be conducted that explore the use of centrosome 

targeting agents, either alone or in combination with ALK inhibitors. Interestingly, the H2228 

cell line harbours a nonsense mutation in the TP53 gene which likely results in a non-

functional protein (Cancer.sanger.ac.uk, nd). This makes this cell line even more useful for 

pre-clinical studies from a translational perspective. 

 

As recently described, expression of EML4-ALK V3 is associated with a greater microtubule 

nucleation capacity from centrosomes (Sampson et al., 2022). This was shown to be the 

case in H2228 cells when compared to H3122 cells. However, as previously discussed, the 

H2228 cell line harbours many other genetic alterations in addition to expression of EML4-

ALK V3. For this reason, we investigated whether there were any differences in microtubule 

nucleation in isogenic BEAS-2B cell lines, where the only difference was expression of EML4-

ALK V3. Indeed, we did see an increase in microtubule nucleation in BEAS-2B cells 

expressing V3 compared to parental cells, as demonstrated by larger microtubule asters and 

a higher percentage of cells with distinct nucleation from the MTOC after 1 minute of 

regrowth. Likewise, we confirmed similar results in the NSCLC patient cell lines. Together, 

these results provide clear evidence that EML4-ALK V3 does somehow increase the 

nucleation of microtubules at centrosomes. 
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In the published study, microtubule nucleation was seen to depend on ALK activity, shown 

by a reduction in aster diameter after treatment with ceretinib (Sampson et al., 2022). 

These experiments should be repeated in the BEAS-2B cell lines to confirm that ALK catalytic 

activity does indeed contribute to microtubule nucleation. In addition, microtubule 

regrowth could also be measured in cells transfected with a kinase dead EML4-ALK V3 

mutant and compared to the wild type protein. If microtubule nucleation does rely on ALK 

activity, one would expect a smaller microtubule aster in cells expressing the kinase dead 

compared to wild type protein. If ALK activity is indeed required, this raises the question of 

what ALK is phosphorylating to promote microtubule nucleation. For example, could it 

phosphorylate a component of the γ-TuRC resulting in a conformational change required for 

microtubule nucleation? Or could its activity somehow increase the rate of microtubule 

polymerization to accelerate the formation of growing microtubules? 

 

To conclude this chapter, we have obtained additional evidence for a role of EML4-ALK V3 at 

the centrosome. The recruitment of V3 to the centrosome is interesting in itself and raises 

many more questions such as how is it localising there and is this affecting the centrosome 

duplication cycle? However, it potentially does offer some explanation as to why 

centrosome amplification occurs in EML4-ALK V3 expressing cells (Lucken et al., 2022), 

although further investigations to understand the mechanisms are needed. Furthermore, 

EML4-ALK V3 does appear to increase microtubule nucleation and this appears more likely 

to be dependent on ALK activity than the NEK7/Eg5 pathway. Exactly what ALK is doing to 

increase microtubule nucleation for now remains unknown. 
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6.1. Summary  

This study aimed to investigate whether the mitotic kinesin Eg5 is a downstream target of 

the EML4-ALK V3:NEK9:NEK7 pathogenic signalling module. We found that Eg5 is recruited 

to interphase microtubules in cells expressing EML4-ALK V3, whereas Eg5 is normally only 

recruited to microtubules in dividing cells. Moreover, our results suggest that NEK7 

phosphorylation of Eg5 may contribute to this unusual localisation. We discovered that Eg5 

is required for the generation of a mesenchymal morphology in these cells and that this 

requires phosphorylation of Eg5 at S1033, a site known to be targeted by NEK7, as well as 

the motor activity of Eg5. We also present evidence that EML4-ALK V3 may be recruited to 

the centrosome and promote microtubule nucleation. These novel data add to our 

knowledge of the mechanisms that EML4-ALK V3 uses to promote cancer progression. They 

also indicate directions for future research into both the biology of EML4-ALK V3 cancers 

and avenues that might lead to effective new treatments for these patients. 

 

6.2. EML4-ALK biology and current treatment of ALK rearranged NSCLC 

The EML4-ALK oncogenic fusion was first identified in 2007 and was found to exist in 

approximately 5% of NSCLCs (Soda et al., 2007). It has since been identified in other cancer 

types, such as colorectal, breast and pancreatic and as many as fifteen variants of this fusion 

have been identified which arise due to different breakpoints in the EML4 gene (Lin et al., 

2009; Singhi et al., 2017; Ou et al., 2021; Sabir et al., 2017). Importantly, due to alternative 

breakpoints in the EML4 gene, the amount of the EML4 protein that is present in the fusions 

differs between variants, whilst all the variants contain the same portion of the ALK kinase 

which includes its tyrosine kinase domain (Bayliss et al., 2016). The inclusion of the tyrosine 

kinase domain of ALK means that these fusions are all capable of oncogenic signalling and 

pathways activated downstream of EML4-ALK fusions include RAS/RAF/MEK/ERK, JAK/STAT 

and PI3K/Akt which drive cell proliferation and survival (Sabir et al., 2017; Hallberg and 

Palmer, 2016). 
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The inclusion of distinct portions of EML4 gives EML4-ALK variants different properties. 

Variants can be categorised into long or short variants depending on which domains of the 

EML4 protein they contain. Shorter variants, such as V3 or V5, typically consist of the N-

terminal trimerization domain and none of the EML4 TAPE domain. On the other hand, 

longer variants, such as V1 or V2, contain the trimerization domain in addition to a 

disrupted TAPE domain. As the TAPE domain is a highly structured region, a disrupted TAPE 

domain in longer EML4-ALK variants renders these fusions unstable and reliant on 

chaperone proteins such as HSP90 to maintain their expression (Richards et al., 2014; Sabir 

et al., 2017).  

 

In addition to differences in protein stability, the intracellular localisation of EML4-ALK 

variants also varies. Shorter variants bind to interphase microtubules whereas longer 

variants remain in the cytoplasm (Richards et al., 2015; O’Regan et al., 2020). This is likely 

due to the reliance of longer variants on chaperone protein HSP90 which may physically 

block interaction with the microtubules or due to structural elements of the disrupted TAPE 

domain (Richards et al., 2014; Sampson et al., 2021). Interestingly, cells which express the 

shorter EML4-ALK variants exhibit excessive microtubule stabilisation, adopt more 

mesenchymal morphologies and display accelerated migration, which in the case of EML4-

ALK V3 depend on the NEK9 and NEK7 kinases (O’Regan et al., 2020). Collectively, the 

striking differences in the biology of the different EML4-ALK variants suggests that 

treatments of NSCLC patients with EML4-ALK cancers may need to be selected depending 

on which variant the patient presents with. In line with this, studies have shown that 

patients with EML4-ALK V3 often fare far worse than patients with longer EML4-ALK 

variants, highlighting the need to develop novel treatment approaches for this subset of 

patients (Christopoulos et al., 2018).  

 

ALK+ cancers are currently treated with targeted ALK inhibitors. Crizotinib was the first ALK 

inhibitor to be approved by the FDA in 2011 for the treatment of ALK rearranged lung 

cancers (Kazandjian et al., 2014; Bayliss et al., 2016; Lei et al., 2022). Unfortunately, the 

success of this drug is limited due to the development of tumour resistance via secondary 
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mutations or activation of alternative signalling pathways (Choi et al., 2010; Heuckmann et 

al., 2011; Woo et al., 2017; Lei et al., 2022). Second and third generation ALK inhibitors, 

such as ceretinib or lorlatinib, have been developed to combat this problem but eventually 

face similar fates (Wu et al., 2016). The most recent development in the ALK inhibitor field is 

the design of fourth generation inhibitors that are double-mutant active meaning in theory 

they can be used in the treatment of cancers with multiple ALK mutations that confer 

resistance to previous generations of ALK inhibitors (Ou et al., 2021; Peng et al., 2022; Lei et 

al., 2022). Fourth generation inhibitors are currently in phase I/II clinical trials (Lei et al., 

2022). Moreover, the continual acquisition of secondary mutations makes it appealing to 

identify other proteins that potentially could be targeted either alone or in combination 

treatments with ALK inhibitors. The use of HSP90 inhibitors has previously been explored in 

the context of EML4-ALK cancers but with limited success (Katayama et al., 2011; Sabir et 

al., 2017). Not all patients respond well to HSP90 inhibitors and the increased stability of the 

shorter variants would further limit which patients could be treated with such inhibitors in 

the first place. 

 

The discovery of the kinesin motor protein, Eg5, downstream of the short variant, EML4-ALK 

V3, raises the intriguing possibility that NSCLC patients with this variant might benefit from 

treatment with clinical Eg5 inhibitors either alone or in combination with ALK inhibitors (see 

section 6.5). 

 

6.3. Eg5 is a downstream substrate of the EML4-ALK V3:NEK9:NEK7 signalling module 

EML4-ALK V3 expressing cells have previously been shown to exhibit a more mesenchymal-

like morphology which is dependent not only on an intact microtubule network but also the 

NEK9 and NEK7 kinases (O’Regan et al., 2020). Furthermore, cells expressing EML4-ALK V3 

have more stable microtubules compared to cells expressing other variants and display 

accelerated migration (O’Regan et al., 2020). Although it was shown that EML4-ALK V3, 

NEK9 and NEK7 are recruited to interphase microtubules, it remained unclear exactly how 

this alters microtubule dynamics and promotes mesenchymal morphology and migration. 

Since there was strong evidence of involvement of the microtubule cytoskeleton, we 
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hypothesised that a microtubule regulator could be a downstream substrate of the EML4-

ALK V3:NEK9:NEK7 signalling module. Our attention was drawn to Eg5 as it is known to be a 

substrate of NEK7, with its phosphorylation promoting centrosome separation in early 

mitosis (Bertran et al., 2011; Rapley et al., 2008). In addition, NEK7 phosphorylation of Eg5 is 

able to promote dendrite extension in non-dividing neuronal cells (Frexio et al., 2018). For 

this reason, we began to explore whether Eg5 was a downstream substrate of the EML4-ALK 

V3:NEK9:NEK7 pathway and contributed to the mesenchymal-like phenotypic changes. 

 

First, we found that Eg5 is recruited to interphase microtubules in cells expressing EML4-ALK 

V3 but not V1 or in the parental cell lines. This finding was highly suggestive of some 

involvement given that normally Eg5 only associates with microtubules of the mitotic 

spindle and not with interphase microtubules (Sawin and Mitchison, 1995). We also 

demonstrated that the untimely recruitment of Eg5 to interphase microtubules likely occurs 

downstream of NEK7. Depletion of NEK7 reduced the amount of Eg5 that co-localised with 

interphase microtubules in V3 cells. Moreover, we obtained preliminary evidence that NEK7 

phosphorylation of S1033 in the tail domain of Eg5 may contribute to microtubule 

localisation of Eg5. Here, we found an Eg5-S1033D mutant transiently transfected into 

EML4-ALK V1 cells showed a higher percentage co-localisation with microtubules compared 

to a Eg5-WT protein. The development of an Eg5-pS1033 phosphoantibody that was able to 

specifically detect the phosphorylated protein by immunofluorescence microscopy would 

help to confirm this. Indeed, analysis of the level of phosphorylated Eg5 in the different cell 

lines by Western blot with an Eg5-pS1033 phosphoantibody, or quantitative mass 

spectrometry would also be valuable. In addition to this, the phosphorylation status of T926, 

the residue phosphorylated by CDK1 and most commonly associated with binding of Eg5 to 

mitotic microtubules, should also be checked by Western blot using a phosphospecific 

antibody in these cells. It would also be valuable to formally assess the activation status of 

NEK7 in our V3 cell lines, for example by immunoprecipitating NEK7 and performing in vitro 

kinase assays or developing a biosensor for measuring NEK7 activity in cells. 
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Eg5 expression is upregulated in many types of cancer, including NSCLC (Garcia-Saez and 

Skoufias, 2021; Castillo et al., 2007; Saijo et al., 2006). Interestingly, we found no significant 

difference in Eg5 expression in our BEAS-2B cell lines expressing EML4-ALK V1 or V3 as 

compared to the parental cells. However, Eg5 expression was reduced in the H2228 NSCLC 

patient-derived cell line compared to H3122 cells. This may be a consequence of EML4-ALK 

V3 expression but may equally result from the fact this cell line harbours a mutation in the 

Kif11 gene, which encodes Eg5. Nevertheless, Eg5 expression may be an important 

prognostic marker based on recent research that investigated expression of the NEK9-Eg5 

signalling axis in patient colorectal tumour samples (Kim et al., 2023). Here, it was 

demonstrated by immunohistochemistry that Eg5 expression was upregulated in over half 

of high-grade colorectal tumour samples and was correlated with the presence of distant 

metastases (Kim et al., 2023). Not only could Eg5 expression give an indication of the 

likelihood of a patient developing metastases, it was also demonstrated to predict response 

to chemotherapeutic treatment using anti-mitotic agents in combination with platinum 

compounds (Saijo et al., 2006). Taken together, these findings and our data identify Eg5 as a 

potentially important clinical factor that could be targeted in future treatments of ALK 

rearranged cancer. Furthermore, immunohistochemical analysis of Eg5 expression in 

primary tumour samples may be a useful tool in the clinic in selecting which patients may 

benefit from Eg5 inhibitor treatment. 

 

6.4. Eg5 activity is required for altered cell morphology in EML4-ALK V3 cells 

Our finding that Eg5 is recruited to interphase microtubules in cells expressing EML4-ALK V3 

led us to question whether it could be contributing to the phenotypic alterations exhibited 

by V3 cells. V3 cells develop a mesenchymal-like morphology with protrusions that contain 

stable microtubules (O’Regan et al., 2020). Using Eg5 inhibitors which inhibited Eg5 motor 

activity and either strengthened or perturbed the interaction between Eg5 and the 

microtubules, we found that Eg5 does indeed promote cell elongation in a way that is 

dependent on its motor activity. Indeed, cell elongation was blocked with similar efficiencies 

with both categories of Eg5 inhibitor used. Interestingly, studies have demonstrated that 

Eg5 has microtubule polymerase activity (Chen and Hancock, 2015; Chen et al., 2019). These 

studies showed that Eg5 present at the plus-end of a growing protofilament could step on to 



177 
 

an incoming tubulin dimer and change the conformation of tubulin in a way that stabilised 

the newly formed interaction (Chen and Hancock, 2015; Chen et al., 2019). It is therefore 

possible that the presence of Eg5 on interphase microtubules in EML4-ALK V3 expressing 

cells results in cell elongation through microtubule polymerisation mediated by Eg5. 

However, there was no evidence from our localisation studies for a concentration of Eg5 at 

growing microtubule ends. Alternatively, as Eg5 facilitates microtubule crosslinking, it could 

be this that results in microtubule stabilization and cytoplasmic protrusion formation. Anti-

parallel sliding of microtubules may also be important as kinesin-1 mediated microtubule 

sliding has previously been shown to promote neurite outgrowth (Lu et al., 2013). 

 

In addition to our finding that Eg5 inhibitors could inhibit cell elongation, we also found that 

cell length can be regulated by the phosphorylation of S1033 of Eg5. Expression of a 

phosphomimetic Eg5-S1033D mutant was able to rescue the length of EML4-ALK V3 cells 

that had been depleted of NEK7; however, this did not occur upon expression of an S1033A 

phosphonull mutant. This is similar to findings in neurons which demonstrated that dendrite 

length is also controlled by NEK7 phosphorylation of S1033 of Eg5 (Freixo et al., 2018). Given 

that cancer cells are known to manipulate normal cellular pathways (Thiery, 2002), it may 

be that cancer cells expressing EML4-ALK V3 are mimicking the behaviour of neurons in a 

way that enhances their ability to develop mesenchymal-like properties which ultimately 

contribute to metastasis.  

 

Although we provide evidence of Eg5 having a role in promoting a mesenchymal 

morphology, we believe the increased rate of migration displayed by EML4-ALK V3 

expressing cells requires more than this. Treatment of BEAS-2B:EML4-ALK V3 cells with Eg5 

inhibitors revealed no change in cell migration distance, speed or directionality and 

treatment of H2228 cells only resulted in minor reductions in migration distance and speed. 

Indeed, it is well established that the actin cytoskeleton performs essential roles in cell 

migration at both the front and rear of the cell. The actin cytoskeleton is required both for 

forming protrusions at the front of the cell, such as lamellipodia and filopodia, which push 

the cell membrane forward in the direction of migration and for contraction of the rear of 
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the cell which allows the rear of the cell to detach and pull itself forward (Rottner and 

Schaks, 2019; Etienne-Manneville, 2013). Moreover, it is now accepted that cooperation 

between the actin and microtubule cytoskeletons is required for efficient cell migration 

(Dogterom and Koenderink, 2019). It is therefore likely that alterations to the actin 

cytoskeleton downstream of EML4-ALK V3 are required in addition to microtubule 

alterations for the enhanced migration of these cells (Figure 6.1). This is consistent with data 

previously generated in our lab which demonstrated changes to the actin cytoskeleton in 

EML4-ALK V3 expressing cells and that NEK7 can also phosphorylate actin regulators 

(Richardson, 2021). 

 

In addition to the phosphorylation of actin regulators, it may also be possible that NEK7 may 

interact with other regulators of the microtubule cytoskeleton that may contribute to cell 

migration. For example, EB1 (end-binding 1) is capable of regulating protrusions required for 

3D cell migration (Jayatilaka et al., 2018). Interestingly, Aspergillus NIMA depends on EB1 for 

its localisation to microtubule plus-ends, although an interaction between EB1 and a human 

NEK kinase is yet to be characterised (Govindaraghavan et al., 2014; Hennessey et al., 2020). 

Nonetheless, NEK7 can interact with multiple regulators of the microtubule cytoskeleton 

such as MAP2 or CLASP1/2 and can also regulate EML4 (de Souza et al., 2014; Adib et al., 

2019). Furthermore, preliminary data from our lab suggests that EML4 expression regulates 

the localisation of EB proteins (Adib, 2019). It would therefore be interesting to investigate 

whether EB1 might be regulated by NEK7 in this context and may contribute to the 

migration of EML4-ALK V3 expressing cells.  

 

We also investigated whether NEK7-mediated Eg5 phosphorylation in V3 cells led to an 

increase in microtubule stabilisation. Depleting NEK7 from EML4-ALK V3 cells reduced 

microtubule acetylation, indicative of less stable microtubules, suggesting that a 

downstream substrate of NEK7 is indeed involved in stabilising microtubules in these cells. 

However, when we transfected the Eg5-S1033 phosphomutants, neither the 

phosphomimetic nor phosphonull mutants were able to rescue the microtubule acetylation 

levels. This may suggest other proteins may also be involved in microtubule stabilisation  



179 
 

 

 

 

 

 

Figure 6.1. Schematic figure of how the EML4-ALK V3:NEK9:NEK7 complex may regulate 

microtubule and actin associated proteins. The EML4-ALK V3:NEK9:NEK7 complex is likely to have 

many downstream substrates, including regulators of both the microtubule and actin cytoskeleton. 

Eg5 may promote microtubule polymerisation or microtubule crosslinking or sliding which results in 

cell elongation. The regulation of actin regulators may be required for the increased migration of V3 

cells. 
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downstream of NEK7. However, as previously mentioned, our methods of measuring 

acetylated tubulin intensity from immunofluorescence microscopy images may have been 

flawed as a result of the large differences in cell morphology. Therefore, further 

experiments including Western blots with acetylated tubulin antibodies are required to 

determine whether Eg5 affects microtubule stability in EML4-ALK V3 cells. In addition, 

previous studies that have shown Eg5 can promote microtubule stability have done so using 

rigor inhibitors that lock Eg5 in an immobile state on microtubules (Chen et al., 2017; Freixo 

et al., 2018). Hence, it could it be that microtubule stabilisation only occurs when Eg5 is 

immobile. 

 

6.5. Could Eg5 inhibitors be used in the treatment of lung cancer? 

Conventional chemotherapy approaches used to treat NSCLC patients typically consist of 

platinum compounds and microtubule poisons (Zappa and Mousa, 2016). Whilst 

microtubule poisons prevent mitotic progression by interfering with mitotic spindle 

dynamics, they are also toxic to other dividing cells and specific differentiated cell types, 

such as gut epithelia and neurons, which results in unpleasant side effects for the patient 

(Shi and Mitchison, 2017). In addition, patient responses to microtubule poisons vary and 

tumours can acquire resistance to them (Shi and Mitchison, 2017). Recently, efforts have 

been made to find alternatives to microtubule poisons and a lot of focus has been on 

mitotic inhibitors which target proteins that are specifically involved with the mitotic 

spindle. Such targets include motor proteins, for example Eg5, or kinases such as Aurora 

kinases or PLKs. The benefit of these is that they selectively target dividing cells so may 

mitigate some of the distressing side effects caused by traditional chemotherapy (Shi and 

Mitchison, 2017).  

 

Many different Eg5 inhibitors have been developed in academia and industry, some of 

which have progressed to clinical trials (Garcia-Saez and Skoufias, 2021). Unfortunately, 

many of these clinical trials have produced disappointing results with Eg5 inhibitors lacking 

sufficient efficacy (Shi and Mitchison, 2017; Garcia-Saez and Skoufias, 2021). However, one 

Eg5 inhibitor, filanesib, has recently reached phase III clinical trials for use in the treatment 
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of multiple myeloma (Indorato et al., 2019). Excitingly, preclinical studies as well as phase 

I/II clinical trials have demonstrated synergy between filanesib, pomalidomide (a targeted 

cancer drug used to treat myeloma) and dexamethasone in the treatment of multiple 

myeloma, suggesting combination therapies may be superior to Eg5 inhibitor monotherapy 

(Hernández-García et al., 2017; Ocio et al., 2021).  

 

Given our results that suggest Eg5 may promote the development of a mesenchymal 

phenotype, Eg5 inhibitors should be explored in the context of EML4-ALK V3 cancer. There is 

a possibility that by preventing the development of a mesenchymal morphology using Eg5 

inhibitors, this could slow or block further metastasis of these cells. Combination therapies 

using Eg5 inhibitors with ALK inhibitors to block activation of other ALK-associated signalling 

pathways should also be explored. Given that microtubules are stabilised in EML4-ALK V3 

expressing cells (O’Regan et al., 2020; Sampson et al., 2022) and the link between 

microtubule acetylation and cell migration (Boggs et al., 2015; Bance et al., 2019), the effect 

of Eg5 inhibitors on microtubule dynamics is something which should be considered when 

exploring potential combination treatments. Different types of Eg5 inhibitor (L5 or rigor) 

have been shown to have opposing effects on microtubule stability so this is something that 

needs to be carefully considered and investigated when attempting to treat EML4-ALK V3 

driven cancers with Eg5 inhibitors (Chen et al., 2017).   

 

6.6. EML4-ALK V3 promotes microtubule nucleation at the centrosome 

Cells expressing EML4-ALK V3 exhibit centrosome amplification and an increased 

microtubule nucleation capacity (Lucken et al., 2022; Sampson et al., 2022). We therefore 

set out to further investigate how EML4-ALK V3 might affect centrosome biology. Firstly, we 

analysed EML4-ALK V3 localisation with respect to the centrosome and found strong co-

localisation in our BEAS-2B cell line and a weaker co-localisation in the H2228 cell line. 

Pearson’s correlation coefficients of co-localisation measured in NSCLC patient cell lines 

were slightly higher in H2228 cells compared to H3122 cells, which may suggest a minor 

increase in recruitment of the EML4-ALK V3 as compared to the V1 protein to the 

centrosome. Going forward, it will be interesting to determine whether the localisation of 
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EML4-ALK V3 to the centrosome is somehow perturbing the centrosome cycle and 

contributing to centrosome amplification or indeed whether EML4-ALK V3 is capable of 

signalling from the centrosome, as many kinases are (Arquint, Gabryjonczyk and Nigg, 

2014). Interestingly, this includes kinases involved with cell cycle regulation such as Aurora 

A, which incidentally has many targets in common with the NEK kinase family. These include 

NEDD1 which recruits the γ-TuRC to the centrosome, TACC proteins and ch-TOG which 

contribute to microtubule polymerisation from a microtubule aster (Magnaghi-Jaulin et al., 

2019). 

 

Data suggesting that EML4-ALK V3 can increase microtubule nucleation in cells had 

previously been obtained from NSCLC patient cell lines, H3122 and H2228 (Sampson et al., 

2022). Due to the additional mutational burden of these cell lines, we examined 

microtubule nucleation in the isogenic BEAS-2B cell lines. Here, we found that BEAS-

2B:EML4-ALK V3 cells had an increased microtubule nucleation capacity compared to the 

parental BEAS-2B cell line. This strengthens the argument that EML4-ALK V3 does indeed 

lead to an increase in the rate of microtubule nucleation.  

 

Further experiments investigating the localisation of NEK7 and Eg5 with respect to the 

centrosome in interphase EML4-ALK V3 cells revealed there was no active recruitment of 

either of these proteins. This suggests that any change to centrosome biology and 

microtubule nucleation activity is likely to be dependent on ALK activity rather than the 

NEK9:NEK7:Eg5 signalling module. Consistent with this, it was also shown that the diameter 

of the microtubule aster formed upon microtubule regrowth in H2228 cells, but not H3122 

cells, could be reduced using the ALK inhibitor, ceretinib (Sampson et al., 2022). Further 

research into how EML4-ALK V3 might influence microtubule nucleation could seek to 

identify novel interacting partners or test the consequence of inhibitors of the well-known 

ALK signalling pathways. This might reveal alternative targets for therapeutic intervention 

that could interfere with the interaction of EML4-ALK V3 with the centrosome or block 

pathways that lead to deregulation of the centrosome cycle or microtubule nucleation. 
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Interestingly, as we hypothesise that NEK7 is activated by EML4-ALK V3, it was somewhat 

surprising to find that Eg5 was not recruited to the centrosome in these cells. Indeed, 

phosphorylation of Eg5 on S1033 by NEK7 was demonstrated to result in its accumulation at 

the centrosome in early mitosis (Bertran et al., 2011; Rapley et al., 2008). This may suggest 

that something else is required to make the centrosome accessible to Eg5 during mitosis 

that is missing in interphase cells, explaining why Eg5 was not seen localised with 

centrosomes of interphase EML4-ALK V3 cells. Alternatively, it has been suggested in 

previous studies that EML4-ALK is active when incorporated into phase separated foci but is 

inactive when bound to microtubules (Sampson et al., 2021). With this in mind, perhaps 

EML4-ALK V3 is active at the centrosome and may be unable to form a complex with NEK9 

and NEK7 when ALK is active, hence Eg5 is no longer phosphorylated. Further studies are 

needed to investigate this. 

 

6.7. Implications and future perspectives  

This work has identified Eg5 as a downstream component of the EML4-ALK V3:NEK9:NEK7 

signalling pathway. Through NEK7-mediated phosphorylation of Eg5, we suspect that Eg5 

may polymerise microtubules or facilitate microtubule crosslinking and/or sliding resulting 

in the development of a mesenchymal morphology in EML4-ALK V3 cells. Therapeutic 

targeting of Eg5 may therefore prevent cell elongation, as shown by our in vitro cell-based 

experiments. Although our experiments did not suggest a role for Eg5 in regulating 

migration in cultured cells, in vivo studies in mice would be beneficial to see if Eg5 inhibitors 

could slow or block metastasis. Future research should also focus on translational studies 

that test the use of Eg5 inhibitors for treatment of EML4-ALK V3 cancers.  

 

Further basic research into potential crosstalk between microtubules and the actin 

cytoskeleton would also be beneficial to understand how cells that recruit EML4-ALK V3, 

NEK9 and NEK7 to microtubules become more migratory. Cell migration is controlled by 

complex mechanisms involving many different proteins which can regulate both 

microtubule and actin dynamics (Rottner and Schaks, 2019; Etienne-Manneville, 2013). 

Indeed, the inclusion of stable microtubules in protrusions formed by EML4-ALK V3 
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expressing cells may allow delivery of proteins required at the leading edge that organise 

the actin cytoskeleton in a way that promotes cell migration. Further studies investigating 

cytoskeleton ultrastructure and organisation in the leading edge by correlative light and 

electron microscopy may be valuable to explore the distribution of proteins that mediate 

actin-microtubule cross-talk in EML4-ALK V3 cells. One such group of proteins that have 

been strongly associated with actin-microtubule cross-talk are the Rho GTPases and their 

upstream guanine nucleotide exchange factors and it would be interesting to assess Rho 

GTPase activity in the EML4-ALK cell lines (Dogterom and Koenderink, 2019). 

 

As previously discussed, further work is needed to understand whether Eg5 contributes to 

microtubule stabilisation in EML4-ALK V3 cells. Previous studies have shown that by locking 

Eg5 on to microtubules using rigor inhibitors, microtubule stabilisation is increased while the 

opposite is true when the Eg5-microtubule interaction is perturbed by L5 inhibitors (Chen et 

al., 2017; Freixo et al., 2018). Whether microtubule stabilisation is only increased when Eg5 

is immobile on microtubules is something that should be investigated as this could reflect 

the purpose of NEK7 phosphorylation of the Eg5 tail domain. Understanding how Eg5 affects 

microtubule dynamics will also have impact beyond the field of this study, for example in 

neuronal development studies. 

 

We have also added important information to the hypothesis that EML4-ALK V3 has a role at 

the centrosome. EML4-ALK V3 was seen to strongly co-localise with the interphase 

centrosome in BEAS-2B cells, which have previously been shown to exhibit centrosome 

amplification upon expression of this fusion protein (Lucken et al., 2022). Future research 

could now focus on exploring whether EML4-ALK V3 recruitment to the centrosome is 

resulting in centrosome amplification in these cells, how it occurs (including whether it is 

associating with centrioles or the PCM) and whether the EML4-ALK protein localised to the 

centrosome could be therapeutically targeted to reduce the generation of genomic 

instability. In line with previous published data (Sampson et al., 2022), we also show that 

cells expressing EML4-ALK V3 have a higher microtubule nucleation capacity as compared to 

V1 or parental cell lines. More research could be conducted to gain a greater understanding 
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of exactly how EML4-ALK V3 assists in nucleating microtubules and whether this somehow 

gives cancer cells an advantage, for example in promoting an invasive phenotype. 

 

EML4-ALK fusions are found in approximately 5% of NSCLC, but have also been identified in 

other cancers such as breast, colorectal and pancreatic (Soda et al., 2007; Lin et al., 2009; 

Ou et al., 2021; Singhi et al., 2017). Therefore, wider implications of this work include the 

possibility that Eg5 could be involved in the tumorigenic properties of these cancers and 

benefit from Eg5-directed treatment. However, more research in these cancer types is 

required to determine which variants of the EML4-ALK fusion are expressed and whether 

they utilise the same signalling pathways as found in NSCLC. 

   

6.8. Concluding statement 

Here I have shown the mitotic kinesin Eg5 is a downstream target of the EML4-ALK 

V3:NEK9:NEK7 signalling module. Specifically, NEK7 phosphorylation of Eg5 on S1033 may 

contribute to its untimely recruitment to interphase microtubules and the microtubule 

dependent changes in cell morphology exhibited by EML4-ALK V3 expressing cells. Eg5 

represents a potential novel target for the treatment of ALK+ NSCLC and future research on 

both mechanistic understanding and translational studies could build upon the findings 

presented in this thesis. I have also shown that EML4-ALK V3 may be recruited to the 

centrosome where it can promote microtubule nucleation. The centrosome may also 

therefore represent a potential target for therapeutic intervention in ALK+ cancers. 

Together, the hope is that this will ultimately lead to new options and better outcomes for 

lung cancer patients.  
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