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VALIDATION OF THE NIMA-RELATED KINASE NEK2 AS A NOVEL

CHEMOTHERAPEUTIC TARGET

DANIEL HAYWARD 

SUMMARY

Mitotic division in human cells prompts a dramatic rearrangement of cellular 

architecture; chromosome condensation, nuclear envelope breakdown and 

bipolar spindle formation facilitates segregation of sister chromatids into 

daughter cells. Nek2 is a cell cycle-regulated serine/threonine kinase which is 

implicated in mitotic progression and establishment of a bipolar spindle. 

Overexpression of Nek2A in cultured human cells has resulted in an increased 

incidence of spindle abnormalities and aneuploidy, suggestive of defects in 

chromosome segregation. Currently there is considerable interest in 

determining whether centrosomal protein kinases that promote mitotic 

progression, such as Cdk1, Aurora-A, Plk1 and Nek2, are altered in tumour 

cells, are tumorigenic when upregulated and hence are viable chemotherapeutic 

targets. In this thesis I demonstrate that levels of Nek2 protein are upregulated 

in cell lines derived from leukaemia, breast and ovarian cancers. Importantly, I 

extended this analysis to primary human tumours and found Nek2 protein 

expression was increased in sixteen of twenty breast tumours studied, the first 

report of increased Nek2 protein in human neoplastic disease. I next 

established that the ablation of Nek2 by siRNA in cultured cervical carcinoma 

cells induced apoptosis. Lastly I present a series of small molecules that inhibit 

Nek2A in vitro and show the development of two cell-based assays of Nek2A 

activity, centrosomal disjunction and displacement of the inter-centrosomal 

component rootletin. Using stable cell lines inducibly expressing Nek2A I 

demonstrate ablation of Nek2 dependent phenotypes following treatment with a 

small molecule inhibitor. The ability to inhibit Nek2 in cells coupled with the 

observation that Nek2 depletion reduces the viability of cultured cells means 

Nek2 should now be considered a candidate for therapeutic intervention.
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CHAPTER 1 

INTRODUCTION



1.1 Cancer

1.1.1 Prevalence of cancer

Cancer, the abnormal growth of new tissue, is a major contributor to global 

mortality. In 2005, 7.6 million people died of cancer, 13.5% of the 58 million 

recorded deaths worldwide. Deaths from cancer are predicted to continue rising, 

with an estimated 9 million people dying in 2015 and 11 million annual deaths by 

2030 (W.H.O., 2006). In the United Kingdom, this translated to more than 153,000 

deaths from cancer in 2004, a rate of approximately 251 deaths per 100,000 

people (O.N.S., 2004).

The growth of cells in the adult human body is tightly regulated, being largely 

restricted to cell types that renew tissues and structures such as hair follicles, skin 

and the lining of the gastrointestinal tract. Though all human cell types once 

possessed the ability to grow and divide, chiefly during embryogenesis and 

puberty, this proliferative ability is lost in most adult tissues. However, those cells 

that have formed mature tissues and organs can inappropriately regain the ability 

to divide. The checks that normally prevent cell growth are lost, a single cell 

proliferates and new tissue begins to form, resulting in a mass referred to as a 

tumour (Latin, literally “swelling” (Barnhart, 2003). Tumours are broadly classified 

as benign or malignant depending on the degree to which they affect surrounding 

tissues (Weinberg, 2006). Benign tumours remain confined to their site of origin 

and, though the additional mass can exert pressure on adjacent vital organs, they 

are rarely life threatening. In marked contrast are malignant tumours, which grow 

aggressively, invade surrounding tissues and establish secondary smaller tumours 

which disrupt the function of distant organs. These secondary, metastatic, growths 

are responsible for the poor prognosis of malignant tumours. Approximately 90% 

of cancer related deaths are due to metastases (Weinberg, 2006).

The term cancer encompasses a range of pathologies related by unrestrained 

cellular proliferation. There are many tissues comprising the human body and 

hence an equal number of different cancers. The majority of tumours arise through 

proliferation of epithelial cells. Internally, these are sheets of cells that line body 

cavities such as the gastrointestinal tract; externally they comprise the skin.
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Histologically, epithelial tissues appear similar in transverse section; sheets of 

epithelial cells atop a basement membrane with an underlying supporting matrix of 

connective tissue referred to as the stroma, or mesenchyme (Knowles and Selby,

2005). Convoluted to form glands or stratified in layers, epithelia also comprise 

many organs such as the liver (Weinberg, 2006). Epithelia are of interest in tumour 

biology as the most common human cancers, carcinomas, arise here. In keeping 

with the prevalence of epithelial tissue in the human body, carcinomas encompass 

tumours occurring in the stomach, intestines, breast, lungs and liver and are 

responsible for 80% of global cancer mortality. A further distinction can be drawn 

depending on the nature of the epithelium the carcinoma develops in. Carcinomas 

arising in secretory epithelia are referred to as adenocarcinoma whilst those which 

originate in cells of protective epithelia, such as the skin, are designated 

squamous cell carcinomas (Weinberg, 2006).

1.1.2 Molecular pathology of cancer

The development of a tumour from initially normal tissue appears to be a multistep 

process. The stepwise development of tumours is suggested by the increasing 

incidence of disease with the age of the patient (Knowles and Selby, 2005; O.N.S., 

2004). This time dependency suggests somatic cells gradually accrue incremental 

mutations that free them from growth restriction, whether by errors in DNA 

replication or exposure to mutagens in the environment. The mutations allow 

normal cells to proliferate and, in the case of malignant tumours, ultimately invade 

surrounding tissue.

At a molecular level, the presence of mutations underpinning carcinomas was first 

advanced as the two-hit hypothesis. The two hits referred to the loss of dominant 

tumour suppressor genes, each “hit” being the loss of one allele (reviewed in 

(Knudson, 2001)). A study of patients with a rare childhood cancer of the retina, 

retinoblastoma, compared the incidence of bilateral and unilateral retinoblastoma. 

In general, bilateral retinoblastoma is familial and unilateral retinoblastoma is 

sporadic. Hereditary retinoblastoma patients have already suffered the first “hit” in 

utero, an inherited mutation in one allele of the retinoblastoma (RB) gene. 

Development of the retinal tumours in these patients occurs more rapidly and in
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both eyes simultaneously, prompted by a single acquired disruption of the sole 

intact RB allele, the second and final “hit”. In contrast, patients developing 

unilateral retinoblastoma do so at a slower rate. These patients require a cell to 

receive two successive mutations, hits, of the recessive RB gene before the 

disease manifests. Subsequent cloning of the retinoblastoma gene and 

characterisation of the product, RB, showed it to be transcriptional repressor 

governing cell cycle progression. Loss or mutation of RB allows a cell to proliferate 

without reliance on external growth signals (Friend et al., 1986; Khidr and Chen,

2006).

The incremental development of tumours does not rely exclusively on loss of 

tumour suppressor genes nor on the multistep acquisition of mutations (Knudson, 

1986). The transition from normal to malignant cells can require as few as a single 

event in chronic myelogenous leukaemia (CML) or more than four in colorectal 

carcinoma (Knudson, 2001; Ren, 2005). The pathology of colorectal carcinoma 

underlines the incremental nature of cancer. Distinct stages of neoplastic growth 

can be observed in the colonic mucosa. Epithelial cells within the secretory 

epithelium proliferate to form a neoplastic polyp termed an adenoma. Adenomas 

themselves are benign but progress in a time-dependent manner to malignant 

invasive carcinoma (Fearon and Vogelstein, 1990; Underwood, 2002). In contrast 

to the loss of the tumour suppressor RB in retinoblastoma, the histopathology of 

the adenoma-carcinoma series belies a sequence of genetic changes within the 

tumour cells. These changes encompass both loss of tumours suppressor genes, 

as in retinoblastoma, and the activation of oncogenes. Examining the karyotype of 

adenomas and carcinomas revealed gross losses of chromosomal arms and 

deletions of intrachromosomal regions, notably those of 5q, 17p and 18q. These 

deletions were initially suggested to contain the familial adenatomous polyposis 

(FAP) gene, deleted in colorectal cancer (DCC) and p53 tumour suppressor 

genes, respectively (Fearon and Pierceall, 1995; Fearon and Vogelstein, 1990). In 

addition to loss or disruption of tumour suppressors, adenocarcinomas gain 

activation of a RAS family member, commonly K-RAS (Fearon and Vogelstein, 

1990). Later research has shown loss of the adenomatous polyopsis coli (APC) 

gene product, usually by a truncating missense mutation, to occur in 85% of

3



sporadic colorectal cancer (Hisamuddin and Yang, 2004). The refining of 

genotyping has allowed the progression of colorectal carcinoma to be 

characterised beyond the gross rearrangements detectable by chromosome 

staining. The adenoma carcinoma sequence involves at least five mutational 

events (Knudson, 2001) (Figure 1.1). Broadly, these comprise an initiating APC 

mutation that causes the accumulation of p-catenin. The excess p-catenin 

interacts with the transcription factor TCF4 to inappropriately activate a panel of 

genes including c-myc. Further defects in SMAD2/SMAD4, components of the 

TGF-p signalling pathway, allow growth of the adenoma. Latterly, p53 mutations 

facilitate the progression from adenoma to carcinoma (Knowles and Selby, 2005).

1.1.3 The characteristics of tumour cells

The genetic lesions that can induce cellular proliferation, or obviate mechanisms 

repressing it, are as varied as the pathways normally governing cell growth and 

division. Despite the diverse genetic underpinnings of carcinoma development, it is 

suggested that in order to form a tumour, neoplastic cells must acquire the same 

biological capabilities, regardless of route. These characteristics are enumerated 

by Hanahan and Weinberg as six traits relating to proliferation, the transition to a 

larger tumour and the establishment of metastases (Figure 1.2) (Hanahan and 

Weinberg, 2000). The authors suggest that tumour cells gain independence in 

growth signalling, proliferate without limit and are refractory to anti-growth and 

apoptic signalling. Additionally, the new tumour tissue must become vascularized 

and able to metastasize. The independence in growth signalling can occur either 

by overexpression of growth factor receptors, such as the EGFR receptor ERBB2, 

overexpressed in 30% of early breast carcinomas (reviewed in (Bange et al.,

2001)) or by mutations in growth signalling pathways downstream of the receptor 

such as the RAS-RAF pathway (Davies et al., 2002a). Conversely, inactivation of 

the anti-proliferative retinoblastoma protein Rb, either by mutation of the protein 

itself or signalling pathways converging on it, renders cells insensitive to anti

growth signals (Khidr and Chen, 2006). Loss or mutation of the proapoptotic 

sensor of DNA damage, p53, is reported in more than 50% of human cancers. 

Apoptotic signalling is also likely abrogated in tumours by upregulation of the pro-
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Figure 1.1 Mutations in the adenoma - carcinoma sequence
Common deletions and activations in the multi-step model of colorectal tumour 
proposed initially by Fearon and Vogelstein. Initiating APC mutations occur in 85% of 
sporadic colorectal cancers, deregulating Wnt pathway signalling. Subsequent 
promotion through the adenoma sequence is accompanied by K-ras activation and 
losses of regions of chromosome 18q. Loss of p53 allows progression to carcinoma. 
Adapted from Knowles and Selby (2005) and Underwood (2002)

Transformed cell 

Muscularis mucosa

Submucosa 

Muscle layer

Benign adenomatous 
polyp

Invasive
carcinoma

Lymph node 
metastases

5



Self-sufficiency in 
growth signals

Evading
apoptosis

Sustained
angiogenesis

Tissue invasion 
& metastasis

Limitless replicative 
potential

Figure 1.2 The acquired capabilities of cancer
Six characteristics acquired by cancer cells to evade immune surveillance, develop 
into a primary tumour then form secondary metastatic growths. These traits are 
considered universal amongst carcinoma cells that endure to form a tumour, 
regardless of the mutations that underpin them. Taken from Hanahan and Weinberg 
(2000).



survival PI3 kinase-AKT pathway (Hanahan and Weinberg, 2000). Tumour cells 

cultured in vitro that successfully sidestep p53 or Rb mediated growth inhibition 

still reach a lethal replicative “crisis” after 60-70 divisions. This is due to loss of 

telomeres, repetitive DNA sequences that cap chromosome ends. The ensuing 

end to end fusion of uncapped chromosomes proves lethal. Divisions past this 

point require restoration of telomerase to replenish the telomeres and ensure 

physical integrity of the chromosomes. Telomere maintenance is obligate for 

almost all malignant carcinoma cells and is the chief mechanism for acquiring a 

limitless replicative potential (Shay and Bacchetti, 1997). The two final traits 

acquired by cancer cells relate to progression of the disease; angiogenesis to 

vascularize the growing tumour and tissue invasion to facilitate metastasis. 

Positive signals prompting neovascularization of nascent tumours are mediated by 

increased expression of receptors for vascular endothelial growth factor (VEGF) 

and fibroblast growth factor (FGF) signalling. Invasion of the extracellular matrix 

(ECM) is facilitated by loss of the integrin E-cadherin. Ubiquitously expressed on 

the surface of normal epithelial cells, E-cadherin mediated cell-cell interactions 

transmit antigrowth signals to cells. E-cadherin function is lost in the majority of 

carcinomas by several mechanisms including mutation, proteolytic degradation 

and transcriptional repression (Hanahan and Weinberg, 2000).

Cancer is a disease of tissue hyperplasia, inappropriate growth where there 

should be none. This new tissue displaces and disrupts vital organs, at worst 

disseminating itself throughout the body, critically impairing the host’s ability to 

survive. It is now readily apparent that this proliferation is instituted and 

underpinned by alterations of tumour cells at the molecular level. The majority of 

current cancer therapies, however, predate the diagnostic technologies that 

elucidated these genetic alterations. Current chemotherapy regimes treat the 

proliferation of tumour cells, not the mutations that cause them.
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1.2 Chemotherapy

1.2.1 Conventional anti-proliferative therapy

The most damaging effect of cancer is the replacement or disruption of normal 

tissue with tumour tissue. Broadly speaking carcinoma cells proliferate, form a 

tumour in situ then invade additional tissues. The goal of cancer therapy is to 

effect cure and local control. A tumour can be resected to remove malignancy from 

healthy tissue and chemical therapies can be used to reduce or destroy primary 

tumours or distant metastases. Current treatments used as an adjuvant to surgery 

and radiotherapy are blunt. Therapy such as paclitaxel treatment is non-specific, 

arresting any proliferating cells in mitosis and inducing apoptosis. There are a 

range of side effects associated with the mechanism of action. The arrest of all the 

proliferating cell populations in the body suppresses the immune system, prevents 

renewal of the gastro-intestinal mucosa and kills hair follicles. Paclitaxel also 

induces peripheral neuropathy, impeding microtubule dependent transport along 

axons (Knowles and Selby, 2005). Small molecule inhibitors raised against a 

defined, tumour specific lesion would avoid the pitfalls of antiproliferative drug 

therapy.

1.2.2 Small molecule inhibitors

Kinases are susceptible to inhibition by small molecules in several ways, most 

notably those that compete with ATP for binding at the catalytic pocket or stabilise 

the kinase in an inactive conformation. This tractability has led to a burgeoning 

number of kinases as drug targets. The human genome has over 500 kinases and 

some 25 are the subject of clinical trials with putative inhibitors, with several 

compounds currently licensed for clinical use (Dancey and Sausville, 2003). The 

kinase targets of licensed small molecule inhibitors are mostly those involved in 

aberrant cellular proliferation, such as cancer (Figure 1.3).

1.2.2.1 Tyrosine Kinase inhibitors

The initial and most successful of the current small molecule inhibitors is imatinib 

mesylate (Gleevec, Novartis) used to treat chronic myelogenous leukaemia (CML). 

In this disease a translocation occurs between the breakpoint cluster region (BCR) 

and Abelson (ABL) kinase genes on chromosomes 22 and 9, respectively. The
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Figure 1.3 The development of clinical kinase inhibitors
A. A timeline depicting the evolution of protein kinase inhibitors, including imatinib 
(Gleevec) the first targeted anti-cancer therapy. B. Clinical kinase inhibitors approved, or 
seekinq regulatory approval, for the treatment of human disease. Reproduced from 
Cohen (2002).
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fusion gene encodes a constitutively active tyrosine kinase, termed BCR-ABL, 

which causes expansion of haemopoetic white blood cells into granulocytes, until 

they comprise a third of the total white blood cell population (Kurzrock et al., 1988; 

Ren, 2005). The disease is biphasic, with chronic CML tolerated for several years. 

The accumulation of further genetic changes by the proliferating cells induces a 

second sudden expansion of abnormal white blood cells, the blast phase, which 

rapidly increases mortality. The BCR-ABL fusion is crucial for the initiation of CML 

and imatinib inhibits the BCR-ABL kinase by stabilising the kinase in an inactive 

conformation. Imatinib exhibits remarkable efficacy against chronic CML, inducing 

complete cytogenetic response in 80% of patients (Ren, 2005). Resistance to 

Imatininb does evolve in CML, commonly through a mutation of the kinase, 

M351T, that prevents the inhibitor binding. Amplification of the BCR-ABL gene and 

active efflux of the inhibitor have also been observed in patients refractory to 

imatinib (Daub et al., 2004). Similarly, administration of imatinib proves ineffective 

in CML patients in blast crisis or acute lymphoblastic leukaemia (ALL) patients with 

the 9-22 translocation (Ren, 2005). Imatinib also inhibits signal transduction 

mediated by the c-Kit and platelet-derived growth factor receptor (PDGFR). The 

inhibition of c-Kit has led to imatinib being used in the treatment of gastrointestinal 

stromal tumours (GIST). GIST commonly exhibits gain of function C-KIT mutations 

(Kitamura et al., 2003).

The success of imatinib as a single agent treatment demonstrated the clinical 

worth both of kinase inhibitors and the rational of treating the causal mutations of 

proliferative disease. Therapies directed against other tyrosine kinases implicated 

in cell transformation, notably subtypes of the erbB receptor tyrosine kinase 

epidermal growth factor receptor (EGFR), are also entering clinical use. The ATP 

competitive small molecules gefitinib (Iressa; Astra Zeneca) and erlotinib (Tarceva; 

Genentech) both inhibit anti-apoptotic signal transduction by binding EGFR. 

Erlotinib has been approved for treatment of metastatic non-small cell lung cancer, 

though it only demonstrates efficacy as a single agent in patients that have 

previously failed to respond to conventional chemotherapy (Levitzki, 2003) 

(Dancey and Sausville, 2003).
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Initial concerns that kinase inhibitors would lack specificity due to the common 

requirement for ATP binding have also been dispelled in part. A recent 

examination of the binding of 20 kinase inhibitors against 119 protein kinases 

showed distinct profiles of specificity for each inhibitor (Fabian et al., 2005). 

Though ATP pockets are structurally similar it is thought that binding to adjacent 

residues outside the pocket confers inhibitor specificity (Cohen, 2002).

1.2.2.2 Therapeutic antibodies

Small molecules are not the sole therapeutic agents targeting receptor EGFRs. A 

humanised monoclonal antibody directed against the receptor tyrosine kinase 

ErbB2, trastuzumab (Herceptin; Genentech) has proved effective at treating breast 

cancer. Binding of trastuzumab to ErbB2 induces endocytic internalisation of the 

receptor and consequently removes the proliferative signal mediated by EGF 

binding, resulting in cell cycle arrest (Knowles and Selby, 2005). In the United 

Kingdom, trastuzumab is currently prescribed as an adjuvant to a conventional 

chemotherapy regime, commonly paclitaxel, or as monotherapy where previous 

chemotherapy regimes have failed. Trastuzumab is only prescribed to those 

patients with advanced breast cancer demonstrably overexpressing the ErbB2 

receptor (NICE, 2002). Trastazumab has recently been licensed as an adjuvant for 

treatment of early-stage breast cancer (NICE, 2006). Though tyrosine kinase 

inhibitors, whether antibody or small molecule, currently enjoy some clinical 

success there are drawbacks. Trastazumab and likely all tyrosine kinase inhibitors 

affect cardiac function. ErbB2 appears to prevent cardiac myocyte apoptosis, 

administration of trastazumab removes this protection and induces left ventricular 

cardiomyopathy (Mann, 2006).

The use of imatinib to treat CML or trastuzumab as therapy in breast cancer is in 

response to defined genetic lesions within the carcinoma cells, the chimeric BCR- 

ABL kinase or overexpression of the ErbB2 receptor, respectively. Profiling tumour 

cells, or cancer derived cell lines, continues to identify mutated or overexpressed 

proteins and these proteins will provide new targets for cancer therapy. One class 

of kinases that are currently the subject of pharmaceutical interest are those that
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govern the timing and fidelity of chromosome segregation during cell division, the 

mitotic kinases.

1.3 The eukaryotic cell cycle

Somatic cells progress through four stages to divide into two new daughter cells. 

These stages comprise an initial growth of the cell immediately following the 

previous division termed gapi (G^. A bout of DNA synthesis (S) duplicates the 

genome in preparation for the next division before a second gap phase (G2) allows 

further cell growth. Lastly, the duplicated chromosomes are segregated and the 

cell invaginates, partitioning the replicated genome and cytoplasm into two 

nascent daughter cells. This act of duplication is termed mitosis, or M phase. In 

cultured HeLa cells the entire cell cycle lasts around 22 hours, with mitosis 

executed in approximately one hour and G1f S and G2 (collectively termed 

interphase) occupying the remaining time. In response to anti-proliferative 

extracellular signals cells can exit the cell cycle at G, into a quiescent fifth state, 

G0, before later resuming growth and division (Alberts et al., 2002).

Mitosis witnesses a dramatic rearrangement of the interphase cell. Chromosomes 

condense, the nuclear envelope breaks down and a large microtubule scaffold, the 

mitotic spindle, assembles to physically segregate paired sister chromatids. In 

common with the cell cycle as a whole, mitosis can be considered in stages. 

These stages were derived initially from light microscope observations of 

structures within the mitotic cells. Interphase gives way to prophase as replicated 

chromosomes condense. The nuclear envelope rapidly breaks down, allowing the 

chromosomes access to the burgeoning spindle and marking prometaphase. 

Metaphase proper sees chromosomes aligned on the spindle, equidistant from the 

poles of the cell. The paired chromatids which comprise the duplicated 

chromosomes separate during anaphase, travelling towards opposite ends of the 

cell, a process completed at telophase. During cytokinesis, the final stage of 

mitosis, the segregated chromosomes are encapsulated at the poles of the cell as 

the nuclear envelope reconstitutes. The process of division instituted in telophase 

completes, creating two daughter cells, each with a single nucleus (Alberts et al.,

2002).
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1.3.1 The mammalian centrosome

The mitotic spindle is a large scaffold which forms during mitosis to allow physical 

segregation of duplicated chromosomes into the nascent daughter cells. The 

spindle is a bipolar structure, facilitating an equal separation of DNA and 

preserving the ploidy of the progeny. The bipolarity of the spindle in mammalian 

cells is predominantly due to microtubule nucleating organelles at each spindle 

pole, the centrosomes.

1.3.1.1 Centrosome structure

The centrosome of the somatic mammalian cell is a small perinuclear organelle, 

approximately 1-2 //m in diameter. The centrosome is composed of two distinct 

structures, two linked tubulin barrels enveloped by a diffuse matrix of proteins 

called the pericentriolar material (PCM) (Figure 1.4A) (Doxsey, 2001). The PCM 

comprises structural and regulatory proteins ranging from 13 kDa to 461 kDa and 

is enriched for coiled coil proteins (Andersen et al., 2003). The diaphanous PCM is 

also the site of microtubule nucleation, both of the microtubule network in 

interphase and the astral microtubules of the spindle in mitosis. Microtubule 

nucleation and binding to the PCM is mediated by a circular structure, the y-tubulin 

ring complex (y-TuRC). yTuRC appears to function as a microtubule minus-end 

cap and, though present in the cytoplasm, predominantly nucleates microtubules 

at the centrosome (Wiese and Zheng, 2000).

The two centrioles enveloped by the PCM are cylinders comprised of nine “blades” 

of triplet microtubules composed of glutamylated a- and p-tubulin. Centrioles 

measure approximately 200 nm by 400 nm (Lange and Gull, 1996). Centrioles 

normally duplicate by semi-conservative replication, with one centriole serving as a 

template for construction of the other. Depending on the stage of the cell cycle 

each centrosome hence contains an older, “mother”, centriole and a newer 

“daughter”. Structurally, the mother centriole can be distinguished by the presence 

of distal and sub-distal appendages as well as the antigens e-tubulin and cenexin 

(Figure 1.4B) (Doxsey, 2001; Lange and Gull, 1996). Though the protein
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Figure 1.4 Centrosome structure and the centrosome duplication cycle
A. The mammalian centrosome comprises two tubulin barrels, the centrioles, surrounded by 
an amorphous cloud of proteins, the pericentriolar material (PCM). B. The two centrioles differ 
in their physical structure and composition. The maternal centriole bears distal and sub-distal 
appendages and antigens such as cenexin not present on the daughter centriole. C. 
Centrosomes duplicate by templated replication. Once cytokinesis is complete, each cell 
inherits a single centrosome comprising two centrioles. These centrioles are initially tightly 
tethered to one another. A realignment of these paired centrioles, disorientation, allows them 
to serve as templates for synthesis of new centrioles during S phase, creating two new 
centrosomes. At the onset of mitosis the centrosomes move apart to form the spindle poles in 
an event termed disjunction. Taken from Doxsey (2001) and Marshall (2001).

14



composition of these appendages is not completely clear they are thought to 

facilitate microtubule anchoring and membrane attachment (Marshall, 2001).

1.3.1.2 Centrosome duplication

To ensure successful mitosis and preserve the fidelity of chromosome 

segregation, each cell should only possess two centrosomes at the onset of 

mitosis. Each centrosome forms one pole of a bipolar spindle hence each 

daughter cell inherits a single centrosome. In a cycling cell, the two centrioles 

within each centrosome then duplicate, eventually giving rise to two mature 

centrosomes before the next division. The process of centrosome duplication 

involves three changes in centriole alignment termed disorientation, duplication 

and disjunction.

Centriole disorientation is the initial step in duplication. Mother and daughter 

centrioles are initially strictly orthogonal. This arrangement is then lost to allow 

templated synthesis of new procentrioles (Figure 1.4C). Centriole disorientation 

has also been termed disengagement and has been proposed as the event which 

“licenses” subsequent duplication (Tsou and Stearns, 2006a). Experiments using 

X. laevis cell free extracts suggest separase, the protease indirectly regulated by 

the APC/C, enacts disengagement during anaphase. (Tsou and Stearns, 2006b). 

Separase mediated disengagement would only regulate templated centriole 

growth.

Centrioles that have lost their perpendicular orientation are now able to form 

templates for the synthesis of procentrioles. The extension of procentrioles occurs 

concomitantly with DNA replication in S phase and is initiated at the G /S  transition 

(Figure 1.3C). In somatic mammalian cells, Cdk2/Cyclin A activity is required for 

duplication (Meraldi et al., 1999). In Xenopusegg extracts and cultured C. griseus 

cells Cdk2/Cyclin E is implicated in initiating centriole duplication (Lacey et al., 

1999; Matsumoto et al., 1999). The addition of antibodies against nucleophosmin 

blocked its phosphorylation by Cdk2/Cyclin E and centriole duplication in NIH3T3 

cell extracts (Tarapore et al., 2002). Latterly, Plk4 has been identified as a core 

centriolar antigen. Overexpression of active but not kinase dead Plk4/Sak has
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been shown to induce centriole duplication in U20S and HeLa cells, though only in 

the presence of active Cdk2. Conversely, ablation of Plk4 in HeLa cells by RNAi 

resulted in a progressive loss of centrioles with each cell division (Habedanck et 

al., 2005). Cdk2 activity is also required to stabilise MnMpsI, a kinase necessary 

for centrosome duplication in mouse cells (Hinchcliffe and Sluder, 2001a).

Throughout interphase, the original mother and daughter cells are connected by a 

putative tether. Both electron micrographs and the purification of paired 

centrosomes from cultured cells suggest a physical intercentrosomal link (Fry,

2002). The fibrous linkage is not entirely defined but it is thought that the structural 

protein C-Nap1, localised to the proximal ends of the centrioles, provides a 

platform for fibres of a second coiled-coil protein, rootletin (Bahe et al., 2005; 

Mayor et al., 2002; Mayor et al., 2000). Severing or remodelling of this link in 

response to phosphorylation is necessary to allow centrosome disjunction. The 

mitotic kinase Nek2 induces this rearrangement in cultured cells and 

phosphorylates both C-Nap1 and rootletin in vitro (Bahe et al., 2005; Faragher and 

Fry, 2003; Fry et al., 1998b). Kinesin motors then act to pull the centrosomes apart 

following Nek2 induced severance (Sharp et al., 2000).

1.3.2 Centrosomes and cancer

The centrosome plays a critical role in mitotic spindle formation and chromosome 

segregation as it is the primary site of microtubule nucleation in cells (Bornens, 

2002; Doxsey, 2001). Normal cells enter mitosis with two properly duplicated 

centrosomes that ensure bipolarity, as well as correct axial positioning, of the 

spindle. Cancer cells from a wide variety of tumour types exhibit multipolar spindles 

and these are often associated with abnormal centrosome number or architecture. 

(Kuo et al., 2000; Lingle et al., 1998; Pihan et al., 1998; Pihan et al., 2001; Sato et 

al., 2001). In addition, prematurely split centrosomes, unusually positioned 

centrosomes and centrosomal proteins with aberrant levels of phosphorylation have 

all been detected in tumour cells (Lingle et al., 1998; Lingle and Salisbury, 1999). 

Supernumerary centrosomes, and thereby aneuploidy, may be generated either by a 

direct uncoupling of the centrosome duplication cycle from the cell division cycle or 

through an indirect failure of cell division that leads to tetraploidization (Brinkley,
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2001; Lingle et al., 1998; Lingle and Salisbury, 1999; Nigg, 2002; Pihan and Doxsey,

1999). Cells lacking p53 or Rb pocket proteins fail to eliminate tetraploid cells 

allowing them to progress to the next mitosis where multipolar spindles can form 

(Borel et al., 2002).

Centrosome defects, aneuploidy and chromosomal instability (CIN) were detected in 

early, even pre-invasive, tumours (Ghadimi et al., 2000; Lingle et al., 2002; Pihan et 

al., 2003a). An analysis of osteosarcoma cell lines showed supernumerary 

centrosomes in p53 mutant lines. Supernumerary centrosomes correlated with an 

increased incidence of abnormal mitoses and aneuploidy (Al-Romaih et al., 2003). A 

similar relationship was identified in cultured pancreatic cancer cell lines (Sato et 

al., 2001). Centrosome amplification has been shown to be prognostic for some 

human cancers. Bladder cancer patients with a high proportion of centrosome 

hyperamplification in their tumours had an increased chance of disease progression 

or recurrence after treatment (Yamamoto et al., 2004). Similarly, assessment of 103 

primary invasive breast tumours by pericentrin immunohistochemistry found regions 

of centrosome amplification within 92 of the samples. The greatest centrosome 

amplification was observed in aggressive, oestrogen independent disease with 

lymph node involvement (Schneeweiss et al., 2003).

There is considerable interest in identifying whether centrosomal proteins are either 

mutated or abnormally expressed in cancer cells. The sequential reordering of the 

cell, throughout the cell cycle and during mitosis, is coordinated by a series of 

interlocking molecular switches, protein kinases. These switches act by the 

phosphorylation of defined substrates that ensure the correct order and timing of cell 

division. A number of cell cycle regulated protein kinases have been localized to the 

centrosome including Cdk1, Plk1 and Aurora-A. Each of these kinases is active in 

mitosis and required for mitotic progression and correct bipolar spindle formation 

(Nigg, 2001).

v
1.4 Mitotic kinases

The function of a protein within the cell, whether structural or catalytic, can be 

grossly regulated by rates of transcription, translation and degradation. Increases
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in abundance may induce a corresponding increase in activity, conversely higher 

rates of degradation reduce the amount of available protein. A second, post- 

translational method of modulating protein function is by the reversible addition of 

phosphate groups by protein kinases. The gain or loss of phosphate groups can 

induce changes in protein charge, activity and conformation, in turn regulating 

enzymatic activity, polymerisation and complex formation. In this way, kinases 

control many aspects of the cell cycle, notably the timing and execution of events 

preceding and during mitosis.

The canonical regulators of the cell cycle are the bipartite cyclin-dependent 

kinases (Cdks) and their attendant cyclins (Norbury and Nurse, 1992). Several 

different Cdk-cyclin complexes are active throughout the cell cycle. The different 

combinations of Cdk and cyclin regulate diverse processes. Cdk1-cyclinB 

regulates the onset of mitosis, inducing nuclear envelope breakdown (NEBD) in 

part by phosphorylation of nuclear lamins and chromosome condensation by 

phosphorylation of histones H1 and H3. Phosphorylation of motor proteins such as 

Eg5 by Cdk1-cyclinB create phosphoepitopes that allow their recruitment to the 

centrosome at the onset of mitosis, inducing centrosome separation as the mitotic 

spindle forms (Nigg, 1995; Nigg, 2001). Correspondingly, other Cdk-cyclin 

complexes initiate different aspects of the cell cycle. Cdk2-cyclinE and Cdk2- 

cyclinA govern DNA replication, for example.

Cdk1-cyclinB is the dominant mitotic kinase, with an increase in activity obligate 

for correct mitotic entry in eukaryotes (Norbury and Nurse, 1992). Conversely, the 

degradation of cyclinB and concomitant reduction in cdkl-cyclinB activity is 

necessary for mitotic exit (Nasmyth, 2005). Cdk1-CyclinB is not the sole mitotic 

kinase, there are at least three other distinct kinase families that control the order, 

timing and fidelity of mitosis, the Polo-like kinases (Plks), Aurora kinases and 

NIMA-related kinases (Neks).

1.4.1 Polo-like kinases

Polo kinase, the founding member of the Plk family, was identified in D. 

melanogaster as the product of the polo gene necessary for correct function and
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development of centrosomes during larval development. Larvae of homozygous 

polo mutants exhibited metaphase spindle defects in 70% of cells, commonly 

tetrapolar and multipolar spindles, compared to a background rate of 4% in wild- 

type larvae. The high incidence of multipolar spindles further affects DNA 

segregation in meiotic divisions, with polo'1' spermatids normally aneuploid 

(Sunkel and Glover, 1988).

Based on homology to polo, multiple Plks have been identified in mammals, X. 

laevis, the nematode C. elegans and the budding and fission yeasts S. cerevisiae 

and S. pombe, respectively (Figure 1.5). Plks are grouped by their structural 

similarity, an amino terminal serine/threonine kinase domain with a carboxy 

terminal regulatory domain containing highly conserved polo box motifs. Polo box 

motifs are thought to facilitate binding to phosphoepitopes in Plk substrates (Barr 

et al., 2004). Polo box motifs, or domains (PBDs), have been shown to bind 

phospho-serine or phospho-threonine epitopes in a range of mitotic Plk substrates 

such as cdc25 and ninein-like protein (Nip). Cdk1 and the NIMA-related kinase 

Nek2 have been proposed as candidate kinases which prime Plk1 binding to 

cdc25 and Nip, respectively (Elia et al., 2003a; Elia et al., 2003b; Rapley et al., 

2005).

In humans, there are currently four Plks identified through their homology with 

polo, Plks 1-4. Plkl, chiefly active during mitosis, is the most well characterised 

with less known about Plk2/Snk and Plk3/Fnk. In humans, Plk2 is most active at 

the G^S transition and has a postulated cell cycle role in regulating centriole 

duplication at the G /S transition (Warnke et al., 2004). Cells cultured from Plk2 

knockout mice embryos similarly have a delay entering S-phase (Ma et al., 2003). 

Plk3 is° largely thought to interact with cdc25 prior mitosis, phosphorylating it in a 

similar manner to Plk1. Ectopic expression of Plk3 is also lethal to cultured cells 

(Myer et al., 2005). Plk4/Sak exhibits homology to the kinase domain of polo but 

lacks the conserved PBDs of Plk1-3, suggesting an evolutionary divergence 

(Lowery et al., 2005). The most clearly defined role for Plk4 is in regulating 

centrosome duplication. Depletion of Plk4 by RNAi in human cells reduces 

centriole numbers with each successive cell division, conversely overexpression
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Figure 1.5 Polo homologues and the roles of Plk1 in the mammalian cell cycle
A. Diagrammatic view of Polo homologues from eukaryotic model systems. Kinase 
domains are shaded dark grey, the bipartite Polo box domains (PBD1 and PBD2) light 
grey. The number in bold denotes the size of the protein in amino acids. Adapted from 
Dai (2005). B. Schematic view of the diverse interactions of Plk1 with spindle 
components, Cdk1 and the APC/C. Structures associated with Plk1 at a given stage of 
the cell cycle appear red. Immunofluorescence microscopy demonstrates the changing 
localization of Plk1 (red) in mitosis as it moves from the centrosomes to kinetochores and 
spindle poles before finally associating with the central spindle. DNA appears blue and a- 
tubulin green. Taken from Barr et al. (2004).
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induces novel aggregates of centriolar antigens (Habedanck et al., 2005). 

Centriolar loss is echoed in D.melanogaster cells with mutated or siRNA ablated 

Plk4/Sak. Axoneme production is also impaired as the acentriolar spermatids 

cannot correctly form flagella (Bettencourt-Dias et al., 2005). Though more 

information is being accrued on Plk2, Plk3 and Plk4 this review will restrict itself to 

Plk1, the most well characterised mitotic polo-like kinase with an established role 

in cellular transformation.

1.4.1.1 Plk1

In common with Cdk1, Plk1 is most active both prior to and during mitosis. Levels 

of Plk1 transcription increase in G2 but peak activity occurs at the Gj/M transition 

(van Vugt and Medema, 2005). Immediately before the onset of mitosis Plk1 

activity begins to remodel the centrosome. The structural component Nip is 

phosphorylated by Plk1 and displaced from the centrosome, possibly to allow 

recruitment of mitosis-specific components with increased capacity to nucleate 

microtubules (Casenghi et al., 2003). Similarly, Plk1 has been shown to recruit y- 

tubulin to the centrosome increasing the ability of microtubules to bind. 

Phosphorylation of the abnormal spindle protein (Asp) by Plk1 has been implicated 

in its ability to correctly tether and nucleate microtubules (do Carmo Avides et al.,

2001). The novel centrosome component Kizuna (Kiz) has recently been shown to 

interact with Plk1 to ensure spindle pole integrity. Depletion of Kiz in HeLa cells 

results in the spindle pole fragmenting into multiple y-tubulin positive foci. In the 

absence of Kiz it is suggested that the PCM fragments in response to tension 

generated by microtubules bound to chromosomes (Fry and Baxter, 2006; 

Oshimori et al., 2006).

Distinct from roles in spindle formation by enhancing microtubule nucleation at the 

centrosome, Plk1 cooperates with Cdk1 to induce the onset of mitosis. Binding via 

its PBD, Plk1 phosphorylates the activating phosphatase cdc25c. Activated 

cdc25c in turn removes the inhibitory phosphorylation on Cdk1 residues threonine 

14 and tyrosine 15, increasing Cdk1-cyclin B activity. In parallel, Plk1 activity 

reduces a second inhibitory cdkl signal by phosphorylating w ee l, the kinase in 

part responsible for creating Cdk1 phosphotyrosine 15, causing its degradation
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(for comprehensive review see (van Vugt and Medema, 2005)). It is suggested 

that Cdk1 acts as a priming kinase in both these events, creating the initial 

phosphoepitope necessary for subsequent Plk1 binding and phosphorylation. 

Additionally, the DNA damage checkpoint, a halt to mitotic entry in response to 

DNA strand breaks, targets Plk1 because of its role in amplifying Cdk1-cyclinB 

activity via weel degradation and cdc25c activation (van Vugt and Medema, 

2005).

Aside from the G2/M transition, Plk1 activity also contributes to mitotic progression, 

specifically the metaphase-anaphase transition and mitotic exit. A series of late 

mitotic events including chromatid separation, cyclinB degradation and 

centrosome disengagement are all coordinated by the APC/C (Nasmyth, 2005; 

Tsou and Stearns, 2006b). The APC/C, a multi-subunit E3 ubiquitin ligase, 

ubiquitinates substrates that are then degraded by the 26S proteasome (Castro et 

al., 2005; Peters, 1999). Plk1 has been shown to phosphorylate APC/C subunits 1, 

3, 5, and 6 and thereby increase its ubiquitination activity in vitro. The APC/C 

inhibitor Emil is also bound and degraded by SCF-p-TrCP in response to Plk1 

phosphorylation, further enhancing APC/C activity indirectly (van Vugt and 

Medema, 2005).

Lastly, Pk1 activity is implicated in the correct formation of the spindle midzone, 

contractile ring and execution of cytokinesis, roles mirrored by its changing 

location during mitosis. Plk1 localises to the spindle poles and kinetochores from 

prophase to metaphase then redistributes to the central spindle in anaphase 

(Nigg, 2001; van Vugt and Medema, 2005). Plk1 has been shown to 

phosphorylate NudC and the kinesin-related motor protein Mklp2 at the spindle 

midzone. Ablation of Mklp2 or NudC by siRNA disrupts cytokinesis, as does 

removal of the Plk1 phosphorylation site in Mklp2 (van Vugt and Medema, 2005). 

Polo kinase also interacts with motor proteins during cytokinesis in D. 

melanogaster. Polo mutants fail to localise the pavarotti kinesin like protein gene 

product Pav-KLP, similarly polo localisation at the spindle mid-zone is lost in 

pavarotti mutants (Carmena et al., 1998). In contrast to a requirement for polo and 

Plk1 for cytokinesis there is also evidence that the proteolytic degradation of Plk1
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is necessary for mitotic exit. Plk1 is a target for degradation by APC/Ccdh1, the 

complex it is partially responsible for activating. HeLa cells transfected with Plk1 

carrying a mutated D-box destruction motif exhibit a delay in exiting mitosis 

(Lindon and Pines, 2004). The authors reconcile a need for Plk1 destruction for 

mitotic exit with its requirement for cytokinesis by suggesting that though Plk1 is 

necessary for assembly of contractile ring components such as Mklp2, excess 

Plk1 impairs their ability to bundle microtubules to allow cytokinesis (Lindon and 

Pines, 2004; Pines and Lindon, 2005).

Plk1 regulates centrosome maturation, spindle polarity and can induce tetraploidy 

by cytokinesis failure. The unequal segregation of hyperploid genomes is a direct 

route to the aneuploidy which is a hallmark of solid human tumours (Knudson, 

1986; Weinberg, 2006). It is no surprise, therefore, that Plk1 has been implicated 

in cellular transformation and tumorigenesis.

1.4.1.2 Plk1 and tumorigenesis

The demonstration that levels of Plk1 RNA were increased in human tumours was 

coincident with the initial cloning of the PLK gene and its putative assignment as 

the H. sapiens homologue of Mouse Plk1, D. melanogaster Polo and S. cerevisiae 

cdc5 (Golsteyn et al., 1994; Holtrich et al., 1994). Plk1 mRNA levels were shown 

to be low in peripheral blood lymphocytes but increased as the cells were induced 

to proliferate in vitro. Plk1 transcripts were also higher in 86% of tumours including 

lung, breast, and colon when compared to adjacent normal tissue (Holtrich et al., 

1994). Subsequent microinjection of Plk1 constructs into NIH-3T3 cells showed 

Plk1 to be classically transforming in vitro. Exogenous expression of Plk1 

increased growth rates, induced growth in low serum conditions, conferred 

anchorage independence and tumour formation in nude mice (Smith et al., 1997). 

Building on detection of increased Plk1 in tumours, the same authors reported high 

levels of Plk1 expression in non-small-cell lung cancer (NSCLC) correlated with 

reduced survival. Five year survival for NSCLC patients with high levels of 

transcripts was halved, from 51% of the cohort to 24% (Wolf et al., 1997). A similar 

reduction in three year survival was also observed in oesophageal tumours 

strongly expressing Plk1 mRNA. Only 24% of patients in the high expression

23



group survived for three years compared with 59% of those with low amounts of 

transcript (Tokumitsu et al., 1999). Similarly, Plk1 expression has been detected in 

gliomas and associated with increased clinical stage in endometrial and ovarian 

carcinoma (Dietzmann et al., 2001; Takai et al., 2001a; Takai et al., 2001b). Plk1 

may also function as a prognostic marker for disease spread in skin cancer. 

Immunohistochemistry demonstrated increased Plk1 protein levels in thin 

melanomas with metastases compared to those without (Kneisel et al., 2002).

It can readily be seen that Plk1 overexpression in carcinoma is closely associated 

with the disease stage, metastasis and clinical outcome. Conversely, a reduction 

in Plk1 reduces cell viability. Reduction of Plk1 in cervical, breast and NSCLC 

derived culture cell lines by antisense oligonucleotides reduced proliferation and 

induced apoptosis (Spankuch-Schmitt et al., 2002a; Spankuch-Schmitt et al., 

2002b). Similarly depletion of Plk1 induced apoptosis in cultured prostate cancer 

cells (Reagan-Shaw and Ahmad, 2005).

The close association of upregulated Plk1 with disease, low levels in non-cycling 

cells and the induction of apoptosis when the protein is depleted all suggest Plk1 

as a putative target in cancer therapy. Preliminary attempts to treat tumours in 

animal models by depleting Plk1 have proved encouraging. Electroporation with 

anti-Plkl phosphorthioate antisense oligodeoxynucleotides in situ induced 

regression of mouse xenograft tumours derived from lung, breast and pharyngeal 

tumour cell lines (Elez et al., 2003). The expression level of a second polo-like 

kinase, Plk2, has also been found to modulate the response of cultured cells to the 

classical anti-cancer agent taxol, with Plk2 depletion increasing apoptosis 48 

hours after taxol treatment (Burns et al., 2003). A novel non-ATP competitive Plk1 

inhibitor, ON01910, has also been shown to inhibit growth of the 57 cell lines that 

comprise the national cancer institute (NCI) cancer cell line panel at nanomolar 

concentrations (Gumireddy et al., 2005).
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1.4.2 Aurora kinases

The second main class of mitotic kinases to be considered are the aurora kinases. 

Described initially in S. cerevisiae, a screen for temperature sensitive mutants that 

showed chromosome gains identified a series of genes designated increase-in- 

£loidy (Ipl) (Chan and Botstein, 1993). IpH was later determined to be a 

serine/threonine kinase, homologous to the D. me/anogaster gene aurora. Aurora 

mutant embryos fail to undergo centrosome separation and form monopolar 

spindles as a result (Glover et al., 1995). The human homologue of aurora was 

originally identified as a serine/threonine kinase encoded on a region of 

chromosome 20q13 commonly amplified in human neoplasms and as such was 

designated breast tumour amplified kinase 1 (BTAK1) (Sen et al., 1997). Near 

simultaneously, the aurora homologue on 20q13 was also designated Aurora2 and 

serine/threonine kinase 15 (STK15) (Bischoff et al., 1998a; Zhou et al., 1998b). 

For clarity, the current accepted nomenclature for human aurora homologues, 

Aurora-A, B and C, will be adopted. Accordingly STK15/BTAK1/Aurora 2 will be 

referred to as Aurora-A (Nigg, 2001).

The Aurora family expands with the complexity of the parent organism. The 

unicellular fungi each have a single Aurora kinase, IpH in S. cerevisiae and Aurora 

related kinase 1 (ARK1) in S.pombe (Petersen et al., 2001). There are two 

paralogues in C.elegans, AIR-1 and AIR-2, two in D. melanogaster, Dm Aurora-A 

and -B, two in X. laevis, XI Aurora-A and -B and three in humans, Aurora-A, -B and 

-C (for review see (Carmena and Earnshaw, 2003; Keen and Taylor, 2004)). 

Whilst the Aurora kinase family members are linked by the strong homology of 

their N-terminal kinase domains, the roles of the individual kinases within an 

organism are divergent.

In mammalian cells, Aurora-A and Aurora-B are currently the most well 

characterised aurora homologues and both are involved in mitotic entry and 

progression. Aurora-A phosphorylates cdc25b on serine 353, activating it and in 

turn promoting mitotic entry by Cdk1/cyclin B activation (Dutertre et al., 2004). 

Aurora-A is associated with centrosomes from G2 phase into M and has a central 

role in centrosome maturation and spindle formation, as evidenced by the
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monopolar phenotype of Drosophila Aurora mutants (Glover et al., 1995). The 

spindle defects are thought to arise not through failures in centrosome separation 

but rather through defects in protein recruitment to the centrosome. C. elegans 

embryos treated with Aurora-A RNAi do initially undergo centrosome separation 

though the separated centrosomes rapidly coalesce. CeAurora-A is also required 

for y-tubulin and motor protein recruitment to the PCM (Hannak et al., 2001). 

Aurora-A associated with the PCM becomes activated at mitosis by binding of its 

substrate targeting protein for XKLP2 (TPX2). Binding of TPX2 to Aurora A 

displaces the inhibitory phosphatase PP1y, allowing autoactivation of Aurora by 

phosphorylation of threonine 295. Ran-GTP at the spindle induces TPX2 release 

from importin a,p which in turn activates Aurora-A; the local Ran-GTP gradient 

originating from chromosomes activates Aurora-A at the spindle poles (Carmena 

and Earnshaw, 2003). Aurora-A activity is also curtailed by APC/Ccdh1 mediated 

degradation during mitotic exit. In Xenopus, APC/Ccdh1 binding is via a “silent” D- 

box destruction motif activated by a nearby D-box activating domain (DAD) (Castro 

et al., 2002).

Aurora-B has a distinct subcellular localisation from that of Aurora-A, localising 

chiefly to centromeres and the mitotic spindle as a chromosome passenger 

(Figure 1.6). C.elegans Aurora-B (AIR-2) is active prior to mitotic entry, 

phosphorylating histone H3 serine 10 (Hsu et al., 2000). In humans Aurora-B 

appears to integrate with the spindle checkpoint, mediating accurate chromosome 

segregation. Unattached kinetochores carry a complex of proteins that mediate the 

inhibition of anaphase until all the chromosomes are bi-oriented. Current models 

suggest kinetochore bound Mad, Bub1 and Mad2 are stable components of the 

spindle checkpoint, with a proportion of diffusible Mad2 directly binding cdc20 and 

inhibiting the APC/C mediated anaphase transition. The kinases Msp1, Bub1 and 

BubR1 are known to be necessary to translate the unbound kinetochores into the 

diffusible “w a if signal (Shah et al., 2004). The kinesin-like protein CENP-E 

interacts with microtubules to transmit the physical act of microtubule capture at 

the kinetochore into silencing of downstream signalling by BubR1 (Mao et al., 

2003; Mao et al., 2005). Aurora-B is necessary for the correct localisation of 

BubR1, Mad2 and CENP-E to the kinetochore, with Aurora-B inhibition by the
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A. In prophase, Aurora-A (green squares) is predominantly centrosomal and Aurora-B 
(red circles) is nuclear. At metaphase Aurora-B is concentrated at kinetochores, 
reflecting its role in the spindle checkpoint, whilst Aurora-A decorates microtubules. 
Progressing through anaphase to cytokinesis Aurora-B is found first at the spindle 
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segregation. Aurora-B is involved in sensing the tension generated by kinetochores 
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Aurora-B signaling, inactivating the spindle checkpoint and allowing chromosome 
segregation. Taken from Keen and Taylor (2004).
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inhibitor ZM4477439 or ablation by RNAi abrogating the spindle checkpoint 

(Ditchfield et al., 2003). There may also be some functional redundancy between 

Aurora-B and Bub1, at least in terms of checkpoint signalling, as either Bub1 or 

Aurora-B can mediate arrest in response to spindle damage (Morrow et al., 2005).

Literature on Aurora-C is sparse, current data suggest it to be a chromosomal 

passenger protein that has an overlapping role with Aurora-B. Transfected epitope 

tagged A/sAurora-C localises to the centromere and can be recovered in a 

complex with Aurora-B and INCENP by immunoprecipitation. Transient expression 

of kinase-dead Aurora-C K72R induced multinucleation in HeLa cells, a phenotype 

reproduced by siRNA silencing of either Aurora-A or Aurora-B and enhanced by 

ablation of both (Sasai et al., 2004). The stable overexpression of mouse kinase- 

dead GFP-Aurora C T171A/T175A in HeLa cells similarly induced multinucleation. 

The exogenous GFP-Aurora C T171A/T175A also displaced endogenous Aurora B 

from kinetochores, with the authors again identifying INCENP as the common 

binding partner (Chen et al., 2005).

1.4.2.1 Aurora kinases and tumorigenesis

The Aurora-A kinase has a close association with human disease. The 

chromosomal region of Aurora-A, 20q13, was noted as an amplicon in breast 

cancer before the nature of the encoded genes was known. This is reflected in the 

original designation of Aurora-A as breast tumour amplified kinasel (BTAK1) (Sen 

et al., 1997). Examination of Aurora-A levels by Northern blot subsequently 

showed upregulation in more than half of all primary colorectal tumours studied. 

Moreover, expression of constitutively active A/sAurora-A T288D transformed rat 

fibroblasts (Bischoff et al., 1998b). Wild-type A/sAurora-A was also noted to 

transform mouse NIH-3T3 cells and additionally induced supernumerary 

centrosomes and changes in ploidy (Zhou et al., 1998b). HeLa cells transfected 

with wild-type A/sAuroraA were also refractory to paclitaxel, with a fifty percent 

reduction in apoptosis compared to mock transfected cells (Anand et al., 2003). An 

immunohistochemical analysis of human bladder cancers found increased Aurora- 

A protein expression frequently accompanied higher grade disease. Patients with
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bladder tumours expressing high levels of Aurora-A experienced reduced overall 

survival and more rapid occurrence of metastatic disease (Sen et al., 2002). 

Elevated protein levels of Aurora-A were also detected in 22 of 38 pancreatic 

tumours compared to matched normal tissue (Li et al., 2003). The majority of 

studies have examined levels of Aurora-A, the kinase associated with the 20q 

amplification in disease. Increased expression of Aurora-B was noted, though not 

investigated, in transformed cell lines (Bischoff et al., 1998a). A more recent 

widespread analysis of mRNA levels in multiple primary human tumours found 

overexpression of both Aurora-A and Aurora-B, though not Aurora-C. Aurora-B 

expression always mirrored that of Aurora-A, both high or both low, leading the 

authors to speculate a feedback mechanism may exist between the two 

paralogues (Keen and Taylor, 2004).

Aurora-A exhibits widespread upregulation in multiple human tumours and a close 

association with higher grade disease and aneuploidy. Upregulated Aurora-A 

further correlates with reduced patient survival and higher incidence of metastatic 

disease. This defined association with human tumours and the tractability of 

kinases as drug targets makes Aurora-A an attractive target for anticancer 

therapy.

A recent review of Aurora kinase inhibitors in development identified more than ten 

different molecules from a range of pharmaceutical companies, with several 

reported to have commenced phase 1 clinical trials (Matthews et al., 2006). The 

most well characterised disclosed compounds are currently VX-680 (Vertex 

Pharmaceuticals, Cambridge, MA), ZM447439 (AstraZeneca, Alderley Park, UK) 

and Hesperadin (Boehringer Ingelheim, Albany, NY). All three compounds produce 

broadly similar phenotypes in treated cultured cells; exit from mitosis without 

cytokinesis, endoreduplication and polyploidy (Mortlock et al., 2005). The 

observed disruption of cytokinesis and reduction in phosphorylation of histone H3 

residue serine 10 are consistent with these molecules acting via inhibition of 

Aurora-B (Carmena and Earnshaw, 2003; Keen and Taylor, 2004; Nigg, 2001). 

The exact response to chemical Aurora inhibition depends on the cell line used 

and more precisely p53 status. Cultured cells with wild-type p53 treated with VX-
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680 or ZM447439 arrest with a 4n or 8n DNA content, whereas cells lacking 

functional p53 continue to endoreduplicate, lose viability and apoptose (Ditchfield 

et al., 2003; Gizatullin et al., 2006). Currently, there is considerable debate on the 

existence of a tetraploid, or post-mitotic, checkpoint in mammalian cells 

(Andreassen et al., 2001; Uetake and Sluder, 2004). Regardless of its exact nature 

the action of current Aurora inhibitors does appear to be mediated by a p53 

dependent post-mitotic checkpoint. Experiments with VX-680 suggested that in 

addition to wild-type p53 and intact RB, the induction of p21Waf1/Cip is necessary to 

mediate a G, arrest and prevent further endoreduplication (Gizatullin et al., 2006; 

Margolis et al., 2003). Without consideration of the underlying mechanism, Aurora- 

B inhibitors induce growth arrest or apoptosis of cultured cancer cell lines. 

ZM447439 inhibited growth of a range of cultured cells (Ditchfield et al, 2003). 

Encouragingly, VX-680 also induced regression of HL60 (leukaemia), MIA PaCa-2 

(pancreatic) and HCT-116 (colon) derived xenograft tumours in nude mice 

(Harrington et al., 2004). Though Aurora inhibitors are not classically anti-mitotic 

they would be expected to arrest cycling somatic cells, dependent on dose. The 

administration of VX-680 intraperitoneally to nude mice or intravenously to nude 

rats was well tolerated with minimal toxicity and reduction in body weight 

(Harrington et al., 2004).

1.4.3 NIMA related kinases

1.4.3.1 NIMA kinase

A genetic screen in the filamentous fungus Aspergillus nidulans identified genes 

required for progression through the cell division cycle. Two gross classes of 

temperature sensitive mutants were identified. These genes were termed either 

nim whereby at the restrictive temperature mutations result in a block in interphase 

and the cells are never in mitosis, or bim, where mutants were blocked in mitosis, 

with condensed chromosomes and mitotic spindles, never progressing to 

interphase (Morris, 1975).

One of the 26 nim mutants isolated, nimA, arrested in late G2 with duplicated 

spindle pole bodies (SPBs) and, upon shifting to the permissive temperature, 

rapidly entered mitosis, undergoing chromosome condensation and spindle
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formation (Oakley and Morris, 1983). Cloning of nimA suggested a mature 

transcript of 3.6Kb which was later shown to encode a serine/threonine kinase 

designated NIMA (Lu et al., 1993; Osmani et al., 1987). NIMA activity was 

demonstrated to be obligate for mitotic entry, with cells requiring both active cdc2 

and NIMA for chromosome condensation and spindle formation. Cdc2 activity 

remains independent of NIMA, however, with cdc2 activated even in the absence 

of NIMA. Conversely, aberrant expression of NIMA could induce a “pseudo-mitotic” 

state of chromosome condensation from any point in the cell cycle. In addition to 

regulating the cell cycle NIMA is itself tightly regulated. Levels of nimA mRNA are 

low throughout G, and S phase, rising through G2 to peak immediately before the 

onset of mitosis (Osmani et al., 1987). This pattern is mirrored by the gene 

product, NIMA, which is most abundant and active at the same point before 

decreasing as cells exit mitosis. The increase in NIMA activity is commensurate 

with an increase in NIMA serine/threonine autophosphorylation (Lu et al., 1993).

The genetic screen of A. nidulans also identified compensatory mutations, notably 

that of the gene BIME. nimA/BimEdouble mutants allow an increase in the level of 

NIMA to approximately 20% of wild-type; sufficient to overcome the late interphase 

arrest and enter mitosis but not to complete it correctly. BimE encodes a subunit of 

the APC/C, that targets NIMA for proteolysis. Reduction of BIME reduces the 

suppression of NIMA, presumably by interfering with its degradation, allowing a 

partial recovery from the effect of the nimA mutation (Ye et al., 1998).

1.4.3.2 NIMA homologues

The demonstration that NIMA kinase activity is essential for correct mitosis in A. 

nidulans prompted a search for NIMA-like pathways in other eukaryotes. The 

presence of signalling pathways employing NIMA-like proteins in other organisms 

was likely as the expression of NIMA in both the fission yeast 

Schizosaccharomyces pombe and the human HeLa cervical carcinoma cell line 

induced similar pseudo-mitotic chromatin condensation to that originally observed 

in A. nidulans (Lu et al., 1993; O'Connell et al., 1994). Several NIMA-like kinase 

genes and gene families were identified in fungi, yeast and higher eukaryotes,
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generally employing low stringency screening of genomic libraries by PCR of the 

conserved kinase domains.

A second filamentous fungus, Neurospora crassa, yielded a kinase with the 

greatest sequence identity to NIMA. The nim-1 gene product, NIM-1, bears 75% 

sequence identity to NIMA across the 295 residue kinase domain but more 

importantly is the sole functional homologue of NIMA identified to date, whereby 

introduction of nim-1 to A. nidulans nimA mutants restores normal mitosis, 

abolishing the late G2 arrest (Pu et al., 1995). In terms of descending sequence 

identity, the next most similar kinase to NIMA is KIN3, identified in the budding 

yeast Saccharomyces cerevisiae (Jones and Rosamond, 1990) which exhibits 

48% sequence identity though neither complements nimA or shows a marked 

phenotype upon mutation of the gene or overexpression of the gene product 

(Barton et al., 1992; Kambouris et al., 1993) suggesting either a redundancy of 

KIN3 function or a role in a different pathway in that system.

The fission yeast, S. pombe, also possesses a NIMA related kinase, termed Fin1, 

transcribed from the gene fission yeast nimA1, fin1, which is 44% identical across 

amino acid residues 121-289 (Krien et al., 1998). Functionally, Fin1 

overexpression induces cdc2 independent chromatin condensation in S. pombe 

irrespective of the cell cycle stage, much like that observed for NIMA in A. 

nidulans. Fin1 has latterly been shown to be necessary for spindle formation. S. 

pombe mutant in fin1 failed to nucleate spindle microtubules from one of their 

spindle pole bodies (SPBs) and Fin1 has further been shown to regulate 

recruitment of the polo kinase Plo1 to the SPB (Grallert and Hagan, 2002). In 

addition, Fin1 recruitment to nascent SPBs has been shown to restrain septation 

via interaction with the septum initiation network (SIN) inhibitors Byr4 and Cdc16 

(Grallert et al., 2004).

Whereas S. pombe, S. cerevisiae and N. crassa each possess a single NIMA 

homologue, in higher eukaryotes there has been a marked expansion of kinases 

exhibiting homology to the NIMA catalytic domain. There are 11 NIMA related 

kinases, Neks, currently identified in vertebrates (Figure 1.7). Accompanying the
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Figure 1.7 NIMA related kinases
The NIMA kinase family has seen an expansion to eleven members in H. sapiens. Two 
homologues have also been identified in the green algae Chlamydomonas reinhardtii 
and the amoeba Dictostylium discoideum. The family is defined by homology to the 
NIMA kinase domain with various C-terminal motifs facilitating protein-protein 
interactions (Coiled coil, RCC1) or regulation via proteolytic degradation (PEST, KEN, 
D-box). Reproduced from O’connell et al. (2003).



expansion of the NIMA family has been a corresponding diversification of roles 

and not all the Neks have a defined function in mitosis.

Murine Nek1, the first vertebrate Nek isolated, was identified by screening a 

murine cDNA expression library with anti-phosphotyrosine antibodies. Nek1 is a 

dual specificity serineAhreonine tyrosine kinase shown by in-situ hybridisation to 

be most heavily expressed in meiotic tissues and without an absolute role in 

mitosis (Letwin et al., 1992). Mutations in Nek1 have been implicated in the 

pathology of polycystic kidney disease (PKD) in mouse models (Upadhya et al.,

2000) and human Nek1 further interacts via its coiled-coil domain with two 

proteins, the kinesin-like motor protein KIF3A and the tumour suppressor tuberin, 

implicated in PKD development (Surpili et al., 2003). Additional interactions were 

also noted between Nek1 and the DNA damage repair/checkpoint proteins, 

MRE11 and 53BP1, and recent work has suggested a role in response to ionizing 

radiation induced DNA damage (Polci et al., 2004).

Nek3 similarly lacks a clear role in mitosis or any other marked impact upon the 

cell cycle in both human and mouse with levels of the protein constant through the 

cell cycle and no clear phenotypes manifested by either overexpression or 

disruption by antibody microinjection (Tanaka and Nigg, 1999). Human Nek3, 

though not cell cycle regulated, does show higher expression in testis, ovary and 

brain tissue reminiscent in part of murine Nek1 expression in meiotic tissue types 

(Kimura and Okano, 2001b).

Homology search of the human genome with the NIMA catalytic domain further 

identified two closely related novel serineAhreonine kinases, both with severely 

truncated non-catalytic C-termini. The first was designated HsNek6, exhibiting 

97% sequence identity to the previously isolated murine Nek6 (Hashimoto et al., 

2002; Li et al., 1999), and a second, Nek7 which in addition to NIMA homology 

also shares 77% identity with Nek6 (Kimura and Okano, 2001a). Nek6 had been 

shown to phosphorylate both histones H1 and H3 in vitro suggesting a role in 

chromosome condensation (Kimura and Okano, 2001a). The first physiological 

role suggested for both Nek6 and Nek7 followed their identification as the kinase

34



activity copurifying with p70 S6 Kinase (S6K). Nek6 was suggested to be 

responsible for phosphorylating recombinant ribosomal p70 S6K on residue 

Thr412 in vitro and activating it in vivo (Belham et al., 2001). Latterly, doubts have 

emerged over the specificity of S6K phosphorylation by Nek6 in vitro. Mutation of 

the Nek6 consensus sight does not ablate Thr412 phosphorylation and S6K 

activation in vivo (Lizcano et al., 2002).

Intriguingly, both Nek6 and Nek7 have been implicated in a signalling cascade 

with a further NIMA related kinase, Nek9, and that individually and cooperatively 

these kinases have a role in mitotic progression. Nek9 (also termed Nerccl (Roig 

et al., 2002) and Nek8 (Holland et al., 2002)) was initially co-immunoprecipitated 

from an embryonic kidney cell line as a 120 kDa protein bound strongly to 

transfected FLAG-Nek6 via residues 732-891. In vivo Nek9 is activated during 

mitosis and undergoes a concomitant decrease in electrophoretic mobility 

reminiscent of phosphorylation. As with NIMA, Nek9 has also been shown to be an 

in vitro Cdk1 substrate. In keeping with a mitotic function, microinjection of Nek9 

antibodies into cultured cells during prophase disrupts spindle formation, 

metaphase chromosome alignment and the fidelity of segregation (Roig et al.,

2002). In addition, Nek9 is also suggested to modulate interphase progression by 

interacting with the chromatin remodeller FACT and interact with the proteins 

BicD2 and RanGTP via its RCC1 coiled-coil motif (Holland et al., 2002; Roig et al., 

2002; Tan and Lee, 2004).

The extremely tight binding of Nek9 to Nek6 belies a functional relationship that 

also extends to Nek7. Phosphorylation of serine 206 of Nek6 and serine 196 of 

Nek7 confers a 25-fold activation in vitro and Nek9 is able to perform this 

modification. Co-expression of FLAG-Nek9 with GST-Nek6 and GST-Nek7 in 

cultured cells followed by immunoprecipitation shows a parallel 2 fold increase in 

Nek6 activity and reduction in electrophoretic mobility. This effect is not seen when 

a kinase inactive mutant of Nek9 is substituted for the wild type (Belham et al.,

2003). The cell cycle regulation of Nek6 was initially suggested by the observation 

that protein levels of Nek6 are increased in rat hepatoma cells arrested in mitosis 

with nocodazole (Belham et al., 2003) Though in HeLa cells this increased mitotic
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abundance is not observed, the autophosphorylation and activity of Nek6 is 

markedly upregulated. Activity peaks in mitosis and decreases again in G, and S- 

phase. Nek6 activity has also been shown to be essential for mitotic progression, 

MDA-MB-231 breast tumour cells stably expressing a kinase inactive K74M K75M 

mutant Nek6 arrest in metaphase with a significant induction of apoptosis, similarly 

depletion of Nek6 in HeLa cells by the transfection of Nek6 siRNA caused a G2/M 

arrest and increased apoptosis (Yin et al., 2003).

The roles of Nek8 and Nek11 are currently poorly defined in man. hsNek8 is a 75 

kDa protein identified via search of the human genome database and named in 

accordance with its sequence similarity to mouse Nek8. HsNek8 mRNA is reported 

to be upregulated in 58% of primary breast tumour tissue with the greatest 

increase observed in invasive ductal (IDC) (Bowers and Boylan, 2004). Nek11 

occurs in two isoforms, most likely alternative splice variants encoded from 

chromosome 3q21 -22. The resulting proteins are 74 and 55 kDa and are termed 

Nek11Long (Nek11L) and Nek11 Short (Nek11S). Nek11L is the most abundant 

isoform and is regulated in a cell cycle dependent manner with mRNA and protein 

levels low in G1f increasing through S to peak in G2/M. Functionally, Nek11 

appears to be activated by genotoxic stress and may act in the S-phase 

checkpoint (Noguchi et al., 2002). In addition, Nek11 is reported to colocalise with 

Nek2A in the nucleoli of U20S and Hela S3 cells and both proteins are recoverable 

in a complex by immunoprecipitation. Nek2A phosphorylates the C-terminus of 

Nek11 in vitro, increasing its activity (Noguchi et al., 2004).

The NIMA related kinase family also encompasses non-vertebrate homologues. 

The green algae Chlamydamonas reinhardtii initially yielded a single Nek, a 65 

kDa protein named Fa2p. Though not essential for cell cycle progression in C. 

reinhardtii, the subcellular localisation of HA-tagged Fa2p is altered as cells 

progress from prophase through mitosis into interphase. HA-Fa2p moves first from 

the basal bodies to spindle poles during metaphase and anaphase then 

reassociates with nascent basal bodies in the subsequent interphase. C. 

reinhardtii mutants for fa2 arrest at G2 though this appears to be a kinase 

independent phenotype (Mahjoub et al., 2004).
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Recent sequence analysis has identified six further NIMA related kinases in 

Chlamydamonas. Termed Chlamydamonas NIMA related kinases (CNKs) the role 

of these proteins remains undetermined (Bradley et al., 2004). The slime mold D. 

discoideum Nek2 shares 43% amino acid identity with hsNek2 and whilst a core 

centrosome component it does not appear subject to cell cycle regulation. 

Overexpression of DdNek2 does induce MTOC abnormalities however, with either 

active or inactive GFP-DdNek2 inducing supernumerary or abnormal centrosomes. 

The phenotype is independent of kinase activity and it may simply be that the 

kinase acts in a structural manner to allow the accretion of further centrosome 

components (Graf, 2002). Antibodies raised to D. melanogaster Nek2 strongly 

stain the centrosome and midbody in cultured S2 cells. Depletion of 0mNek2 by 

RNAi induces spindle abnormalities and in increase in the proportion of 

metaphase cells. Conversely, overexpression of DmNek2 induces centrosome 

fragmentation (Prigent et al., 2005).

1.4.4 Nek2

The NIMA related kinases have been implicated in diverse roles in the cell and 

aside from a common association with MTOCs a truly coherent picture has yet to 

emerge from the literature. The closest homologue and currently best studied 

NIMA related kinase is Nek2. Identified by degenerate PCR screen of HL-60 

promyelocytic cell line cDNA library, Nek2 has 47% sequence identity to the 

catalytic domain of NIMA. The cell cycle distribution of Nek2 is broadly similar to 

that of NIMA; abundance is low in G1f increasing through S phase to peak at the 

G2/M transition, whereas peak activity of NIMA actually occurs in mitosis (Fry et 

al., 1995; Schultz et al., 1994).

The abundance and activity of Nek2 is regulated chiefly at the transcriptional and 

post-translational level. Chromatin immunoprecipitation (ChIP) assays 

demonstrated that Nek2 mRNA levels are maintained at a low level in G0 and G1 

by binding of transcription factor E2F4, an observation confirmed by RT-PCR 

(Twomey et al., 2004). Gene expression is silenced by E2F4 promoting a closed 

chromatin conformation via the Rb-like proteins p107/p130, with p107/p130 -/- 

mouse embryonic fibroblasts (MEFs) showing elevated Nek2 mRNA (Ren et al.,
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2002). Conversely, Nek2 transcription is induced by the forkhead transcription 

factor, FoxM1, which increases in S phase to induce expression of a range of G2/M 

specific genes including cyclinE^ (Laoukili et al., 2005).

Once expressed, Nek2 pre-mRNA is subject to alternative splicing to produce two 

isoforms, Nek2A and Nek2B, which differ in their extreme C-termini. (Figure 1.8). 

Recently a third isoform, initially referred to as Nek2-T, has been isolated from a 

testis cDNA library that carries an internal in frame deletion (Fardilha et al., 2004). 

Initially thought to be a testis specific isoform, Nek2-T mRNA expression has since 

been shown in tissues other than testis. Nek2-T has been renamed Nek2C in light 

of this revised tissue distribution (Wu, 2006). In common with NIMA, the conserved 

catalytic domain of Nek2 is N-terminal with regulatory domains throughout the C- 

terminus. The divergence between Nek2A and Nek2B preserves catalytic activity 

whilst affecting their regulation and, ultimately, cell cycle expression.

In addition to the leucine zipper which facilitates homodimerisation (Fry et al., 

1999) Nek2A carries two degradation motifs, a KEN box and a C-terminal MR 

dipeptide which are targets of the APC/C (Hayes et al., 2006). Nek2B, which lacks 

these motifs, persists throughout mitosis (Hames and Fry, 2002; Hames et al.,

2001). This subtle difference in the regulation of Nek2A and Nek2B hints at 

differing substrates and perhaps roles. This speculation is borne out in part by 

evidence that Nek2B is required for mitotic exit, at least in HeLa cells (Fletcher et 

al., 2005). In embryos of the African clawed cane toad Xenopus laevis Nek2B is 

necessary for nascent centrosome maturation in the X. laevis zygote. This role 

may be solely structural, independent of kinase activity (Fry et al., 2000; Twomey 

et al., 2004). In X. laevis embryos Nek2B, the sole Nek2 isoform present, is 

responsible for centrosome maintenance. Injection of Nek2B antibodies or 

supplementation with excess kinase-dead Nek2B induced centrosome 

fragmentation and disrupted bipolar spindle formation (Uto and Sagata, 2000).
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Figure 1.8 The structures of the three Nek2 splice variants
Three splice variants of human Nek2 have been described: Nek2A, Nek2B and Nek2C. 
The splice variants all carry an identical N-terminal catalytic kinase domain followed by 
a leucine zipper (LZ) dimerization motif. Nek2A and Nek2C contain an additional coiled- 
coil (CC) at the extreme C-terminus. A splice site after amino acid 370 leads to an 
alternative C-terminus in Nek2B and a short internal truncation in Nek2C. Both Nek2A 
and Nek2C retain motifs essential for interaction with PP1 and for protein degradation 
mediated by APC/CCdc20 or APC/CCdh1. The non-catalytic domains of Nek2 also 
confer centrosome and nucleolar localization and the capacity to interact with 
microtubules and the chromatin architectural protein HMGA2. Reproduced from 
Hayward and Fry (2005).
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Nek2 is a core centrosomal antigen, localising independently of microtubules 

throughout the cell cycle both in fixed live cells and isolated centrosomes (Fry et 

al., 1998c). Nek2B has a defined role in the structural maintenance of 

centrosomes whilst Nek2A governs centrosome cohesion. Centrosomes, two 

orthogonal centrioles surrounded by a diffuse matrix of proteins (section 1.3.1), are 

usually arranged as paired organelles throughout interphase. In a normal cell cycle 

upon entry into mitosis, centrosomes undergo disjunction to form the nascent 

spindle poles (Hinchcliffe and Sluder, 2001b). Overexpression of recombinant 

Nek2A is able to induce this disjunction prematurely, in interphase. U20S cells 

either transiently or stably overexpressing Nek2A exhibited up to a five-fold 

increase in centrosome disjunction in interphase. This phenotype is kinase 

dependent as it is not observed with the full-length yet inactive Nek2A-K37R point 

mutant (Faragher and Fry, 2003; Fry et al., 1998c). The kinase-dead mutant also 

highlighted the role of Nek2 in spindle formation and mitotic progression. 

Mammalian cells induced to overexpress Nek2A-K37R had an increased 

incidence of monopolar spindles, centrosomes remaining paired in mitosis 

surrounded by a rosette of chromosomes. An increase in ploidy and the G2/M 

population was also observed (Faragher and Fry, 2003).

The peak of Nek2 activity at the G2/M transition is not solely due to increased 

transcription, kinase activity is further modulated by phosphorylation and 

dephosphorylation (Figure 1.9). Nek2 was fractionated from mammalian cells via 

ultracentrifugation as a salt-resistant homodimer, associating via the leucine 

zipper. This coiled coil mediated dimerisation facilitated the autophosphorylation 

essential for full activity (Fry et al., 1999; Helps et al., 2000). The C-terminus of 

Nek2A was also identified as a binding partner of the phosphatase PP1 in a yeast 

two-hybrid screen and confirmed by the reciprocal coimmunoprecipitation of full 

length GST-Nek2A and PP1. Residues 383-386 of Nek2A comprise a canonical 

KVHF PP1 binding domain whereby the mutation F386A abolishes PP1 binding 

(Helps et al., 2000). The KVHF motif is located after the splice site at which Nek2A 

and Nek2B diverge. While Nek2A and Nek2C retain the KVHF motif, it is lost in 

Nek2B which is not therefore a substrate of PP1 (Hames and Fry, 2002). Nek2 

autophosphorylation leads to an increase in kinase activity and the reverse

40



Q

1
T175

T307 T318

[ Inh2 ]

T175

T175

T175

'S

1
c \ j
CD

Q)>
05
CD

s g 2 m g .

Figure 1.9 Nek2 activity is regulated by phosphorylation
In addition to transcriptional regulation Nek2 activity is modulated by its phosphorylation 
status. During G1 and S phase Nek2 is inhibited by the phosphatase PP1. During G2 PP1 is in 
turn inhibited by Inhibitor 2, allowing Nek2 to undergo autophosphorylation on residue 
threonine 175 and increase its catalytic ability. Autophosphorylated Nek2 then phosphorylates 
PP1, abrogating its inhibitory ability. Peak Nek2 activity occurs at the G2/M transition. The 
interaction between PP1, Inh2 and Nek2 constitutes a bistable switch, allowing Nek2 activity to 
rapidly toggle from a stable low level to a stable high level. Nek2A activity falls towards the 
end of mitosis due to APC/C mediated proteolysis.
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appears to be true; PP1 dephosphorylation reduces GST-Nek2A activity by 65%. 

Equally, PP1y is a substrate of Nek2, phosphorylation of T307 and T318 reducing 

its phosphatase activity by 30% (Helps et al., 2000). PP1C activity itself is 

controlled in a cell cycle dependent manner by a Inh2, a 198 amino acid heat 

stable protein whose expression peaks prior to mitosis. Inh2 forms a ternary 

complex with PP1C:Nek2. Inh2 binding inhibits PP1C phosphatase activity, in turn 

allowing unimpeded Nek2 autophosphorylation and a two fold increase in activity 

(Eto et al., 2002).

PP1 and Nek2 can be considered to constitute a bistable “switch”; Nek2 activity is 

negatively regulated by continuous PP1C mediated dephosphorylation. Inh2 peak 

expression nearing mitosis binds PP1C, extinguishing the inhibitory signal. Nek2 

undergoes autophosphorylation in trans, attaining full activity and in turn 

phosphorylating and further inhibiting PP1C. Nek2 activity rapidly peaks, from a 

stable low level to a stable high level initiating a wave of substrate phosphorylation 

immediately prior to mitosis.

1.4.4.1 Nek2 substrates

The major phenotype attributed to Nek2 is that of centrosome disjunction, either 

naturally at the transition to mitosis or prematurely upon overexpression of 

recombinant kinase. Centrosomes remain closely associated throughout 

interphase, suggesting a physical tether between them. The initial Nek2 substrates 

were identified as components of this link (Figure 1.10).

Centrosomal-Nek2 associated protein 1 (C-Nap1, also isolated in tandem as 

Cep250 (Mack et al., 1998)) was identified in a yeast two hybrid screen which 

sought to identify Nek2 interacting proteins (Fry et al., 1998b). Using full length 

Nek2 as bait eight positive clones were obtained, four of which corresponded to 

the C-terminus of a 280 kDa low abundance, ubiquitous, novel coiled-coil protein. 

C-Nap1 localises to centrosomes by immunofluorescence microscopy. Higher 

resolution immuno-electron microscopy (IEM) of U20S cells restricted this staining 

to the proximal ends of centrosomes. A microtubule independent core component 

of the centrosome throughout interphase, C-Nap1 is displaced from mitotic spindle
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Figure 1.10 Nek2 substrates
Nek2 has been to shown to bind and phosphorylate a range of proteins both in vitro and 
in cultured cells. The majority of interactions can be broadly grouped into those 
governing centrosome cohesion and spindle checkpoint signaling. A distinct role for 
Nek2 in mouse meiosis has been suggested by its interaction with HMGA2, depicted 
separately from its mitotic functions. Relevant references are shown adjacent to the 
interactions.
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poles as evidenced by a reduction in immunofluorescent staining before 

reaccumulation following telophase. Nek2 is able to phosphorylate C-Nap1 at both 

the N and C termini (Fry et al., 1998c; Hames, 2002) in vitro and in vivo, moreover 

expression of Nek2A, but not the related kinase Nek3, induces centrosome 

disjunction in interphase. Centrosome disjunction can also be induced by 

overexpression of truncated C-Nap1, most likely by sequestration of endogenous 

protein, and by C-Nap1 RNAi (Bahe et al., 2005; Mayor et al., 2000). C-Nap1 is 

therefore revealed not only as a cellular target of Nek2 but also as a physical 

component of the intercentriolar link that is phosphorylated and displaced from 

spindle poles when Nek2 activity is maximal, at the G2/M transition, and that this 

activity likely induces centrosome disjunction (Mayor et al., 2002).

A second Nek2 substrate and putative component of the intercentriolar link is 

rootletin. Rootletin was initially identified in murine photoreceptor cells as a 

component protein of the rootlet, a cytoskeletal structure extending intracellularly 

from the basal body of ciliated cells. Murine rootletin is a 220 kDa protein with a 

globular N-termini “head” and coiled coil tail which bears homology to human C- 

Nap1 (Yang et al., 2002). The human homologue of rootletin was identified as a 

novel centrosome component in a subsequent proteomic screen (Andersen et al., 

2003). In common with C-Nap1, rootletin also localises between proximal ends of 

centrioles by immunofluorescence microscopy and is regulated in a cell cycle 

dependent manner. C-Nap1 centrosomal staining is constant in interphase but 

diminished in mitosis. Exogenous Nek2 stimulates this dissociation in a kinase 

dependent manner. Rootletin recovered after co-expression with active Nek2 also 

shows reduced mobility suggesting phosphorylation (Bahe et al., 2005). In keeping 

with a role for rootletin as a component of the intercentriolar link, rootletin interacts 

with C-Nap1. The current proposed model is that C-Nap1, confined to the proximal 

ends of centrioles, interacts with the globular head of rootletin whilst the C-terminal 

tails mesh to form a dynamic link. Commensurate with this arrangement, depletion 

either of C-Nap1 or rootletin induced centrosome splitting. Whereas depletion of C- 

Nap1 displaced rootletin the reverse is not true (Bahe et al., 2005). In summary, 

Nek2, modulated by PP1, phosphorylates both C-Nap1 and rootletin at the G2/M
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transition to induce their displacement from centrioles, leading to dissolution of the 

intercentriolar linkage and subsequent centrosomal disjunction.

Distinct from its role in regulating bipolar spindle formation, Nek2 is also implicated 

in maintaining the fidelity of chromosome attachment to the spindle during mitosis. 

Current models suggest spindle checkpoint signalling is mediated by a fluid 

complex of proteins accumulating at the kinetochore of chromosomes in 

prometaphase. Amphitelic attachment to the spindle causes an inhibitory signal to 

be extinguished, allowing procession into anaphase as the last chromosome 

attaches correctly. Nek2 is reported to interact with two members of spindle 

checkpoint protein complexes, Mad1 and Hec1. Hec1 (highly expressed in cancer 

-1) is a coiled coil phosphoprotein that is required for recruitment of Mps1 kinase 

and Mad1/Mad2 complexes to the kinetochore (Martin-Lluesma et al., 2002). Nek2 

has been shown to specifically bind Hec1 and phosphorylate serine 165 in human 

cells, an event also demonstrated to be essential for correct chromosome 

segregation in Saccharomyces cerevisiae (Chen et al., 2002). Nek2A was also 

identified as a novel interactor with Mad1 in a yeast two-hybrid screen, probably 

via the Nek2A leucine zipper (Lou et al., 2004a).

Nek2A has also been implicated in chromosome condensation during meiosis via 

an interaction with the architectural chromatin protein high mobility group A2 

(HMGA2). Nek2 phosphorylates HMGA2 in vitro and it is proposed that in mouse 

spermatocytes this phosphorylation decreases the affinity of HMGA2 for DNA, 

causing its release from chromatin and eventual chromosome condensation (Di 

Agostino et al., 2004).

1.4.4.2 Nek2 expression in human tumours

Reports implicating Nek2 in human disease first appeared following studies of 

mRNA levels in tumour derived cell lines by microarray analysis. Assessment of 

some 1,700 hundred genes identified marked upregulation of Nek2 in cell lines 

derived from Ewings tumours, a paediatric osteosarcoma (Wai et al., 2002).
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An increase in Nek2 mRNA is also observed directly in human non-Hodgkin 

lymphoma and is strongly associated with disease progression. Profiling 

successive patient samples showed that as follicular lymphoma (FL) advances to 

the more aggressive diffuse large B-cell lymphoma (DLBCL) mRNA levels of Nek2 

rise (de Vos et al., 2003b). Comparison of matched lymph nodes resected from 

five patients before and after the transformation showed Nek2 mRNA increase in 

four samples. The transformation to DLBCL signals a decreased response to drug 

therapy and a concomitantly bleak patient prognosis with a median survival of only 

22 months (de Vos et al., 2003b).
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1.5 AIMS AND OBJECTIVES

The goal of this research is to determine whether the NIMA-related mitotic kinase 

Nek2 can be considered a target for therapeutic intervention in human cancer. 

Existing centrosomal kinases that govern mitotic progression such as Plk1 and 

Aurora-A have been shown to be upregulated in a range of cancers and to 

transform cultured cells. In this project I focus on whether Nek2 is also implicated 

in human malignancy and the feasibility of reducing the activity of the kinase with 

small molecule inhibitors.

The project aims are as follows;

1. To investigate whether Nek2 protein levels are upregulated in human

cancer cell lines.

2. To investigate whether Nek2 protein is upregulated or downregulated in

primary human tumours.

3. To determine the effect of Nek2 downregulation on the growth and viability

of cultured cells.

4. To perform a high-throughput screen (HTS) that can be used to identify

small molecule inhibitors of Nek2
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CHAPTER 2 

MATERIALS AND METHODS



2.1 MATERIALS

2 .1 . 1  Chemicals

All chemicals were of analytical grade purity or higher and purchased from Sigma 

(Poole, UK) unless otherwise indicated below.

Reagent Supplier

Deoxynucleotides

(dATP,dCTP,dGTP,dTTP)

Amersham Pharmacia Biotech 

(Buckinghamshire, UK)

EDTA

EGTA

NaCI

KCI

Na2HP04

k h 2p o 4

Glacial acetic acid

Fisher Scientific 

(Loughborough, UK)

D-MEM with Glutamax 

MEM

RPMI 1640

Optimem

Foetal Calf Serum

Lipofectamine 2000

Oligofectamine

GST-Plk1

Gene Tailor Site-directed Mutagenesis Kit 

Oligonucleotide Primers

Invitrogen (Paisley, UK)

Cdk1-his6/GST-Cyclin B

his6Nek2A

his6Nek6

his6Nek7

his6Aurora-A

Upstate (Dundee, UK)

GST-Nek2A Stressgen (San Diego, USA)
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ProTran Nitrocellulose membrane Schleicher & Schuell 

(Dassel, Germany)

3MM Chromatography Paper Whatman (Maidstone, UK)

Qiafilter Plasmid Maxipreps 

Qiafilter Plasmid Miniprep 

Genomic DNA extraction kit

Qiagen (Hilden, Germany)

Protogel liquid acrylamide (30% w/v) National Diagnostics (Hessle, UK)

Marvel (skimmed milk powder) Premiere Beverages (Stafford, UK)

RNAi Oligoribonucleotides Dharmacon (Lafayette, USA)

BCA Protein Assay Pierce (Rockford, USA)

Bacto-agar 

Bacto-tryptone 

Yeast Extract

Oxoid (Basingstoke, UK)

Dalton VII protein molecular weight 

markers

Sigma (Poole, UK)

Precision plus protein kaleidoscope 

standards

Bio-Rad (Hemel Hempstead, UK)

DNA 100 bp molecular weight ladder 

DNA 1 kb molecular weight ladder

NEB (Hitchin, UK)

DNA 100 bp Generuler plus 

molecular weight ladder

MBI Fermentas (York, UK)

BSA (Fraction V) Fluka (Gillingham, UK)

FuGene 6 Roche (Lewes, UK)

Super RX X-Ray film Fuji Photo. Film (Dusseldorf,Germany)

Histoclear VWR (Lutterworth, UK)

Envision Detection system DAKO (Ely, UK)

Pertex Cellpath pic. (Hemel Hempstead, UK)

WST-1 Cell Proliferation Assay Merck Chemicals (Nottingham, UK)
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2.1.2 Antibodies

Antibody Dilution ([antibody]) Supplier

ant -C-Nap1 1:750 (1 /yg/ml) Fry et al 1998b

ant -Nek2 (AR40) 1:500 (2 /yg/ml) Fry et al 1998a

ant -Nek2 (peptide) 1:250 (1 /yg/ml) Fry et al 1999

ant -Nek2 (monoclonal) 1:850 (1 /yg/ml) Abeam

ant -Nek2 (monoclonal) 1:250 (1 /vg/ml) BD Biosciences

ant -y-tubulin (mouse) 1:2000 (6.5 /yg/ml) Sigma

ant -y-tubulin (rabbit) 1:500 Sigma

ant -a-tubulin (mouse) 1:2000 Sigma

ant -a-tubulin (rabbit) 1:200 Sigma

ant -p130 1:100(1 /yg/ml) Santa Cruz

ant -p107 (SC318) 1:100(2 /yg/ml) Santa Cruz

ant -myc (mouse) 1:1000 Cell Signalling

ant

(AS

-cleaved caspase 3 

>P175)

1:100 Cell Signalling

anti-rabbit IgG Alexa488 1:200 (10 /yg/ml) Molecular Probes

anti-mouse IgG Alexa488 1:200 (10 /yg/ml) Molecular Probes

anti-rabbit IgG Alexa594 1:200 (10 /yg/ml) Molecular Probes

anti-rabbit IgG Alexa594 1:200 (10/yg/ml) Molecular Probes

anti-mouse IgG HRP 1:500 Sigma

anti-rabbit IgG HRP 1:500 Sigma

anti-GFP antibody 100 ng/ml AbCam

Normal rabbit IgG 2 /yg/ml DAKO (Ely, UK)

Normal mouse IgG 2 /yg/ml DAKO (Ely, UK)

Final antibody concentrations, where known, are stated in brackets after the working 

dilution.
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2.2 MOLECULAR BIOLOGY TECHNIQUES

2.2.1 Site-directed mutagenesis

The Genetailor site-directed mutagenesis system was used to introduce nucleotide 

changes in plasmid vectors and hence the amino acids they encode. Briefly, 100 

ng of target plasmid was methylated with 4 units of DNA methylase by incubation 

at 37°C for 1 hour. 12.5 ng of methylated template was then subject to 

amplification by PCR (initial denaturation 2 minutes at 94 °C then 94 °C, 30 

seconds, 55 °C, 30 seconds, 68 °C, 7 minutes for 25 cycles with a final extension of 

10 minutes at 68 °C) using Expand Hi-Fidelity polymerase (3.5 U polymerase, 300 

nM each primer, 200 dNTPs, 500 fjlA MgCI2). Amplification was confirmed by 

gel electrophoresis and 1 /25th of the reaction volume used to transform 50 jj\ 

DH5a-T1R (F-, <j)80lacZAM15, A(lacZYA-argF), U169, recA1, endA1, hsdR17(rk-, 

mk+), phoA, supE44, thi-1, gyrA96, relA1, tonA) and appropriate selective media 

used to identify transformant colonies. Mutants were confirmed by DNA 

sequencing and large scale DNA preparations made as necessary. To introduce 

the N354S transposition the plasmid pCMVmycNek2A (described in (Fry et al., 

1998c)) was amplified with the primers Nek2A N354S F 

(AGCAGAAATCTGTTGAAGAGCTACAGCTTG) and Nek2A N354S R 

(T CTT C AAC AG ATTTT CTG CTCT AG CC AGTTT). Sequences are 5’-3’ as written 

and the nucleotide change with respect to wild-type Nek2 is shown in bold.

2.2.2 DNA gel electrophoresis

DNA in loading buffer (50% v/v Glycerol, 100 mM EDTA, 0.3% v/v Bromophenol 

blue) was resolved by electrophoresis on a gel of 1% (w/v) agarose dissolved in 

1xTBE (89 mM Tris-HCL, 89 mM Boric acid, 1mM EDTA pH 8.0) supplemented 

with ethidium bromide (0.5 /vg/ml) alongside 0.5 yg of the 100bp or 1Kb DNA 

molecular weight marker as appropriate (MBI Fermentas). The gel was immersed 

in 1x TBE and DNA resolved by electrophoresis at 80V. Gels were subject to UV 

transillumination (302 nM) and images acquired with a Gene Genius CCD gel 

documentation system (Syngene, Cambridge, UK).
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2.2.3 Plasmid preparation

Small and large scale preparations of DNA were made using Qiagen miniprep and 

Qiafilter maxiprep kits, respectively, according to the manufacturers’ instructions. 

Essentially overnight cultures of the appropriate transformed bacterial strain were 

grown overnight in LB medium (Bacto-tryptone 10 g/l, Yeast extract 5 g/l, NaCI 10 

g/l) at 37°C, plasmid DNA extracted and purified, and eluted with H20. Maxiprep 

yield was quantified by measuring OD260 and diluted to a final concentration of 1

2.2.4 Restriction enzyme digest

Purified DNA was digested in the appropriate buffer conditions and temperature as 

specified by the manufacturer. Routinely, 2 yg DNA was digested with 5 U restriction 

endonuclease for 1 hour at 37°C in a water bath before visualization by agarose gel 

electrophoresis.

2.2.5 Genomic DNA extraction

Archival breast tumour tissue flash frozen in liquid nitrogen was obtained from the 

CRUK Paterson Institute for Cancer Research (PICR, Manchester, UK) and 

processed at the University of Leicester (Leicester, UK). Total genomic DNA was 

extracted from frozen breast tumour tissue using the QIAamp DNA mini kit according 

to the manufacturer’s instructions. Essentially, 50 mg frozen tissue was ground 

under liquid nitrogen with a pestle and mortar. The resulting powdered tissue was 

treated with RNAse A and proteinase K at final concentrations of 1 mg/ml and 60 

mAU/ml, respectively. DNA was extracted with QIAamp spin columns before elution 

into 10 mM Tris-HCI, 0.5 mM EDTA pH 9.0 and storage at -80°C.

2.2.6 Mutation analysis

Analysis of the Nek2 genomic sequence was undertaken by CRUK Mutation 

Detection Facility (Sheffield, UK). Basically, genomic DNA extracted at Leicester 

was quantified by Nanodrop spectrophotometer (Nanodrop technologies, 

Wilmington, USA) and the exons analysed by PCR amplification and single-strand 

conformational polymorpism (SSCP) detection. Identified polymorphisms were 

confirmed by sequencing and compared to the SNP database (dbSNP, NCBI,
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Washington, USA).

2.2.7 Growth of bacterial cultures

LB (Luria-Bertani) media was prepared and sterilised by autoclaving (15 minutes, 

121°C) with the addition of 2% agar (w/v) for plates if necessary. Selective media 

was supplemented with 100 //g/ml ampicillin, 50 /yg/ml kanamycin or 34 /yg/ml 

chloramphenicol as appropriate.

2.2.8 Chemically competent bacteria

DH5a E  coli were streaked on LB agar plates and incubated overnight at 37°C. 2 

ml LB medium was inoculated with a single isolated colony and incubated at 37°C, 

225 rpm for 9 hours. The entire starter cultured was used to inoculate a further 

500ml LB containing 10mM MgCI2. This 500 ml culture was incubated at room 

temperature with gentle shaking until an OD600of 0.5 was reached or 46 hours had 

elapsed, then cooled rapidly in ice water. The bacterial cells were collected by 

centrifugation at 3000 rpm, 0°C, in a pre-chilled Sorvall GS3 rotor. The culture 

media was decanted and the pellet resuspended in 150 ml ice cold transformation 

buffer (15 mM CaCI2, 250 mM KCI, 10mM PIPES, 55 mM MnCI2, pH 6.7), 

centrifuged again as before and resuspended in 40 ml ice cold transformation 

buffer. 5ml DMSO was added and mixed by gentle swirling before aliquoting and 

immediate storage at -80°C.

2.2.9 Bacterial transformation

Aliquots of chemically competent E. co//DH5a (F-, <|)80lacZAM15, A(lacZYA-argF), 

U169, recA1, deoR, endA1, hsdR17(rk-, mk+), phoA, supE44, thi-1, gyrA96, relA1) 

were thawed from -80°C on ice. 100 ng DNA was added and mixed by gentle 

stirring before incubation on ice for 30 minutes. Plasmid uptake was induced by 

incubation at 42°C for 1 minute in a waterbath followed by reincubation on ice for 5 

minutes. Prewarmed LB media was added and the transformation incubated at 

37°C, 225 rpm for 1 hour before aliquots were spread onto the appropriate 

selective media.
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2.3 ANALYSIS OF PROTEINS

2.3.1 SDS-PAGE

Proteins were resolved using the Mini Protean 2 polyacrylamide gel system (Bio- 

Rad) with a discontinuous Tris.HCI buffer system comprising a stacking (0.5 M 

Tris.HCI pH 8.8, 0.4% SDS (w/v)) and resolving (1.5 M Tris.HCI pH 6.8, 0.4% SDS 

(w/v)) gel with an SDS running buffer (0.1% SDS, 0.3% Tris, 1.44% glycine). 

Stacking and resolving gels were polymerised by the addition of 0.8% and 2.4% 

(v/v) TEMED and 0.015% and 0.045% (v/v) of 10% APS respectively. Gels were 

run at a standard of 180V for 1 hour. The percentage acrylamide in the resolving 

gel varied between 8% and 15% to separate proteins of 36 -  94 kDa and 10 -  43 

kDa, respectively.

2.3.2 Coomassie Blue staining

Following electrophoresis the stacking gel was discarded and the resolving gel 

soaked in Coomassie Brilliant Blue solution (0.25% Coomassie Brilliant Blue (w/v), 

40% IMS, 10% acetic acid (v/v)) for a minimum of 30 minutes. Protein bands were 

visualized by washing in destaining solution (25% IMS, 7.5% acetic acid (v/v)) to 

remove background gel staining. Gels were dried onto 3MM paper (Whatmann) at 

80°C under vacuum. Radiolabelled proteins were then visualized by 

autoradiography as necessary.

2.3.3 Silver staining

Protein samples were resolved by SDS-PAGE and the stacking gel discarded. The 

resolving gel was incubated first in 50% methanol (v/v) 10% acetic acid (v/v) for 15 

minutes. The gel was subsequently transferred to a solution of 25% methanol (v/v) 

10% acetic acid (v/v) for a further 15 minutes and lastly a solution of 5/ig/ml DTT, 

0.1% AgN03 in H20  for 15 minutes. The gel was then rinsed briefly in distilled H20  

before development in 3% (w/v) Na2CO3/460 /j \/\ formaldehyde until the 

appropriate intensity of staining was achieved. The reaction was stopped in 1% 

acetic acid (v/v) for 5 minutes and washed in 5 changes of distilled water.
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2.3.4 Western blotting

Resolved proteins were transferred to nitrocellulose membrane for 

immunodetection by semi-dry electrophoretic blotting. Briefly, the resolving gel, 

ProTran nitrocellulose membrane (Schleicher and Schuell) and 3MM 

chromatography paper were equilibrated in Western blotting buffer (25 mM Tris, 

192 mM glycine, 10% methanol (v/v)) for 5 minutes. The resolving gel was placed 

on the membrane and in turn sandwiched between buffer-soaked chromatography 

paper and rolled to displace air bubbles. Proteins were transferred in a Hoefer 

Semi-phor blotting apparatus (Pharmacia) at 1 mAmp/cm2 membrane for 1 hour. 

Post-transfer, proteins were visualized on the membrane with ponceau red 

solution (0.1% Ponceau S (w/v), 5% acetic acid (v/v)) and Dalton VII molecular 

weight markers (Sigma) annotated in pencil as necessary. Before immunoblotting, 

the membrane was incubated in 5% (w/v) skimmed milk powder in PBS (137 mM 

NaCI, 2.7 mM Na2HP04, 1.4 mM KH2P04), 0.1% (v/v) Tween-20 to block non

specific antibody binding. The blocked membrane was then incubated with primary 

antibody (1 /yg/ml) for several hours at room temperature or +4°C overnight in 5% 

(w/v) skimmed milk powder in PBS, washed three times in 1x PBS/0.1% Tween-20 

to remove unbound antibody before incubation with an HRP-conjugated secondary 

antibody. Unbound secondary antibodies were removed by washing in 

PBS/Tween-20 as before and bound HRP conjugates visualized by development 

with either ECL or ECL+ (Amersham Pharmacia) and exposure to film.

2.3.5 BCA protein assay

Total protein content of solutions was determined by BCA assay, which exploits 

the quantitative colorimetric interaction of reduced copper sulphate, bicinchoic acid 

and peptide bonds. 5 /yl of protein solution was incubated with 1 ml BCA assay 

reagent at 60°C for 30 minutes, allowed to cool and the absorbance determined at 

562 nm. A serial dilution of BSA standards similarly assayed allowed construction 

of a standard curve relating absorption to protein concentration.

2.3.6 Recombinant protein kinases

The recombinant His6Nek2A T175E F386A kinase was produced by transfection of 

insect Sf9 cells with the supernantant containing pBlueBac -Nek2A T175E F386A
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derived baculoviruses at a multiplicity of infecton of 5. Infected cells were cultured for 

72 hours post infection before total cell lysates were made in NEB buffer according 

to 2.3.9. All other recombinant kinases were obtained from the manufacturer, 

Upstate (Dundee, UK) or as otherwise indicated in the text.

2.3.7 In vitro kinase assays

Recombinant kinase was mixed with the control substrate (3-casein at final 

concentrations of 2 ng//yl and 0.5 /yg/^l, respectively, on ice. Kinase buffer (50 mM 

Hepes KOH pH 7.4, 5 mM MnCI2, 5 mM (3-glycerophosphate, 5 mM NaF, 4 ;;M ATP, 

1mM DTT, 20nCi y32-P-[ATP]/nl) was added and the components mixed on ice by 

gentle pipetting. Complete reaction mixtures were transferred to a waterbath at 30°C 

for 30 minutes, removed to ice and the reactions stopped by the addition of 3X 

sample buffer (62.5 mM Tris.HCI pH 6.8, 2% w/v SDS, 5% v/v (3-mercaptoethanol, 

10% v/v glycerol, 0.01% v/v bromophenol blue) and incubation at 90°C for 3 

minutes. Reaction tubes were centrifuged briefly to collect condensate and either 

resolved by SDS-PAGE immediately or stored at -20°C as appropriate.

2.3.8 High-throughput screen kinase assay

The high-throughput screen, conducted at the Institute for Cancer Research 

(Sutton, UK), employed kinase assays in 384-well scintillant coated Flashplates 

(Perkin Elmer, USA). Briefly, a 384-well basic Flashplate was coated with 25 jLvg/ml 

MBP overnight at +4°C. Excess, unbound, substrate was removed by washing with 

1 x PBS. Inhibitor dissolved in DMSO was added at a final concentration of 32 ( jM 

followed by 40 pg of GST-Nek2A per well (Stressgen, USA), ATP at a final 

concentration of 2 j;M and 0.2 fjC\ y-33P-[ATP] per well. The complete reaction 

mixture was incubated at room temperature for 4 hours. The reaction was halted 

and unincorporated y-33P-[ATP] removed with a sodium pyrophospate / 1 x PBS 

wash. The plates were counted on a Topcount microtitre plate reader (Packard, 

USA).

2.3.9 Protein extraction

Whole cell lysates of asynchronous cell populations were made in either RIPA (50 

mM Tris.HCI pH 7.4, 1% Nonidet P-40 (v/v), 0.25% sodium deoxycholate (w/v), 1
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mM EDTA, 150 mM NaCI, 1 mM EDTA, 1 mM PMSF, 1 /yg/ml leupeptin, 1 /yg/ml 

pepstatin A, 1% aprotinin (v/v), 1mM Na3V04, 1mM NaF) or NEB buffer (50 mM 

HEPES-KOH pH 7.4, 5 mM MnCI2, 10 mM MgCI2, 5 mM EGTA, 2 mM EDTA, 100 

mM NaCI, 5 mM KCI, 0.1% Nonidet P-40 (v/v), 30 /yg/ml Rnase A, 30 /yg/ml Dnase 

I, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 /yg/ml leupeptin, 1 /yg/ml pepstatin 

A, 1% aprotinin (v/v), 20 mM p-glycerophosphate, 20 mM NaF (Fry and Nigg, 

1997)). Briefly, cells were washed in cold 1x PBS and lysed directly in RIPA buffer 

on ice for 30 minutes, centrifuged at +4°C, 14,000 rpm to remove insoluble 

material and total protein concentration of the resulting supernatant determined by 

BCA assay. NEB lysates were prepared by washing harvested cells in ice-cold 1x 

PBS, 1 mM PMSF, pelleting and resuspending in NEB. Lysates were incubated on 

ice for 30 minutes, passed through a 27G needle 10 times and centrifuged at 

14,000 rpm at +4°C and the resulting supernatant quantified by BCA assay. 50 /yg 

of lysate for each cell line was resolved by SDS-PAGE and analysed by Western 

blotting.

2.3.10 Scintillation counting

The relevant Coomassie Blue stained phosphoprotein bands were excised from 

dried SDS-PAGE gels and immersed in 3 ml Optiphase HiSafe 2 liquid scintillant 

(Wallace - Perkin Elmer) and the amount of 32P incorporation determined by 

quantification in either a TriCarb 2000CA Liquid Scintillation Analyzer (Packard) 

using program 14 or a LS6500 (Beckman Coulter), user option 2.

2.4 MAMMALIAN CELL CULTURE

2.4.1 Maintenance of cultured cells

Cell lines were maintained in a humidified 5% C 02 atmosphere at 37°C and 

passaged before reaching confluence. Growth media was aspirated from adherent 

cells which were then washed with 1x PBS and detached in 1x PBS, 0.5M EDTA 

before seeding into pre-warmed growth media at the appropriate density. The 

construction of U20S cells inducibly expressing GFP-Nek2A or GFP-Nek2A K37R 

has been described previously (Faragher and Fry, 2003). Expression of GFP- 

Nek2A was induced by the addition of doxycyclin to the culture media at a final 

concentration of 1 /yg/ml with further supplementation every 48 hours. Cervical

58



(HeLa), Breast (HBL100, ZR75-1, MDA-MB-231, MDA-MB-468, T47D), Prostate 

(PC3, DU145, PNT2-C2), Ovarian (SKOV3, OVCAR5), Leukaemic (K562, KCL22, 

U937, HL60, Ros, Riva, REC) cancer cell lines and umbilical vein primary cells 

(HUVEC) were cultured in either Dulbecco’s Modified Eagle’s Media (DMEM) 

(Invitrogen) supplemented with 10% heat inactivated foetal calf serum (FCS, 

Invitrogen) and 2mM Glutamine (Invitrogen) (HBL100, MDA-MB-231, MDA-MB- 

468, T47D, U20S), RPMI (Invitrogen) supplemented with 10%FCS and Glutamine 

to 4mM (ZR75-1, SKOV3, OVCAR5, DU-145, PNT2-C2) or 2mM (K562, KCL22, 

U937, HL60, Ros, REC, Riva) or Hams F12 (Invitrogen) with 7% FCS, 4mM 

Glutamine (PC-3).

Cells were obtained from ECACC (Porton down, UK; HeLa, U20S), DSMZ 

(Braunschweig, Germany; KCL22), Dr. R. Chopra (PICR, UK; K562, U937, HL60), 

Prof. R. Walker (University of Leicester, UK; HBL100, MDA-MB-231, MDA-MB- 

468, T47D, ZR75-1), Dr. N. Smith (PICR, UK; SKOV3, OVCAR5), Mr. N. Clarke 

(PICR, UK; PC3, DU145, PNT2-C2) and Dr. M. Dyer (University of Leicester, UK; 

Ros, REC, Riva).

2.4.2 Storage of cell lines

Adherent cells were washed in 1x PBS and detached in 1x PBS, 0.5M EDTA. Both 

suspension and adherent cells were then collected by centrifugation at 1100 rpm 

for 5 minutes at room temperature, supernatant discarded and the resulting pellet 

resuspended in 90% FCS/10% DMSO and transferred to cryotubes (Nunc). 

Cryotubes were placed in an isopropanol filled cell freezer then chilled to -80°C 

overnight. Frozen cryotubes were transferred to liquid phase liquid nitrogen for 

long term storage.

2.4.3 Transient transfection

Adherent cells were seeded 1x105 cells/cm2 24 hours prior to transfection. 24 

hours later 3 yg maxiprep DNA was mixed with 1 /y| FuGene 6 reagent according 

to manufacturers’ instructions, added dropwise to cells cultured in the appropriate 

complete media and incubated until expression was assayed by preparation of cell 

lysates and Western blotting or immunofluorescence microscopy. To allow
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immunofluorescent staining cells were seeded onto 22 mm diameter sterile acid- 

etched No1 coverslips.

2.4.4 Nek2 depletion by RNA interference

U20S or HeLa cells were seeded at 1x104/cm2 in DMEM supplemented with 10% 

FCS or MEM supplemented with 1% NEAA, 10% FCS, respectively, 24 hours prior 

to transfection. Cells were transfected with either individual or pooled RNA 

duplexes directed against Nek2 (Dharmacon) at a final concentration of 50 nM in 

serum and antibiotic free media. Oligofectamine (Invitrogen) and RNAi duplex 

were diluted in Optimem (Invitrogen) according to manufacturers instructions with 

a final ratio of 1jy| Oligofectamine : 125 pmol RNAi. The relevant antibiotic free 

media supplemented with 30% FCS was added 4 hours post transfection. Nek2 

depletion was assayed each subsequent 24 hours as necessary by western blot or 

immunofluorescence.

2.4.5 Immunofluorescence microscopy

Adherent cells were fixed in -20°C methanol for a minimum of 15 minutes before 

rehydration in three 5 minute washes in 1x PBS. Non-specific binding was blocked 

by incubating the rehydrated coverslip in 1x PBS /1%  BSA (w/v) for 15 minutes. 

Droplets of primary antibody diluted in 1x PBS / 3% BSA (w/v) were arrayed on 

Nescofilm (Nippon. Shoji Kaisha Ltd) and blocked coverslips inverted onto the 

droplets and incubated for a minimum of 60 minutes at room temperature. 

Coverslips were washed 3 times in 1x PBS to remove unbound antibody before 

incubation with the appropriate secondary antibody diluted in 1x PBS / 3% BSA / 

0.3 /vg/ml Hoechst 33258 for a minimum of 60 minutes at room temperature in the 

dark. Unbound secondary antibody was similarly removed with 3 sequential 1x 

PBS washes, residual PBS removed by a single immersion in H20  and coverslips 

placed on glass slides on mountant (80% glycerol (v/v), 3% n-propyl gallate (w/v) 

in H20). Images were obtained with a Nikon TE300 inverted microscope using a 

series of oil immersion lenses and captured with an Orca ER camera (Hamamatsu 

inc.) and OpenLab 5.0 software (Improvison). Images were processed and 

quantified where necessary using Photoshop 7 (Adobe) and OpenLab 5.0, 

respectively.
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To allow automated immunofluorescence microscopy on the IN Cell 1000 platform 

(GE Healthcare, Cardiff, UK) U20S GFP-Nek2A cells were seeded in poly-L-lysine 

coated 96 well plates (Nunc) at approximately 1x104 cells/cm2 24 hours prior to 

induction. Doxycyclin was added to the growth media at a final concentration of 1 

/yg/ml and the cells returned to the incubator for a further 24 hours before fixation 

in -20°C methanol for a minimum of 15 minutes. Cells were stained with a mouse 

anti-y-tubulin primary antibody an Alexa 488 conjugated secondary antibody in the 

same manner as above. Plate wells were filed with 1x PBS following the last wash 

step, sealed and shipped to GE Healthcare for analysis.

2.4.6 Apoptosis assay

Adherent cells were fixed in -20°C methanol for a minimum of 15 minutes before 

rehydration in 3 x 5 minute washes in 1x TBS. Non specific binding was blocked 

by incubating the rehydrated cells on the coverslip in 1x TBS / 1%BSA (w/v) for 15 

minutes. Droplets of cleaved Caspase 3 antibody (Cell signalling) diluted 1:100 in 

1x TBS / 3% BSA (w/v) were arrayed on Nescofilm (Nippon. Shoji Kaisha Ltd) 

and blocked coverslips inverted onto the droplets and incubated overnight at +4°C. 

Coverslips were washed 3 times in 1x TBS to remove unbound antibody before 

incubation with the goat anti-rabbit Alexa 488 conjugated secondary antibody 

diluted 1:200 in 1x TBS/1 %BSA/0.3/yg/ml Hoechst 33258 for a minimum of 60 

minutes at room temperature in the dark. Unbound secondary antibody was 

similarly removed with 3 sequential 1x TBS washes, residual TBS removed by a 

single immersion in H20  and coverslips placed on glass slides on mountant (80% 

glycerol (v/v), 3% n-propyl gallate (w/v) in H20). Images were obtained with a 

Nikon TE3000 inverted microscope using a series of oil immersion lenses and 

captured with an Orca ER camera (Photometries inc.) and OpenLab 5.0 software 

(Improvison). Images were processed using Photoshop 7 (Adobe).

2.4.7 Cell Viability assay

HeLa or U20S cells were seeded in flat bottom 96 well plates and treated with 

Nek2 or control RNAi (2.4.4). To assay cell viability 10^/1 of freshly made WST-1 

assay reagent (Merck Biosciences, UK) was added to each well and incubated at
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37°C for 2 hours in a humidified cell culture incubator, supplemented with 5% C02. 

Cells reduce the WST-1 reagent to a coloured formazan salt in direct proportion to 

their viability. The formazan product was quantified directly in the plate wells by 

measuring the OD450 in a microplate reader (Model 3550, Bio-Rad, Hercules, CA). 

Viability measurements were taken at the time of transfection and each 

subsequent 24 hours up to a maximum of 96 hours. Background absorbance 

corresponding to untreated cells without WST-1 reagent was subtracted from 

reading. RNAi treatment and viability assays were performed in triplicate.

To determine cell viability in response to inhibitor treatment the protocol was 

modified slightly. Cells were seeded at 6 x 103 cells / cm2 in 96 well plates. 24 

hours after seeding cells were treated with serially diluted inhibitors dissolved in 

DMSO at a final concentration of 100 //M, 10 jyM, 1p/M, 100 nM, 10 nM, 1 nM or 

DMSO alone as a carrier control. Cell viability was calculated as a percentage of 

DMSO treatment alone.

2.5 IMMUNOHISTOCHEMISTRY

2.5.1 Embedded cell lines

Cell lines inducibly expressing GFPNek2A were induced with 1 jyg/ml doxycycline 

for 24 hours before harvesting and fixation in 4% paraformaldehyde (w/v). Fixed 

cells were collected by centrifugation and the pellet embedded in 1 % agar. Agar 

pellets were infiltrated with warmed, liquid paraffin wax, allowed to cool then 

sectioned in 4 /jm slices and mounted on APES coated slides.

2.5.2 Antigen retrieval and immunohistochemistry

Archival formaldehyde-fixed, paraffin wax-embedded tumour samples were 

obtained from a research collection held at the PICR. 4 \im thick sections of 

formaldehyde-fixed, paraffin wax-embedded samples of resected tumour, normal 

breast tissue or embedded cell lines were mounted on APES coated slides by 

pathologists at the PICR. Sections were dewaxed in three washes of xylene and 

rehydrated in graded alcohols; 100, 95, 90 and 70% ethanol for 10, 5, 5 and 5 

minutes, respectively, before incubation in PBS. Slides were then incubated in a 

pressure cooker in 10 mM citrate buffer, pH 6.0, for 2 or 3 minutes at full pressure
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to recover antigenic Nek2 epitopes. Slides were probed with antibodies raised to 

Nek2 (Zymed or AR40, 2 /yg/ml) or normal rabbit serum as an appropriate control 

(DAKO, 2 /yg/ml). Bound antibodies were detected with an HRP-conjugated 

secondary antibody system (Envision, DAKO) and DAB development according to 

the manufacturers protocol. Developed slides were counterstained in 

haematoxylin, dehydrated through graded alcohols, incubated in histoclear 

(National Diagnostics) and mounted in Pertex (Cellpath). Slides were examined on 

an Axioskop light microscope (Zeiss) and images processed with Axiovision 

(Zeiss) and Photoshop (Adobe) software.

2.6 DATA PROCESSING

2.6.1 Calculating IC5 0  values

Dose response curves for inhibitor-kinase combinations were produced by 

peforming in vitro kinase assays and measuring the degree of p-casein 

phosphorylation by scintillation counting. In vitro kinase assays were peformed as 

described (2.3.6) with the addition of inhibitor dissolved in DMSO. Inhibitors were 

used in the assay at final concentrations of 250 ^M, 100 j;M, 10 /;M, 1 /yM, 100 nM 

and 10 nM and comprised 2.5% of the assay volume. An equivalent volume of 

DMSO was used to control for non-specific inhibition of the kinase. Complete 

reactions were resolved by SDS-PAGE (2.3.1), the gel stained with coomassie 

brilliant blue (2.3.2) and dried under vacuum. The phosphoprotein band 

corresponding to 32P-p-casein (approximately 30 kDa) was excised from the dried 

gel and subject to scintillation counting (2.3.8). Background counts corresponding 

to a complete assay lacking kinase were subtracted from all the scintillation 

values. The scintillation counts for each inhibitor concentration were then 

expressed as a percentage of the kinase assay without inhibitor (DMSO alone). 

Percentage activity was plotted against log [inhibitor] and linear regression used to 

fit a hill slope (gradient 1) dose response curve using GraphPad Prism 4.00 for 

Mac OSX (Graphpad Software Inc., San Diego, CA). The IC50 value was defined 

as the inhibitor concentration reducing kinase activity to half maximal.

63



2 .6 . 2  Calculating GI5 0  values

Dose response curves for cell viability at a given inhibitor concentration were 

produced by incubating sub-confluent HeLa or U20S cells with serially diluted 

inhibitors dissolved in DMSO. Following incubation for 72 hours cell viability was 

measured by WST-1 assay (2.4.7). Briefly, U20S or Hela cells were seeded in 

complete media at 6 x 103 cells / cm2 in 96 well flat-bottomed microtitre plates. 

Inhibitor dissolved in DMSO, or DMSO alone, and comprising 1% of the total 

culture media volume was added directly to each well at final concentrations of 

100 /;M, 10 /;M, 1 j;M, 100 nM, 10 nM and 1 nM. Cells were returned to a 

humidified 5% 0O2 atmosphere at 37°C for 72 hours before the addition of WST-1 

as described previously. The concentration of inhibitor that reduced viability to 

50% of maximal ( G I 5 0 )  was calculated by linear regression to fit a dose-response 

curve (variable hill slope, bottom asymptote constrained = 0) to the viability values. 

Background absorbance corresponding to culture medium with WST-1 reagent in 

the absence of cells was subtracted from each reading. Inhibitor treatment and 

viability assays were performed in triplicate.
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CHAPTER 3

NEK2 EXPRESSION IS UPREGULATED IN HUMAN CANCER CELL LINES
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3.1 INTRODUCTION

Nek2 is regulated in a cell cycle dependent manner, with gross levels of the 

protein governed by transcriptional regulation and proteolysis. To determine 

whether Nek2 is implicated in human disease, I first looked at Nek2A and Nek2B 

protein expression in a panel of normal and cancer derived cell lines to determine 

whether protein levels are significantly altered in cancer cells.

3.1.1 Genomic instability and cancer

Aneuploidy, the possession of more or less than the correct number of 

chromosomes, is the single most common feature of solid human tumour cells and 

is generally associated with poor prognostic outcome (Heim and Mitelman, 1995; 

Magennis, 1997). The underlying mechanisms for the generation of aneuploidy, 

although poorly understood, are likely to include defects in the mitotic machinery 

used to segregate duplicated chromosomes between daughter cells (Pihan and 

Doxsey, 1999). Persistent loss of control over chromosome segregation leads to 

chromosome instability (CIN), which is defined as the rate of karyotypic change that 

occurs within a tumour over time. Ominously, CIN leads to a heterogenous 

population of cells with respect to genetic content and provides the tumour with a 

mechanism to select for cells with more malignant or drug resistant properties 

(Lengauer et al., 1998).

3.1.2 Centrosome defects and aberrant mitosis

The centrosome plays a critical role in mitotic spindle formation and chromosome 

segregation as it is the primary site of microtubule nucleation in cells (Bornens, 

2002; Doxsey, 2001). Normal cells enter mitosis with two properly duplicated 

centrosomes that ensure bipolarity, as well as correct axial positioning, of the 

spindle. Cancer cells from a wide variety of tumour types exhibit multipolar spindles 

and these are often associated with abnormal centrosome number or architecture 

(Lingle et al., 1998; Pihan et al., 1998; Pihan et al., 2001). In addition, prematurely 

split centrosomes, unusually positioned centrosomes and centrosomal proteins with 

aberrant levels of phosphorylation have all been detected in tumour cells (Lingle and 

Salisbury, 1999). Supernumerary centrosomes, and thereby aneuploidy, may be 

generated either by a direct uncoupling of the centrosome duplication cycle from the
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cell division cycle or through an indirect failure of cell division that leads to 

tetraploidization (Brinkley, 2001; Nigg, 2002; Pihan et al., 1998). Cells lacking p53 or 

Rb pocket proteins fail to eliminate tetraploid cells allowing them to progress to the 

next mitosis where multipolar spindles can form (Borel et al., 2002). As a result of 

centrosome defects, aneuploidy and CIN being detected in early, even pre-invasive, 

tumours (Lingle et al., 2002; Pihan et al., 2003a), there is considerable interest in 

identifying whether centrosomal proteins are either mutated or abnormally 

expressed in cancer cells.

3.1.3 Kinase control of mitosis

A number of cell cycle regulated protein kinases have been localized to the 

centrosome including Cdk1, Plk1 and Aurora-A. Each of these kinases is active in 

mitosis and required for mitotic progression and correct bipolar spindle formation 

(Nigg, 2001). Overexpression of active and catalytically-inactive versions of Plk1 

and Aurora-A lead to mitotic defects, the generation of aneuploid cells and 

supernumerary centrosomes. Plk1 and Aurora-A also exhibit elevated mRNA and 

protein expression in a wide variety of tumours and cancer cell lines and can induce 

transformation upon overexpression in model systems (Bischoff et al., 1998a; Smith 

et al., 1997; Zhou et al., 1998a). Another centrosomal kinase that is regulated in a 

cell cycle-dependent manner is Nek2 (NIMA-related kinase 2) (Fry, 2002). Nek2 is 

expressed in human cells as two splice variants, Nek2A and Nek2B, both of which 

localize to the centrosome (Hames and Fry, 2002). The combined abundance and 

activity of the two forms peaks in S and G2 phase of the cell cycle, while Nek2A is 

specifically targeted for proteasomal destruction in mitosis (Hames et al., 2001). 

Nek2A also has a binding site for the catalytic subunit of PP1, and hyperactivation of 

Nek2A at the onset of mitosis is thought to be dependent upon inactivation of PP1 

(Helps et al., 2000).

Overexpression of active Nek2A leads to premature centrosome splitting (Fry et al., 

1998c; Meraldi and Nigg, 2001), while overexpression of kinase-dead Nek2A causes 

the formation of centrosomal abnormalities, monopolar spindles and aneuploidy 

(Faragher and Fry, 2003). Additionally, depletion of endogenous Nek2A in cultured 

cells by siRNA inhibits centrosome splitting on entry into mitosis (Fletcher et al.,

67



2005). These data, combined with the characterization of C-Nap1, a centrosomal 

substrate of Nek2, suggest a physiological role for Nek2A in regulating the 

separation of centrosomes at the G2/M transition.

3.1.4 Nek2 expression in human cancer

Despite its importance in centrosome regulation and spindle formation, detailed 

analysis of Nek2 expression in tumours has not been performed. The only relevant 

data comes from two microarray studies that looked at the expression of a range of 

genes in certain cancer models. The first of these studies employed an 

oligonucleotide array to examine the expression levels of 1700 genes in 11 cell lines 

derived from childhood tumours. The 11 cell lines assayed included 7 derived from 

Ewing tumours (a paediatric osteosarcoma), 3 derived from neuroblastoma and 1 

derived from a malignant melanoma of soft parts (MMSP). Nek2 was one of a group 

of genes upregulated in the Ewing tumour cell lines (Wai et al., 2002). Similarly, an 

examination of gene expression levels in follicular lymphomas identified Nek2 as 

being upregulated in aggressive disease. The pathology of follicular lymphoma (FL) 

is characterised by a long, chronic, phase which transitions to an acute, aggressive 

diffuse large B-cell lymphoma (DLBCL) with an accompanying decrease in patient 

survival. Nek2 is expressed at a four-fold higher level in DLBCL compared to FL (de 

Vos et al., 2003b). In this chapter I use specific Nek2 antibodies to quantify Nek2 

expression in cell lines derived from a variety of different cancer types and examine 

the effect of overexpressing myc-Nek2A in non-transformed breast cells.
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3.2 RESULTS

3.2.1 Expression of Nek2 is elevated in cancer-derived cell lines

To determine whether the protein expression level of the Nek2 kinase is altered in 

human cancer, I first performed Western blots on extracts prepared from a panel 

of human cancer cell lines with a polyclonal anti-Nek2 antibody. I used two 

antibodies that also detected Nek2 in methanol fixed human cells. Both were 

polyclonal rabbit antibodies that were raised to immunogens comprising either a 

small peptide, amino acids 278-299 (Fry et al., 1999), or a larger hexahistidine 

tagged fragment, amino acids 102-445 (Fry et al., 1998c) and referred to as anti

peptide or AR40 antibodies respectively (Figure 3.1 A). These antibodies were 

capable of detecting both Nek2A and Nek2B. The anti-peptide and AR40 

antibodies both detected centrosomes in fixed cells (Figure 3.1 B), colocalising with 

the centrosomal marker y-tubulin (data not shown). Western blots were performed 

on extracts of peripheral T lymphocytes, primary human umbilical vein endothelial 

cells (HUVECs) and immortalised breast and prostate epithelial cells (HBL100 and 

PNT2-C2, respectively). These four non-transformed cell types showed very 

similar levels of expression of Nek2 proteins, with Nek2A consistently expressed 

at higher levels than Nek2B. In contrast, Nek2 protein levels were elevated in 10 

out of 17 (59%) cancer cell lines including those of ovarian (SKOV3 and 

OVCAR5), leukaemic (K562, KCL22, RIVA and Rec), breast (MCF-7 and MDA- 

MB-468), prostate (PC3) and cervical (HeLa) origin (Table 3.1). The highest Nek2 

expression levels, greater than two-fold more than in untransformed cells, were 

found in the SKOV3, K562, KCL22, RIVA and Rec cell lines (Table 3.1, Figure 

3.2). Those cell lines having increased expression of Nek2A generally showed 

similar increases in Nek2B suggesting either amplification of the gene or 

upregulated transcription. None of the cell lines tested had altered expression of 

the centrosomal Nek2 substrate, C-Nap1 (Table 3.1). To ensure that the amount of 

Nek2 detected in Western blotted cancer cell lysate was accurately reflected by 

ECL detection, we blotted increasing amounts of K562 total cell lysate and 

quantified the resulting ECL signal by densitometry (Figure 3.3). The ECL signal 

accurately reflected the level of Nek2 protein depending on the amount of cancer 

cell lysate used.
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Figure 3.1 Nek2 Polyclonal Antibodies
A. Polyclonal rabbit antibodies were raised to immunising Nek2 synthetic peptides or 
bacterially expressed fragments comprising amino acids 278-299 and 102-445 and affinity 
purified. These sequences include regions before the splice site at the C-terminus of Nek2 
and hence the antibodies recognise both isoforms, Nek2A and Nek2B. B. The resulting 
anti-peptide and AR40 antibodies recognise Nek2 at the centrosome in methanol fixed 
cells. Microtubules are stained with primary antibodies to a-tubulin. Centrosomes appear 
as punctate dots at the centre of the microtubule network in interphase cells (magnified, 
inset). Scale bar 10/vm.
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Figure 3.2 Nek2 expression in cancer cell lines
A. Representative Western blots of leukemic and B. breast, ovarian and prostate 
cancer derived cell lysates. 50 pg total cell lysate was separated on SDS- 
polyacrylamide gels, Western blotted and probed with Nek2 (anti-peptide antibody; 
1/vg/ml) or a-tubulin (1 jug/ml) antibodies and developed with ECL (Amersham). T- 
cells and HUVEC are untransformed primary cells, PNT2-C2 are immortalized, 
non-transformed cells.
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Figure 3.3 ECL signal quantification reflects Nek2 protein levels
Increasing amounts of K562 total cell lysate were resolved by SDS- 
PAGE,transferred to nitrocellulose, probed with a monoclonal antibody to Nek2 (BD 
Transduction Labs) and bound antibodies detected with ECL plus (Pharmacia). 60 
and 90 second exposures shown (A). Autoradiographs from (A) were scanned, the 
ECL signal was quantified with NIH image 1.62 and the mean pixel density plotted 
against volume of lysate loaded (B). The quantification reflects the amount of protein 
loaded and the relationship is linear between 10 and 30/vl (approximately 12-38/vg 
total protein) of total cell lysate. The quantification is conservative at higher protein 
levels, underestimating the protein present and hence any fold-change deduced 
from those levels.
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Tissue Origin Cali Una Nett C-Nap1

Umbilical Vain HUVEC + ND

Breast HBL100 + +
ZR75 + +
MDA-MB-231 +
MDA-MB-468 + + +
T47D + ND
MCF7 ++ ND

Prostata PNT2-C2 + ND
PC3 + + ND
DU145 ND

Ovary SKOV3 + + + +
OVCAR5 ND

Blood T ceils + ND
K562 +++ +
KCL22 + ♦+ ND
U937 + +
HL60 ♦ +
Ros + +
RIVA +++ +
Rec + ++ +

Cervix HeLa ++ ND

Table 3.1 Expression of centrosomal proteins Nek2 and C-Nap1 in cancer 
cell lines
The expression levels of Nek2 and C-Nap1 were determined by Western blotting 
total lysates of asynchronous cell populations equalised for protein content. 
Protein levels are presented with respect to that observed in HUVEC primary 
cells. Relative expression levels were determined by densitometric scanning over 
the linear range of enhanced chemiluminescent autoradiographs using NIH 
Image 1.62 and denoted as follows; +, expressed at equivalent abundance to that 
seen in HUVECs; ++ overexpressed up to 2 fold, +++ >2 fold overexpressed; 
expressed at lower abundance than in HUVECs. Each cell line was analyzed in at 
least three independent experiments. ND, not determined
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3.2.2 Increased levels of Nek2 correlate with reduced p107 in cancer cell lines

In a recent microarray study, Nek2 was identified as a potential E2F4 transcription 

factor target gene (Ren et al., 2002). E2F4 acts as a transcriptional repressor 

during G, and G0 through recruitment of the Rb pocket proteins, p107 and p130. 

These tumour suppressors, in turn, recruit histone deacetylases which promote a 

closed state of chromatin preventing access to transcriptional activators. 

Importantly, Nek2 mRNA is elevated in mouse embryo fibroblasts lacking both 

p107 and p130 supporting the hypothesis that Nek2 transcription is tightly 

regulated under normal cell cycle conditions (Ramos-Vara, 2005). We then 

examined whether the increased levels of Nek2 observed in the cancer-derived 

cell correlated with a reduction in the level of p107. Whole cell NEB buffer lysates 

of six leukaemic cell lines and four breast cancer-derived cell lines were resolved 

by SDS-PAGE and Western blotted with antibodies to p107 (Santa Cruz). Four cell 

lines, U937, K562, HBL100 and MB-MDA-468, exhibited reduced levels of p107. 

Three of these cell lines, U937, K562 and MB-MDA-468, showed increased levels 

of Nek2 protein. Interestingly, in the case of the U937 leukaemic cell line, only the 

Nek2B isoforms appears to be upregulated. Cell lines with reduced levels of p107 

generally showed a marked increase in Nek2 expression (Figure 3.4), suggesting 

that transcriptional regulation via E2F4 recruitment of p107/p130 is extended to 

cultured cells of tissue lineages other than fibroblasts. This inverse relationship is 

tentative. The levels of Nek2 detected in the Rec and RIVA leukaemic lines are 

lower than reported elsewhere in this chapter (Figure 3.2). Careful repetition is 

required.

3.2.3 Overexpression of Nek2A induces aneuploidy in immortalized human 

breast cells

To determine whether altered Nek2 expression might contribute to aneuploidy and 

CIN in breast cancer, we analysed the consequences of ectopic expression of 

Nek2A in non-transformed breast cells. HBL100 cells are derived from normal 

breast epithelia but are immortal due to the presence of SV40 large T antigen 

(deFromentel et al., 1985). Immunofluorescence microscopy revealed that <1% 

untransfected HBL100 cells had supernumerary centrosomes or abnormal nuclei, 

whereas a breast cancer cell line (MDA-MB-468) had -5%  cells with
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Figure 3.4 Reduced p107 correlates with increased Nek2 expression in cancer 
cell lines
Representative western blots of leukaemia and breast cancer derived cell lines. (A) 
50/vg of six leukaemic cell lines was resolved by SDS-PAGE, transferred to 
nitrocellulose membrane and probed for Nek2 (anti-peptide antibody, 1/yg/ml) and 
p107 (SC318, 2/ig/ml) and detected by ECL (Amersham). (B) Similarly, one 
immortalized breast epithelial cell line (HBL100) and three breast cancer derived cell 
lines were lysed and probed for Nek2 and p107. A reduction in levels of p107 
correlates with an increase in levels of Nek2, commensurate with its reported role as a 
transcriptional regulator of Nek2.
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supernumerary centrosomes (data not shown). Following 72 hours transfection 

with myc-tagged Nek2A, -9%  HBL100 cells (n=900) exhibited gross nuclear 

abnormalities being either multinucleated or with extra chromosomal material 

(Figure 3.5 A). Staining with antibodies against y-tubulin (Figure 3.5 B-E) and C- 

Nap1 (data not shown) revealed that the multinucleated cells invariably contained 

extra centrosomes suggesting that they arose through an aborted mitosis or failed 

cytokinesis. Cells transfected with myc-tagged lamin A showed only -1 % nuclear 

defects (n=1200; Figure 3.5 A). Ectopically-expressed Nek2A co-localized with y- 

tubulin at the centrosome in HBL100 cells as expected (Figure 3.5 B-E). These 

results therefore support the hypothesis that elevated Nek2 levels can contribute 

to errors in mitotic progression and/or chromosome segregation that generate 

aneuploid cells.
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Figure 3.5 Elevated Expression of Nek2A induces multinucleation in HBL100 cells
A Histogram showing percentage of multinucleated cells (n=100-300, p=0.01) following 
72 hours transfection of either myc-LaminA or myc-Nek2A. Error bars represent 
standard deviation and the p value is 0.01 (student's paired T- test). B-E Merged images 
of multinucleated HBL100 cells expressing myc-Nek2A stained with antibodies against 
the myc tag (red) and y-tubulin (green, enlarged inset). DNA was stained with Hoechst 
33258 (blue). Scale bar in E, 5 /vm. Images and analysis courtesy of Andrew Fry, 
adapted from Hayward et al., (2004).
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3.3 DISCUSSION

The majority of tumour cells in human cancers exhibit centrosome abnormalities. 

These typically include increased centrosome size, number and microtubule 

nucleation capacity (Lingle and Salisbury, 1999; Pihan et al., 1998; Pihan et al., 

2001). Importantly, centrosome aberrations correlate with or even precede the 

generation of aneuploidy and the acquisition of a CIN phenotype in breast and 

prostate tumours (Lingle et al., 2002; Pihan et al., 2003a). This has led to the 

hypothesis that deregulation of centrosome function could be a major contributory 

factor to the genetic instability and loss of tissue differentiation that drive most 

cancer progression.

This chapter shows elevated protein expression of the centrosomal kinase Nek2 in 

cancer cell lines. This adds to previous mRNA studies demonstrating elevated Nek2 

expression in Ewing tumour cell lines and diffuse large B-cell lymphomas (de Vos et 

al., 2003b; Wai et al., 2002). Having analysed 17 cancer cell lines, we found 

upregulated expression in breast, ovarian, leukaemic, prostate and cervical cancer 

cells. The level of upregulation was 2- to 5-fold with respect to its abundance in 

primary or immortalized untransformed cell lines. Similar levels of protein 

overexpression were reported for Aurora-A in pancreatic, breast and colorectal 

tumour cell lines (Bischoff et al., 1998a; Li et al., 2003; Zhou et al., 1998b). The 

HBL100 and PNT2-C2 immortalized cell lines do contain SV40 antigens that could 

alter expression from E2F responsive genes (Berthon et al., 1995; deFromentel et 

al., 1985). However, these cell lines had equivalent expression of Nek2 to the two 

primary cell types and significantly less than related cancer cell lines.

The underlying cause for an increase in Nek2 expression is unclear, though a series 

of mechanisms including loss of transcriptional control, gene amplification and 

reduced proteolysis could be responsible (Figure 3.6). The Nek2 locus, 1q32.1, has 

been shown to be amplified in both breast tumours and gastric carcinoma. The use 

of comparative genomic hybridisation (GCH) allows changes in gene copy numbers 

between normal and tumour tissue to be determined. CGH analysis of 44 archival 

breast tumours showed a common amplification of region 1q32, the locus of the
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Figure 3.6 Possible mechanisms leading to elevated Nek2 expression
A. Comparative genomic hybridisation studies reveal gain of up to six copies of the 
Nek2 locus 1q32.1 in breast carcinoma. B. Expression of human papillomavirus 
(HPV) E7 protein leads to increased Nek2 expression in human keratinocytes. This is 
likely to result from E7 sequestration of the Rb pocket proteins, p107 and p130, which 
repress Nek2 expression via the E2F4 transcription factor. Loss of p107 and/or p130 
protein would equally relieve the repression of Nek2 transcription. C. Nek2A protein, 
which exists as an autophosphorylated dimer, is subject to proteasomal degradation 
in M, G1 and GO following ubiquitylation mediated by APC/CCdc20 or APC/CCdh1. 
Failure to degrade Nek2A, possibly as a result of destruction site mutation or 
downregulation of APC/C activity, would increase Nek2A protein stability and hence 
abundance
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human Nek2 gene (Schultz et al., 1994), with 32 patient samples showing a gain of 

up to six copies (Loo et al., 2004). Though 1q32 gain was widespread, the degree of 

amplification varied slightly between histopathological tumour types, being more 

common in IDC and invasive lobular carcinoma (ILC). A similar gain of 1q32 has 

also been demonstrated in gastric cancer by CGH. Analysis of 35 primary gastric 

adenocarcinomas revealed a previously unreported gain of 1q32.3 in 10 cases 

leading the authors to propose Nek2 as a candidate gene; this common gain was 

significantly associated with lymph node positive disease and poor prognosis (Weiss 

et al., 2004). Multiple copies of the Nek2 gene may be expected to lead to an 

increase in the level and activity of Nek2 protein (Figure 3.6A).

Previous analysis of the abundance of Nek2 mRNA in synchronized cells showed a 

reduced amount in G1 and M phase compared to S and G2 phase (Hayward et al., 

2004). This result is in agreement with the observation that the promoter region of 

the human Nek2 gene binds the E2F4 transcriptional repressor. This would be 

expected to lead to a decrease in Nek2 transcription in G1 and GO through 

recruitment of the p107/p130 pocket proteins. Indeed, cells lacking p107 and p130 

exhibit elevated levels of Nek2 mRNA (Ren et al., 2002). Due to the significant 

number of mitotic and G2/M checkpoint proteins shown to have E2F4 binding sites, 

loss of p107 and p130 tumour suppressor proteins may well cause upregulation of 

many cell cycle regulators. Infection with the human papillomavirus type 16 (HPV 

16) is associated with cervical neoplasia and infected cells exhibit supernumerary 

centrosomes and polyploidy. Two HPV antigens, E6 and E7, bind the Rb family 

proteins p107 and p130. Microarray analysis of human foreskin keratinocytes 

(HFKs) infected with a retroviral construct expressing HPV16 E6 and E7 identified 

upregulated G2/M phase proteins, including Nek2 (Patel et al., 2004). As loss of Rb 

pocket proteins also promotes survival of tetraploid cells it is possible that these 

tumour suppressors may be critical in preventing the accumulation of centrosome 

abnormalities and aneuploidy. Latterly, the forkhead transcription factor FoxM1 has 

been shown to regulate a range of genes with peak expression at the G2/M 

transition, including Nek2 (Laoukili et al., 2005). Increased levels of FoxM1, which 

have been reported in breast cancer (Wonsey and Follettie, 2005), would be 

expected to increase expression of the genes it regulates, including Nek2.
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Nek2 abundance is also governed by cell cycle-dependent protein degradation. Both 

Nek2A and Nek2B are short-lived proteins in cultured cells. However, while levels of 

both Nek2A and Nek2B increase during S and G2j Nek2A is specifically degraded 

upon mitotic entry, Nek2B persisting until the subsequent G1 (Fry et al., 1995; 

Hames et al., 2001). The early mitotic destruction of Nek2A results from 

proteasomal degradation following ubiquitylation mediated by the anaphase 

promoting complex/cyclosome (APC/C). Recognition of Nek2A by the APC/C 

depends upon two C terminal destruction motifs that are recognised by the APC/C 

adaptor proteins Cdh1 and Cdc20 (Figure 3.6A). Additionally a further APC/C 

mediated degradation during mitosis, independent of Cdh1, is enacted via the 

terminal two residues of Nek2A. The APC/C recruits Nek2A directly via binding the 

terminal MR residues, even in the absence of Cdc20, which renders Nek2 

degradation insensitive to the mitotic checkpoint (Hayes et al. 2006). Mutation of the 

residues in Nek2 which allow binding of the APC/C or disruption of the proteolytic 

machinery would both contribute to the increased expression of Nek2 observed in 

cancer cell lines.

Previous studies have shown that Nek2 contributes to assembly and maintenance of 

centrosomes and to bipolar spindle formation (Faragher and Fry, 2003; Twomey et 

al., 2004; Uto and Sagata, 2000). Inappropriately high expression of Nek2 might 

therefore interfere with either centrosome integrity or chromosome segregation. In 

non-dividing cells, this could contribute to the loss of differentiated cell morphology 

and breakdown in tissue architecture typical of invasive breast carcinomas (Lingle et 

al., 2002; Lingle et al., 1998). In dividing cells, this could lead to aneuploidy and CIN. 

Indeed, overexpression of Nek2A in the non-transformed HBL100 cell line did induce 

the generation of multinucleated cells at a level that was nine-fold higher than control 

transfections. As these multinucleated cells also had supernumerary centrosomes, it 

seems reasonable to predict that they have failed cytokinesis, perhaps as a result of 

some earlier defect in mitosis. In addition to disrupting proper spindle formation, 

altered expression of Nek2 might interfere with other mitotic processes. Nek2 has 

been reported to interact with the kinetochore proteins Hec1 and Mad1 suggesting a 

role in the spindle checkpoint (Chen et al., 2002a; Lou et al., 2004b). These
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experimental data provide the first report of altered Nek2 protein expression in 

cancer cell lines derived from a range of tissues. Further, they show overexpression 

of Nek2A in a breast epithelial cell background induces supernumerary centrosomes 

and changes in ploidy, two hallmarks of human cancer. Logically, the examination of 

Nek2 expression levels should now be extended to primary human tumours.
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CHAPTER 4

NEK2 PROTEIN EXPRESSION IS UPREGULATED IN PRIMARY HUMAN

BREAST TUMOURS
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4.1 INTRODUCTION

The transformation of a normal cell to a neoplastic state, acquiring the ability to 

proliferate beyond normal growth restrictions, is a multi-step process, evading 

programmed cell death, acquiring proliferative capability and invading and 

disrupting surrounding tissue (Hanahan and Weinberg, 2000). A frequent hallmark 

of this transformation process is the loss of genomic regulation producing gross 

changes in ploidy and the associated gain of oncogenes and loss of tumour 

suppressors (Heim and Mitelman, 1995).

The fidelity of genomic replication is governed, in part, in somatic cells by the 

formation of a bipolar mitotic spindle, the structural apparatus nucleated at each 

apex by centrosomes, which ensures duplicated chromosomes are segregated 

equally into nascent daughter cells (Gadde and Heald, 2004). As centrosomes can 

regulate spindle formation, so the kinases that govern centrosome replication in 

turn influence DNA segregation. Consequently there is considerable current 

interest in centrosomal kinases as therapeutic targets to retard chromosomal 

instability and aneuploidy. Two classes of mitotic kinases, the polo-like kinases 

(Plks) and Aurora kinases, both contain members shown to be transforming and 

oncogenic upon overexpression (Bischoff et al., 1998a; Smith et al., 1997). 

Attention has now shifted to a third class of serine/threonine kinase, the NIMA 

related kinases (Neks) and specifically Nek2, currently the most characterised of 

the human Nek kinases (Fry, 2002).

4.1.1 Nek2 upregulation in primary human tumours

Having determined that Nek2 is overexpressed in cultured cancer cell lines derived 

from a range of tissues including blood, ovary and breast, I sought to examine 

levels of Nek2 protein expression in solid tumours. In addition to the observed 

upregulation of Nek2 in a breast cancer derived cell line, there have also been 

several prior reports of altered centrosome morphology, number and composition 

in primary breast tumours (Lingle et al., 1998; Lingle and Salisbury, 1999). These 

alterations are implicated in driving chromosomal instability and tumour aggression 

(D'Assoro et al., 2002; Lingle et al., 2002; Salisbury et al., 2004). With an 

established role for Nek2A in the regulation of centrosomes and an observed
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upregulation in tumour derived cell lines, the examination of levels of the protein in 

primary breast tumours was the next logical step.

4.1.2 Pathology of breast cancer

Breast cancer is the fourth most prevalent carcinoma in the United Kingdom, 

accounting for 8% of all cancer mortality and 16.8% of female cancer mortality in 

2004 (O.N.S., 2004). Malignancies arise in epithelial cells lining the network of 

ducts and tubules that convey milk to the nipple or, less commonly, within cells of 

the nipple itself.

At a histological level, the basic structure of the breast begins to form during 

embryogenesis when epithelial cells invade indentations at the interface of the 

epithelium and stroma. The epithelium proliferates and subsequently separates 

into 15-20 branches of epithelial duct. The ducts open onto the area destined to 

form the aureolus and nipple in a primitive version of the lobuloalveolar duct 

network. Structural development of the breast is then largely static until puberty 

when the duct network enlarges, forming primary and secondary ducts lined with 

epithelial cells and ending within the breast in blind sacs initially called terminal 

end buds which then develop into the terminal duct lobulalveolar units (TDLUs), or 

ductules. A concomitant expansion of the collagenous connective tissue supports 

this increased epithelial architecture. The mature adult mammary gland hence 

consists of lobules from which exit lactiferous ducts that converge to larger 

extralobular ducts that open to the surface of the nipple, each bundle of 

converging lobules termed a lobe (Clarke and Howell, 2001). The overall structure 

resembles a bunch of grapes (Figure 4.1)

Histologically the ducts and alveoli within lobules are lined with two types of 

epithelial cells arranged in layers and bounded by a basal membrane, the vessels 

are lined first with secretory luminal cells and below those, basal myoepithelial 

cells that have smooth muscle characteristics, allowing contraction and 

subsequent expulsion of expressed milk during lactation. Immunologically the 

different cell types can be distinguished by cell surface marker expression as well 

as relative position within the duct. Myoepithelial cells express cytokeratins CK5
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Figure 4.1 Structure of the mature breast
A. Sagittal cross section of the mature breast. A lobe, a unit comprising lobules and 
ducts, is shown shaded in red. Adapted from Roses, D.F. (1999) B. Transverse section 
of a lactiferous duct stained with haematoxylin and eosin. The myoepithelial and luminal 
cells bounded by a basement membrane can be seen (arrowed). C. A transverse section 
of a duct shown in cartoon depicting luminal cells closed arrow) surrounded by 
contractile myoepithelial cells (C, open arrow). Adapted from Ahmed, A. (1992).
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and CK14 and smooth muscle actin, whereas the luminal cells express a different 

subset of cytokeratins, CK8, CK18, CK19 and, more pertinently in terms of tissue 

regulation, the nuclear oestrogen and progesterone receptors (ERa and PR 

respectively). It is the luminal cell population that is responsible for 90% of the 

proliferation in the non-lactating breast and this expansion is due to endocrine 

signalling; responses to the cyclical variations in oestrogen and progesterone 

secreted by the ovaries during the normal menstrual cycle. Cells bearing ERa or 

PR do not themselves proliferate but rather signal to adjacent luminal cells which 

in turn expand (Clarke et al., 2004; Clarke and Howell, 2001).

The plasticity of the luminal cell population is reflected in the origin of most 

common breast tumours. Breast carcinomas, almost without exception, express 

luminal cell characteristics rather than those of the myoepithelium or stroma. The 

majority of tumours originate in luminal cells within the ductules or lobes and this 

gives the nomenclature to breast carcinoma, being described as ductal or lobular 

in origin and, subsequently, as either in situ or invasive depending upon whether 

the proliferating cells have crossed the basement membrane to invade the 

surrounding tissue, respectively. The distinction is chiefly histopathological, with 

ductal carcinoma cells appearing as clusters whilst lobular carcinoma cells appear 

as strands in single file.
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4.2 RESULTS

4.2.1 Paraformaldehyde fixation occludes antigenic Nek2 epitopes

Prior to storage the majority of archival tissue samples are first fixed in 

paraformaldehyde then embedded in blocks of paraffin wax. This treatment 

preserves some cellular epitopes and structure whilst the wax acts as a physical 

support both to preserve tissue ultrastructure and to facilitate the sectioning of the 

sample into layers sufficiently thin to allow light microscopy.

The formaldehyde used in tissue preservation creates crosslinks between the 

amino groups of proximal amino acids. However, while this network of crosslinks 

acts to preserve gross protein structures within a cell or tissue, it can also modify 

the tertiary and quaternary structure of proteins. This modification can obscure the 

specific immunogenic epitopes recognised by antibodies, rendering them 

undetectable. Whilst Nek2 is readily detected by the anti-peptide and AR40 

antibody in whole cell lysates and cells fixed in methanol (Faragher and Fry, 2003; 

Fry et al., 1999; Fry et al., 1998c), it was not known whether either antibody would 

stain Nek2 in formaldehyde fixed samples.

To determine whether formaldehyde fixation obscures antigenic Nek2 epitopes, I 

first examined formaldehyde fixed monolayers of adherent cultured cells. HBL100 

cells were seeded onto acid treated glass coverslips, cultured overnight and then 

fixed in either -20°C methanol or 3.7% (v/v) paraformaldehyde before processing 

for immunofluorescence microscopy (Fry and Faragher, 2001). The fixed cells 

were incubated separately with three polyclonal antibodies raised to Nek2, the 

anti-peptide (Zymed) antibody and two further antibodies raised to larger Nek2 

fusion proteins, R31 and R40 (Figure 4.2). In interphase U20S cells Nek2 is 

present in both the nucleus and the cytoplasm, though is most concentrated at the 

centrosome (Fry et al., 1998c). This Nek2 staining pattern is reproduced in 

HBL100 cells with the Zymed anti-peptide, R31 and R40 antibodies; a low level of 

diffuse signal throughout the cell with two bright punctate dots corresponding to 

the centrosome. This staining pattern is preserved in cells fixed in methanol (4.2 A, 

C and E) but completely ablated in cells fixed in formaldehyde (4.2 B, D and F).
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Figure 4.2. Abolition of centrosomal staining by Nek2 antibodies following 
formaldehyde fixation
HBL100 breast tissue derived cell lines fixed in -20°C methanol (A, C and E) or 3.7% 
formaldehyde (B, D, and F) for 10 mins were probed with rabbit polyclonal antibodies 
to Nek2: R31 (A, B), R40 (C, D), Zymed (E, F) and visualized with biotinylated anti
rabbit antibodies and streptavidin Texas red. Cells were co-stained with monoclonal ex- 
tubulin antibodies visualized with Alexa fluor 488 anti-mouse Abs and with Hoechst 
33258. Centrosomes appear red, microtubules green and DNA blue. Scale bar, 10 îm.
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The ability to detect Nek2 at the centrosome is lost by all three of the antibodies 

tested and in addition the formaldehyde fixation also affects the a-tubulin staining 

pattern, producing speckles along the interphase microtubule network, probably 

due to the masking of some epitopes recognised by a subset of the polyclonal 

antibodies. Centrosomal staining of the Drosophila melanogaster Nek2 homologue 

DmNek2 is similarly lost following formaldehyde fixation of cultured S2 insect cells 

(Prigent et al., 2005).

The loss of Nek2 staining in formaldehyde fixed cultured cells strongly suggested 

that the occlusion of Nek2 epitopes would also occur in archival tissue samples 

and that, to be able to determine the expression of Nek2 in tumours, treatment to 

unmask the crosslinked epitopes would be required.

4.2.2 Antigen retrieval enables Nek2 staining following formaldehyde 

fixation

In order that tissue samples may be archived for examination after their initial 

extraction, they must be treated to preserve morphological detail, the location of 

cellular components and prevent autolysis and subsequent sample degradation. 

Fixation of the sample in an aqueous solution of formaldehyde and embedding in 

paraffin wax has been the method of choice for over a century, favoured for its 

superior retention of morphological detail over other fixatives such as ethanol. A 

consequence of the long history of formaldehyde fixation is that the majority of the 

criteria for the pathological diagnosis of disease have evolved using tissues fixed 

in this manner. The necessity to standardise samples for diagnosis and the legacy 

of archival tissue has led formaldehyde to endure when combinations of more 

modern solvents would perhaps result in an improved fixative. The chief 

advantage of formaldehyde fixation, rigorous preservation of three dimensional 

cellular and tissue ultrastructure, has also proved to be a hindrance to more 

modern, molecular, assessments of disease in tissue samples (Ramos-Vara, 

2005; Shi et al.,2001).

As mentioned above, treating tissues with formaldehyde chemically modifies 

macromolecules, inducing covalent intermolecular and intramolecular crosslinks.
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The aldol group of formaldehyde reacts with exposed hydrogen atoms on the 

macromolecule, commonly with amine groups of proteins, to form a covalent bond 

(Shi et al., 1997). The ability of aldehyde molecules to polymerise then allows 

chains of aldehyde molecules, termed methylene bridges, to form between groups 

bearing hydrogen atoms on adjacent proteins, carbohydrates and nucleic acids. 

Whilst it is suggested that amino groups are the most common targets of 

formaldehyde crosslinks, aromatic rings, imino, amido, peptide, guanidyl and 

carboxyl groups may all be able to supply the necessary hydrogen (Montero, 

2003) The capacity for a large network of interconnected macromolecules readily 

becomes apparent. The covalent cross-links formed between adjacent chemical 

groups after formaldehyde fixation stably preserve cellular and tissue architecture 

but do so at the expense of chemically modifying the structure of proteins 

comprising the tissue, inadvertently masking protein epitopes. The process of 

exposing these occluded epitopes is termed antigen retrieval.

Initial methods of recovering antigens employed a proteolytic digestion of the fixed 

sample, notably demonstrated by the detection of Hepatitis B proteins in liver 

biopsies following trypsin treatment (Huang, 1975; Huang et al., 1976). The use of 

proteases prior to immunostaining allowed more antigens to be studied in fixed 

tissue and is still employed. However, proteolysis is non-specific and can destroy 

antigenic epitopes as well as degrading tissue structure (Ramos-Vara, 2005). A 

later development used high temperature incubation of the tissue sample in 

aqueous buffer. This proved more versatile, increasing the specific staining 

associated with 39 of the 52 polyclonal and monoclonal antibodies initially tested 

and has since been widely adopted (Shi et al., 1991). The antigen retrieval is likely 

achieved by hydrolysis of some methylene bridges and a partial renaturation of the 

protein. The reaction is driven largely by thermal energy, the incubation time 

required reducing in proportion to the increasing temperature (Shi et al., 2001).

To determine whether antigen retrieval would allow detection of Nek2 protein in 

formaldehyde fixed, paraffin embedded (FFPE) tissues I employed a U20S T-rex 

cell line which inducibly overexpresses myc-Nek2A in response to doxycycline 

(Faragher and Fry, 2003). The U20S:myc-Nek2A cells were induced to

91



overexpress myc-Nek2A for 24 hours, fixed in formaldehyde then embedded in 

paraffin wax. The overexpressed myc-Nek2A fusion protein was used to validate 

the antigen retrieval procedure, as the Nek2A immunostaining should be greatest 

in the retrieved samples overexpressing Nek2A and least in the uninduced, 

unretrieved cells. To retrieve the antigens occluded by formaldehyde fixation, I 

used high temperature incubation in sodium citrate buffer, a technique routinely 

used to recover nuclear antigens such as PR, ER and the proliferation marker Ki67 

for immunohistochemistry (Esteva and Hortobagyi, 2004).

The antigen retrieval technique successfully recovered Nek2 antigenic epitopes 

(Figure 4.3). Prior to retrieval the FFPE cells showed no immunoreactivity when 

incubated with either the Zymed antipeptide Nek2 antibody (Figure 4.3 A, B) or 

rabbit IgG at the same concentration (Figure 4.3 E, F); only the purple 

haematoxylin nuclear counterstain was evident. Repeating the 

immunocytochemistry after antigen retrieval resulted in a markedly different Nek2 

staining pattern. While the control rabbit immunoglobulins did not produce any 

3’,3-diaminobenzidine (DAB) staining in the embedded cells (Figure 4.3 G, H), a 

clear Nek2 signal was evident in both the uninduced and induced cells (Figure 4.3 

D, E). The Nek2 staining was greatest in the cells overexpressing myc-Nek2A (4.3 

E) though detection of endogenous Nek2 was also evident in the uninduced cells 

(4.3 D) albeit at a lower level as expected. The degree of staining for both 

endogenous and exogenous Nek2 was not uniform in each cell as Nek2 is 

regulated in a cell cycle dependent manner with Nek2 being degraded in G, cells 

(Hayes et al., 2006). The conditions that successfully retrieved Nek2 in FFPE 

treated cultured cells could now be applied to breast tumour samples.

4.2.3 Detection of centrosomal antigens in cultured normal breast cells

Antigen retrieval allowed the detection of Nek2, both overexpressed and 

endogenous, in cultured cells. I sought to determine whether the unmasking of 

antigens at the centrosome was restricted to Nek2 or whether another 

centrosomal antigen and Nek2 substrate, C-Nap1 (Fry et al., 1998a), could also be 

detected. An immortalized normal human breast cell line, HBL100, was 

formaldehyde fixed and paraffin embedded in the same manner as the U20S:myc-
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Figure 4.3 Antigen Retrieval enables Nek2 staining following formaldehyde 
fixation
U20S osteosarcoma cells stably transformed with a construct expressing kinase 
dead Nek2A-K37R-myc-His (U20S:Nek2A; B, D, F and H) or the parental U20S 
cell line (U20S; A, C, E and G) were fixed with formaldehyde before embedding in 
paraffin wax. Sections were then cut and stained with the Zymed antipeptide 
antibodies raised to Nek2 (A-D; 3.75 pg/ml) or control IgGs (E-H) before (A, B, E, F) 
or after (C, D, G, H) antigen retrieval. DAB staining (brown) indicates that Nek2 is 
recognized in the stable cell line only after processing for antigen retrieval (D). The 
cell-to-cell variability of staining reflects the cell cycle dependent expression of 
Nek2A. Scale bar, 10 pm.

93



Nek2A cells, then subjected to antigen retrieval and immunohistochemistry with 

antibodies raised to Nek2 and C-Nap1.

C-Nap1 (centrosomal Nek2 associated protein 1) is a 280 kDa protein which forms 

part of the putative link between paired centrosomes. Correspondingly, it is most 

concentrated in this region and is an excellent marker for centrosomes (Fry et al., 

1998a). HBL100 cells incubated with control rabbit IgG antibodies after antigen 

retrieval did not exhibit any staining (Figure 4.4 A,D), but clear staining patterns 

were evident with both the Nek2 and C-Nap1 antibodies, with punctate dots highly 

reminiscent of centrosomes weakly evident in the Nek2 stained sample (Figure 4.4 

C, arrowed) and more distinctly in the C-Nap1 stained cells (Figure 4.4 D,E). This 

staining pattern is similar to that seen when the localisation of Nek2 and C-Nap1 is 

examined in cultured cells by indirect immunofluoresence (Fry et al., 1998a). The 

detection of C-Nap1 at the centrosome suggests the conditions for antigen 

retrieval of Nek2 would be suitable for centrosomal antigens generally.

4.2.4 Nek2 protein levels are increased in tumour compared to normal 

breast tissue

The differential expression of Nek2 detected in the induced and uninduced myc- 

Nek2A stable cell lines allowed me to optimise the antigen retrieval procedure, 

confident that the staining pattern was due to detection of Nek2. The further 

staining of C-Nap1 suggested that other centrosomal antigens were similarly 

unmasked. The conditions determined with the stable cell lines and the antipeptide 

antibody could therefore be used to assess the levels of Nek2 protein in primary 

breast tumours.

I examined the Nek2 protein expression levels of 20 FFPE archival primary breast 

tumours that included both in situ and invasive ductal and lobular carcinoma. 

Strikingly, I found that Nek2 protein expression was significantly elevated in the 

majority of these breast tumour samples. Elevated Nek2 expression was clearly 

detected in invasive ductal carcinoma (IDC, Figure 4.5 A, solid arrows 1 and 2) 

and ductal carcinoma in situ (DCIS, Figure 4.5 A, solid arrow 3 and Figure 4.5 B, 

solid arrow) tumour cells as compared to normal breast ductal
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Figure 4.4 Nek2 and C-Nap1 staining in HBL100 immortalized breast cells 
following antigen retrieval.
HBL100 cultured breast cells were fixed with formaldehyde, embedded in paraffin 
wax, processed for antigen retrieval and stained with Zymed antipeptide antibodies 
raised against Nek2 (3.75 jLvg/ml; B and C), C-Nap1 (4 /ig/ml; E and F) or mock- 
stained (A and D). Primary antibodies were visualised with avidin-biotin-peroxidase 
conjugates and 3,3’-diaminobenzine (DAB) development (brown). The cells were 
lightly counterstained with haematoxylin (purple). Panels B and E were Paired 
interphase centrosomes can clearly be seen after staining with C-Nap1 antibodies 
(E and F, arrows) and at higher magnification with Nek2 (C, arrow). Scale bars in B, 
C, E and F, 10/ym.
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Figure 4.5 Nek2 protein levels are increased in tumour compared to normal tissue
Invasive ductal carcinoma (IDC) breast tumour sections were cut and stained with Zymed 
antipeptide antibodies raised to Nek2 (2jug/ml) following antigen retrieval. A. Images taken 
at low magnification.B.Images taken at high magnification. Antibody staining reveals the 
marked upregulation of Nek2 in tumour (solid arrows) compared to normal tissue (empty 
arrows). Nek2 upregulation is observed in both IDC (A, solid arrows, 1 and 2) and DCIS (A, 
solid arrow, 3).
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cells or stromal cells within the same sections. These latter cells showed weak 

levels of staining as would be expected for a ubiquitously expressed protein 

(Hames and Fry, 2002).

4.2.5 Nek2 upregulation persists in invasive lobular and ductal breast 

carcinoma

The contrast between the high levels of Nek2 expression in carcinoma cells and 

the lower basal level in stroma cells is marked in in situ carcinoma and this 

overexpression persists in invasive carcinoma. IDC cells (Figure 4.6 A, solid 

arrow) stain strongly for Nek2 compared to the adjacent normal cells. Analysis of 

additional patient samples showed the same pattern; a marked increase in 

staining of carcinoma cells compared to the adjacent stroma. The staining pattern 

for Nek2 in carcinoma cells mirrored that observed for transfected and 

endogenous protein in cultured human cells in that there is no obvious preference 

for an exclusively nuclear or cytoplasmic localization (Figure 4.6 B, solid arrow) 

(Fry et al., 1998c). The staining pattern observed in IDC and DCIS extended to 

invasive lobular carcinoma. The most intense staining was restricted to the 

carcinoma cells (Fig. 4.7 A) and was both nuclear and cytoplasmic (Fig 4.7 B) and 

dependent on the presence of primary antibodies to Nek2. Several DCIS tumour 

sections incubated with Nek2 zymed antibodies exhibited no increased staining 

and hence Nek2 expression (Fig. 4.7 D).

To verify the staining pattern that I had observed with the anti-peptide Nek2 

antibody, a second independent polyclonal antibody was used. This antibody was 

raised to a bacterially-expressed fragment representing approximately the C- 

terminal two-thirds of the Nek2A protein (Fry et al., 1998c). Again following antigen 

retrieval, carcinoma cells in DCIS tumours stained strongly for Nek2, whereas the 

normal ductal tissue and stromal cells did not (Figure 4.8 A), serial sections 

stained with control rabbit immunoglobulins showed no staining (4.8 B).

97



V

. v *
p i

\

i

Figure 4.6 Nek2 is upregulated in invasive ductal carcinoma
Invasive ductal carcinoma (IDC) breast tumour sections were cut and stained with 
Zymed antipeptide antibodies raised to Nek2 (2/vg/ml) following antigen retrieval. 
Images taken at low (A) and high (B) magnification. Antibody staining reveals the 
marked upregulation of Nek2 in tumour cells.
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Figure 4.7 Nek2 is upregulated in invasive lobular carcinoma
Invasive lobular carcinoma (ILC) breast tumour sections were cut and stained with 
Zymed antipeptide antibodies raised to Nek2 (2 /vg/ml) following antigen retrieval. 
A. Images taken at low and B. high magnification. The normal breast 
morphology has broken down with carcinoma cells dispersed throughout the 
tissue and antibody staining reveals the marked upregulation of Nek2 in these 
tumour cells. Tumour sections stained with Nek2 anti-peptide antibodies which C. 
express Nek2 at a high level or D. low level.
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Figure 4.8 Elevated Nek2 expression in breast tumours identified with a 
second Nek2 antibody
A Sequential breast tumour sections stained with a second independent 
polyclonal antibody raised to Nek2 (R40 2 pg/ml) or B mock antibody (control 
IgG) following antigen retrieval. The specific staining pattern observed with the 
peptide antibody is reproduced. Carcinoma cells within an enlarged duct (A, solid 
arrow) stain strongly for Nek2 whilst adjacent normal tissue (A; open arrow) 
stains weakly.
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4.2.6 Increased Nek2 staining does not correlate with known prognostic or 

proliferative markers

Tumours are commonly assessed for prognostic and predictive characteristics, 

that is factors which indicate the severity of the disease and hence likely period of 

disease-free survival (DFS), and those factors which govern response to a 

treatment can be used to direct therapy. The canonical scheme for assessing 

tumour aggression is an examination of the tumour section by light microscopy 

and scoring the sample for changes in nuclear morphology, differentiation and 

proportion of mitotic cells. Tumours are graded 1 to 3 depending on the sum of 

these characteristics, with 3 being the worst prognosis (Elston and Ellis, 1991; 

Galea et al., 1992). Immunohistochemistry of tumour sections is similarly 

employed to assess tumours at the molecular level and used to reveal both 

predictive and prognostic antigens.

The oestrogen receptor a  (ERa) indicates a tumour’s sensitivity to oestrogen and 

is both predictive and prognostic; patients with ERa negative tumours having 

reduced DFS (Cianfrocca and Goldstein, 2004). ERa status is most valuable as a 

predictor of responsiveness to anti-oestrogenic therapy. Patients with ERa positive 

tumours respond well to the competitive ERa inhibitor Tamoxifen, an oestrogen 

analogue, experiencing nearly a fifty percent reduction in disease recurrence . The 

progesterone receptor (PR) is also able to transactivate ERa and demonstrates 

that in the absence of strong ERa staining a hormone dependent pathway may still 

be present in the tumour. Ligand binding to Epidermal growth factor receptor 

(EGFR) induces signal transduction cascade such as the Ras-Raf and PI3 kinase 

pathways that activate genes necessary for proliferation, angiogenesis and 

inhibition of apoptosis. EGFR overexpression is associated with poor prognosis 

and resistance to radiotherapy and chemotherapy (Herbst, 2004). Tumours with a 

high fraction of proliferating cells have a greater chance of recurrent disease and 

the degree of proliferation can be determined by staining the section for the 

nuclear antigen Ki67, which is not expressed in senescent, G0, cells (Esteva and 

Hortobagyi, 2004). I compared my staining data with the prognostic marker 

staining previously determined for these tumours by pathologists at the PICR. I
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found no clear correlation between increased levels of Nek2 staining and the 

current panel of prognostic molecular markers in the tumour samples (Table 4.1).

4.2.7 Nek2 mutations in primary breast tumour samples and cultured tumour 

cell lines

Nek2 expression was found to be significantly elevated in primary human breast 

tumours. Whether due to a loss of transcriptional regulation, reduced degradation 

or gene amplification, protein levels of the kinase were markedly higher in 

carcinoma cells than adjacent normal tissue (Hayward et al., 2004). In parallel, we 

were moved to ask whether increased Nek2 kinase activity in disease could be 

achieved more subtly by activating mutations within the gene.

Activating mutations in serine/threonine kinases are well documented in human 

cancers. For example, an isoform of the mitogenic RAF kinase, B-raf, which 

carries somatic mutations in the kinase domain of the BRAF gene in 66% of 

malignant melanomas. The activating missense mutation, V599E, accounts for 

80% of those mutations (Davies et al., 2002a). Similarly, somatic mutations in 

PIK3CA, a PI3 kinase catalytic subunit within the PI3 kinase signalling pathway, 

have been reported in 74 of 234 (32%) colorectal tumours studied with mutations 

also present in 25% and 27% of glioblastomas and gastric tumours examined, 

respectively. As with B-raf, these mutations were clustered, centred around two 

residues in the helical and kinase domains (Samuels et al., 2004). Expression of 

one of these mutations, H1047R, in cultured cells increased the lipid kinase activity 

above that observed with expressed wild-type kinase and has been shown to 

abrogate apoptosis and reduce growth factor dependence (Samuels et al., 2005).

Activating mutations also have been observed in the tyrosine kinases, including 

the receptor tyrosine kinase KIT (CD117) which harbours activating mutations in 

88.2% of gastrointestinal tumours studied (Heinrich et al., 2003) and the human 

flt3 receptor where a duplication event within the FLT3 gene was present as a 

somatic mutation in 17% of cases of acute myelogenous leukaemia (AML) studied 

(Horiike et al., 1997; Nakao et al., 1996).
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Patient Nek2 (%) ER (%) PR (%) EGFR

(+/-)

Ki67 (%) Tumour

type

Grade

8225 No stain 97 12 - 21.9 IDC 1

8226 91.0 95 95 - 44.6 IDC 2

8401 88.3 0 0 - 35.8 ILC NK

8403 86.8 33 0 - 58.4 IDC 3

2243 90.2 78 2 - 41.7 IDC NK

2304 72.9 95 49 - 39.3 IDC 3

2575 No stain 0 0 ++ 30.3 IDC 3

3000 98.0 98 37 - 16 IDC 3

2282.1 92.9 0 0 ++++ 52 IDC 3

2196 93.9 70 24 - 6.9 IDC 3

2210 91.6 91 8 - 9.8 IDC 3

2585 81.6 0 0 + 46.7 IDC 3

2262.2 93.7 97 98 - 18.9 ILC 3

6238 No Stain 20 30 + 7.4 IDC 3

1223.2 76.0 90 15 - 37.6 IDC 3

7911 No stain 0 0 - 88.1 IDC 3

1570.2 83.0 0 0 - 34.8 IDC 3

7956 94.5 0 0 - 70.3 IDC 3

7916 75.2 80 8 - 69.9 IDC 3

1955 97.7 3 0 - 51.1 IDC 3

Table 4.1 Nek2 staining does not correlate with known prognostic or 

proliferative markers

The table indicates the percentage of cells (n>1000) exhibiting elevated levels of 

Nek2 expression in 20 breast tumour samples and compares this to expression 

levels of ERa, PR, EGFR and Ki67. Random fields of tumour sections were 

selected and the number of cells overexpressing Nek2 within the tumour tissue 

scored. The expression levels of ERa, PR, EGFR, Ki67, tumour type and grade, 

where known, were previously determined by pathology staff at the Paterson 

Institute for Cancer Research (Manchester, UK)
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Determining whether Nek2 harbours activating mutations would prove interesting, 

firstly, because if a mutation confers kinase hyperactivity then screening for that 

mutation may be prognostic and, secondly, because a mutation within the kinase 

that is synonymous with tumour cells would provide an extremely attractive 

therapeutic window, amenable to specific therapy by small molecule inhibitors 

tailored to bind solely the disease-associated kinase (Baselga and Arribas, 2004).

To examine the status of the NEK2 gene in human disease I obtained frozen 

primary breast tumours samples from the CRUK Paterson institute (Manchester, 

UK) ground the tissue under liquid nitrogen and purified genomic DNA using Qia- 

Amp spin columns (Qiagen, UK) The samples comprised frozen tumour shards 

from ten patients who had previously been diagnosed with breast cancer and 

encompassed cases of both ductal and lobular carcinoma. Genomic DNA 

extracted in Leicester was transferred to the CRUK Mutation Detection Facility, St. 

James Hospital, Leeds. Researchers at the CRUK Mutation Detection Facility 

screened the Genomic DNA extracted at Leicester alongside genomic DNA from 

ten breast tumour derived cell lines already held there: MCF7, MDA-MB-415, 

MDA-MB-361, MDA-MB-468, MDA-435, BT20, SKBR3, T47D, MDA-MB-231 and 

ZR75.

In each of the twenty tumour and cell line samples the eight exons which comprise 

HsNEK2 (Hames and Fry, 2002) were first screened by polymerase chain 

reaction-single strand conformational polymorphism (PCR-SSCP) analysis. This 

identified polymorphisms in three exons and one intron which were further 

investigated by DNA sequencing. The mutations detected in exons 3 and 8 were 

both silent whereas the adenine to guanine transposition in exon 7 at position 

1061 encodes a missense mutation, substituting a serine residue for the 

asparigine at residue 354 (Figure 4.9A). Interestingly, the N354S mutation was 

restricted to the breast tumour samples, found in 3 of the 10 tumours analysed. 

Staff at the Paterson Institute had previously determined the degree of ER, PR, 

Ki67, EGFR and ErbB2 immunostaining for the breast tumours subjected to PCR- 

SSCP and sequence analysis. No association between the N354S mutation and 

these current prognostic markers was evident (Table 4.2).
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A

cDNA Reference Protein Reference Position Predicted Effect Frequency
(n=20)

c.504 T>C 

intronic 

c.1061 A>G 

c.1317 A>G

P.H168H

intronic

P.N354S

P.R439R

Exon 3 codon 168 

I VS 5 + 14 G>T 

Exon 7 codon 76 

Exon 8 codon 206

Silent Variation 

none predicted 

Asparagine(N) > Serine(S) 

Silent variation

13 samples

2 samples

3 samples 

6 samples

B
335 CVRERLAEDKLARAENLLKSYSLLKERKFLSLASNP 370

H168H N354S R439R

 Intron (not to scale) Q  EXOn Microtubule binding site

Figure 4.9 Nek2 mutations in primary breast tumours and cancer cell lines
A. Genomic DNA was extracted from 10 FFPE archival breast tumours and 10 breast 
cancer derived cell lines. Mutations in the Nek2 gene were profiled by SSCP and 
confirmed by sequencing. Mutations in exons 3, 7 and 8 and intron 5 were identified. The 
mutations in exons 3 and 8 are silent whereas that identified in exon 7 results in the 
substitution of asparigine at residue 354 for serine. B. The silent mutations in exons 3 and 
7 are indicated by white bars within the exons. The position of the residue is indicated 
below the exon. The mutation in exon 7 lies in a region of Nek2 known to be necessary for 
microtubule binding and centrosomal localisation, shaded grey in the expanded exon. The 
amino acid sequence of the microtubule binding region is shown above the exon. The 
existing serine residues are shown in bold and the novel residue found in three breast 
tumour samples is shown in red. Mutation analysis was performed at the CRUK mutation 
detection facility, St. James hospital, Leeds.
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Patient ER (%) PR (%) Ki67 (%) EGFR (-/+) Exon 7 Mutation

2737 95 0 31.3 - None

2785 0 0 12.8 - N354S

2799 0 0 25.2 - N354S

2819 90 13 38.6 - None

2914 94 89 13.1 - None

3206 0 0 52.9 - None

3227 0 0 33.3 +/++ None

3420 80 25 15 - None

3076 21 61 28.3 - None

3509 1 0 33.5 + N354S

Table 4.2 The N354S transposition identified in several breast tumour 

samples does not correlate with known prognostic markers

The table compares the presence of the N354S transposition in exon 7 to 

expression levels of ER, PR, EGFR and Ki67 previously determined by staff at the 

Paterson institute, Manchester, UK.

The N354S mutation was located within a region defined as necessary for 

centrosomal localization, residues 335-370 (Hames et al., 2005) (Figure 4.9B). 

There is an existing serine at position 356 and this residue has been identified by 

tryptic digest and mass spectroscopy of a bacterially expressed kinase as being 

autophosphorylated (Rellos et al., 2006). The introduction of a serine residue was 

of interest as Nek2 is a serine/threonine kinase which has been suggested to use 

dimerisation and autophosphorylation as a mechanism for regulating its activity 

(Fry et al., 1999). The possibility therefore existed that phosphorylation of the 

novel serine could affect either Nek2 microtubule binding and hence centrosome 

localization or kinase activity as a whole.

To assess the effects of the N354S mutation in cultured cells, plasmids encoding 

myc-Nek2A:N354S and myc-Nek2A:K37R, N354S were constructed and
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transfected into U20S cells which were then fixed and processed for 

immunofluorescence microscopy. To determine localization of the exogenous myc- 

Nek2 protein cells were stained with antibodies raised against the centrosomal 

marker y-tubulin and the myc epitope. myc-Nek2A:N354S was still able to localize 

to the centrosome, colocalising with y-tubulin in interphase cells in an identical 

manner to myc-Nek2A (Figure 4.10 A-F).
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Figure 4.10 The N354S transposition does not affect the centrosomal localisation of 
Nek2A
U20S cells were transfected with myc-Nek2A, myc-Nek2A-N354S and the inactive myc- 
Nek2A-K37R and myc-Nek2A-K37R-N354S constructs and cultured for 24 hours before 
being fixed in ice cold methanol and processed for immunofluorescence microscopy. Fixed 
cells were stained with antibodies against the myc epitope to detect exogenous Nek2A and y- 
tubulin to discriminate centrosomes (shown in red and green, respectively, in the merged 
images). The myc-Nek2A-N354S and myc-Nek2A-K37R-N354S fusion proteins are able to 
localise to the centrosome in the same manner as myc- Nek2A and myc- Nek2A-K37R. 
Centrosomes are shown magnified, inset. Scale bar 5 p ir n .

108



4.3 DISCUSSION

To effectively assess expression levels of Nek2 in archived human tumour 

samples I had to employ an antigen retrieval procedure to restore the Nek2 

epitopes occluded by paraformaldehyde fixation (Shi et al., 1997). Employing 

stable U20S cell lines that inducibly overexpress Nek2A I was able to optimise the 

antigen retrieval conditions. Incubating the archived tumour sections in 10 mM 

citrate buffer for three minutes at high temperature and pressure allowed the 

specific detection of Nek2 with minimal background staining.

I have currently analysed 20 breast tumour samples, including DCIS, IDC and ILC 

tumours, in which areas of both tumour and normal tissue could be detected for 

comparison of expression levels. 16 (80%) exhibited significantly elevated Nek2 

protein expression, whereas 4 (20%) gave no more staining than the normal tissue 

(Table 4.1). Within those tumours that showed elevated Nek2 expression, all had 

increased expression in more than 70% of tumour cells (n>1000). We compared the 

extent of cells overexpressing Nek2 in these breast cancers with data that had been 

previously obtained on oestrogen, progesterone and EGF receptor expression. 

However, no obvious correlation was apparent between the expression of Nek2 and 

any of these markers. For example, of the 16 tumours that were strongly Nek2 

positive (>70%), 9 were ERa positive (>70%) whereas 7 were ERa negative. 

Likewise, some tumours that were Nek2 positive were PR and EGFR positive 

whereas others were PR and EGFR negative. Clearly, though, my current sample 

size is too small to draw any strong conclusion about the correlative expression of 

these markers. Finally, no correlation was detected between expression of Nek2 and 

Ki67, a marker for cell proliferation. Whilst one might predict that cells expressing 

Nek2 would be proliferating, we note that there was no obvious correlation either 

between expression of proliferation markers (Ki67 or PCNA) and the overexpression 

of the other mitotic kinases, Plk1 and Aurora-A (Knecht et al., 2000; Kneisel et al., 

2002; Takahashi et al., 2000; Takai et al., 2001c)

The mechanisms leading to increased Nek2 protein levels in primary tumours are 

likely to be similar to those suggested for tumour derived cell lines in chapter 3, 

essentially perturbation of transcriptional regulation, reduced proteolysis or gene
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amplification. In addition to increased expression, I considered whether an increase 

in net Nek2 kinase activity could be achieved more subtly, by activating mutations 

within the kinase. Genomic DNA was extracted from 10 tumour derived cell lines and 

10 primary breast tumours. Mutations were identified by SSCP and confirmed by 

single strand DNA sequencing. Six of the samples, two breast tumours and four cell 

lines, contained no mutations as compared to the genomic reference sequence 

(Genbank AC096637.1). The remaining 14 samples contained a mixture of 

synonymous and non-synonymous mutations with silent changes detected in codon 

168 of exon three and codon 206 of eight as well as a silent variation located within 

intron seven. None of these three nucleotide changes produce a concomitant 

change in the encoded protein. The effect of these mutations on Nek2 pre-mRNA 

splicing has not been quantified experimentally but software analysis of the 

variations in exons three and eight suggest that a splicing pattern different from that 

of the wild-type gene may result (C. Taylor, personal communication).

The heterozygous adenine to guanine mutation identified at genomic sequence 

position 160537 results in a non-synonymous change of amino acid 354, substituting 

a serine residue for the asparigine present in the reference sequence. This mutation, 

which lies in the c-terminal non-catalytic domain, was of interest for two reasons. 

Firstly, the activity of Nek2 is regulated in part by phosphorylation and 

dephosphorylation and so the novel serine residue could act as a substrate for 

regulatory phosphorylation. Secondly, the transposition lies within a region defined 

as being necessary for localisation of Nek2 to the centrosome.

The cell cycle regulation of serine/threonine kinase activity by phosphorylation is 

well established, most notably for the canonical cyclin dependent kinases (Cdks). 

Phosphorylation of Cdk1 by the kinase weel inhibits Cdk1 activity, until 

dephosphorylation by cdc25 activates the kinase to facilitate mitotic entry. A similar 

mechanism extends to other Cdk/cyclin complexes (for review (Nakao et al., 1996)). 

In an opposite manner, Nek2A is believed to be activated by autophosphorylation in 

vitro and inactivated by the phosphatase PP1c (Fry et al., 1999; Helps et al., 2000). 

The N354S mutation may allow an extra phosphorylation event that affects Nek2 

activity, either positively or negatively. The activity of a given Nek2 mutation can be
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assessed in cultured cells by measuring the induction of a phenotype observed in 

several cell types upon overexpression: premature centrosome disjunction 

(Faragher and Fry, 2003).

To determine whether the N354S mutation activates Nek2 the kinase could be 

immunoprecipitated from transfected cells and used to phosphorylate a control 

substrate in vitro. This approach has previously identified activating Nek2 mutations 

(Rellos et al., 2006). Examination of the immunofluorescence data also shows that 

the N354S change does not disrupt localisation of Nek2A to the centrosome, despite 

being located in a region necessary for microtubule binding and centrosomal 

localisation. The N354S mutation identified in three breast tumour patients has no 

marked effect on Nek2A subcellular localisation in one cultured cell type. However, 

this does not assess more subtle and perhaps equally important effects, such as the 

avidity and specificity of Nek2A binding to known substrates. The N354S 

transposition could also initiate novel interactions that could perhaps be beneficial to 

the initiation or maintenance of a tumour. The most pressing investigation is to 

determine whether the a160537g mutation underlying the N354S transposition is 

actually a polymorphism. To test this, genomic DNA should be extracted from 

matched normal tissue from the three breast cancer patients with the mutation to 

determine whether it is restricted to the tumour tissue. The polymorphism is listed in 

a database of known polymorphisms, the dbSNP, and this suggests it may simply be 

a naturally occurring variation within the population.

Unfortunately, the patients that have had tumours assessed for Nek2 protein 

expression by immunohistochemistry are distinct from those that have been 

screened for mutations in the NEK2 gene. The formaldehyde fixation commonly 

used to preserve archived samples for immunohistochemistry makes extraction of 

intact genomic DNA more difficult. Assuming that the N354S mutation is somatic it 

would be of interest to determine whether it correlates with Nek2 protein 

upregulation. In common with Nek2 upregulation, the N354S mutation does not 

correlate with tumour grade, histopathological type or existing prognostic markers 

(Table 4.2).
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Nek2 is upregulated in human breast tumours and so consideration should now be 

given to how an increase in Nek2 kinase activity could contribute to tumour initiation 

or progression. It is well established that centrosome abnormalities, both structural 

and numerical, are strongly associated with chromosomal instability and aneuploidy 

and have also been linked with a poor prognosis in human cancer (Al-Romaih et al., 

2003; D'Assoro et al., 2002; Kramer et al., 2003; Lingle et al., 2002; Lingle and 

Salisbury, 1999; Pihan et al., 2001; Sato et al., 2001). Increased levels of Nek2 in 

cultured human cells have been shown to affect spindle polarity, ploidy and 

centrosome number and upregulated Nek2 in fungal, insect and protozoan systems 

induced centrosome fragmentation and likely cytokinesis failures.

The impact of increased levels of Nek2 in human tumours is most likely to be 

manifested by disrupting bipolar spindle formation to induce multipolar spindles and 

aneuploidy. Upregulation of Nek2 has been shown to affect both centrosome 

structure and number in cultured cells and additionally may prevent cells with 

multiple centrosomes clustering them to produce bipolar spindles, all mechanisms 

likely to increase the incidence of multipolar mitoses (Figure 4.11). Overexpression 

of myc-/7sNek2A in human U20S cells affected centrosome structure, causing 

dispersal of centrosomes and microtubule nucleation from multiple sites (Fry et al., 

1998c). This pattern of additional microtubule nucleation sites upon Nek2 

overexpression is mirrored in the fungi Dictyostelium discoidium whereby DdHeWl 

induces multiple aster formation (Graf, 2002). Transfection of the Drosophila 

melanogaster homologue of Nek2, dmNek2, into S2 insect cells and a subsequent 

3-4 fold elevation of DmNek2 protein levels induced multiple spindle poles and 

fragmented centrosomes in mitosis at 3 times the rate of control cells (Prigent et al., 

2005). Distinct from the loss of centrosome structural integrity induced by excess 

Nek2, there is also evidence that a failure of cytokinesis associated with increased 

levels of the Nek2 homologues, £V77Nek2 and TbNRKC, results in tetraploid cells 

with multiple centrosomes or basal bodies in D. melanogaster and T. brucei, 

respectively (Prigent et al., 2005) (Pradel et al., 2006).
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Figure 4.11 Nek2 may promote aneuploidy by alternative pathways
A. Increased levels of Nek2 in cultured cells and model insect systems promotes an 
increase in ploidy, most likely through a failure in cell division C. The resulting cells have a 
polyploid genome and multiple centrosomes. B. Furthermore, upregulated Nek2 has been 
shown to fragment centrosomes or ,D, prevent the clustering of multiple centrosomes into a 
bipolar spindle. E. Increased levels of Nek2 in human tumours may act synergistically to 
induce polyploidy and ensure that the polyploid genome undergoes a multipolar mitosis, 
leading to aneuploid daughter cells.
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The most well characterised phenotype of Nek2A activity in cultured cells is the 

rearrangement of the molecular tether joining centrosomes to allow centrosome 

disjunction, a function that is conserved in part in the protozoan homolog TbNRKC 

which governs basal body separation (Faragher and Fry, 2003; Fry et al., 1998c; 

Pradel et al., 2006). Cultured human cancer cells and primary human tumours 

commonly display multiple centrosomes and these are postulated to result in 

multipolar spindles which drive chromosome instability (Lingle et al., 2002). There is 

evidence, however, that a mechanism exists to cluster multiple centrosomes into 

units that have a single microtubule nucleating activity and resolving multiple 

centrosomes into a functional bipolar spindle (Quintyne et al., 2005; Saunders,

2005). The mouse neuroblastoma N1E-115 cell line has tens of centrosomes, as 

judged by foci staining positive for the centrosomal marker y-tubulin, yet constructs a 

bipolar spindle in mitosis (Ring et al., 1982). If the mechanism that tethers paired 

centrosomes also clusters multiple centrosomes then upregulated Nek2 in tumours 

may prevent them coalescing into a bipolar spindle. Multiple centrosomes would 

lead more often to multipolar spindles in cells with higher levels of Nek2 and these 

are also the cells already likely to possess multiple centrosomes and a tetraploid 

genome. This presents a dangerous synergy, increased levels of Nek2 could 

conceivably induce multiple centrosomes and polyploidy, and then ensure multipolar 

mitoses occur.

The presence of a polyploid genome segregated by supernumerary MTOCs induced 

by elevated Nek2, whether composed of fragmented or whole centrosomes, would 

be a significant mechanism for the genomic plasticity and resulting aneuploidy which 

characterise human tumours.

114



CHAPTER 5

NEK2 DEPLETION AFFECTS THE GROWTH AND 

VIABILITY OF CULTURED CELLS
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5.1 INTRODUCTION

Examination of the function of Nek2A in the cell cycle has been elucidated in part 

by the use of stable cell lines which inducibly overexpress an inactive point 

mutant, Nek2A-K37R, fused to either the myc epitope or GFP fluorophore to allow 

discrimination of exogenous from native protein. The presence of inactive Nek2A 

kinase was demonstrated to interfere with bipolar spindle formation, chromosome 

segregation and cytokinesis. Induction of kinase-dead Nek2A resulted in a four

fold increase in abnormal spindles after 24 hours and, after 72 hours, a two-fold 

increase in multinucleation (Faragher and Fry, 2003). The overexpression of 

inactive Nek2A is suspected to act in a dominant-negative manner, disrupting the 

function of the remaining endogenous, active protein with the observed 

phenotypes due to an overall reduction or impairment of kinase activity. The 

presence of exogenous inactive protein may also have effects unrelated to loss of 

Nek2A activity as the inactive but intact protein is able to titrate binding partners 

such as PP1c, the APC/C and PCM1 (Hames et al., 2005; Hayes et al., 2006; 

Helps et al., 2000).

An alternative method for studying the function of a protein in model systems, 

which avoids some of the artefactual effects associated with dominant-negative 

mutants, is to remove the endogenous protein rather than interfering with it. 

Though genetic deletions are straightforward in model eukaryotes such as yeast, 

loss-of-gene function in higher eukaryotes are more laborious, relying on the 

generation of gene “knockouts” by recombination and targeting of a specific allele. 

This approach is time consuming and expensive. More recently, techniques have 

been developed which allow the rapid removal of gene products in a range of 

cultured human and animal cells as well as complete organisms by targeting the 

transcribed RNA, a method termed RNA interference (RNAi). Initially employed in 

cultured mouse fibroblast cells, it was found that thymidine kinase activity could be 

persistently reduced by transfection of a cassette carrying the thymidine kinase 

gene coding sequence cloned in the reverse orientation. The transcribed 

nonsense DNA strand interfered with the endogenous messenger RNA (mRNA) 

(Izant and Weintraub, 1984). The technique was extended to other organisms and 

in doing so a refinement of the properties necessary to suppress a specific gene
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occurred. RNAi experiments in the model nematode, Caenorhabditis elegans, 

determined that a duplex of RNA is more effective than antisense RNA alone. In 

addition, transfection of C. elegans suggested that an amplifying mechanism 

underpinned the mRNA suppression, with a few molecules of duplex effectively 

ablating an excess of transcript, rather than simple stoichiometric interference 

(Fire et al., 1998). The dsRNA-mediated suppression of endogenous transcripts 

proved to be equally effective in cultured human cells. Shorter sequences 

(siRNAs) were more potent still, with 21 nucleotide duplexes reducing expression 

of endogenous Lamin A/C protein in HeLa cells by 90% and similar results 

obtained in CHO and HEK293 cells (Elbashir et al., 2001). The efficacy of shorter 

duplexes also avoided activation of the interferon response. This is a sequence 

independent effect that globally represses translation due to dsRNA greater than 

30 nucleotides binding and activating protein kinase PKR in the cytoplasm 

(Manche et al., 1992). The same dsRNA-mediated suppression of a target gene 

can also be achieved by transfecting constructs expressing small hairpin RNA 

(shRNA) transcribed RNA polymerase III which are processed intracellularly to 

siRNAs (Figure 5.1) (Brummelkamp et al., 2002).

The application of RNAi to commonly cultured mammalian cell lines greatly 

simplifies the reagents required for studies of gene function, sidestepping the need 

for generation of recombinant knockout animal strains or immunisation of animals 

to produce specific antisera for microinjection studies. Suppressing duplexes can 

be chemically synthesized to any gene for which the coding sequence is known. 

This ready availability of gene specific reagent aids target validation. RNAi 

mediated depletion of Nek2 in cultured cells is being undertaken in parallel with an 

HTS to identify small molecule inhibitors of Nek2A. The phenotypes of cells treated 

with Nek2 siRNAs can be used to determine the likely consequences of treating 

cells with small molecule inhibitors of Nek2. Expression levels of Nek2 have been 

shown to be increased in a variety of human cancers. Though a causal role for 

Nek2 in human cancer has not yet been shown, a therapeutic Nek2 inhibitor would 

likely be used to treat the subset of tumours that overexpress Nek2.
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Figure 5.1 The mechanism of RNA interference in mammalian cells
Exogenous long double stranded RNA (dsRNA) or small hairpin RNA 
(shRNA) are processed into siRNA by the enzyme Dicer before 
incorporation into the RNA induced silencing complex (RISC) which 
targets mRNA, guided by the sequence of the siRNA antisense strand 
(shown in brown). Though the complementary strand (blue) is described 
as non-targeting, the symmetry of the two strands means it can be 
incorporated in the RISC and induce off-target silencing. Adapted from 
Hannon, G.J. and Rossi J.J., 2004.
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Cancer is a hyperproliferative disease, unrestrained cell growth results in new 

tissue, a tumour. Ideally, depleting Nek2 in cultured cells should result in a 

phenotype desirable for treating malignancies; an anti-proliferative or pro-apoptotic 

effect (Aherne et al., 2002; Workman, 2001).

5.1.1 Nek2 in human disease

As shown in chapters 3 and 4, Nek2 is upregulated in human cancer, being 

overexpressed in 80% of primary breast tumours studied (Hayward et al., 2004). 

Increased levels of NEK2 mRNA have also been noted in paediatric osteosarcoma 

and a form of diffuse large B-cell lymphoma refractory to chemotherapy (de Vos et 

al., 2003a; Wai et al., 2002). Genomic amplifications of the Nek2 locus, 1q32.1-3 

(Hames and Fry, 2002) have been detected in breast tumours and though they 

have yet to be correlated with increased Nek2 protein expression would provide 

the underlying mechanism for the gross upregulation observed in breast tumours 

(Loo et al., 2004; Weiss et al., 2004). Transfection of myc-Nek2A into 

untransformed HBL100 breast epithelial cells also recapitulated some aspects of 

malignancy, including supernumerary centrosomes and changes in ploidy 

(Hayward et al., 2004; Lingle et al., 1998; Pihan et al., 2003a). With a tentative role 

in human disease, I then sought to determine what the effects of ablating Nek2 in 

cultured cells would be.

5.1.2 Depletion of Nek2 in cultured cells

Reports of Nek2 depletion and the ensuing phenotypes in the literature are sparse. 

Depletion of the Nek2A homologue TbNRKC, with a 640bp hairpin RNA, inhibited 

basal body separation but not cell viability in the protozoa T. brucei (Pradel et al.,

2006). This is analogous to the impaired centrosome separation observed in 

cultured human cells expressing inactive Nek2 (Faragher and Fry, 2003). 

Reduction of the D. melanogaster Nek2 homologue, DrriNek2, in S2 cells by 

dsRNA resulted in spindle defects and centrosome fragmentation, correlating with 

the role of /7sNek2 as a core structural component of the centrosome (Fry, 2002; 

Fry et al., 2000; Prigent et al., 2005; Uto and Sagata, 2000). Nek2 has also been 

tentatively implicated in regulating chromosome segregation by interaction with the 

spindle checkpoint components, Mad1 and Hec1, and suppression of embryonic
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M. musculus Nek2A indeed induced segregation defects (Lou et al., 2004b; 

Martin-Lluesma et al., 2002; Sonn et al., 2004).

Depletion of Nek2 in the cervical carcinoma HeLa cell line identified diverging roles 

for Nek2A and Nek2B. Depletion of Nek2A interfered with centrosome separation, 

while depletion of Nek2B impaired mitotic exit (Fletcher et al., 2005). Transfection 

of HeLa cells with siRNA that depleted both Nek2A and Nek2B simultaneously 

induced growth arrest and apoptosis. Growth inhibition of HeLa cells was 

observed immediately following siRNA treatment and persisted for at least five 

days. The rate of apoptosis was also greatest at five days after treatment, 

occurring in 20% of cells (Fletcher et al., 2004). Employing a pool of siRNA 

duplexes directed against Nek2, we examined whether growth restriction and 

apoptosis extended to other cell lines.
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5.2 RESULTS

5.2.1 Depletion of Nek2 in cultured cells by siRNA

To effectively deplete Nek2 in cultured cells I obtained four pooled 

oligoribonucleotides from a commercial supplier (Dharmacon, CO, USA). The pool, 

termed a “smartpool” by the manufacturer, comprised four 21 nucleotide duplexes; 

19 paired bases with a 2 nucleotide 3’ overhang. All the duplexes targeted the 5’ 

end of the mRNA before the alternative splice site at which Nek2A and Nek2B 

diverge (Figure 5.2 A) (Hames and Fry, 2002). Each duplex in the pool was 

expected to suppress both Nek2A and Nek2B as a result. Two negative control 

duplexes were employed, GL2 directed against P. pyralis firefly luciferase and 

Lamin A/C directed against the respective nuclear lamins (Figure 5.2 B). The GL2 

duplex is non-targeting, diverging from predicted human mRNA sequences by at 

least four nucleotides. Lamin A/C effectively depletes nuclear lamins A and C, two 

isoforms of the same abundant lamin gene, and this depletion is not reported to 

result in any noticeable phenotype (Elbashir et al., 2001).

The duplexes were transfected into cultured HeLa and U20S cells by 

supplementation of the growth media in the presence of a lipid carrier, 

oligofectamine (Invitrogen, Paisley, UK) and the degree of suppression measured 

by western blotting. Though RNAi acts upon mRNA the goal is destruction of the 

mature protein as this is the effector within the cell and hence the endpoint I chose 

to measure. Nek2 is known to have a short intracellular half-life and so destruction 

of the mRNA was predicted to lead to a rapid loss of Nek2 protein (Hames et al., 

2001). To optimise the suppression of Nek2, I varied the ration of 

duplex:oligofectamine carrier. 125 pmols of smartpool duplexes (equimolar 

amounts of each of the four duplexes directed against Nek2) were mixed with 

increasing amounts of oligofectamine transfection reagent, 0.25 p\, 0.5 p/, 1 p\ and 

2 p\ then added to sub-confluent HeLa or U20S cells for twenty four hours. In each 

case the final concentration of duplex in the growth media was 50 nM. Total cell 

lysates were collected, resolved by SDS-PAGE, Western blotted and levels of 

Nek2 expression assayed by probing with an anti-Nek2 monoclonal antibody (BD 

Clontech). Nek2 expression was dramatically reduced in both HeLa (Figure 5.3, A)
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siGenome duplex 5 107GGAAAGAACTT GACT AT GG

siGenome duplex 8 195AAACATCGTTCGTTACTAT

siGenome duplex 9 276GGATCTGGCTAGTGTAATT

311G AAAG G C AATACTTAG AT GsiGenome duplex 6 

Control duplex GL2 CGTACGCGGAATACTTCGA 
Photinus pyralis luciferase (U47296)

siGenome Lamin A/C 608AACTGGACTTCCAGAAGAACA

Figure 5.2 siRNA duplexes directed against Nek2
A. Four separate duplexes directed against Nek2 were obtained, all targeted to the 
region encoding the N-terminal kinase domain and hence effective against both 
Nek2A and Nek2B. B. The sequences of the sense strands of the oligonucleotide 
duplexes complementary to Nek2. The superscript denotes the corresponding 
position of the duplex within the cDNA with respect to the adenine of the first 
translated methionine. The sequences of the control duplex homologous to lamin 
A/C and the non-targeting control duplex GL2 are shown. Directed against firefly 
luciferase, GL2 has a minimum of four mismatches against known H. sapiens 
genes. The accession number is shown in brackets.
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Figure 5.3 Smartpool oligoribonucleotides effectively depletes Nek2 in 
cultured cells
A. HeLa and B. U20S cells were seeded in tissue culture dishes at a density of 
1 x 104 cells/cm2 twenty four hours before treatment with the non-targeting 
control duplex GL2 or pooled Nek2 duplexes at a final concentration of 50 nM. 
Twenty four hours after RNAi treatment cells were lysed in NEB buffer. Cell 
lysates were resolved by SDS-PAGE, Western blotted with an anti-Nek2 
monoclonal antibody (BD Clontech) and visualised by ECL plus (Amersham). 
Membranes were stripped and reprobed with a rabbit anti-a-tubulin antibody 
(Sigma) to demonstrate uniform loading of protein in each well and that no 
general inhibition of translation had occurred. Untreated cells (-) are shown for 
comparison
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and U20S (Figure 5.3, B) cells treated with the pool of Nek2 duplexes when 

compared to the untreated cells (5.3 A and B, lanes 3 and 1, respectively). 

Transfection with the non-targeting GL2 control (5.3 A and B, lane 2) did not affect 

the levels of either Nek2 or the loading control, a-tubulin, demonstrating that Nek2 

ablation is specific to the pooled Nek2 duplexes. Increasing the volume of 

oligofectamine used to transfect the Nek2 duplexes brought only a further slight 

reduction in Nek2 expression. Maximal suppression was obtained with 125 pmols 

duplex : 1/yl oligofectamine (5.3 A and B, lane 5). Doubling the volume of 

oligofectamine to 2 did not further reduce Nek2 expression (5.3 A and B, lane 

6). Oligofectamine can be toxic to cultured cells, hence 125 pmols of duplex 

combined with 1 oligofectamine produced the greatest reduction in Nek2 

expression with the least likelihood of toxicity.

The level of Nek2 protein expression was readily reduced in both HeLa and U20S 

cells by an equimolar mix of four duplexes directed against Nek2. I next attempted 

to determine whether the efficacy of the smartpool duplexes was preserved when 

they were used individually. HeLa and U20S cells were seeded at 1 x 104 cells / 

cm2 in 60 cm diameter culture dishes 24 hours prior to transfection. The culture 

media was then replaced and supplemented with ether the control GL2 duplex or 

individual Nek2 duplexes at a final concentration of 50 nM, using the ratio of 1 /;l of 

oligofectamine : 125 pmols RNA established with the pooled oligoribonucleotides. 

Transfected cells were cultured for a further 24 hours before being collected and 

total cell lysates made. In parallel, cells were seeded onto glass coverslips, 

transfected as previously and cultured for up to 72 hours post transfection before 

being fixed in cold methanol and processed for immunofluoresence microscopy.

The smartpool duplexes used individually effectively suppress Nek2 protein 

expression, though the degree of suppression achieved differed with the duplex 

used. Western blots of total cell lysates showed Nek2 duplexes 6 and 8 led to the 

greatest ablation of Nek2 protein in both U20S (Figure 5.4 A, lanes 6 and 7) and 

HeLa cells (Figure 5.5 A, lanes 6 and 7). Transfection of duplex 9 reduced cellular 

levels of Nek2 to approximately that of the pooled duplexes in both HeLa and
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Figure 5.4 Single siRNA duplexes efficiently deplete Nek2 in U20S cells
The four duplexes comprising the smartpool efficiently deplete Nek2 when used 
individually. A. Asynchronous U20S cells were either untreated (-), treated with 
pooled or individual duplexes directed against Nek2 for 24 hours, collected and equal 
amounts of cell lysate resolved by SDS-PAGE and transferred to nitrocellulose 
membrane. Membranes were probed with monoclonal Nek2 antibodies (BD), stripped 
and reprobed with a-tubulin antibodies as a loading control (Sigma). B. U20S cells 
treated with Nek2 duplexes for 72 hours, fixed and processed for immunofluorescence 
microscopy. Cells are stained with primary antibodies against Nek2 (red) and y-tubulin 
(green) and DNA was stained with Hoechst 33258. Magnified images (inset) show 
clear loss of centrosomal Nek2 in cells treated with Nek2, but not control, duplex. 
Scale bar, 5/;m.
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Figure 5.5 Single siRNA duplexes efficiently deplete Nek2 in HeLa cells
The four duplexes comprising the smartpool efficiently deplete Nek2 when used 
individually. A. Asynchronous HeLa cells were treated with pooled or individual 
duplexes directed against Nek2 at a final concentration of 50 nM for 24 hours, 
collected and equal amounts of cell lysate resolved by SDS-PAGE and transferred to 
nitrocellulose membrane. Membranes were probed with monoclonal Nek2 antibodies 
(BD Clontech), stripped and reprobed with a-tubulin antibodies as a loading control 
(Sigma). B. HeLa cells treated with Nek2 duplexes at a final concentration of 50 nM 
for 24 hours, fixed and processed for immunofluorescence. Cells are stained with 
primary antibodies against Nek2 (AbCam, red) and y-tubulin (Sigma, green) and DNA 
was stained with hoechst 33258. Magnified images (inset) show clear loss of 
centrosomal Nek2 in cells treated with Nek2, but not control, duplex. Scale bar, 5 /jrr\.



U20S cells (compare lanes 4 and 5, Figures 5.4 A and 5.5 A). Duplex 5 was the 

least effective of the four present in the pool, though it did markedly reduce protein 

levels of Nek2A and Nek2B in both cell lines compared to the control duplex. 

Regardless of the cell line or duplex used, depletion of Nek2 did not affect the 

immunofluorescent signal of centrosomal y-tubulin (Figures 5.4 B and 5.5 B, inset 

images). Nek2 is therefore not required for y-tubulin recruitment to the centrosome 

in U20S or HeLa cells. The drastic reduction of expressed Nek2A and Nek2B 

could be achieved in U20S and HeLa cells with four oligoribonucleotides, used 

both as an equimolar pool and individually and I next asked what the implications 

of this depletion were for cell growth and viability.

5.2.2 Nek2 depletion restricts the growth of HeLa and U20S cells

To measure changes in cell viability and growth in response to RNAi-mediated 

Nek2 depletion I used a colorimetric assay that measures an aspect of 

mitochondrial metabolism directly proportional to cell viability: the reduction of the 

colourless tetrazolium salt sodium (2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4- 

disulfophenyl)-2H-tetrazolium (WST-1) to soluble, highly coloured formazan, with 

an absorbance maxima of 450 nm. Historically, growth assays employed the 

tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT), 

which was thought to be reduced by succinate dehydrogenase to the coloured 

formazan salt (Mosmann, 1983). Though an effective measure of cell viability, the 

coloured product was insoluble and required a further solubilization step before the 

assay endpoint could be determined. The later adoption of 2,3-bis(2-methoxy-4- 

nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium (XTT) resulted in a 

soluble formazan salt, simplifying the assay. WST-1 shared this advantage, in that 

it was also reduced to a soluble product, but had the advantage over XTT of a 

larger linear range and greater stability of the formazan product. WST-1 is thought 

to be reduced at the plasma membrane by NADP or NAPH in a mechanism which 

involves superoxide (Berridge et al., 2005; Berridge et al., 1996). To measure cell 

viability and hence growth I used the WST-1 salt. U20S or HeLa cells were 

seeded at 1 x 104 / cm2 in sterile flat bottomed micro-titre plates and incubated for 

24 hours before treatment with Nek2 or control RNAi. Viability was assessed at the 

time of RNAi treatment and each subsequent 24 hours by the addition of 10 of
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WST reagent (WST-1 salt combined with the intermediate electron acceptor 

phenazine methosulfate (PMF)) directly to each plate well and incubation at 37°C 

in a humidified cell culture incubator for 2 hours. Absorbance at 450 nm was 

measured in a multiwell plate reader. The reduction of WST-1 correlated well with 

HeLa and U20S cell number at this density, whereas at higher densities WST-1 

reduction reached a plateau and no longer reflected cell number (Figure 5.6 A and 

B, respectively).

Treatment of the U20S osteosarcoma cell line with Nek2 RNAi restricted cell 

growth completely as determined by the reduction of WST-1. The OD450 did not 

increase with time following Nek2 RNAi treatment, suggesting no further cell 

growth occurred and hence no increase in capacity to reduce the WST-1 reagent 

(Figure 5.7 A). The growth inhibition was observed in cells treated with the Nek2 

smartpool mixture comprising all four duplexes (Figure 5.7 A, broken line, star) 

and each duplex individually (Figure 5.7A broken lines, open circle, square, 

triangle and cross). However, the same degree of inhibition was observed when 

U20S cells were treated with the non-targeting control GL2 duplex (Figure 5.7 A, 

solid line, cross) at the same final concentration, 50 nM, as the pooled or individual 

Nek2 duplexes. Untreated U20S cells or cells treated with oligofectamine in the 

absence of any oligoribonucleotides continued to grow at approximately the same 

rate (Figure 5.7 A, solid line, solid square and broken line, bar respectively). 

Plotting the same data while omitting the individual duplexes for clarity (Figure 5.7 

B) clearly shows the growth inhibition effects are only obtained with duplex treated 

cells and are near identical with the Nek2 and GL2 duplexes. A similar growth 

inhibition was also obtained with the control Lamin A/C duplex (data not shown). 

This suggested the growth inhibition was a non-specific effect, unrelated to the 

duplex sequence and hence could not be specifically ascribed to Nek2 depletion.

To examine whether the response to Nek2 RNAi treatment was cell line specific I 

treated the HeLa cervical carcinoma derived cell line in an identical manner; 

seeding the cells 24 hours prior to treatment, incubating with Nek2 or control GL2 

duplex at a final concentration of 50 nM and measuring growth by WST assay at 

the time of treatment and each 24 hours thereafter. The growth inhibition seen in
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Figure 5.6 HeLa and U20S cell WST assay standard curves
Serially diluted A. HeLa and B. U20S cells were seeded in 96 well 
plates and incubated for 24 hours before the addition of 10/71 of WST 
assay reagent. Cells were then incubated at 37°C for a further two 
hours before measuring the resulting absorbance at 450 nm. A 
seeding density of 1 x 104 was chosen for both HeLa and U20S cells. 
Error bars represent standard deviation from the mean of absorbance 
measured in triplicate.
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Figure 5.7 U20S cell growth following transfection with Nek2 RNAi
A. Cells were seeded at 1 x 104 cells / cm2 in 96 well microtitre plates 24 
hours prior to transfection with Nek2 or GL2 siRNA at a final 
concentration of 50 nM. Cell growth was measured initially and each 
subsequent 24 hours after transfection by WST-1 assay. B. Omitting the 
growth curves of cells treated with individual Nek2 duplexes for clarity 
highlights the growth inhibition induced by GL2 and Nek2 RNAi. Error 
bars are standard deviation derived from triplicate measurements of 
absorbance.
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U20S cells was also observed in HeLa cells treated with the Nek2 smartpool 

mixture (Figure 5.8 A, broken line, star) and each duplex individually (Figure 5.8 A 

broken lines, open circle, square, triangle and cross). Again, the same degree of 

inhibition was observed when U20S cells were treated with the non-targeting 

control GL2 duplex (Figure 5.8 A, solid line, cross) at the same final concentration, 

50 nM, as the pooled or individual Nek2 duplexes. Removing the growth curves of 

cells treated with the individual Nek2 duplexes clearly showed the apparent growth 

inhibition of the duplex treated cells (Figure 5.8 A). There was no significant 

difference in the degree of growth inhibition of U20S cells treated with Nek2 

Smartpool or GL2 duplex (Figure 5.8 B, broken line, star and solid line, cross, 

respectively).

Transfecting two different cell lines, U20S and HeLa, with oligoribonucleotides 

which demonstrably ablated both isoforms of Nek2 (Figures 5.4 and 5.5 

respectively) resulted in an apparent reduction of succinate metabolism which 

correlates with cell viability and hence growth (Figures 5.7 and 5.8). This inhibition 

of cell growth was not confined to the Nek2 duplexes however, the non-targeting 

GL2 and Lamin A/C duplexes produced the same effect. This suggested that 

growth inhibition was unrelated to loss of Nek2 and was a sequence-independent 

cellular response to exogenous RNA, despite the dsRNA being shorter than that 

reported to induce such an effect (Reynolds et al., 2006).

5.2.3 Induction of apoptosis in HeLa cells after Nek2 RNAi treatment

Treatment of HeLa or U20S cell lines with either Nek2 or control, luciferase, 

duplex appeared to prevent further cell growth. We decided to measure the degree 

of apoptosis every 24 hours after Nek2 and GL2 treatment in fixed HeLa cells.

Apoptosis is the programmed death of a cell in response to internal or external 

stimuli. It is morphologically distinct from necrosis and is characterised by 

cytoplasmic shrinkage, membrane disruption and an accompanying chromatin 

condensation and fragmentation. The net result is the breakdown of the cell into 

fragmented high molecular weight DNA packaged into membrane enclosed 

vesicles that are then normally engulfed by macrophages. At the molecular level,
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Figure 5.8 HeLa cell growth following Nek2 RNAi treatment
A. Cells were seeded at 1 x 104 cells / cm2 in 96 well microtitre plates 
24 hours prior to transfection with Nek2 or GL2 siRNA at a final 
concentration of 50 nM. Cell growth was measured initially and each 
subsequent 24 hours after transfection by WST-1 assay. B. Omitting 
the growth curves of cells treated with individual Nek2 duplexes for 
clarity clarifies the growth inhibition induced by GL2 and Nek2 RNAi. 
Error bars are the standard deviation about the mean derived from 
triplicate measurements of absorbance.
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apoptosis is characterised by a wave of proteolysis throughout the cell, the end 

point of a proteolytic cascade. The components of this cascade are a number of 

cysteine-dependent aspartate directed proteases, caspases, and there are 

currently 14 identified in humans (Ho and Hawkins, 2005). To become activated, 

the procaspase undergoes a conformational change and usually a cleavage event 

to yield the mature protease. This proteolysis is commonly performed in trans by 

another, upstream, caspase and the cascade can be broadly divided into initiator 

and effector caspases (for review (Earnshaw et al., 1999; Ho and Hawkins, 2005)). 

Caspase-3 is a downstream effector caspase, activated by caspase-9. Through its 

cleavage by caspase-9, caspase-3 is activated both by intracellular signals from 

mitochondrial stress and extracellular signals through cell surface receptors such 

as the tumour necrosis factor receptor TNFR1 (Nunez et al., 1998). Located 

downstream of two converging apoptotic signalling pathways, activated caspase-3 

is an excellent marker of apoptosis. To detect apoptosis in RNAi treated HeLa 

cells, I used an antibody which recognised caspase-3 which has been activated by 

cleavage at aspartate residue 175 (Cell signalling, MA, USA). The intact, inactive, 

procaspase is not recognised by this antibody.

HeLa cells were seeded at 1 x 104 cells / cm2 on sterile poly-L-lysine coated 

coverslips, incubated for 24 hours before treatment with the Nek2 smartpool or 

GL2 duplex at a final concentration of 50 nM. Cells were also mock treated with 

lipid carrier alone. Cells were fixed in cold methanol and stained for cleaved 

caspase-3 and DNA each subsequent 24 hours up until 96 hours. To induce 

apoptosis in a duplex independent manner and confirm the specificity of cleaved 

caspase-3 staining HeLa cells were treated with staurosporine at a final 

concentration of 1 jvM. Staurosporine is a pan-kinase inhibitor that induces 

apoptosis and cleavage of caspase-3 at nanomolar concentrations in cultured 

mammalian cells (Bijur et al., 2000; Jacobsen et al., 1996). All HeLa cells treated 

with staurosporine for 48 hours stained strongly for cleaved caspase 3 (Figure 5.9 

A).

The mean background rate of apoptosis in mock treated U20S cells, as judged by 

cleaved caspase-3 staining, was 0.7% after 24 hours rising to a maximum of 5% at

133



Cleaved caspase-3 DNA

50 nM Luciferase

50 nM Nek2 
smartpool

1 pM Staurosporine

B

35

30

25

=3 20u
u
?  15
4-1ao
rc 10

□ mock
□ 50 nM GL2
■ 50 nM Nek2 Smartpool

24 48 72

tim e post-transfection /  hours

96

Figure 5.9 Induction of apoptosis in Nek2 siRNA treated HeLa cells
A. HeLa cells were seeded onto sterile glass coverslips 24 hours before 
transfection with pooled Nek2 or GL2 duplexes at a final concentration of 50 nM. 
Cells were fixed every 24 hours after transfection. Apoptotic cells were stained 
for cleaved caspase-3 (green) and DNA (blue). Scale bar 20 /vm. B. Nek2 RNAi 
induces apoptosis, as evidenced by increased cleaved caspase-3 staining, at a 
rate twice that of treatment with control duplex. Error bars represent standard 
errors derived from three independent experiments.
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96 hours (Figure 5.9 B). Treatment with both GL2 and Nek2 duplexes induced 

apoptosis at higher rates than mock treatment at the 24, 48 and 72 hour 

timepoints broadly equivalent at twice that of the mock treated cells. However, the 

mean induction of apoptosis differed significantly at the final timepoint, 

approximately 12% of the GL2 treated HeLa cells were apoptotic at 96 hours 

compared to 25% of Nek2 treated cells (Figure 5.9 B). This clear difference 

strongly suggested a specific response to Nek2 depletion in HeLa cells with an 

increased induction of apoptosis. This specific response to Nek2 RNAi treatment 

contrasts somewhat with the growth assays in which both Nek2 and GL2 

transfected HeLa cells showed equal, complete, growth inhibition up to and 

including 96 hours (Figure 5.8).
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5.3 DISCUSSION

I have shown that several siRNA duplexes arrayed against four sites within the 

Nek2 mRNA effectively deplete both isoforms of the mature protein, Nek2A and 

Nek2B, when transfected into HeLa and U20S cultured cells. The depletion of 

Nek2 protein is marked and specific, no ablation was observed with either the 

lamin or GL2 duplexes which are directed against human lamin A/C or p.pyra/is 

luciferase, respectively. Having achieved an effective, reproducible repression of 

Nek2 in two cultured cell lines, I then determined what effect the depletion had on 

cell viability.

Depletion of the mitotic serine/threonine kinase Plk1 by siRNA inhibits cell growth 

and induces apoptosis in a range of cell types including cultured prostate cancer 

derived cell lines and human mammary epithelial cells (Liu et al., 2006; Reagan- 

Shaw and Ahmad, 2005; Spankuch-Schmitt et al., 2002b). In a similar manner, 

RNAi repression of the mitotic Aurora-A kinase in cultured breast cancer cells 

inhibits growth (Katayama et al., 2003).

The first consequence of Nek2 RNAi I examined was the effect upon growth of 

cultured U20S osteosarcoma and HeLa cervical cancer derived cell lines. Rather 

than counting cell numbers directly to determine growth I measured an aspect of 

cellular mitochondrial metabolism that correlates well with cell viability and hence 

number. Using cells seeded in 96-well microtitre plates, I measured viability by the 

addition of the formazan WST-1 salt which is reduced to a coloured product by 

cellular redox pathways. The WST assay had the advantage of simplicity, reagent 

was added directly to the media and the assay endpoint measured in a plate 

reader without intervening wash steps. The use of 96 well plates facilitated easy 

replicate measurements. Treating U20S or HeLa cells with pooled or single Nek2 

duplexes completely inhibited growth (Figure 5.7 and 5.8). There was no 

significant, increase in cell number, as measured by WST reduction, after Nek2 

duplex treatment. However, the growth inhibition was not specific to the Nek2 

duplexes. Transfection of U20S or HeLa cells with the control GL2 duplex, an 

oligoribonucleotide that is directed against firefly luciferase and is nominally non

targeting in human cells, produced the same effect; growth was completely
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inhibited. These data would suggest that the observed growth inhibition was not 

sequence specific and not reliant on depletion of Nek2 but a gross response to 

exogenous RNA. This is possible though both the Nek2 and GL2 duplexes are 

both shorter and employed at a lower concentration than that thought to be 

required to induce the non-specific interferon mediated response (for review 

(Cullen, 2006; Pei and Tuschl, 2006)). Additionally, a recent report published as 

this work was being undertaken demonstrated growth inhibition of HeLa cells in 

response to Nek2 depletion (Fletcher et al., 2004). In this study HeLa cells were 

treated with Nek2, GL2 or GL3 duplex and growth assayed by direct counting. 

Nek2 duplex inhibited growth, the GL2 and GL3 luciferase duplexes did not. The 

sequence independent inhibition of growth after RNAi treatment also contrasts with 

the data on apoptosis, a response only observed in HeLa cells after Nek2 

treatment (Figure 5.9). The possibility exists that the mechanism of the WST assay 

was affected by exogenous RNA duplexes rather than the cell viability that the 

assay measured.

WST-1 is a tetrazolium salt that is reduced to an orange coloured formazan 

product and along with the related compounds MTT and XTT forms the basis for 

colorimetric assays of cell growth. It was initially thought that WST-1 was reduced 

intracellularly by mitochondrial succinate metabolism in the same manner as XTT 

and MTT (Berridge et al., 1996). Latterly this view has been revised, attempts to 

detect reduced WST-1 intracellularly have failed and it is thought that though 

WST-1 reduction occurs in a cell dependent manner, this reduction occurs by 

superoxide extracellularly or at the cell surface (Berridge et al., 2005). The 

possibility exists that the negatively charged siRNA duplex occludes or occupies 

sites at the cell surface usually bound by the negatively charged WST-1 salt. This 

may impede WST-1 reduction and hence apparent cell growth. This would explain 

the discrepancy between the growth inhibition by the GL2 duplex measured with 

the WST assay reported in this work and the published data where no such 

inhibition was observed (Fletcher et al., 2004). Repeating the growth curves by 

manually counting cells would determine whether the siRNA is interfering with 

WST-1 metabolism or cell growth.

137



In addition to examining the overall growth rate of RNAi treated cells we measured 

cleaved caspase-3 activity as a measure of apoptosis in HeLa cells following 

siRNA transfection. In contrast to the growth curve which showed no difference in 

response to Nek2 or GL2 RNAi, a clear difference emerged when the rate of 

apoptosis was measured. For the first 72 hours post-transfection the rates of 

apoptosis in Nek2 and GL2 treated cells is comparable. However, 96 hours after 

transfection 25% of the HeLa cells were apoptotic compared to only 11.8% of the 

GL2 treated cells a significant difference. The timing and the degree of apoptosis 

are comparable to published data which showed a marked increase of apoptosis 

between 72 and 120 hours after Nek2 depletion by RNAi (Fletcher et al., 2004). 

Nek2 is subjected to a cell cycle dependent regulation, such that levels of Nek2A 

mRNA and mature protein are undetectable in mitosis with Nek2B disappearing in 

the subsequent G, (Hames and Fry, 2002; Hames et al., 2001; Hayward et al.,

2004). Nek2 is depleted and replenished with each cell cycle, yet cells artificially 

depleted of Nek2 by RNAi did not undergo significant apoptosis in the first 24 

hours. This would be expected if Nek2 kinase activity was obligate during the 

subsequent cell cycle. The significant induction of apoptosis did not occur until 96 

hours after Nek2 siRNA treatment. This lethality may reflect the absence of 

phosphoepitopes created by Nek2. Daughter cells arising from Nek2 RNAi treated 

progenitors would not carry any centrioles modified by Nek2 phosphorylation 72 

hours after treatment (Figure 5.10) and it is after this time point that significant 

levels of apoptosis occurred. Nek2A has been demonstrated to interact with and 

phosphorylate a number of structural and regulatory components of the 

centrosome including C-Nap1, rootletin, PP1c, Plk1 and Hec1 (Chen et al., 2002a; 

Fry, 2002; Lou et al., 2004b; Pugacheva and Golemis, 2005; Rapley et al., 2005) 

and Nek2B has been implicated in achieving timely mitotic exit in HeLa cells 

(Fletcher et al., 2005). Modification of these and other cryptic substrates by Nek2A 

or Nek2B could be essential for mitotic progression and lethal when absent.

The apoptosis induced by Nek2 RNAi in HeLa cells is encouraging in terms of 

choosing Nek2 as a target for cancer therapy. If increased levels of Nek2 drives or 

facilitates cancer cell proliferation, then apoptosis induced by Nek2 depletion 

would be expected to be cytostatic with respect to those tumour cells
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Figure 5.10 Phosphoepitopes created by Nek2 may be essential for cell 
viability
A. Daughter cells arising from Nek2 RNAi treated progenitors would not carry any 
centrioles modified by Nek2 phosphorylation (depicted as red shaded centrioles 
and procentrioles) 72 hours after treatment. If Nek2 phosphorylated substrates 
were essential for cell cycle progression then cell viability would be expected to 
decrease as cells undertake subsequent divisions. B. Nek2 is known to interact 
with a range of structural and regulatory components which could require 
modification for correct function.
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overexpressing Nek2. Phenotypes observed after RNAi depletion of a kinase can 

differ from those obtained by small molecule inhibition of the same target as the 

former involves complete loss of the protein. In the latter case, in addition to 

phenotypes generated by loss of Nek2 kinase activity, RNAi depletion can also 

disrupt structural, kinase-independent, roles of Nek2. Nonetheless, the induction of 

apoptosis in response to Nek2 depletion is promising.

Further work now needs to be undertaken to clarify the apoptotic effect induced by 

Nek2 siRNAs. Initially the growth assays should be repeated manually, by simply 

counting cells. This would avoid any technical problems associated with WST-1 

reduction as a measure of cell viability. Secondly, the apoptosis observed in HeLa 

cells after Nek2 RNAi needs to be confirmed with an independent apoptotic 

marker. A suitable assay would be the detection of cell membrane inversion by 

propidium iodide and Annexin-V staining followed by flow cytometry. The siRNA 

depletion of Nek2 should ideally be extended to other cell lines, especially those 

expressing different levels of Nek2. It would be most interesting to deplete Nek2 in 

those cancer cell lines that express higher levels of Nek2 to determine whether 

those cells are dependent on upregulated Nek2 for viability. This could be the 

basis of a therapeutic window for Nek2 small molecule inhibitors as those cancers 

overexpressing Nek2 would be more sensitive to Nek2 inhibition than normal 

tissue.

Finally, the morphology of centrosomes needs to be examined more carefully in 

Nek2 depleted cells. Nek2 is known to be a core component of the centrosome 

and depletion of Nek2 by RNAi in drosophila leads to centrosome maturation 

defects (Fry, 2002; Prigent et al., 2005). The loss of spindle pole integrity could 

increase the incidence of multipolar mitosis, inducing aneuploidy and resulting in 

the loss of viability observed following Nek2 siRNA treatment.
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CHAPTER 6

IDENTIFICATION OF SMALL MOLECULE INHIBITORS OF NEK2A
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6.1 INTRODUCTION

The initiation and progression of cancer is underpinned by a series of mutations 

which allow cells to escape normal growth restrictions (Hanahan and Weinberg, 

2000; Knudson, 2001). Targeting the defects which drive tumour formation may 

allow more specific therapies than current blunt, cytotoxic, treatments which attack 

proliferating cells. Defects which involve the aberrant expression of a kinase can 

be treated with small molecules that inhibit the kinase activity and remove the 

drive to malignancy. This approach is well illustrated in the development of 

imatinib to treat CML by inhibiting the BCR-ABL tyrosine kinase. Imatinib stabilises 

BCR-ABL in an inactive conformation, blocking the proliferative signal that initiates 

CML (Ren, 2005).

To identify candidate kinase inhibitors, the enzyme can be screened in vitro 

against a large compound collection. Compounds which reduce kinase activity can 

then be pursued as leads for further development to increase the potency and 

specificity of inhibition. The rate at which the vast compound libraries possessed 

by pharmaceutical companies could be screened was increased by the 

simultaneous employment of automation and the reduction in in vitro assay 

volume. Automated liquid handling systems and homogenous, machine readable, 

assays allowed the inhibitory activity of thousands of compounds to be rapidly 

tested. Compound collections stored in 384 well plates and assays performed in 

volumes smaller than 50 /j \ allows thousands of assay points to be measured each 

day. Screening rates at or greater then 10,000 compounds each day (high 

throughput) and 100,000 compounds daily (ultra-high throughput) became feasible 

(Sundberg, 2000).

High throughput screens have been instrumental in the discovery of new lead 

compounds to inhibit novel targets in disease. Inhibitors of Aurora (ZM447439, 

VX680), EGFR (gefitinib, erlotinib), c-Kit and BCR-ABL (imatinib) employed HTS in 

their development (Aherne et al., 2002; Ditchfield et al., 2003). Overexpression of 

the mitotic kinases Plk1 and Aurora has been shown to correlate with disease 

progression and poor prognosis. Correspondingly, small molecule inhibitors of 

Plk1 and Aurora have been identified which reduced the viability of cancer derived
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cell lines (Ditchfield et al., 2003; Gumireddy et al., 2005). The NIMA related 

kinases are a fourth class of kinases which govern mitotic progression alongside 

the Cdks, the Polo-like kinases and Aurora kinases. Nek2, a member of the NIMA 

related kinases, is also overexpressed in human breast tumours and a range of 

tumour derived cell lines (see chapters 3 and 4). The locus of the Nek2 gene, 

1q32.1, has also been shown to be amplified in subsets of breast tumours and 

gastric adenocarcinomas (Loo et al., 2004; Weiss et al., 2004).

The most well characterised role for Nek2A in human cells is the induction of 

centrosome separation immediately prior to mitosis and subsequent bipolar 

spindle formation. Overexpression of myc-Nek2A in breast epithelial cells resulted 

in aneuploid cells with supernumerary centrosomes (Hayward et al., 2004). U20S 

osteosarcoma cells stably overexpressing GFP-Nek2A underwent premature 

centrosome disjunction. Prolonged overexpression of myc-Nek2A in the same 

osteosarcoma cell line induced aneuploidy (Faragher and Fry, 2003). Conversely, 

overexpression of a kinase dead mutant, GFP-Nek2A K37R, for 24 hours altered 

centrosome morphology and induced a four-fold increase in spindle abnormalities. 

Downregulation of Nek2 in HeLa cells by RNAi induced immediate growth arrest 

and after 72 hours, apoptosis ((Fletcher et al., 2004): and see chapter 5). siRNA 

silencing of one Nek2 isoform, Nek2B, also delayed mitotic exit in GFP-centrin 

HeLa cells (Fletcher et al., 2005).

Elevated levels of Nek2 protein and gene amplification have been observed in 

breast tumours, gastric adenocarcinoma, osteosarcomas and lymphoma. 

Transfection of Nek2A into cultured cells induced supernumerary centrosomes and 

aneuploidy, common hallmarks of solid tumours. Ablation of Nek2 in cultured HeLa 

cells inhibited growth and increased the rate of apoptosis. Taken together, this 

validation data is sufficiently strong to suggest Nek2 as a novel target for 

therapeutic intervention.

This chapter details the development of a high throughput screen (HTS) to identify 

small molecules that inhibit Nek2A in vitro. An HTS forms the initial step of a test 

cascade for drug discovery (Figure 6.1). The test cascade serves to identify and
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Figure 6.1 The contemporary drug development process
Drug development follows a defined protocol. High throughput screening 
(HTS) initiates this process which becomes more refined as the project 
continues. Inhibitors identified in the HTS are designated “hits”. Hits with 
favourable chemical and physical properties are termed “leads” and 
pursued for further development. The characterisation of leads becomes 
more stringent, with assays to determine whether the target of inhibition is 
modulated in vitro, in cultured cells and in animals.Reproduced from Garrett 
et al., (2003).
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refine crude inhibitors and becomes increasingly defined as the project 

progresses. A large compound collection is screened against the target of interest 

to identify putative “hits”, molecules inhibiting Nek2. These hits are then 

reconfirmed to check that the molecules have not degraded in storage. 

Reconfirmed hits are subsequently tested in cell-based assays both to confirm the 

target is inhibited in vivo and measure inhibitor cytotoxicity. In parallel to hit 

reconfirmation, structures of the inhibitor complexed with the target kinase can be 

determined. In vitro assays with related kinases can be used to build a limited 

specificity profile. The HTS project was undertaken in collaboration with colleagues 

at the CRUK Institute for Cancer Research, ICR (Surrey, UK). The HTS was 

performed at the ICR whilst in vitro assay development and limited specificity 

profiles were performed in Leicester. Parallel cell based assays of Nek2A activity 

were also developed in Leicester to allow in vitro inhibitors to be tested for activity 

against Nek2 in cultured cells.

6.1.1 Measuring kinase activity in high throughput assays

Assaying kinase activity in vitro commonly involves measuring an aspect of the 

transfer of a terminal phosphate from a donor molecule, usually free ATP, to an 

acceptor molecule either by measuring the reduction in free ATP or the increase in 

phosphorylated substrate. Measuring a decrease in ATP concentration has the 

advantage of flexibility. It doesn’t require reagents specific to the substrate being 

phosphorylated and can be coupled to an ATP dependent reaction which has an 

easily measured output. Luciferase is often employed as the secondary ATP 

dependent reaction, whereby the conversion of luciferin to oxyluciferin hydrolyses 

ATP and emits light. A reduction in ATP proportionally reduces luminescence. 

Though luciferase mediated luminescence is easily measured and is easily 

coupled to the activity of disparate kinases it is more prone to artefacts when 

employed in high throughput screens. The luciferase itself is subject to inhibition, 

generating false positive results when the reduced luminescence is not due to the 

unimpeded kinase but the abrogated luciferase activity (von Ahsen and Bomer,

2005). To measure Nek2A activity in vitro we chose instead to directly measure 

substrate phosphorylation without a secondary reporter system by using ATP in 

which the terminal y phosphate contains the radioisotope 32phosphorus (32P) or
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^phosphorus (“ P). The spontaneous decay of 32P or MP emits p-particles hence 

kinase activity can be determined by determining the amount of radioisotope 

transferred to the substrate.

6.1.2 Substrate selection for a Nek2A HTS

The isolation of recombinant Nek2A kinase from baculoviral infected Sf9 insect 

cells allowed characterisation of its in vitro substrate specificity and comparison of 

its biochemical properties with those of NIMA. Nek2A strongly phosphorylated the 

milk protein p-casein, myelin basic protein (MBP) and microtubule associated 

protein 2 (MAP2) and further showed avidity for a peptide comprising residues 42- 

72 of phospholemman (Fry et al., 1995). Phospholemman is a 72 amino acid 

component of the myocardial plasma membrane and substrate for PKA and PKC 

(Palmer et al., 1991). Incubation of substrates in parallel with the catalytically 

inactive point mutant Nek2A-K37R demonstrated that the kinase activity derived 

from the insect cell lysate was solely due to the baculoviral encoded Nek2A and 

not from a copurifying endogenous kinase. Both MBP and p-casein have been 

employed as in vitro substrates in Nek2A kinase assays.

6.1.3 Measuring Nek2A inhibition in vitro

The activity of Nek2A in vitro is proportional to the amount of radiolabelled 

phosphate incorporated into the substrate, assuming the substrate is present in 

excess. Similarly, molecules acting as kinase inhibitors would reduce Nek2A 

activity, phosphorylation and hence radioisotope incorporation. To accurately 

measure this phosphorylation, the substrate must be resolved from unincorporated 

32P-y-ATP and autophosphorylated kinase and this is achieved in one of two ways 

depending on the number of putative inhibitors being assayed. Assay development 

in Leicester employed a homogenous in vitro assay whereby Nek2A was 

incubated with p-casein in the presence of increasing concentrations of inhibitor 

and the reaction resolved by SDS-PAGE. The other reaction components are 

excluded by size and 32P-p-casein quantified by excision from the gel and 

incubation with liquid scintillant.
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Pilot experiments conducted at the ICR to establish the HTS assay conditions 

used proximity scintillation counting. Briefly, scintillant coated microtitre plates, 

“flashplates”, are in turn coated with myelin basic protein (MBP). Kinase and 

inhibitor or appropriate control were added to the wells in reaction buffer containing 

^P-y-ATP, incubated and the plate wells washed. Only the radiolabelled MBP 

substrate bound to the well wall has sufficient proximity to the scintillant to 

generate a signal.

6.1.4 Quantifying Nek2 inhibition in cells

The major phenotype observed upon overexpression of Nek2A is premature 

centrosome disjunction (Faragher and Fry, 2003; Fry et al., 1998c). Under normal 

conditions centrioles undergo disorientation and duplication concomitant with S 

phase but the centrosomes remain in close proximity until a cascade of 

phosphorylation induces centrosome disjunction upon entry to mitosis. The ability 

to recover paired centrosomes from cultured cells by differential centrifugation has 

long suggested a physical tether and the molecular nature of that tether is now 

being elucidated.

Two putative components of the intercentrosomal link are the large structural 

proteins C-Nap1 and rootletin. Both have been shown to be phosphorylated by 

Nek2A in vitro and in vivo are phosphorylated endogenously during the Gg/M 

transition when Nek2 activity is maximal (Bahe et al., 2005; Fry et al., 1998c). It is 

suggested that the phosphorylation of C-Nap1 and rootletin results in their 

displacement, allowing centrosome disjunction to occur (Yang et al., 2006). 

Immunofluorescent staining of fixed cells shows rootletin is similarly displaced 

from the centrosome in a kinase dependent manner when GFP-Nek2A is 

ectopically expressed in interphase (Bahe et al., 2005).

Interference with premature centrosome disjunction and the associated loss of 

rootletin in stable cell lines inducibly overexpressing GFP-Nek2A form two assays 

for Nek2 inhibition in cultured cells. Small molecule inhibition of Nek2A should 

interfere with these processes leading to cells retaining paired centrosomes and 

centrosomal rootletin.
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6.2 RESULTS

6.2.1 In vitro Nek2A kinase assays

To measure Nek2A activity in vitro, two assays outlined in Figure 6.2 were used, 

both of which measure the incorporation of radiolabelled phosphate from free ATP 

into control substrates, p-casein and MBP. The first is a homogenous assay 

whereby p-casein is incubated with ATP, P-y32-ATP and insect Sf9 cell lysate 

infected with a baculoviral construct encoding recombinant hexahistidine tagged 

Nek2A in solution. Reaction products are resolved by SDS-PAGE and 32P-p-casein 

excised from the gel and quantified by liquid scintillation counting (Figure 6.2A). 

This gel-based assay is relatively rapid and the size separation of the products 

allows the level of other phosphoproteins, such as autophosphorylated his6Nek2A 

to be determined within the same reaction. Whilst rapid when processing relatively 

few samples, serial loading gels and excising substrate bands becomes time 

consuming with multiple samples and is not amenable to the automation required 

for higher throughput.

To allow parallel processing of multiple reactions, such as those demanded by 

high throughput screening, a second assay format was employed. This similarly 

used radiolabelled ATP but instead relied on immobilised substrate and proximity 

scintillation counting with the phase separation partitioning substrate from reaction 

components. Scintillant coated 96 well plates, FlashPlates (Perkin Elmer), are 

coated with Nek2A control substrate MBP. The reaction mixture containing ATP, 

y^-P-ATP and purified GST-Nek2A is then added directly to the plate wells. The 

reaction is stopped and unincorporated radiolabel removed along with other 

reaction components by washing with phosphoric acid. Only y33P-MBP immobilised 

on the well wall is sufficiently close to the scintillant coating to generate a positive 

signal (Figure 6.2B). ^P-y-ATP has a longer half-life but emits significantly less 

energetic p particles which makes handling the volumes required for automating 

screening less hazardous (25.4 days, 0.249 MeV compared to 14.3 days and 

1.709 MeV for 32P). Flashplate assays allow reduction in reaction volumes and 

microtitre plates are compatible with automated systems, significantly reducing the 

manual handling required.
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Figure 6.2 Measuring Nek2A kinase activity in vitro
A. his6Nek2A was incubated with p-casein and [y32P]ATP and the reaction products 
resolved by SDS-PAGE to separate unincorporated [y32P]ATP from 
autophosphorylated Nek2A and phosphorylated p-casein. Radiolabelled substrates 
are excised from the dried gel and quantified by scintillation counting. B. 384 well 
microtitre Flashplates coated with myelin basic protein (MBP) are incubated with 
GST-Nek2A and [y33P]ATP. The reaction is stopped and unbound reaction products 
and unincorporated radiolabel are removed with a PBS/pyrophosphate wash. Only 
the [33P]MBP bound to the plate wall is in sufficient proximity to the scintillant to 
allow emitted p particles to be converted to photons and quantified.
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6.2.2 NU series molecules inhibit his6Nek2A in vitro

Kinases are susceptible to inhibition by small molecules in several ways, most 

notably by competition with ATP for binding at the catalytic pocket or stabilisation 

of the kinase in an inactive conformation. This tractability has led to a burgeoning 

number of kinases as drug targets (Dancey and Sausville, 2003). Initial concerns 

that kinase inhibitors would lack specificity due to the common requirement for 

ATP binding have also been dispelled. A recent examination of the binding of 20 

kinase inhibitors showed distinct profiles of specificity for each inhibitor (Fabian et 

al., 2005). It is thought that although ATP pockets are structurally similar, binding 

of drug to adjacent residues outside the pocket confers inhibitor specificity (Cohen, 

2002).

The Newcastle University (NU) series of molecules are the products of a 

programme to produce inhibitors of Cdk1 and Cdk2. The lead molecule was a 

guanine based Cdk inhibitor 0 6-cyclo-hexylmethylguanine (NU2058) which 

displayed greater selectivity than canonical Cdk inhibitors Flavopirodol, 

Olomoucine and Roscovitine in an evaluation of Cdk1 inhibitory molecules (Arris et 

al., 2000). Initially, the mode of NU2058 binding to a fully active T160pCDK2- 

cyclinA complex was determined. Iterative modification of NU2058 then yielded a 

series of N2substituents of the purine ring. These derivatives included NU6094 

and NU6102 and the inhibitor-Cdk-cyclin structures suggested that, while the O6 

group is accommodated in the ribose binding motif, it is interaction of the N2 

substituent with residues outside of the ATP pocket which confers potency and 

specificity (Davies et al., 2002b; Gibson et al., 2002). The remainder of the NU 

series of molecules are likely further N2 substituted 0 6-cyclo-hexylmethylguanine 

derivatives though complete structures have not been disclosed to date 

(Hardcastle et al., 2004; Mesguiche et al., 2003). In addition to inhibiting Cdk1 and 

Cdk2, a subset of the NU molecules were found to inhibit Nek2A in a specificity 

counter-screen (D.R. Newell, personal communication). The NU series of 

compounds were therefore used to develop in vitro assays for Nek2A inhibition in 

preparation for compounds identified in the Nek2A HTS.
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Initially the NU series of molecules were incubated with his6NekA T175E/F386A, a 

Nek2A mutant that contains two activating amino acid substitutions outside the 

ATP binding region and hence produces a greater signal in in vitro assays. The 

F386A mutation is thought to prevent binding of the inhibitory phosphatase.PP1 

and the T175E mutation (Baxter, 2006). Ten NU series compounds were provided 

as 10 mM stocks in DMSO: NU2058, NU6094, NU6102, NU6136, NU6140, 

NU6141, NU6225, NU6236, NU6242 and NU6250. Each inhibitor was added to an 

in vitro kinase assay at a final concentration of 100 pM with 5 mM MnCI2, 4 pM 

ATP, 0.5 pg/pl p-casein and 20 nCi 32P-y-ATP/pl. Total cell lysate of Sf9 insect 

cells expressing his6NekA T175E/F386A was added at a final concentration of 0.1 

pl/pl assay. This equated to approximately 8 ng of his6NekA T175E/F386A per pi 

of reaction. DMSO alone, comprising 2.5% of the assay volume served as a carrier 

control. Complete reactions were incubated at 30°C for 30 minutes. Completed 

reactions were resolved by SDS-PAGE, stained with Coomassie Blue, dried under 

vacuum and the protein band corresponding to 32P-p-casein visualised by 

autoradiography (Figure 6.3A). The degree of 32P incorporation was determined by 

excision of the band corresponding to p-casein and liquid scintillation counting. 

Nek2A activity in the presence of each inhibitor was calculated as a percentage of 

the incorporation observed without inhibitor or DMSO present.

The majority of the inhibitors reduced Nek2A activity to approximately 10% or less 

of that observed with the carrier, DMSO, whilst NU2058, 6094 and 6225 effected a 

reduction of approximately 50% (Figure 6.3B). The same pattern emerged when 

the assay was repeated with purified wild-type his6Nek2A (Upstate) (Figure 6.3C). 

The reaction conditions used to determine the activity of wild-type his6Nek2A were 

identical to those used with the his6NekA T175E/F386A except for the quantity of 

kinase. Purified wild-type his6Nek2A was used at 2 ng/pl.

6.2.3 NU compounds have pM IC.® values against his6Nek2A in vitro

To determine the concentration of inhibitor required to reduce Nek2A activity to 

50% of maximal (ICso), serial dilutions of the seven most effective inhibitors plus 

NU6225 were prepared in DMSO in approximately log steps. Briefly, inhibitors 

dissolved in DMSO were added to complete in vitro kinase assays at final

151



2 9 -  f p  mm
2A r ^ _ ___

32P-p-Casein

Autoradiograph

36-

29
24-

(3-Casein

Coomassie stain

B
100%

>*4->
■> 50%
'■ P  o <

0% l i  I . . .
2058 6094 6102 6136 6140 6141 6225 6236 6242 6250 DMSO

Inhibitor

™  50%

l l i i l l l a i a l
2058 6094 6102 6136 6140 6141 6225 6236 6242 6250 DMSO

Inhibitor

Figure 6.3 100 //M NU series compounds inhibit Nek2A in vitro
A. Sf9 insect cells infected with a a baculoviral construct expressing his6Nek2A T175E, 
F386A were lysed and the lysate incubated with b-Casein at a final concentration of 0.5 
/vg//vl in the presence of 100 pM inhibitor in DMSO, DMSO alone or no carrier. The kinase 
reactions were stopped by boiling with an equal volume of sample buffer and an aliquot 
resolved by SDS-PAGE and the degree of 32P incorporation determined by autoradiography 
of the dried gels. B. The bands corresponding to (3-Casein were excised and the degree of 
32P incorporation quantified by scintillation counting. The mean percentage inhibition is 
shown from three independent experiments. Error bars indicate standard deviation. C 20 ng 
his6Nek2A (Upstate) incubated with p-Casein at a final concentration of 0.5 /vg//il in the 
presence of 100 /;M inhibitor in DMSO or DMSO alone and similarly quantified by 
scintillation counting. The pattern of inhibition with wild-type kinase is the same as that 
observed with the hyperactive mutant.



concentrations of 250 /yM, 100 /yM, 10 /yM, 5 /yM, 1 /yM, 100 nM and 10 nM and 

comprised 2.5% of the final assay volume. Assays were incubated, resolved and 

quantified as before (Figure 6.3A). The amount of 32P-p-casein was quantified by 

scintillation counting and kinase activity calculated relative to inhibition by 2 .5% 

DMSO alone. The percentage of wild-type his6Nek2 A activity was plotted against 

log [inhibitor] and best-fit curves added by linear regression (Hill slope, gradient = 

1) using GraphPad Prism 4.0 (GraphPad Inc., USA). The IC^ values for several of 

the inhibitors were determined to be below 7 /yM with NU6141 being the most 

potent ( IC ^  0.95 /yM) and NU6250 the least (10^= 6.8  /yM) (Figure 6.4B,C). 

NU6225 was unable to reduce activity by 50% under these conditions and hence 

no ICgo was determined.

6.2.4 Selectivity of NU compounds against other mitotic and NIMA-related 

kinases in vitro

To gain some indication of the likely specificity of the NU series molecules, we 

further determined the ICso values of the five most effective Nek2A inhibitors: 

NU6102, NU6140, NU6141, NU6236 and NU6240, for two mitotic kinases, 

Cdk1/CyclinB and Aurora-A, and two other members of the NIMA related kinase 

family, Nek6  and Nek7. Nek6 and Nek7, both approximately 30 kDa, are shorter 

than Nek2A, comprising largely the N-terminal kinase domain and little C-terminal 

regulatory sequence (for review see (O'Connell et al., 2003)).

All of the kinases were obtained as purified recombinant proteins from commercial 

sources and assayed with the NU compounds in the same manner as wild-type 

his6Nek2A. Inhibitor, serially diluted in DMSO, was incubated with 2 ng//yl of each 

kinase. Completed reactions were resolved by SDS-PAGE, kinase activity 

quantified and IC50 values calculated as before. The NU compounds are all derived 

from a lead structure that is a potent inhibitor of both Cdk1/CyclinB and 

Cdk2 /CyclinA, so it is reasonable to assume that molecules derived from it will 

retain some of that activity. Indeed NU6102, NU6141, NU6236 and NU6242 are all 

equipotent against Cdk1/CyclinB and Nek2A. However, whereas NU6140 inhibits 

Nek2A (IC50 = 1 .7/yM), it surprisingly has no efficacy against Cdk1/CyclinB in this 

assay (IC50 > 250/yM) (Figure 6.5A). Activity against Aurora-A and Nek2A is also
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Figure 6.4 NU compounds his6Nek2A in vitro IC50
A. 20 ng his6Nek2A (Upstate) was incubated with inhibitor at final concentrations from 10 nM 
to 100 a/M as indicated. Reactions were resolved by SDS-PAGE and |3-casein 
phosphorylation determined by autoradiography B. (3-casein phosphorylation was quantified 
by scintillation counting of the excised band and the degree of phosphorylation expressed as 
a percentage with respect to that observed with DMSO alone and IC50 determined by fitting a 
variable hill slope equation (Prism, Graphpad). C. Tabulated IC50 values.
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Inhibitor
Enzyme NU6102 NU6140 NU6141 NU6236 NU6242 Staurosporine
his6Nek2 2.1|jM 1.4|jM 950nM 1.9(jM 1.6pM >250|jM
his6Nek6 162pM >250|jM >250uM >250|jM >250|jM 75pM
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Figure 6.5 Specificity of mitotic kinase inhibition in vitro by NU compounds
A. The IC50 values for the five inhibitors most effective against his6Nek2A were 
determined for the mitotic kinases his6Aurora-A, Cdk1/Cyclin B, his6Nek6 and his6Nek7 
in vitro with respect to phosphorylation of the control substrate |3-casein. IC50 >250 /jM 
denotes that no inhibition was observed at 250 pM inhibitor, the highest concentration 
used in the assay. B. Inhibitors active against Nek2A were largely equipotent against 
Cdk1/cyclinB and Auror-A. Nek6 and Nek7, homologous to the Nek2 kinase domain but 
lacking the C-terminal regulatory domain, were only inhibited to any significant degree by 
staurosporine
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closely linked in these NU compounds. NU6102, NU6140, NU6141 and NU6242 

have IC50 values against Aurora-A two to three fold lower than those determined 

for Nek2A. The exception is NU6236 which inhibits Nek2A and Aurora-A 

approximately equally with IC50 values of 1.9 /;M and 2.0 ^/M, respectively. 

Interestingly, neither Nek6 nor Nek7 was significantly amenable to inhibition by 

any of the NU compounds (Figure 6.5B). The pan-kinase inhibitor staurosporine 

was most effective against Aurora-A (IC50 = 34 nM) and Cdk1/CyclinB (IC^ = 977 

nM). The NIMA-related kinases Nek2A, Nek6 and Nek7 were relatively refractory 

to staurosporine with IC50 values of > 250 jiM, 75 j/M and 125 ^M, respectively.

6.2.5 NU6141 inhibits GFP-Nek2A induced centrosome disjunction

The most well characterised role of Nek2A is the regulation of centrosome 

disjunction. Ectopic overexpression of recombinant active Nek2A in interphase 

induces premature centrosome. Conversely, either expression of an inactive 

Nek2A mutant or depletion of endogenous Nek2A by RNAi impedes this process 

at the Gg/M transition (Faragher and Fry, 2003; Fletcher et al., 2005). The use of a 

stable cell line to induce aberrant expression of Nek2A in interphase allows a 

temporal separation of Nek2A from other mitotic kinases and suggests that the 

induced disjunction phenotype is dependent on Nek2A. It is worth noting, however, 

that small molecules preventing centrosome separation may act by inhibiting a 

component of a signalling pathway downstream of Nek2A. Signals generated by 

Nek2A would not be transduced under these conditions.

Asynchronous U20S:GFP-Nek2A cells were induced with doxyxcycline in 

complete growth media supplemented with NU6141, the most effective in vitro 

Nek2A inhibitor, at a final concentration of 20 //M or the equivalent (% v/v) of 

DMSO carrier. Centrosomes were considered “split” at distances greater than 2/ym 

apart. Supplementation with NU6141 inhibited Nek2A dependent disjunction, as 

determined by staining fixed cells for the centrosomal marker y-tubulin, with 

treated cells retaining paired centrosomes despite the presence of active GFP- 

Nek2A (Figure 6 .6A). Quantification of this phenotype showed that treatment with 

20 /iM NU6141 completely ablated the GFP-Nek2A induced splitting, reducing it to 

the basal level observed without induction of the kinase (Figure 6 .6 B).
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Figure 6.6 NU6141 inhibits Nek2A induced centrosome splitting.
A. U20S:GFP-Nek2A stable cells were either untreated (A,B) or induced to express 
GFP-Nek2A by the addition of doxycycline (C-H) n the presence of 20 /vM NU6141 
(G,H) or DMSO (E,F) for 24 hours. Cells were processed for immunofluorescence 
microscopy and stained for y-tubulin and DNA. Interphase centrosomes are normally 
paired (A, magnified inset). However, expression of GFP-Nek2A induces splitting 
(arrowed, C, D); this is inhibited by NU6141 (D, magnified inset). B. Centrosomes 
greater than 2 /vm apart in interphase were scored as split for each condition. NU6141 
reduces GFP-Nek2A induced splitting to control levels.
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6.2.6 NU6141 inhibits GFP-Nek2A induced rootletin displacement

Having demonstrated that an in vitro inhibitor of Nek2A could also inhibit Nek2A in 

cells I then examined other known Nek2 substrates to see if their regulation could 

form the basis for further assays of Nek2 inhibition in cells. It has previously been 

reported that Nek2A interacts with rootletin, co-localising with overexpressed 

rootletin in fixed cells and phosphorylating it at multiple sites in vitro.

GFP-Nek2A overexpression results in a phosphorylation dependent upshift of 

rootletin and, more importantly, has been shown by immunofluorescence 

microscopy to displace it from the centrosome as disjunction occurs (Bahe et al., 

2005). This displacement of rootletin by GFP-Nek2A comprises the second cell 

based assay for Nek2 inhibition. A pair of stable cell lines, U20S:GFP-Nek2A and 

U20S:GFP-Nek2A K37R were induced to overexpress active and inactive kinase, 

respectively, for 24 hours in the presence or absence of media supplemented with 

either NU6141 at a concentration of 20 j;M or an equivalent amount (1% v/v) of 

DMSO carrier. Cells were then fixed and stained with rabbit polyclonal antibodies 

raised to the C-terminus of rootletin (amino acids 1651-2017, A. Tsai and A.M. Fry, 

personnel communication) and y-tubulin. In uninduced control cells, rootletin 

clearly localises to the centrosome (Figure 6.7A, A-C). Induction of active Nek2A, 

but not inactive Nek2A-K37R, with doxycycline causes rootletin to be reduced or 

completely displaced (6.7A, D-F and G-l, respectively) from the centrosome. This 

displacement is completely ablated when cells are induced with doxyxcycline and 

treated with NU6141 simultaneously (M-O) but not with carrier (J-L). The relative 

level of rootletin at the centrosome was then determined by quantifying mean 

intensity of the corresponding Alexa 594 fluorescent signal in a fixed area around 

the centrosome. The intensity of rootletin staining in the uninduced, untreated 

U20S:GFP-Nek2A cell line was given the arbitrary value of 1 and all other 

conditions are expressed relative to this (6.7B). Quantification shows that while the 

overexpression of kinase dead Nek2A-K37R does not affect levels of centrosomal 

rootletin, induction of wild-type kinase either alone or in the presence of DMSO 

carrier reduces rootletin staining to 80 and 50% of control levels, respectively, 

reinforcing the dependence on kinase activity previously reported in the literature. 

Strikingly, upon induction of GFP-Nek2A, 20 /vM NU6141 not only prevents
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Figure 6.7 NU6141 inhibits Nek2A induced rootletin displacement
A. U20S:GFP-Nek2A cells were induced to express GFP-Nek2-K37R (G-l) or GFP-Nek2A (D-F, 
J-O) by addition of doxyxcline in the presence of 20 /;M NU6141(M-0) or DMSO (J-L) for 24 
hours. Cells were processsed for immunofluorescence microscopy and stained for y-tubulin, 
rootletin and DNA. The expression of wild type (but not kinase dead, K37R) GFP-Nek2A displaces 
rootletin from the centrosome (D-F, magnified inset). This displacement is inhibited by NU6141. B. 
The intensity of rootletin staining at the centrosome (n>50) was quantified and is displayed as fold- 
change relative to uninduced cells.
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rootletin displacement but also causes an accumulation of rootletin to 40% above 

control levels, suggesting inhibition of either endogenous Nek2 or other kinases 

involved in modulating rootletin localization.

6.2.7 High throughput cell based assay for Nek2A inhibition

Whilst centrosome disjunction or rootletin displacement is readily quantified in 

fixed cells it is time intensive to manually score fields of cells for the former 

condition or capture images and determine the latter. Undertaking a HTS would 

produce a series of molecules that would require refining in terms of specificity and 

potency against Nek2 and this is an iterative process. Chemical modifications are 

made and assessed to determine whether they improve on the parent molecule 

and this process rapidly produces numerous compounds to be assayed. In order 

to test these inhibitors in cells rapidly to inform the next round of modification a 

higher throughput method was sought. To this end I have assessed an automated 

image acquisition and analysis system, the IN Cell analyzer 1000 (GE Healthcare, 

UK). U20S:GFP-Nek2A or U20S:GFP-Nek2A K37R cells were seeded in poly-L- 

lysine coated 96 well microtitre plates, induced with doxycycline, fixed with - 20°C 

methanol and stained for y-tubulin. Images of the well were then acquired by GE 

staff with a 40x objective and the fluorescent signal analysed, y-tubulin intensity 

was used to discriminate the centrosomes and the DNA stain to determine the 

limits of the nucleus (Figure 6 .8A and B). Cells with a single centrosome or more 

than two were discounted from the analysis and appear ringed in red. The 

intercentrosomal distance could then be determined for each cell and a mean 

distance for the population within each well, or each condition. A specified 

intercentrosomal distance, 2 /jm , was set as a threshold for “splitting” and the IN 

Cell analysis compared to values derived from manual counting of centrosome 

disjunction at Leicester (Figure 6 .8C). The IN Cell analyser returned a higher 

percentage of uninduced cells with split centrosomes compared to manual 

counting. This is likely due to cells with two closely spaced unsplit centrosomes 

presenting a single y-tubulin focus and being excluded from subsequent analysis. 

This would remove a significant number of cells with unsplit centrosomes, 

artificially inflating the proportion of split centrosomes in cells without Nek2 

induction. The automated InCell image capture and analysis has the potential to
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Figure 6.8. A high throughput cell based assay for Nek2: InCell Analysis of Nek2- 
induced centrosome splitting.
A, B. U20S:GFP-Nek2A stable cells were induced to express GFP-Nek2A by the addition of 
doxycycline for 24 hours. Cells were processed for immunofluorescence microscopy and 
stained for y-tubulin (Alexa 488) and DNA (Hoechst). Cells were then subject to automated 
analysis by an IN Cell analyzer 1000 (GE Healthcare) to discriminate centrosomes and cell 
nuclei The periphery of cells was determined by considering either a uniform distance from the 
nucleus (“nuclear collar”) or the margins of fluorescent staining (“cellular shape”). Only cells 
with two centrosomes are included in subsequent analyses. Scale bar 10 /vm. C. The inter
centrosomal distance is then defined for each cell and a user defined threshold set to produce 
percentgae values for split and non-split centrosomes for the whole population. The reduction 
in centrosome splitting due to compounds inhibiting Nek2 in cells can then be assessed 
automatically on a whole population basis. Quantification compares splitting values determined 
by the IN Cell system with fluorescence microscopy and manual counting. IN Cell images and 
analysis courtesy M. Francis, GE healthcare.

Cellular shape

2 centrosomes / cell
>r >2 centrosomes I cell

161



effectively identify split and unsplit centrosomes. I am currently determining 

whether the entirely automated analysis can provide the accuracy and 

processivity required for assays of Nek2 inhibition in cells.

6.2.8 Nek2 inhibitory compounds identified in the HTS reduce HeLa and 

U20S cell growth

The NU series of compounds were used to validate the conditions for the HTS 

which was subsequently undertaken by colleagues at the Institute for Cancer 

Research (ICR, Sutton). Employing purified GST-Nek2A (Stressgen, USA) and 

MBP as substrate the Flashplate assay returned values for the inhibition of Nek2A 

by the NU compounds similar to those I derived from gel-based in vitro assays at 

Leicester (Table 6.1, below). The HTS using the CRUK compound collection was 

then performed under the conditions optimised with the NU compounds. A total of 

65,066 compounds were screened by staff at the ICR, giving 162 confirmed hits (a 

reduction in activity of more than 50 % at 32 //M). These hits were re-screened in 

the presence of Triton X-100 to identify aggregating false-positives. This led to the 

identification of 61 confirmed non-aggregating hits, which inhibited GST-Nek2A 

kinase between 47 and 100% at 32 j;M. IC50 values for these 61 hits were 

determined and ranged from 650 nM to 70 pM.

Following review of the structures of these hit compounds none were deemed 

suitable for progression for hit-to-lead development (I. Collins, ICR, personal 

communication). The hit compounds mostly included quinones, metal complexes, 

polyphenols and toxoflavins. The toxoflavin compounds have been previously 

reported in patent literature as broad-spectrum kinase inhibitors (I. Collins, ICR, 

personal communication). Though the HTS did not identify any hits that could 

progress to lead development, a number of compounds did show significant 

inhibition of GST-Nek2A in vitro. Two HTS compounds, CC004731 and 

CC004733, are structurally related to the fungal antibiotics wortmannin and viridin 

and, though unsuitable for progression as lead molecules in the Nek2A inhibitor 

programme, were subjected to further cell based assays in Leicester. Data 

generated with compounds CC004731 and CC004733 will form the basis of a 

publication detailing the Nek2 HTS.
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To determine the effects of CC004731 and CC004733 on cell viability, serial 

dilutions ranging from 100 /yM to 1 nM of the compounds in DMSO were incubated 

with cultured HeLa and U20S cells for 72 hours. The structurally related 

compound wortmannin and the pan-kinase inhibitor staurosporine were included 

for comparison. Cell viability was measured after 72 by WST-1 assay and the GIso, 

the concentration of compound which inhibited growth by 50%, calculated. In 

keeping with its broad inhibitory profile, staurosporine had the greatest effect on 

cell viability with a GI50 of 2.2 nM and 59.3 nM in U20S and HeLa cells, 

respectively (Figures 6.9 and 6.10). The impact upon growth of the HTS 

compounds was approximately equivalent in both cell lines. The G l^ of CC004731 

was 1.8 /yM in HeLa cells and 2.5 /yM in U20S cells, respectively. Similarly, 

CC004733 reduced HeLa and U20S cell growth with a GI50 of 10.2 /yM and 6.4 

/yM. Lastly, the G l^ values for wortmannin were 15 /yM in HeLa cells and 23.7 /yM 

in U20S cells.
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Figure 6.9 Growth inhibition of U20S cells by HTS compounds CC004731 and CC004733
U20S cells were seeded in complete culture medium at a density of 6 x 103 cells /  cm2 in 96 
well plates. Inhibitors dissolved in DMSO, or DMSO alone, were added in log steps at final 
concentrations of 100 /vM to 1 nM. DMSO or DMSO plus inhibitor comprised 1% (v/v) of the 
final culture medium. To assess cell viability after 72 hours cells were first washed twice with 
complete medium to remove the inhibitors before the addition of 10 /vl WST reagent (Merck) 
per well. Cells were incubated for a further two hours at 37°C before determing the OD450 of 
each well in a micotitre plate reader (Bio-Rad, USA). Viability was determined as a percentage 
of DMSO treated cells A. HeLa cell viability following treatment with HTS hit compound 
CC004731 B. HTS hit compound CC004733 C. staurosporin D. wortmannin E. Gl50 values 
obtained for each inhibitor
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Figure 6.10 Growth inhibition of HeLa ceils by HTS compounds CC004731 and 
CC004733
HeLa cells were seeded in complete culture medium at a density of 1 x 104 cells / cm2 in 96 
well plates. Inhibitors dissolved in DMSO, or DMSO alone, were added in log steps at final 
concentrations of 100 /vM to 1 nM. DMSO or DMSO plus inhibitor comprised 1% (v/v) of the 
final culture medium. To assess cell viability after 72 hours cells were first washed twice with 
complete medium to remove the inhibitors before the addition of 10 fj\ WST reagent (Merck) 
per well. Cells were incubated for a further two hours at 37°C before determining the OD450 of 
each well in a microtitre plate reader (Bio-Rad, USA). Viability was determined as a 
percentage of DMSO treated cells A. HeLa cell viability following treatment with HTS hit 
compound CC004731 B. HTS hit compound CC004733 C. staurosporine D. wortmannin E. 
Gl50 values obtained for each inhibitor
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6.3 DISCUSSION

Centrosomes are the dominant microtubule organising centres in mammalian 

cells, affecting cell morphology, polarity and the fidelity of mitotic division (Doxsey 

et al., 2005). The presence of multiple centrosomes also correlates strongly with 

the pathology of human cancer (Pihan et al., 2003b; Saunders, 2005) and hence 

mitotic kinases governing centrosome regulation such as Plk1 , Aurora-A and 

Aurora-B are currently the subject of considerable pharmaceutical interest. Several 

Aurora kinase inhibitors are progressing through to the clinic with the small 

molecules AZD1152 (AstraZeneca) and VX-680 (Merck & Co./Vertex 

Pharmaceuticals) being assessed in Phase I and II trials, respectively. Similar 

efforts are being made with inhibitors of Cdks such as R-roscovitine (Cyclacel) and 

alvocidib (Flavopiridol, NCI/Sanofi-Aventis). Both of these molecules are relatively 

broad pan-Cdk inhibitors and there are issues with toxicity (Benson et al., 2005).

The ultimate aim of the project is to undertake a high throughput screen and 

identify novel molecules which could then become the leads for development of a 

potent, specific inhibitor of Nek2. Whilst planning a Nek2 HTS, I was given access 

to a series of ATP competitive molecules originally synthesized by Newcastle 

University for efficacy against Cdk1/CyclinB and Cdk2 /CyclinA (Arris et al., 2000; 

Gibson et al., 2002), which had shown some activity against Nek2A in a 

counterscreen of mitotic kinases (D.R. Newell, personal communication). The 

Newcastle University (NU) series of molecules were used to develop in vitro 

assays to facilitate the HTS and also to trial cell based assays which could be 

used to assess HTS hits for in vivo activity as well as cell membrane permeability 

and toxicity.

Initial experiments considered the in vitro efficacy of the ten NU molecules, 

incubating them at a single concentration, 100 jvM, with both a hyperactive mutant 

and wild type his6Nek2A. The reduction in activity compared to the drug carrier 

demonstrated that Nek2A is indeed amenable to small molecule inhibition in vitro 

and that a range of inhibition was obtained by molecules that are all derivatives of 

the same chemotype, a substituted 0 6-cyclo-hexylmethylguanine, but with a
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variety of substituent side chains at the N2 position. The seven most potent 

inhibitors of both wild-type and mutant his6Nek2A reduced activity to less than ten 

percent of that seen with the control, with the remaining three effecting a reduction 

to between twenty and thirty percent. The most effective inhibitors at 100 /yM were 

then examined to determine in vitro ICso values and allow comparison of potency.

The NU inhibitors were incubated with his6Nek2A, constant [ATP] and inhibitor 

diluted in approximately log steps. The resulting IC50 values fell into three groups; 

approximately 1 /yM, 4-8 /yM and then > 250 /yM (i.e. those compounds that were 

not effective at the highest concentration used in the assay). The spectrum of 

activities is initially encouraging, suggesting that further potency can be achieved 

with more chemical modifications. The NU series molecules were also used to test 

the Flash Plate assay format proposed for the HTS. The Flash Plate assays 

employed recombinant GST-Nek2A and MBP as the substrate rather than the 

his6Nek2A and p-casein used in the gel-based assay. Reassuringly the IC50 values 

derived for Nek2A inhibition by each NU compound were similar, regardless of the 

assay format employed (Table 6.1, below).

Nek2A CS0(pM)
Compound Gel based assay Flashplate assay

NU6141 0.95 2
NU6140 1.4 -

NU6242 1.62 5.5
NU6236 1.9 -

NU6102 2.1 3
NU6136 4.5 4
NU6250 6.8 12.4
NU6225 >250 No inhibition
NU2058 >250 No inhibition
NU6094 >250 No inhibition

Table 6.1 Comparison of 10^ values of NU series against Nek2A generated 

by gel-based and flashplate assays.
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Having established relative potencies for the most effective NU compounds, I then 

sought to determine in vitro specificities by testing them against two mitotic 

kinases, Cdk1/CyclinB and Aurora-A, and two NIMA related kinases, Nek6 and 

Nek7. The five most effective compounds against Nek2A: NU6102, NU6140, 

NU6141, NU6236 and NU6242, as well as the promiscuous pan-kinase inhibitor 

staurosporine, were incubated with commercially obtained recombinant 

Cdk1/cyclinB, Aurora-A, Nek6 and Nek7 and IC50 values determined. The most 

obvious trend from the data is that the NU molecules show a striking discrimination 

between the mitotic kinases and the other NIMA related kinases, being potent 

against Aurora-A and Cdk1/Cyclin B, but with Nek6 and Nek7 being almost 

completely refractory to inhibition. The most effective inhibitor of either Nek6 or 

Nek7, aside from staurosporine, was NU6102 which had an ICso of 160 /;M with 

respect to Nek6 , approximately 80 times greater than that determined for Nek2A. 

This is surprising and encouraging as, though Nek6 and Nek7 are severely 

truncated at their C-termini compared to either NIMA or Nek2A, the kinase 

domains are well conserved. Nek6 is similar both to Nek7, sharing 77% identity 

(Kimura and Okano, 2001a), and to the kinase domain of Nek2 , with 38% identity 

at the protein level. If specificity of inhibition can be observed in such a limited 

examination of the Nek family it suggests that even limited divergence outside of 

the catalytic residues will indeed allow development of a specific Nek2A inhibitor. 

Conversely, whilst staurosporine inhibits both Nek6 and Nek7, it is ineffective 

against Nek2 in this assay, further reinforcing the possibility of specific inhibitors to 

related kinases. Within the scope of this investigation it also appears that p-casein 

is a satisfactory in vitro substrate for both Nek6 and Nek7, in contrast to a previous 

report (Hashimoto et al., 2002 ).

The NU molecules showed little inhibition of Nek6 or Nek7 but were generally 

potent inhibitors of Cdk1/Cyclin B, an expected consequence of their origin as 

molecules refined for activity against Cdk/Cyclin complexes. NU6102 and NU6236 

were both more or equally effective against Cdk1/Cyclin B than Nek2A, whereas 

the opposite was true for NU6140 and NU6242 which were marginally more 

effective against Nek2A than Cdk1/Cyclin B. Though NU6140 did not show any 

efficacy against Cdk1/Cyclin B in this assay, it has been previously reported as
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inhibiting Cdk1/Cyclin B with an IC50 of 6.6  //M in vitro (Pennati et al., 2005). Hence 

while, within an order of magnitude, the NU series molecules are equipotent 

against Cdk1/CyclinB and Nek2A, there are differences in potency which could be 

exploited to decrease activity against Cdks whilst increasing it against Nek2 A.

Those structures that have been reported for the NU compounds tested here are 

purines that differ in the group substituted at the N2 position (Figure 6.11 A). 

Crystal structures of phosphorylated T160pCdk2/CyclinA/NU2058 complexes 

suggest that this group projects out of the ATP binding cleft to interact with distal 

residues not directly involved with catalysis termed the specificity surface (Davies 

et al., 2002b). Further modification of this side chain may be the best starting point 

for increasing Nek2A specificity (Figure 6.11 B,C).

The last mitotic kinase to be tested with the NU compounds was Aurora-A. The 

NU molecules generally inhibited Aurora-A at least as effectively as Nek2A though 

again all the ICso values for both kinases were within an order of magnitude, at 

approximately 1 /yM. The equipotent inhibition of both Nek2A and Aurora-A is 

unsurprising. Of the mitotic kinases with known structures, Nek2A is most similar 

to Aurora-A, with 31% sequence identity. The overall structures of Nek2A and 

Aurora A are also similar, 202 matched Ca positions superimposing with an rmsA 

of 1.8 angstroms (Rellos et al., 2006). In cells, Aurora inhibitors lead to failure of 

cytokinesis and an abrogated spindle checkpoint. It is suggested that the 

subsequent catastrophic mitosis, with a tetraploid genome and four centrosomes, 

drastically reduces cell viability and that this is exacerbated in cells lacking wild- 

type p53 (Ditchfield et al., 2003; Keen and Taylor, 2004). Aurora inhibitors so far 

characterised are not classic antimitotic agents and do not appear to affect non

cycling cells in the same manner as some Cdk inhibitors. It is therefore possible 

that a dual potency against both Nek2A and Aurora-A would not be therapeutically 

undesirable. Though a specific Nek2A inhibitor is sought, designing out Aurora-A 

activity is perhaps less pressing than reducing efficacy against Cdks.

The most potent Nek2A inhibitor, NU6141, was used to develop cell-based assays 

for Nek2 inhibition. Ectopic expression of GFP-Nek2A induces premature
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Inhib itor Nek2A Gel Nek2A FP CDKl/Cvclin  B1 CDK2/Cvclin A3 CDK4/CvclinDl
NU2058 >250 uM No Inhibition 5 uM 12 uM >100 uM
NU6094 >250 uM No Inhibition 1.6 uM 1 uM 16 uM
NU6102 2.1 uM 3 uM 9 nm 6 nm 1.6 uM
NU6140 1.4 pM Not determined 6.6 uM 410 nM 5.5 uM

Figure 6.11 Structure and selectivity of selected NU Compounds
A. Structures of four NU series molecules. NU2058 is the parent of the chemotype, O6- 
cyclohexylmethylguanine. Substitution at the N2 position gives rise to NU6094 and NU6102 
which is further modified to produce NU6140. B. Examination of NU2058 complexed with 
phosphorylated CDK2/CyclinA suggests that whilst the C^-cyclohexylmethyl side chain binds in 
the ribose site and the edge of the purine ring hydrogen bonds with the ATP binding cleft it is 
the N2 substituent that interacts with residues outside of the catalytic region and confers 
specificity of inhibition. A substituted 2-arylamino group appears to be necessary for activity 
against Nek2. C. in vitro IC50values for Nek2A, derived from gel based and flashplate (FP) 
assays, and three CDK/cyclin complexes. Values in italics are Kj (adapted from Davies et al 
2002 and Pennati et al., 2005).
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disjunction, or “splitting”, of centrosomes and concomitant displacement of the 

proteins that putatively link them, including rootletin. Prevention of these 

processes can be used to assess the efficacy of an inhibitor. Both centrosome 

disjunction and displacement of rootletin were effectively inhibited in U20S:GFP- 

Nek2A cells by supplementing growth media with 20 /yM NU6141. Inhibitor 

treatment effected a greater reduction in GFP-Nek2 A induced centrosome splitting 

than rootletin displacement. Centrosome disjunction occurred in 32% of cells 

induced to express GFP-Nek2A and this was reduced to 10% in the presence of 

20 //M NU6141, the basal level observed in cells without overexpressed Nek2A. 

The intensity of centrosomal rootletin is reduced by 50% upon GFP-Nek2A 

induction but accumulates upon treatment with 20 /yM NU6141 to levels 40% 

greater than those observed in untreated cells. The accumulation of rootletin 

suggests an inhibition of either endogenous Nek2 or other kinases, possibly 

downstream of Nek2, that usually regulate levels of rootletin at the centrosome 

throughout the cell cycle. This would correspond with the model of rootletin being a 

flexible, perhaps dynamic, link between centrosomes (Bahe et al., 2005).

Centrosome disjunction induced in U20S cells by GFP-Nek2A expression also 

lends itself to a higher throughput assay for Nek2 inhibition in cells. Fixed cells 

stained for centrosomal y-tubulin with fluorophore conjugated antibodies can be 

subjected to automated image capture and analysis and the degree of splitting in 

response to a given drug treatment determined. Quantification of the splitting 

phenotype is an effective measure of Nek2A activity but it is also adversely 

influenced by factors affecting centrosome duplication and maturation. This is 

problematic when a significant proportion of the NU series of molecules are likely 

to have activity against Cdk2/CyclinA and Cdk2 /CyclinE, both of which govern 

centrosome duplication (Hinchcliffe and Sluder, 2001b).

The use of recombinant kinases and ectopic GFP-Nek2A expression in stable cell 

lines has allowed a series of small molecules to be successfully assessed for 

potency of Nek2 inhibition in vitro and in cells, demonstrating that Nek2A is indeed 

a tractable target. In collaboration with colleagues at the ICR we can now 

undertake a Nek2A HTS. Pilot experiments with the NU compounds have
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confirmed that the FlashPlate assay format accurately measures Nek2A inhibition 

in vitro. I have also suggested a high throughput cell based assay to automatically 

screen tens or hundreds of compounds in parallel. Future work now centres upon 

the execution of the Nek2A HTS and development of hit molecules into a lead 

Nek2 inhibitor. This work would be aided by the development of two parallel 

resources, the production of phosphoantibodies raised against Nek2 substrates 

and a solved structure of the Nek2A kinase domain complexed with an NU series 

or HTS inhibitor. Both centrosome splitting and rootletin displacement are well 

documented consequences of Nek2A activity in cultured cells but neither provide a 

direct molecular measure of kinase activity, a direct measure of phosphate 

transfer. An antibody that recognises a phosphoepitope produced by Nek2A, 

whether autophosphorylation or substrate phosphorylation, would be a single step 

measure of activity. An autophosphorylation event obligate for Nek2A activity such 

as that suggested to occur on threonine 175 would be especially useful (Rellos et 

al., 2006). The structure of Nek2A would also provide a great deal more 

information to refine the specificity of small molecule inhibitors. A rudimentary 

structure-activity relationship (SAR) can be constructed without a kinase structure 

by testing large numbers of inhibitors and identifying broad classes of substitutions 

that positively or negatively affect Nek2 inhibition, but a three dimensional 

structure would suggest which residues in the kinase are responsible for inhibitor 

binding and aid the design of more potent compounds.

The NU series compounds were invaluable in optimising and validating conditions 

for the HTS and cell-based assays of Nek2 inhibition. The Nek2A HTS proper 

screened 65,066 molecules and identified 61 “hit” compounds that significantly 

inhibited GST-Nek2A in vitro (a reduction in activity of at least 50% with the 

compound present at 32 /vM). Unfortunately, the structures of the hit compounds 

proved unattractive for further development as Nek2 inhibitors, composed mostly 

of quinines, metal complexes, polyphenols, pentacyclics and toxoflavins. The 

varied structures of the hit compounds reflect the historical origins of the CRUK 

HTS compound collection as an agglomeration of molecules from different cancer 

research campaign (CRC) and international cancer research fund (ICRF) research 

groups. Though unattractive for lead development, two of the reconfirmed HTS
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hits, CC004731 and CC004733, were selected for further assays to form the basis 

of a publication reporting the Nek2 HTS. CC004731 and CC004733 were first 

incubated with cultured HeLa and U20S cells to determine their impact upon cell 

viability.

A measure of the effect of a given compound on cell viability can be determined by 

calculating the fifty percent growth inhibition (GI50) value, the compound 

concentration that reduces cell viability to half that of untreated cells. Gl^serves as 

a crude measure of growth inhibition, simply comparing compound concentrations 

that reduce cell growth to the same relative level. The G l^ value does not reflect 

the mechanism by which the growth inhibition is achieved, for example by 

apoptosis or cell cycle arrest. The GIso values for an inhibitor are useful, however, 

for broad comparisons of potency between compounds, both within the same HTS 

and between different projects. Determining the GI50 values for CC004731 and 

CC004733 also allows them to be used in subsequent assays at equipotent rather 

than equimolar concentrations.

The GI50 values I obtained for CC004731 and CC004733 were similar for both 

HeLa and U20S cells. The GlsoValues for CC004731 were 1.8 and 2.5 ^/M for 

HeLa and U20S cells, respectively. CC004733 affected cell viability to a lesser 

degree with correspondingly higher G l^ values of 10.2  /;M and 6.4 jvM for HeLa 

and U20S cells, respectively. The HTS compounds CC004731 and CC004733 

reduced cell viability to a greater degree then the related molecule wortmannin 

which had a Gl^of 15 //M with respect to HeLa cells and 23.7 /vM against U20S 

cells. Without further assays it is impossible to know whether the increased growth 

inhibition observed with CC004731 and CC004733, compared to wortmannin, 

simply reflects greater toxicity of these molecules rather than any consequences of 

Nek2 inhibition.
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CHAPTER 7 

DISCUSSION



7.1 Validating Nek2 as a novel drug target

The development of new strategies for effective cancer treatment is now 

characterised by rationality of approach; identifying the genetic lesions present in 

an individual patient or related subset of tumours and treating just those 

aberrations. The majority of current therapies are aimed at those cells that are 

proliferating, only a proportion of which are tumour cells, the rest comprising 

normal cells unnecessarily affected by the treatment. Novel chemotherapeutic 

targets, once identified, are subject to a process of validation followed by the 

development of strategies for inhibition. The most attractive new drug targets are 

those that exhibit greatest differential expression between normal and tumour 

tissue and are amenable to inhibition. This thesis demonstrates that the NIMA- 

related kinase Nek2 fulfils both of these criteria, being demonstrably 

overexpressed in primary breast tumours and susceptible to small molecule 

inhibition via its ATP binding pocket.

There are a number of criteria that can be applied when validating the worth of a 

new therapeutic target in human cancer. The first is a correlation between aberrant 

expression or mutation of the gene with the initiation or progression of cancer. In 

tandem with this, the association of the mutation with poor clinical outcome can 

strengthen the argument for causal involvement. A second consideration is the 

consequence of altered gene expression in model systems such as cultured cells: 

does overexpression of the gene recreate aspects of the malignant phenotype? 

Conversely, interference with the gene product should ideally reverse or attenuate 

the malignant phenotype. Lastly, the tractability of the target must be considered. 

In the case of protein kinases, is the kinase susceptible to small molecule 

inhibition, and can a specific inhibitor be developed (Workman, 2001).

7.2 Increased levels of Nek2 protein correlate with human disease and 

induce abnormalities in cultured cells

The implication of Nek2 in cancer was initially serendipitous. Elevated Nek2 mRNA 

levels were noted in a study of transcription from E2F responsive genes and 

further highlighted in two microarray analyses of B-cell lymphoma and paediatric 

osteosarcoma cells (de Vos et al., 2003a; Ren et al., 2002; Wai et al., 2002 ). I
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undertook a more extensive examination of Nek2 levels in cancer cell lines derived 

from a range of tissues. A significant increase in Nek2 protein expression was 

identified in cells derived from breast cancer, ovarian cancer and leukaemia. 

Significantly, in terms of validating Nek2 as a therapeutic target, transfection of 

myc-Nek2A into the HBL100 normal breast cell line induced abnormal, 

supernumerary, centrosomes and aneuploidy, two characteristics of malignancy 

(Hayward et al., 2004). Aberrant centrosome number and morphology and 

aneuploidy been extensively reported in breast and prostate cancer, occurring in 

pre-invasive disease and correlating with high cytologic grade (Ghadimi et al., 

2000; Kuo et al., 2000; Mayer et al., 2003; Pihan et al., 2001; Pihan et al., 2003b; 

Salisbury et al., 2004).

Importantly, these initial studies were then extended to encompass primary human 

breast tumours. Immunohistochemical staining of invasive and in situ breast 

tumours found increased levels of Nek2 protein in sixteen of twenty patients, the 

first report of elevated Nek2 protein levels in cancer. Additionally, within those 

tumour samples overexpressing Nek2 , the upregulation of Nek2 was pervasive, 

with greater than seventy percent of cells within a given tumour sample staining 

strongly. It is worth noting that both the antibodies used for tumour staining were 

raised to regions within Nek2 that do not discriminate between the different Nek2 

isoforms. In cultured cells the predominant isoform is Nek2A and this, though it 

cannot be concluded with certainty, is likely to be the case in tumour samples.

During the course of this thesis, one mechanism for the gross increase in Nek2 

expression observed in breast tumours has also been elucidated. Analysis of 44 

archival breast tumours by CGH found amplification of the Nek2  locus, 1q32, with 

32 patient samples demonstrating a gain of up to six copies (Loo et al., 2004). This 

underlying gene amplification is in keeping with that observed for the mitotic 

kinases Pik1 and Aurora-A (Holtrich et al., 1994; Sen et al., 1997) and the receptor 

tyrosine kinase ErbB2 (Seshadri et al., 1989), all current therapeutic targets.
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7.2.1 Downregulating Nek2 reduces cell viability

The correlation between increased Nek2  expression and cancer is evident, at least 

for a subset of breast tumours. Correspondingly, transfection of myc-Nek2A into 

cultured breast epithelial cells increases the incidence of aneuploidy and 

supernumerary and aberrant centrosomes. Conversely, the consequences of 

disrupting Nek2 function are less well studied.

Investigations of Nek2 depletion in the literature are limited and confined to 

cultured cells or simple eukaryotes. Depletion of Nek2 by RNA interference 

inhibited basal body separation in T. brucei and caused spindle defects and 

centrosome fragmentation in cultured embryonic D. melanogaster cells (Pradel et 

al., 2006; Prigent et al., 2005). Treating cultured human cells with Nek2 siRNA 

inhibited centrosome separation and specific depletion of Nek2 B induced a delay 

in exiting mitosis (Fletcher et al., 2005). The inhibition of centrosome separation is 

similarly suggested by the rise in monopolar spindles observed following 

expression of inactive Nek2A-K37R in U20S cells (Faragher and Fry, 2003). 

Interpretation of these limited data is further hindered by the realisation that Nek2 

is a structural centrosome component, regardless of activity (Faragher and Fry, 

2003; Twomey et al., 2004; Uto and Sagata, 2000). Broadly stated, however, loss 

of Nek2 activity negatively affects bipolar spindle formation and mitotic 

progression.

Work presented in this thesis extended these limited studies to examine the effect 

of Nek2 depletion on cell growth and viability. Depletion of Nek2 by siRNA in either 

HeLa or U20S cell lines abolished cell growth, though this growth restriction was 

also observed with control siRNA duplexes (Chapter 5). Encouragingly, growth 

inhibition of HeLa cells by specific depletion of Nek2 was also reported 

independently during the course of this work (Fletcher et al., 2004). Lastly, in this 

thesis I demonstrate that Nek2 depletion induced apoptosis of HeLa cells, a 

phenotype similarly described in the same study reporting growth inhibition 

(Fletcher et al., 2004).
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Nek2  is proposed as a target for the treatment of cancer, a disease of 

inappropriate proliferation. These tentative findings of growth inhibition and 

apoptosis are therefore encouraging. Future work should centre on characterising 

the nature of the growth inhibition and apoptosis, specifically whether the 

phenotypes are only induced in cells with existing mutations, such as the 

functional loss of p53 in HeLa cells. This question needs to be addressed with 

some urgency. If only p53'7* cell lines respond to Nek2 inhibition by undergoing 

apoptosis this will direct the choice of cell lines used to establish xenografts or 

later the patients recruited to test candidate molecules for efficacy.

7.2.2 Nek2 is a tractable therapeutic target

Protein kinases are considered tractable therapeutic targets, susceptible to 

inhibition through their common ATP binding domains. Concerns over the 

specificity of inhibition possible when targeting a domain conserved in multiple 

kinases have been dispelled in part. In vitro studies examining the binding of 

current clinical kinase inhibitors have highlighted the role of residues distal to the 

ATP binding pocket (Fabian et al., 2005).

The studies of Nek2 inhibition presented in this thesis demonstrate there are 

several chemical series that inhibit Nek2A with in vitro micromolar IC50 values and 

have GI50 against U20S and HeLa cells in the 1-10 /yM range. These series are 

encompassed both by the NU series of molecules and the HTS hits. In the case of 

the NU series of compounds they are all equipotent Cdk2 inhibitors. Consideration 

must be given to minimising this off-target efficacy in medicinal chemistry efforts, 

improving selectivity.

This thesis summarises the initial work of a project whose ultimate goal is to 

produce a specific, potent, well-tolerated inhibitor of Nek2 in vivo. The criteria for 

future development of the tentative hits are described briefly below and 

summarised in a test cascade (Figure 7.1). Satisfying the conditions of the test 

cascade comprises the majority of future work arising from this thesis. Whether the 

lead Nek2 inhibitors are developed from the NU series of molecules, or generated
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Figure 7.1 Nek2 drug discovery project test cascade

The test cascade details a series of milestones to be met in the development of a specific, 
potent Nek2 inhibitor. Initially molecules are screened for the simple ability to inhibit Nek2A 
in vitro. Compounds which inhibit Nek2A in vitro are termed “hits”. The most favourable hit 
molecules are progressed as “leads”. Leads are then subject to additional, specificity, 
toxicity and absorption criteria. The ultimate goal is to produce a selective, well tolerated 
compound that potently inhibits Nek2 kinase, inducing tumour regression.
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from a HTS of a new compound collection, a series of developmental milestones 

must now be met.

The initial steps of the test cascade concentrate on refining the potency and 

selectivity of hit molecules as they progress to lead inhibitors. Desirable hit 

molecules are expected to possess an IC50 of approximately 1//M against Nek2A 

in vitro and a favourable chemical structure for development. Ideally, if several hit 

molecules from the same series are identified, a speculative structure-activity 

relationship (SAR) may be constructed.

Hit molecules that are progressed to leads are subject to more stringent 

requirements. Activity against Nek2A in vitro with an IC50 of approximately 100 nM 

is specified, with an additional requirement of ten-fold selectivity for Nek2 over 

Cdk2 for compounds originating in the NU series. The wider selectivity 

requirements of potential Nek2 inhibitors are also considered at this stage. 

Candidate molecules are assessed for their likely interaction with components of 

metabolic pathways involved in drug clearance. This includes the absorption, 

distribution, metabolism excretion and toxicity properties of the molecule (conflated 

as ADMET) as well as its interaction with the oxidative cytochrome P450 enzymes. 

Similarly, at this stage lead compounds are also screened for specificity against a 

panel of related mitotic kinases. Lead compounds are also tested for inhibition of 

the cardiac potassium channel HERG, with an IC50 > 10 /yM sought. The 

inadvertent inhibition of HERG has been implicated in cardiac arrhythmia and 

sudden death and has led to the withdrawal of certain drugs from the marketplace 

(Thomas et al., 2004). Later steps in the test cascade require the development of 

mechanistic assays of Nek2 activity.

Two assays of Nek2 inhibition in cultured cells have been developed, an inhibition 

of centrosome disjunction and inhibition of rootletin displacement, both normally 

induced by GFP-Nek2A expression (Bahe et al., 2005; Faragher and Fry, 2003). 

Both of these assays measure a phenotype induced by active Nek2 and these 

phenotypes have both been inhibited by the treatment of cultured cells with 

compounds that inhibit Nek2A in vitro. These assays are effective, adaptable to
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automation for HTS and employ well characterised responses to increased levels 

of Nek2A (Bahe et al., 2005; Faragher and Fry, 2003; Fry et al., 1998c). However, 

neither assay directly measures Nek2 phosphorylation of a defined substrate.

The literature reflects a number of Nek2 substrates and interacting partners but a 

lack of a defined phosphorylation sites within them. C-Nap1 is phosphorylated on 

its carboxyl terminus by Nek2A in vitro, but the residues involve remain undefined 

(Fry et al., 1998b). Similarly Nek2A phosphorylates rootletin at both its C- and N- 

termini in vitro (Bahe et al., 2005). This situation is slowly beginning to change. A 

recent study of the Nek2 kinase domain identified residues within the T-loop that 

are likely autophosphorylation sites, obligate for activity in vitro and in cultured 

cells (Rellos et al., 2006). Nek2 activity has been shown to be dependent on 

dimerisation via its leucine zipper motif and subsequent autophosphorylation (Fry 

et al., 1999). Phospho-specific antibodies raised to a Nek2 autophosphorylation 

site, such as threonine 175, would be an excellent direct measure of Nek2 activity. 

A phospho-specific antibody would be invaluable in later steps of the test cascade. 

Directly measuring Nek2 autophosphorylation, and hence activation, would allow 

Nek2 inhibition to be measured in xenograft tumour models. Xenograft tumours 

resected from animals treated with putative inhibitors could be examined by 

immunohistochemistry with a Nek2 phosphospecific antibody. This allows a more 

rational assessment of drug administration regimes; dosing schedules whose 

upper limit is modulation of a specific biomarker rather than the conventional 

maximum tolerated dose.

7.3 Concluding remarks

There is not yet a causal role for Nek2 in cancer though there is a strong 

correlation between Nek2 overexpression and carcinoma. Indeed, overexpression 

of Nek2 in cultured cells induces aspects of neoplastic disease, namely 

centrosome abnormalities and aneuploidy. Experiments to determine whether 

Nek2 classically transforms cultured cells, conferring growth factor and anchorage 

independence, are still ongoing. The current lack of a causal link does not diminish 

the attraction of Nek2 as a novel target for the treatment of human carcinoma.
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The most well characterised consequence of Nek2 overexpression in cultured cells 

is premature centrosome disjunction. In addition, elevated cellular levels of Nek2 

promote centrosome fragmentation, mitotic spindle multipolarity, cytokinesis failure 

and aneuploidy. A loss of spindle bipolarity leads to a loss of genomic integrity. A 

multipolar spindle acting to segregate an aneuploid genome is a direct route to 

chromosomal instability (CIN), a constant shuffling of the tumour karyotype. This 

genomic plasticity provides a heterogenous pool of tumour cells from which to 

select for aggressive or drug-refractory tumour development. Nek2 upregulation 

may represent one route by which pre-malignant cells develop a sufficiently fluid 

genome to allow the six main traits of tumour malignancy (expounded in (Hanahan 

and Weinberg, 2000) to emerge. CIN has been described as a seventh, enabling, 

trait that is a prerequisite for development of the other six. Increased levels of 

Nek2 may be central to initiating or maintaining CIN. A Nek2 inhibitor may reduce 

tumour viability by reducing the incidence of multipolar mitoses that can induce 

CIN (Figure 7.2).

Though involvement of Nek2A in human neoplastic disease is clear, much of the 

mechanism has yet to be resolved. The substrates and pathways that transmit an 

increase in Nek2 activity to malignancy are as yet unknown. However, enough is 

known, or can be reasonably postulated, that Nek2 should still be considered a 

strong candidate for therapeutic intervention. Given the lengthy process involved in 

transferring a hit compound through a test cascade to the clinic, it is prudent to 

pursue a small molecule inhibitor of Nek2 whilst simultaneously unravelling its role 

in the pathways of malignancy.
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Figure 7.2 Possible consequences of Nek2 inhibition
Defects in chromosome segregation give rise to a heterogenous population of aneuploid 
tumour cells, a pool from which drug refractory or aggressively metastatic cells can be 
selected. This heterogeneity can be considered to be in equilibrium, too little aneuploidy 
and carcinoma cells cannot adapt to the tumour microenvironment or evade therapy. 
Conversely, excessive defects in chromosome segregation reduce cell viability. Inhibitors 
of Nek2 may inhibit the formation of multipolar spindles, reducing the ensuing defects in 
chromosome segregation and disturbing this equilibrium. This would adversely affect 
tumour viability firstly by preventing drug resistant cells evolving. Secondly, depending on 
p53 status, after treatment with an inhibitor of Nek2 cells may arrest at the post mitotic 
checkpoint or enter successive cycles of endoreduplication and lose viability. Grey dashed 
line indicates a reduction in viability following Nek2 inhibitor treatment.
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NEK2 MUTATION SCREENING

SSCP SSCP SSCP Sequencing SSCP SSCP Sequencing SSCP Sequencing SSCP Sequencing SSCP Sequencing

Sample number* Exon 1 Exon 2 Exon 3 Exon 3 Exon 4 Exon 5 Exon 5 Exon 6 Exon 6 Exon 7 Exon 7 Exon 8 Exon 8

2737 - + g.154159T>C - +/- no mutation found
2785 - + SSCP electropherogram consistent with g. 154159 T>C +/- no mutation tound + g.160537 A>G + g.164245 A>G
2799 + g.154159T>C Homozygote + g. 160537 A>G + g.164245 A>G
2819 + SSCP electropherogram consistent with g. 154159 T>C +/• no mutation found
2914 - +/• no mutation found
3206 + SSCP electropherogram consistent with g.154159 T>C +/- no mutation found
3227 + SSCP electropherogram consistent with g. 154159 T>C g. 157426 G>T +/- no mutation found
3420 - +/- no mutation found
3076 + SSCP electropherogram consistent with g. 154159 T>C +/- no mutation found
3509 + g. 154159 T>C Homozygote g.160537 A>G + g.164245 A>G

MCF7 + SSCP electropherogram consistent with g. 154159 T>C Homozygote + g.164245 A>G Homozygote
MDA MB 415 + SSCP electropherogram consistent with g.154159 T>C Homozygote +/- no mutation found

MDA MB 361 + SSCP electropherogram consistent with g.154159 T>C Homozygote + g.164245 A>G Homozygote

MDA MB 468 + SSCP electropherogram consistent with g.154159 T>C +/- g.164245 A>G

MDA 435 . +/• no mutation found

BT20 - +/- no mutation found

SKBR3 + SSCP electropherogram consistent with g. 154159 T>C •

T47D - - - +/- no mutation found

MDA MB 231 - . . ■

ZR75 - - - +/- ).157426 G>T Homozygot -

N.B. MUTATIONS ARE HETEROZYGOUS UNLESS STATED OTHERWISE DNA sequencing:
numbering based on Genbank genomic reference sequence AC096637.1

SSCP results scoring:
-: no mutation detected 
+: mutation detected 
+/-: equivocal result



NEK2 MUTATION SCREENING

Mutation1 cDNA Reference Protein Reference Position Predicted Effect8 Frequency 

(Total of 20 samples analysed)

g.154159 T>C c.504 T>C P.H168H Exon 3 codon 1682 Silent Variation3,8 13 samples

g.157426 G>T intronic intronic IVS 5 + 14 G>T none predicted 2 samples

g.160537 A>G c.1061 A>G P.N354S Exon 7 codon 764 Asparagine(N) > Serine(S)5 3 samples

g. 164245 A>G c.1317 A>G P.R439R Exon 8 codon 206® Silent variation7,8 6 samples

1 based on Genbank sequence AC096637.1

2 the change in codon 168 of Exon 3 is CAT > CAC. Both sequences encode a Histidine(H) residue

3 this variation is listed in dbSNP (refSNP ID rs701929).

4 the change in codon 76 of Exon 7 is AAC > AGC.

5 this variation is listed in dbSNP (refSNP ID rs10429965)

6 the change in codon 206 of Exon 8 is AGA > AGG. Both sequences encode an Arginine(R) residue

7 this variation is listed in the dbSNP (refSNP ID rs12031285)

8 the predicted effect of all variations on exonic splice site enhancers was checked using software at http://rulai.cshl.edu/tools/ESE/ 

this software indicated that the variants in exons 3 and 8 may have a possible effect on splicing.

http://rulai.cshl.edu/tools/ESE/
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The Centrosomal Kinase Nek2 Displays Elevated Levels of Protein Expression in 
Human Breast Cancer

Daniel G. Hayward,1 Robert B. Clarke,2 Alison J. Faragher,1 Meenu R. Pillai,1 Iain M. Hagan,2 and Andrew M. Fry1
Departm ent o f  B iochem istry, U n ive rs ity  o f  Le icester, Le ices te r; and  2Paterson Ins titu te  f o r  Cancer Research, M anchester, U n ited K ingdom

ABSTRACT

Aneuploidy and chromosome instability are common abnormalities in 
human cancer. Loss of control over mitotic progression, multipolar spin
dle formation, and cytokinesis defects are all likely to contribute to these 
phenotypes. Nek2 is a cell cycle-regulated protein kinase with maximal 
activity at the onset of mitosis that localizes to the centrosome. Functional 
studies have implicated Nek2 in regulation of centrosome separation and 
spindle formation. Here, we present the first study of the protein expres
sion levels of the Nek2 kinase in human cancer cell lines and primary 
tumors. Nek2 protein is elevated 2- to 5-fold in cell lines derived from a 
range of human tumors including those of cervical, ovarian, breast, pros
tate, and leukemic origin. Most importantly, by immunohistochemistry, 
we find that Nek2 protein is significantly up-regulated in preinvasive in 
situ ductal carcinomas of the breast as well as in invasive breast carcino
mas. Finally, by ectopic expression of Nek2A in immortalized HBL100 
breast epithelial cells, we show that increased Nek2 protein leads to 
accumulation of multinucleated cells with supernumerary centrosomes. 
These data highlight the Nek2 kinase as novel potential target for chemo
therapeutic intervention in breast cancer.

INTRODUCTION

Aneuploidy, the possession o f m ore or less than the correct num ber 
of chromosomes, is the single m ost com m on feature of solid hum an 
tumor cells and is generally associated w ith poor prognostic outcom e 
(1, 2). The underlying mechanism s for the generation o f aneuploidy, 
although poorly understood, are likely to include defects in the mitotic 
machinery used to segregate duplicated chrom osom es betw een daugh
ter cells (3). Persistent loss o f control over chrom osom e segregation 
leads to chromosome instability, w hich is defined as the rate of 
karyotypic change that occurs w ithin a tum or over time. Ominously, 
chromosome instability leads to a heterogenous population of cells 
with respect to genetic content and provides the tum or with a mechanism 
to select for cells with more malignant or drug resistant properties (4).

The ^centrosome plays a critical role in m itotic spindle formation 
and chromosome segregation, because it is the prim ary site o f m icro
tubule nucleation in cells (5, 6). N orm al cells enter m itosis with two 
properly duplicated centrosomes that ensure bipolarity, as well as 
correct axial positioning, o f the spindle. C ancer cells from  a wide 
variety of tum or types exhibit m ultipolar spindles, and these are often 
associated with abnormal centrosom e num ber or architecture (7-9). In 
addition, prematurely split centrosom es, unusually positioned centro
somes, and centrosomal proteins w ith aberrant levels o f phosphoryl
ation have all been detected in tum or cells (8, 10). Supernum erary
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centrosomes, and thereby aneuploidy, may be generated either by a 
direct uncoupling o f the centrosome duplication cycle from the cell 
division cycle or through an indirect failure of cell division that leads 
to tetraploidization (3, 11, 12). Cells lacking p53 or Rb pocket 
proteins fail to eliminate tetraploid cells allowing them to progress to 
the next mitosis where multipolar spindles can form (13). As a result 
o f centrosome defects, aneuploidy, and chromosome instability being 
detected in early, even preinvasive, tumors (14, 15), there is consid
erable interest in identifying whether centrosomal proteins are either 
mutated or abnormally expressed in cancer cells.

A number of cell cycle-regulated protein kinases have been local
ized to the centrosome including C dkl, P lk l, and Aurora-A. Each of 
these kinases is active in mitosis and required for mitotic progression 
and correct bipolar spindle formation (16). Overexpression of active 
and catalytically inactive versions of P lkl and Aurora-A leads to 
mitotic defects, the generation of aneuploid cells, and supernumerary 
centrosomes (17, 18). P lk l (e.g., refs. 19-21) and Aurora-A (18, 
22-25) also exhibit elevated mRNA and protein expression in a wide 
variety o f tumors and cancer cell lines and can induce transformation 
on overexpression in model systems (18, 25, 26). Another centroso
mal kinase that is regulated in a cell cycle-dependent manner is Nek2 
(NIM A-related kinase 2; ref. 27). Nek2 is expressed in human cells as 
tw o splice variants, Nek2A and Nek2B, both of which localize to the 
centrosome (28). The combined abundance and activity of the two 
forms peaks in S and G 2 phase of the cell cycle, whereas Nek2A is 
specifically targeted for proteasomal destruction in mitosis (29). 
Nek2A also has a binding site for the catalytic subunit of PP1, and 
hyperactivation o f Nek2A at the onset o f mitosis is thought to be 
dependent on inactivation o f PP1 (30). Overexpression of active 
Nek2A leads to premature centrosome splitting (31, 32), whereas 
overexpression of kinase-dead Nek2A causes the formation of cen
trosomal abnormalities, monopolar spindles, and aneuploidy (33). These 
data, combined with the characterization of C-Napl (34, 35), a centro
somal substrate of Nek2, suggest a physiologic role for Nek2A in regu
lating the separation of centrosomes at the G2-M transition. Studies with 
the Xenopus laevis homologues of Nek2 indicate that Nek2B may pri
marily be required for assembly and maintenance of centrosomes in early 
embryos in a kinase-independent manner (36, 37).

Despite its importance in centrosome regulation and spindle for
mation, detailed analysis of Nek2 expression in tumors has not been 
performed. The only relevant data comes from two microarray studies 
that looked at the expression of a range of genes in certain cancer 
models. These revealed that Nek2 mRNA is significantly elevated in 
Ewing tum or (pediatric osteosarcoma) cell lines and upon transfor
mation o f low-grade follicular lymphoma to the more aggressive 
diffuse large B-cell lymphoma (38, 39). Here, we use specific Nek2 
antibodies to demonstrate that Nek2 expression is elevated between 2- 
and 5-fold in cell lines derived from a variety of different cancer types 
and is significantly increased in the majority of breast tumors includ
ing early preinvasive tumors. W e also show that overexpression of 
Nek2 in nontransformed breast cells can induce aneuploidy. These 
data lend support to the hypothesis that deregulation of centrosomal 
proteins in general, and Nek2 in particular, could be contributory 
factors in cancer progression.
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ELEVATED EXPRESSION OF NEK2 KINASE IN HUMAN CANCER

MATERIALS AND METHODS

Cell Culture and Transfection. HeLa, HBL100, MCF-7, MDA-MB-231. 
MDA-MB-468, and T47D cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (Invitrogen, Paisley, United Kingdom) supplemented with 10% fetal 
calf serum (FCS, Invitrogen) and 2 mmol/L glutamine (Invitrogen); ZR75-1, 
SKOV3, OVCAR5, DU-145, and PNT2-C2 were cultured in RPM I 1640 
(Invitrogen) with 10% FCS and 4 mmol/L glutamine; K562, KCL22, U937, 
HL60, Ros, Rec, and Riva were cultured in RPMI 1640 (Invitrogen) with 10% 
FCS and 2 mmol/L glutamine; PC-3 cells were cultured in Ham ’s F I 2 
(Invitrogen) with 7% FCS and 4 mmol/L glutamine (PC-3). U 20S  osteosar
coma T-REx cells (Invitrogen) and tetracycline-inducible Nek2A cells lines 
were cultured and induced with tetracycline as described previously (33). 
Primary T cells were obtained as described previously (28). HBL100 cells 
were transfected using FuGENE 6 transfection reagent according to the man
ufacturer’s instructions (Roche, Lewes, United Kingdom).

Cell Synchronization and Reverse Transcription-PCR. HeLa cells were 
chemically synchronized in different phases of the cell cycle and analyzed by 
flow cytometry as described previously (28). Total RNA was isolated from 
synchronized HeLa cells using TRI reagent (Sigma, St. Louis, MO) according 
to the manufacturer’s instructions and treated with amplification grade DNasel 
(Roche) to avoid DNA contamination. Semiquantitative reverse transcription- 
PCR (RT-PCR) reactions were then established as described previously (36) 
using primers specific for human Nek2A and Nek2B (28). Specifically, 1 jug 
(for Nek2A) and 2 p-g (for Nek2B) of total RNA was used for cDNA synthesis 
and PCR reactions (94°C, 30 seconds; 50°C, 30 seconds; and 72°C, 45 
seconds) carried out for 30 cycles.

Cell Extraction, Protein Electrophoresis, and Western Blotting. Whole 
cell lysates of asynchronous cell populations were prepared in radioimmuno- 
precipitation assay buffer [50 mmol/L Tris-HCI (pH 8.0), 150 mmol/L NaCl, 
1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS]. Briefly, cells were 
washed in ice-cold 1 x  PBS (150 mmol/L NaCl, 2.7 mmol/L KC1, 8 mmol/L 
disodium hydrogen P;. and 1.5 mmol/L potassium dihydrogen phosphate) and 
lysed directly in radioimmunoprecipitation assay buffer on ice for 30 minutes, 
centrifuged at 4°C, 14,000 rpm, to remove insoluble material and total protein 
concentration of the resulting supernatant determined by bicinchoninic acid 
assay (Pierce, Rockford, United Kingdom). Lysate, 50 pg, for each cell line 
was resolved by SDS-PAGE, transferred to nitrocellulose membrane, and 
probed with affinity-purified antibodies raised to Nek2 [antipeptide antibody
(40), 1 pg/ml], C-Napl [R63 (34), 1 pg/ml], and a-tubulin (Sigma, 1 pg/ml). 
Blots were developed by enhanced chemiluminescence (Amersham Bio
sciences, Little Chalfont, United Kingdom).

Immunohistochemistry. Four-micrometer thick sections of formalin- 
fixed, paraffin wax-embedded samples of resected tumor or normal breast 
tissue were mounted on (3-aminopropyl)triethoxysilane coated slides. Sections 
were dewaxed in three washes of xylene and rehydrated in graded alcohols: 
100% EtOH for 10 minutes followed by 95%, 90%, and 70% for 5 minutes 
each, before incubation in 1 X  PBS. Slides were then incubated in a pressure 
cooker in 10 mmol/L citrate buffer (10 mmol/L citric acid monohydrate; pH 
6.0), for 2 or 3 minutes at full pressure to recover antigenic epitopes. Slides 
were probed with affinity-purified polyclonal rabbit antibodies raised to Nek2 
[either antipeptide (40) or R40 (31), 2 pg/ml] or control rabbit IgGs as an 
appropriate control (DAKO, Ely, United Kingdom; 2 pg/mL). For other 
measurements, slides were probed with antibodies raised against the Ki67 
proliferation-associated nuclear antigen (clone MIB1, Dako), estrogen receptor 
a  (clone 1D5, Dako), progesterone receptor (clone PgR636, Dako), and 
epidermal growth factor receptor (EGFR, NCL-EGFR, Novocastra) at concen
trations recommended by the manufacturers. Bound antibodies were detected 
with a horseradish peroxidase-conjugated secondary antibody system (Envi
sion, DAKO) and 3,3'-diaminobenzidine development according to the man
ufacturer’s protocol (brown stain). Developed slides were counterstained in 
hematoxylin (purple stain), dehydrated through graded alcohols, incubated 
in Histoclear (National Diagnostics, Hessle, United Kingdom), and mounted in 
Pertex (Cellpath, Newtown, United Kingdom). Slide images were captured 
with a Zeiss Axioskop microscope using a Zeiss Axiocam and processed using 
Axiovision and Adobe photoshop software. EGFR expression was graded 
from -  (zero) to + + + + (very high) intensity of membrane staining on most 
tumor cells. Nek2, estrogen receptor a, progesterone receptor, and Ki67 were 
assessed as the percentage of positively stained cells after examination of s  1,000

tumor cells in randomly selected fields. For example, in tumor sample 21%, 1,077 
of 1,147 cells were positively stained for Nek2 (93.9%), 805 of 1,145 cells for 
estrogen receptor a  (70%), 238 of 1,004 cells for progesterone receptor (24%), and 
69 of 1,007 cells for Ki67 (6.9%). Intensity of staining was not assessed for these 
four antibodies.

Immunofluorescence microscopy. HBL100 or MDA-MB-468 cells were 
fixed in cold methanol and processed for indirect immunofluorescence micros
copy as described previously (33). Primary antibodies used were anti-myc 
monoclonal (1:2,000; Cell Signaling Technologies, Beverly, MA), anti-y- 
tubulin (1:2,000; Sigma), or anti-C-Napl (R63 1 jug/ml; ref. 34). Secondary 
antibodies were Alexa Fluor 594 goat antimouse or Alexa Fluor 488 goat 
antirabbit (1 pg/mL; Invitrogen). DNA was stained with Hoechst 33258 (0.2 
pg/mL; Calbiochem, San Diego, CA). Images were captured on a Nikon TE300 
microscope with an ORCA-ER (Hamamatsu, Hamamatsu, Japan) CCD camera 
using Openlab 3.1.4 software (Improvision, Coventry, United Kingdom).

RESULTS

Nek2 Protein Expression Is Elevated in a Variety of Human 
Cancer Cell Lines. To determine whether the protein expression 
level of the Nek2 kinase is altered in human cancer, we first per
formed W estern blots on extracts prepared from a panel of human 
cancer cell lines with a polyclonal anti-Nek2 antibody. This previ
ously characterized antibody was raised against a peptide representing 
amino acids 278-299  of Nek2 and, therefore, detects both Nek2A and 
Nek2B (40). For controls, W estern blots were also performed on 
extracts of peripheral T lymphocytes, primary human umbilical vein 
endothelial cells, and immortalized breast and prostate epithelial cells 
(HBL100 and PNT2-C2, respectively). These four nontransformed 
cell types showed very similar levels o f expression of Nek2 proteins 
with Nek2A consistently expressed at higher levels than Nek2B. In 
contrast, elevated expression of Nek2 proteins was found in 10 of 17 
(59%) cancer cell lines including those of ovarian (SKOV3 and 
OVCAR5), leukemic (K562, KCL22, RIVA, and Rec), breast (MCF-7 
and MDA-M B-468), prostate (PC3), and cervical (HeLa) origin (Fig. 
1A). Those cell lines having increased expression of Nek2A generally 
showed similar increases in Nek2B suggesting either amplification of 
the gene or up-regulated transcription (Fig. 1, B  and C). None of the 
cell lines tested had altered expression of the centrosomal Nek2 
substrate, C -N apl (Fig. 1A).

In a recent microarray study, N ek2  was identified as a potential 
E2F4 transcription factor target gene (41). E2F4 acts as a transcrip
tional repressor during Gj and G0 through recruitment of the Rb 
pocket proteins p i 07 and p i 30. These tum or suppressors, in turn, 
recruit histone deacetylases, which promote a closed state of chroma
tin preventing access to transcriptional activators. Importantly, Nek2 
mRNA is elevated in mouse embryo fibroblasts lacking both p l0 7  and 
p i 30 supporting the hypothesis that Nek2 transcription is tightly 
regulated under normal cell cycle conditions (41). To directly test 
whether Nek2 transcription is cell cycle regulated, we performed 
semiquantitative RT-PCR on RNA isolated from extracts of synchro
nized HeLa cells (Fig. ID). Conditions for semiquantitative RT-PCR 
were carefully established through serial dilution of total RNA added 
and optimization of PCR cycle number (36) and synchronization was 
confirmed by flow cytometry (data not shown). As predicted from the 
binding of E2F4, the abundance o f both Nek2A and Nek2B mRNAs 
was significantly lower in G 1 than in S and G2. The mRNAs were 
undetectable in mitotically arrested cells.

Nek2 Antigen Retrieval in Formaldehyde-Fixed Cells. Whereas 
studies on cell lines are informative, it was important to determine 
whether Nek2 protein levels were altered in primary human tumors. 
For this purpose, we decided to use an immunohistochemical staining 
approach with the antipeptide Nek2 polyclonal antibody (40). How
ever, the archival tumor samples we wished to use were stored as
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Fig. 1. Expression o f centrosomal proteins Nek2 
and C-Napl in cancer cell lines. A. The expression 
levels of Nek2 and C -N apl were determined by West
ern blotting total lysates o f asynchronous cell popula
tions equalized for protein content and are presented 
with respect to that seen in primary cells {HU VEC ). 
Relative expression levels were determined by densi- 
tometric scanning over the linear range o f enhanced 
chemiluminescence autoradiographs using N1H Image
1.62 and denoted as follows: + ,  expressed at equal 
abundance to that seen in HUVECs; + + ,  overex
pressed up to 2-fold; +  +  + ,  > 2-fold overexpressed;

expressed at lower abundance than in HUVECs; 
N D , not determined. Each cell line was analyzed in at 
least three independent experiments. B  and C, repre
sentative Western blots o f cancer cell lysates. Total cell 
lysate, 50 pg, was separated on SDS-polyacrylamide 
gels, Western blotted, and probed with Nek2 (antipep
tide antibody; 1 pg/m L ) or a-tubulin (1 pig/mL) anti
bodies. D. Semiquantitative RT-PCR was performed 
using specific primers against Nek2A (top) or Nek2B 
(bottom) on equalized amounts of total R N A collected 
from HeLa cells synchronized in the indicated phases 
of the cell cycle (M, G ,, S, and G2) or on pGEM- 
Nek2A plasmid (P). Samples were separated on agar
ose gels and visualized with ethidium bromide. 
H U V E C , human umbilical vascular endothelial cell

A Tissue Origin Cell Line Nek2 C-Nap1

Umbilical Vein HUVEC + ND

Breast HBL100 + +

ZR75 + +

MDA-MB-231 + +

MDA-MB-468 + + +

T47D + ND |
MCF7 ++ ND

Prostate PNT2-C2 + ND
PC3 ++ ND
DU145 + ND

Ovary SKOV3 + + + +
OVCAR5 + + ND

Blood T cells + ND
K562 +++ +
KCL22 +++ ND
U937 + +

HL60 + + l

Ros + +

RIVA +++ +

Rec + + + +

Cervix HeLa + + ND
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formaldehyde-fixed, paraffin-embedded tissue, and we had deter
mined previously that this antibody did not detect Nek2 after form
aldehyde fixation (data not shown). To investigate a viable antigen 
retrieval protocol, we made use of a tetracycline-inducible Nek2A cell 
line generated previously in our laboratory (33). After 24-hour induc
tion with tetracycline, parental U 20S and U20S:Nek2A cells were 
harvested, fixed with formaldehyde, embedded in agarose, and sec
tioned. Sections were then either untreated or subjected to an antigen 
retrieval procedure using citrate buffer before staining with either 
control or anti-Nek2 antibodies (Fig. 2). After antigen retrieval, Nek2 
staining was strongly detected in the U20S:Nek2A cell line and weakly 
in the parental U20S cells, whereas the control antibodies gave no stain.

A similar antigen retrieval approach was also shown to be successful on 
formaldehyde-fixed HBL100 breast cells (data not shown).

Nek2 Is Overexpressed in Primary Human Breast Tumors. 
M ajor karyotypic changes, including gains or losses of whole 
chromosomes, are by far the most common lesion in breast cancer 
and are strongly associated with a bleak clinical outcome (42). 
Using the antigen retrieval methods determined above and the 
polyclonal antipeptide Nek2 antibody, we therefore analyzed Nek2 
protein expression in archival samples o f 20 human breast cancers. 
Strikingly, Nek2 protein expression was elevated significantly in 
the majority of these breast tum or samples. Elevated Nek2 expres
sion was clearly detected in ductal carcinoma in situ (DCIS) tumor
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Pre-antigen Retrieval Post-antigen Retrieval

Fig. 2. Antigen retrieval enables Nek2 staining 
after formaldehyde Fixation. U 20S  osteosarcoma 
cells stably transformed with a construct express
ing kinase-dead Nek2A-K37R-myc-His ( U 20S :
Nek2A; B, D, F. and H )  or the parental U 20S  cell Nek2
line ( U 2 0S ; A, C, E, and G) were fixed with 
formaldehyde before embedding in paraffin wax.
Sections were then cut and stained with antibodies 
raised to Nek2 (A -D ; 3.75 /ig /m L) or control IgGs 
(E -H )  before (A, B, E, and F) or after (C, D, G. and 
H ) antigen retrieval. 3,3'-diaminobenzidine stain
ing (brown) indicates that Nek2 is recognized in the 
stable cell line only after processing for antigen 
retrieval (D). The cell-to-cell variability o f staining 
reflects the cell cycle dependent expression o f M o c k
Nek2A. Scale bar, 10 /xm.
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cells as compared with norm al breast ductal cells or stromal cells 
within the same sections (Fig. 3, A  and C). These latter cells 
showed weak levels o f staining as w ould be expected for a protein 
known to be ubiquitously expressed. DCIS is an early step in the 
pathology of breast cancer in which a luminal epithelial cell lining

the duct has undergone an early transform ation event and prolif
erated, although the carcinom a is still bounded by the basement 
membrane surrounding the duct (Fig. 3, B  and D). Strong Nek2 
staining was both restricted to the carcinom a and dependent on the 
presence o f primary antibodies to Nek2 as sequential DCIS tumor

Fig. 3. Nek2 expression is elevated in D C IS  breast tumors. Breast tumor 
sections were stained with polyclonal antipeptide Nek2 (A -E ; 2 jxg/mL) or 
mock antibodies (F ; control IgGs, 2 n g /m L )  after antigen retrieval. Images 
taken at low (A) and high (B -F )  magnification are shown. D C IS  tumor cells 
(arrowed, T, A, and C) show highly elevated Nek2 expression as compared 
with normal breast duct tissue (arrowed, N, A, and C). The carcinoma cells 
in DCIS art bounded by an intact basement membrane (arrow ed, B  and D).

- To demonstrate antibody specificity, sequential tumor sections were cut and 
stained with Nek2 (E) or mock (F) antibodies after antigen retrieval. Scale 
ba r  in A, 100 /xm, and in F  (for B -F ),  30 /xm.
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sections incubated with control rabbit IgG fraction exhibited no 
specific staining (Fig. 3, E  and F ).

Analysis of invasive ductal carcinoma and invasive lobular carci
noma tissue also revealed a significant increase in the expression of 
Nek2 protein in tumor cells compared with controls (Fig. 4, A-D , and 
data not shown). In invasive carcinomas, the tumor cells are present 
throughout the stroma and are no longer confined within ducts or 
lobules. This breakdown of normal histology and invasion of sur
rounding tissue is an important stage in the establishment of meta
static tumors. To verify the staining pattern that we had observed with 
the antipeptide Nek2 antibody, a second independent polyclonal an
tibody was used. This antibody was raised to a bacterially expressed 
fragment representing approximately the COOH-terminal two-thirds 
of the Nek2A protein (31). Again, after antigen retrieval, carcinoma 
cells in DCIS tumors stained strongly for Nek2, whereas normal 
ductal tissue and stromal cells did not (Fig. 4, E  and F ).

Thus far, we have analyzed 20 breast tumor samples, including 
DCIS, invasive ductal carcinoma, and invasive lobular carcinoma 
tumors, in which areas of both tumor and normal tissue could be 
detected for comparison of expression levels. Sixteen (80%) exhibited 
significantly elevated Nek2 protein expression, whereas 4 (20%) gave 
no more staining than the normal tissue (Table 1). Within those 
tumors that showed elevated Nek2 expression, all had increased 
expression in >70%  of tumor cells (n >  1000). We compared the 
extent of cells overexpressing Nek2 in these breast cancers with data 
that had been obtained previously on estrogen, progesterone, and 
EGFR expression. However, no obvious correlation was apparent 
between the expression of Nek2 and any of these markers. For 
example, of the 16 tumors that were strongly Nek2 positive (>70% ),

Table 1 Nek2, K i67, and hormone receptor expression levels in  breast tumors

Patient Nek2 (%) E R a (%) PR (%) EGFR ( + / - ) Ki67 (%) Tumor type Grade

8225 No stain 97 12 - 21.9 IDC 1
8226 91.0 95 95 . - 44.6 IDC 2
8401 88.3 0 0 - 35.8 ILC N K
8403 86.8 33 0 - 58.4 ID C 3
2243 90.2 78 2 - 41.7 IDC N K
2304 72.9 95 49 . - 39.3 IDC 3
2575 No stain 0 0 +  + 30.3 IDC 3
3000 98.0 98 37 - 16 IDC 3
2282.1 92.9 0 0 +  +  +  + 52 ID C 3
2196 93.9 70 24 - 6.9 ID C 3
2210 91.6 91 8 - 9.8 IDC 3
2585 81.6 0 0 + 46.7 IDC 3
2262.2 93.7 97 98 - 18.9 ILC 3
6238 No stain 20 30 + 7.4 IDC 3
1223.2 76.0 90 15 - 37.6 ID C 3
7911 No stain 0 0 - 88.1 ID C  1 3
1570.2 83.0 0 0 - 34.8 ID C 3
7956 94.5 0 0 - 70.3 ID C 3
7916 75.2 80 8 - 69.9 IDC 3
1955 97.7 3 0 - 51.1 ID C 3

NOTE. The table indicates the percentage of cells (n >  1000) exhibiting elevated 
levels of Nek2 expression in randomly selected fields o f 20 breast tumor samples and 
compares this to expression levels o f ER a, PR, and EGFR and the proliferation marker 
Ki67. Tumor type and grade are also indicated.

Abbreviations: ER, estrogen receptor; PR, progesterone receptor; IDC, invasive ductal 
carcinoma; ILC , invasive lobular carcinoma; NK , not known.

9 were estrogen receptor a  positive (>70% ), whereas 7 were estrogen 
receptor a  negative. Likewise, some tumors that were Nek2 positive 
were progesterone receptor and EGFR positive, whereas others were 
progesterone receptor and EGFR negative. Clearly, however, our 
current sample size is too small to draw any strong conclusion about

Fig. 4. Nek2 expression is elevated in invasive carcinomas of the breast. 
Invasive lobular carcinoma breast tumor sections were cut and stained with 
antibodies raised to Nek2 (A  and B; 2 /xg/mL) after antigen retrieval. Images 
taken at low (A) and high (B) magnification are shown. Sequential tumor 
sections stained with Nek2 (C) or mock (D ) antibodies demonstrate the 
specificity of the response in the invasive tumor cells. Sequential tumor 
sections were also stained with a second independent polyclonal antibody 
raised to Nek2 (£; R40; 2 jug/mL) or mock antibodies (F; control IgGs; 2 
ju,g/mL) after antigen retrieval. A  DCIS carcinoma engorged with tumor cells 
is stained strongly for Nek2 (arrow ed T  in £ ), whereas normal ducts 
0arrowed N 'm E )  and surrounding stroma are not. Scale ba r  in D, 20 pm , and 
in F, 100 pm .
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Fig. 5. Elevated expression of Nek2A induces 
multinucleation in H B L100 cells. A, histogram 
showing percentage o f multinucleated cells after 
72-hour transfection o f either myc-LaminA or 
myc-Nek2A; 100-300 transfected cells were 
counted in at least four independent experiments. 
Bars, ± S D  and the P  =  0.01 (Student’s paired r 
test). B—E, merged images of multinucleated 
HBL100 cells expressing myc-Nek2A stained with 
antibodies against the myc tag (red) and 7-tubulin 
(green). D N A  was stained with Hoechst 33258 
(blue). An enlargement of the y-tubulin stain is 
shown in the inset in each panel demonstrating the 
presence of supernumerary centrosomes. Scale bar, 
5 /Ltm.

©  10
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the correlative expression of these markers. Finally, no correlation 
was detected between expression of Nek2 and Ki67, a marker for cell 
proliferation. Whereas one might predict that cells expressing Nek2 
would be proliferating, we note that there was no obvious correlation 
either between expression of proliferation markers (Ki67 or PCNA) 
and the overexpression of the other mitotic kinases, Plkl and Aurora-A 
(19, 21, 22, 43).

Elevated Expression of Nek2A Induces Aneuploidy in Immor
talized Breast Cells. To determine whether altered Nek2 expression 
might contribute to aneuploidy and chromosome instability in breast 
cancer, we analyzed the consequences of ectopic expression of Nek2A 
in nontransformed breast cells. HBL100 cells are derived from normal 
breast epithelia but are immortal due to the presence of SV40 large T 
antigen (44). Immunofluorescence microscopy revealed that <1%  of 
untransfected HBL100 cells had supernumerary centrosomes or ab
normal nuclei, whereas a breast cancer cell line (MDA-MB-468) had 
~ 5%  cells with supernumerary centrosomes (data not shown). After 
72 hours of transfection with myc-tagged Nek2A, —9% HBL100 cells 
(n = 900) exhibited gross nuclear abnormalities being either multinu
cleated or with extra chromosomal material (Fig. 5A). Staining with 
antibodies against y-tubulin (Fig. 5, B -E )  and C-Napl (data not 
shown) revealed that the multinucleated cells invariably contained 
extra centrosomes suggesting that they arose through an aborted mitosis 
or failed cytokinesis. Cells transfected with myc-tagged lamin A showed 
only ~1%  nuclear defects (n — 1200; Fig. 5A). Ectopically expressed 
Nek2A colocalized with y-tubulin at the centrosome in HBL100 cells as 
expected (Fig. 5, B-E). Therefore, these results support the hypothesis 
that elevated Nek2 levels can contribute to errors in mitotic progression 
and/or chromosome segregation that generate aneuploid cells.

DISCUSSION

The majority of tumor cells in human cancers exhibit centrosome 
abnormalities. These typically include increased centrosome size, 
number, and microtubule nucleation capacity (7-9). Importantly, cen
trosome aberrations correlate with or even precede the generation of 
aneuploidy and the acquisition of a chromosome instability phenotype 
in breast and prostate tumors (14, 15). This has led to the hypothesis 
that deregulation of centrosome function could be a m ajor contribu

tory factor to the genetic instability and loss o f tissue differentiation 
that drive most cancer progression.

Here, we show for the first time elevated protein expression of the 
centrosomal kinase Nek2 in cancer cell lines and primary breast tumors. 
This adds to previous mRNA studies demonstrating elevated Nek2 ex
pression in Ewing tumor cell lines and diffuse large B-cell lymphomas 
(38, 39). In our analysis of 17 cancer cell lines, we found up-regulated 
expression in breast, ovarian, leukemic, prostate, and cervical cancer 
cells. The level of up-regulation was 2- to 5-fold with respect to its 
abundance in primary or immortalized untransformed cell lines. Similar 
levels of protein overexpression were reported for Aurora-A in pancre
atic, breast, and colorectal tumor cell lines (18, 24, 25). The HBL100 and 
PNT2-C2 immortalized cell lines do contain SV40 antigens that could 
alter expression from E2F responsive genes (44,45). However, these cell 
lines had equivalent expression of Nek2 to the two primary cell types and 
significantly less than related cancer cell lines. In primary breast tumors, 
elevated Nek2 protein was detected with two independent antibodies in 
both in situ and invasive carcinomas. Its up-regulation in DCIS tumors 
indicates that alteration of Nek2 protein levels occurs in breast tumors 
before invasion and metastasis. We note that centrosomal defects, aneu
ploidy, and chromosome instability have all been observed with high 
frequency in these early stage tumors (15). From our limited data, 
however, we saw no correlation between Nek2 and estrogen or proges
terone receptor expression.

The underlying cause for an increase in Nek2 expression is unclear. 
However, it is intriguing to speculate that loss of transcriptional 
control through inactivation of the tumor suppressors p i07 and/or 
p i 30 may be one reason. By analyzing the abundance of Nek2 mRNA 
in synchronized cells, we found that there was a reduced amount in G, 
and M phase compared with S and G2 phase. This result is in 
agreement with the observation that the promoter region of the human 
Nek2 gene, located at chromosome Iq32.2-lq41 (28), binds the E2F4 
transcriptional repressor (41). This would be expected to lead to a 
decrease in transcription in G , and G0 through recruitment of the 
p l07 /p l30  pocket proteins. Indeed, cells lacking p i 07 and p i 30 
exhibit elevated levels o f Nek2 mRNA (41). Due to the significant 
number of mitotic and G2-M checkpoint proteins shown to have E2F4 
binding sites, loss o f p i 07 and p i 30 may well cause up-regulation of 
many cell cycle regulators (41). Because loss o f Rb pocket proteins 
also promotes survival o f tetraploid cells (13), we propose that these
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tum or suppressors may be critical in preventing the accumulation of 
centrosome abnorm alities and aneuploidy.

Previous studies have shown that Nek2 contributes to assembly and 
maintenance o f centrosomes and to bipolar spindle formation (33, 36, 
37). Therefore, inappropriately high expression o f Nek2 might inter
fere with either centrosom e integrity or chrom osome segregation. In 
nondividing cells, this could contribute to the loss o f differentiated 
cell morphology and breakdow n in tissue architecture typical of 
invasive breast carcinomas (8, 15). In dividing cells, this could lead to 
aneuploidy and chrom osom e instability. Indeed, overexpression of 
Nek2A in the nontransform ed HBL100 cell line did induce the gen
eration o f m ultinucleated cells at a level that was 9-fold higher than 
control transfections. Because these multinucleated cells also had 
supernumerary centrosomes, it seems reasonable to predict that they 
have failed cytokinesis, perhaps as a result o f some earlier defect in 
mitosis. Overexpression of A urora A  and P lk l also leads to 
multinucleation, and it has been proposed that this may provide a 
m ajor route to both tetraploidization and centrosom e amplification
(17). As well as perturbing spindle formation, altered expression of 
Nek2 might interfere with other m itotic processes. Nek2 has been 
reported to interact with the kinetochore proteins H eel and M adl 
suggesting a role in the spindle checkpoint (46, 47). Meanwhile, 
studies performed on homologues o f Nek2 in low er eukaryotes sug
gest that these kinases may promote mitotic entry through recruitment 
of cell cycle regulators to the centrosome and, possibly, have a direct role 
in triggering cytokinesis (48-50). Future studies will now be needed to 
determine whether inappropriate expression of Nek2A can also cause 
cellular transformation or tumor formation in animal models.
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Abstract

Aneuploidy and chromosome instability are two of the most common abnormalities in cancer cells. They arise through 
defects in cell division and, specifically, in the unequal segregation of chromosomes between daughter cells during mitosis. A 
number of cell cycle dependent protein kinases have been identified that control mitotic progression and chromosome 
segregation. Some o f these localize to the centrosome and regulate mitotic spindle formation. One such protein is Nek2, a 
member o f the NIM A-related serine/threonine kinase family. Data are emerging that Nek2 is abnormally expressed in a wide 
variety of human cancers. In this review, we summarize current knowledge on the expression, regulation and function of Nek2, 
consider how Nek2 may contribute to chromosome instability, and ask whether it might make an attractive target for 
chemotherapeutic intervention in human cancer.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Cancer cells invariably exhibit some degree of 
genetic instability. This can range from an accelerated 
rate of mutation, arising from defects in DNA repair, 
to gross changes in DNA content that result from 
errors in the division of chromosomes during mitosis. 
Chromosome segregation errors lead to an abnormal 
chromosome content, so called aneuploidy, usually 
being two to three times the content of a normal 
diploid cell (Rajagopalan and Lengauer, 2004). 
In addition, some, but not all aneuploid cells exhibit

* Corresponding author. Tel.: + 4 4  116 252 5024; fax: + 4 4  116 
252 3369.

E-mail address: amf5@le.ac.uk (A.M. Fry).

chromosome instability (CIN), a phenotype charac
terized by a certain rate of gain or loss of 
chromosomes at each cell division. This constant 
shuffling of chromosomes enables a microevolution- 
ary process to occur, with cells which acquire 
properties advantageous to growth and survival taking 
over the tumour. The loss of control over an orderly 
mitotic division of chromosomes is, therefore, central 
to the progression of many cancers to a malignant and 
drug resistant state.

Chromosome segregation is an extremely complex 
process that occurs on a microtubule-based scaffold 
called the mitotic spindle (Gadde and Heald, 2004). 
Microtubules, produced from the spindle poles, 
capture duplicated chromosomes such that each 
member of a pair of sister chromatids is attached to 
opposite poles, i.e. amphitelic attachment. Bipolarity
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is essential for an equal segregation of genetic 
material and thus it is critical that cells entering 
mitosis have two spindle poles that can separate and 
migrate to opposite ends of the cell. In animal cells, 
the spindle poles are organized by centrosomes, as 
these are the dominant sites of microtubule nuclea- 
tion. Importantly, the number, structure and function 
of centrosomes in cancer cells is frequently abnormal 
and correlates with the acquisition of aneuploidy and 
CIN in a number of cancer types (Lingle et al., 2002; 
Nigg, 2002; Pihan et al., 2003).

Enzymes that are active at mitosis and govern the 
ordered establishment of a mitotic spindle are 
attractive candidates for study in human cancer. 
A number of protein kinases localise to the 
centrosome and regulate different aspects of cell 
division. These include polo-like kinase 1 (Plkl) and 
Aurora-A kinase, both of which exhibit elevated 
expression in a wide variety of tumours and cancer 
cell lines and can induce transformation upon over
expression (Barr et al., 2004; Marumoto et al., 2005). 
Not surprisingly, major drug discovery programs are 
already underway to identify inhibitors of Plkl and 
Aurora-A that may be effective in cancer treatment 
(Eckerdt et al., 2005; Keen and Taylor, 2004). Another 
centrosomal kinase that is active at the onset of mitosis 
and important for accurate chromosome segregation is 
Nek2 (Fry, 2002). This kinase also appears to be 
abnormally expressed in cancer cells and may constitute 
another important drug target.

2. Nek2: a conserved centrosome kinase

Nek2 is a serine/threonine protein kinase whose 
activity is cell cycle-regulated, peaking in S and G2 

phase (Fry, 2002). It belongs to the NIMA-related 
kinase, or ‘Nek’, family that in man consists of eleven 
different members (Neksl-11). These proteins share 
within their catalytic domain sequence similarity to 
the founding member of this family, the NIMA kinase 
of the filamentous fungus Aspergillus nidulans 
(O’Connell et al., 2003). NIMA was originally 
identified in a screen for A. nidulans cell cycle 
mutants that were prevented from entering mitosis, 
hence ‘nim’ for never in mitosis. Characterization of 
NIM‘A ’, the first mutant isolated, revealed it to be

a protein kinase essential for mitotic entry (O’Connell 
et al., 2003).

Structurally, Neks 1-11 all exhibit a broad similarity 
to NIMA, being comprised of an N-terminal catalytic 
kinase domain and a C-terminal regulatory domain 
(Fig. 1). However, the degree of conservation between 
the human kinases and Aspergillus NIMA is not that 
high compared to other cell cycle control proteins. 
Within the catalytic domain it never exceeds 45%, while 
the C-terminal domains are highly divergent in both size 
and domain organization (O’Connell et al., 2003). 
Furthermore, none of the human kinases has yet been 
shown to be a functional homologue of NIMA, i.e. able 
to rescue a nimA mutant, so it remains to be seen to what 
extent these proteins share functionality. However, 
initial characterization of the human Neks does support 
the hypothesis that they may all play important roles in 
cell cycle progression and/or microtubule organization.

Of all the Neks, Nek2 exhibits the greatest sequence 
identity to NIMA (Fry, 2002). In humans, Nek2 is 
expressed as at least three splice variants: Nek2A, 
Nek2B and Nek2A-T (Fig. 1) (Fardilha et al., 2004; 
Hames and Fry, 2002). Nek2A is 445 amino acids in 
length (48 kDa) and can be considered as the ‘full- 
length’ protein. Nek2B is 384 amino acids (44 kDa) and 
arises through use of an alternative polyadenylation site 
within the terminal intron. This means that Nek2A and 
Nek2B are identical up to residue 370 but differ in their 
extreme C-termini. Nek2A-T arises from an alternative 
splicing event, which excises eight amino acids 
(371-378) from the C-terminal domain of the full- 
length protein (Fardilha et al., 2004). Western blotting 
of most adult transformed human cell lines indicates that 
the predominant isoform is equivalent to the size of 
Nek2A/Nek2A-T, with Nek2B present but at lower 
abundance. This is also the case in primary T cells, 
human umbilical vein endothelial cells, and immorta
lized but non-transformed HBL100 breast and PNT2- 
C2 prostate epithelial cells (Hames and Fry, 2002; 
Hayward et al., 2004). The alternative C-termini of these 
splice variants leads to important differences in their cell 
cycle-dependent post-translational regulation (see Sec
tion 5). They are also differentially expressed in a 
developmental and, perhaps tissue-specific, manner 
(Fardilhaet al., 2004; Sonn et al., 2004; Uto et al., 1999).

The most informative observation so far relating to 
Nek2 biology has been its subcellular localization. 
Biochemical, proteomic and microscopic data all
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Fig. 1. Nek2 protein structure. Three splice variants of human Nek2 have been described: Nek2A, Nek2B and Nek2A-T. The domain structure 
of these three proteins is shown with functional regions of the protein indicated above and below the figures. Proteins are shown to scale and 
numbers indicate amino acid positions. The splice variants are identical in having an N-terminal catalytic kinase domain followed by a leucine 
zipper (LZ) dimerization motif. Nek2A and Nek2A-T contain an additional coiled-coil (CC) at the extreme C-terminus. A splice site after amino 
acid 370 leads to an alternative C-term inus in Nek2B and a short truncation in Nek2A-T. Both Nek2A and Nek2A-T retain motifs essential for 
interaction with PP1 and for protein degradation mediated by APC/CCdc20 or APC/CCdhl. The non-catalytic domains of Nek2 also confer 
centrosome and nucleolar localization and the capacity to interact with microtubules and the HMGA2 chromatin architectural protein.

concur to show that Nek2 is a core component of the 
human centrosome throughout the cell cycle (Andersen 
et al., 2003; Fry et al., 1998b; Hames and Fry, 2002). 
Sipiilar localizations have been described for homol- 
ogues of Nek2 in mouse, Xenopus, D rosophila  and 
Dictyostelium  (Fry et al., 2000; Graf, 2002; Ha Kim 
et al., 2002; Prigent et al., 2005; Uto et al., 1999). 
Centrosomal localization of Nek2 depends upon a motif 
in its C-terminal regulatory domain that is also 
necessary for microtubule binding (Hames et al., 
2005). This suggests that microtubules play a role in 
either delivery or anchoring o f Nek2 to centrosomes. 
In addition to localization at the centrosome, Nek2 
has been detected at nucleoli in interphase cells

(Noguchi et al., 2004), on condensed chromatin in 
meiotic (Fujioka et al., 2000; Rhee and Wolgemuth, 
1997) and mitotic (Ha Kim et al., 2002) cells, and at the 
kinetochores (Lou et al., 2004) and midbody (Ha Kim 
et al., 2002; Prigent et al., 2005) of dividing cells. Hence, 
it is possible that Nek2 has substrates whose phos
phorylation contributes to many aspects of cell division.

3. Nek2 function in cell division

In Aspergillus, NIMA is required for mitotic entry, 
with mutation of the nimA gene preventing mitotic 
entry and overexpression of NIMA resulting in
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a premature mitosis (O’Connell et al., 2003). 
However, studies in other organisms have indicated 
that, except in filamentous fungi, NIMA-related 
kinases may not be essential for mitotic entry. 
Mutation of the single fission yeast NIMA-related 
kinase, Finlp, delays, but does not prevent, mitotic 
entry (Grallert and Hagan, 2002; Krien et al., 1998). 
In human cells, neither Nek2A or Nek2B depletion 
nor overexpression of kinase-inactive mutants pre
vents mitotic entry. Likewise, depletion of Nek2 from 
an interphase frog egg extract does not prevent the 
extract advancing into mitosis upon addition of a non- 
destructible cyclin B (Fry et al., 2000). Thus, while 
Nek2 may yet be found to contribute to the timing of 
mitotic entry, it does not appear to be essential.

In contrast, there is persuasive evidence that 
Nek2A regulates centrosome separation during mito
tic entry. During interphase, the two centrosomes 
present in a cell are usually maintained in close 
proximity and only separate in order to establish 
spindle bipolarity at the onset of mitosis. However, 
cells overexpressing recombinant active, but not 
inactive, Nek2A exhibit a premature separation of 
centrosomes from any point in the cell cycle, while 
depletion of Nek2A interferes with centrosome 
separation in G2 cells (Fletcher et al., 2005; 
Fry et al., 1998b; Hames and Fry, 2002). Thus, one 
of the physiological functions of Nek2A appears to be 
to sever the linkage that normally holds centrosomes 
together during interphase. Support for this hypothesis 
came with the identification of C-Napl (also called 
Cep250) as a Nek2 binding partner and substrate 
(Fry et al., 1998a). The localization of this 280 kDa 
coiled coil protein is consistent with it being part of a 
centrosomal linker and, in line with this role, C-Napl 
is displaced from centrosomes at the G2/M transition 
when Nek2 is active and centrosomes normally 
separate (Mayor et al., 2002, 2000). Rootletin is 
another protein that is displaced from centrosomes 
upon mitotic entry, and is both a Nek2 substrate and 
binding partner of C-Napl (S. Bahe and E. Nigg, 
personal communication). Thus, Nek2 may trigger 
centrosome separation at the onset of mitosis through 
phosphorylation of multiple linker components.

Besides centrosome separation, Nek2 also regu
lates the microtubule organization capacity of the 
centrosome at the time of mitotic entry. It can promote 
the displacement of Nip, a protein involved in

microtubule anchoring at the centrosome during 
interphase (Casenghi et al., 2003; Rapley et al., 
2005). In parallel, it may promote recruitment of 
proteins required for microtubule nucleation in 
mitosis. This latter function is likely to occur through 
stimulating protein-protein interactions indepen
dently of its catalytic activity. Nucleophosmin/B23, 
a chaperone protein, is recruited to the spindle pole in 
mitosis, but this process is inhibited in Nek2-depleted 
cells (Yao et al., 2004). Likewise, depletion of 
Drosophila Nek2 leads to loss of y-tubulin and the 
mitotic kinase, Plkl, from spindle poles in S2 cells 
(Prigent et al., 2005). Plkl itself is required for 
centrosome maturation, hence loss of Plkl due to 
Nek2 depletion could have knock-on effects on 
mitotic spindle pole organization. In support of this, 
studies in Xenopus indicate that the Nek2B splice 
variant is required for recruitment of y-tubulin and the 
establishment of a focused microtubule organizing 
centre in a kinase-independent manner (Twomey 
et al., 2004; Uto and Sagata, 2000). Finally, it is 
worth emphasizing that Nek2 is an integral com
ponent of interphase centrosomes and is required for 
correct centrosome assembly and maintenance 
(Fry et al., 1998b; Graf, 2002; Uto and Sagata, 2000).

As described earlier, Nek2 has been detected at 
several sites in mitotic cells in addition to the 
centrosome and, thus, it is reasonable to predict that 
it may contribute to other aspects of cell division. 
Although the evidence remains scant, there are data 
implicating Nek2 in chromatin condensation, mitotic 
checkpoint signalling and cytokinesis. HMGA2, an 
architectural chromatin protein, is a substrate and 
binding partner of Nek2 in mouse spermatocytes and 
phosphorylation by Nek2 may trigger its release from 
chromatin, promoting condensation (Di Agostino 
et al., 2004). This is important insomuch as NIMA 
in Aspergillus clearly has a role in chromatin 
condensation (O’Connell et al., 2003). Interaction 
with Nek2 has also been reported for both Madl and 
Heel, components of checkpoint complexes present 
at the kinetochores (Chen et al., 2002; Lou et al.,
2004). Indeed, depletion of Nek2 causes premature 
chromosome segregation and abrogation of check
point signalling (Lou et al., 2004). According to a 
recent report, Nek2 (and fungal NIMA for that matter) 
can also interact with Trfl (telomere repeat binding 
factor 1), which in turn can bind Madl suggesting
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the possibility of higher order checkpoint complexes 
that contain Nek2 (Prime and Markie, 2005). Finally, 
depletion of human Nek2B significantly extends the 
time cells spend in mitosis as well as increasing the 
percentage that fail to complete cytokinesis (Fletcher 
et al., 2005). In support of a role in mitotic exit, 
overexpression of Drosophila  Nek2 leads to abnorm
alities in cleavage furrow formation and cytokinesis 
failure (Prigent et al., 2005), while inactivating the 
fission yeast NIMA-related kinase, F in lp , leads to 
defects in the septum initiation pathway (Grallert 
et al., 2004).

4. Expression of Nek2 in human cancer

Reports implicating Nek2 in human proliferative 
disease first appeared following microarray analysis 
of mRNA abundance in tumour derived cell lines. 
Assessment of some 1700 hundred genes revealed 
marked upregulation of Nek2 in cell lines derived 
from Ewing’s tumours, a paediatric osteosarcoma 
(Wai et al., 2002). An increase in Nek2 mRNA was 
subsequently reported in non-Hodgkin lymphoma, 
where it strongly associated with disease progression. 
Profiling successive patient samples showed that, as 
follicular lymphoma advanced to the more aggressive

diffuse large B-cell lym phom a (DLBCL), Nek2 
mRNA levels rose dram atically (de Vos et al.,
2003). The transform ation to DLBCL signals a 
decreased response to drug therapy and concomitantly 
bleak patient prognosis with median survival of only 
22 months.

In the first study to look at the expression of Nek2 
protein, rather than just mRNA, in human cancer, a 2-5 
fold elevation of Nek2 was seen in cell lines derived 
from breast, cervical and prostate carcinomas, as well as 
in numerous cell lines established from lymphomas 
(Hayward et al., 2004). Importantly, examination of 20 
archived high grade invasive ductal carcinoma (IDC) 
breast tumours by immunohistochemistry showed 
marked Nek2 upregulation in 16 samples compared to 
normal tissue. Though the tumours examined were 
confined to a single histological classification, the 
significant increase in Nek2 staining specifically in the 
carcinoma cells was striking (Fig. 2).

Comparative genomic hybridisation (CGH) allows 
changes of gene copy number in disease to be 
determined with respect to normal tissue. Examining 
gene copy number in disease subtypes allows further 
elucidation of genes associated with aggressive 
disease and poor outcome. CGH analysis of 44 
archival breast tumours showed a common amplifi
cation of region lq32, the locus of the human Nek2

• I* .*  -

Fig. 2. Increased Nek2 protein expression in primary breast tumours. Invasive ductal carcinoma (IDC) breast tumour sections were stained with 
purified polyclonal anti-peptide Nek2 antibodies after antigen retrieval. Images taken at low (A) and high (B) magnification are shown. Nek2 
expression is substantially increased in the carcinoma cells (arrows) compared to the surrounding stromal cells with both the nucleus and 
cytoplasm staining for Nek2. Scale bars: (A) 100 (B) 30 pm.
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gene (Schultz et al., 1994), with 32 patient samples 
showing a gain of up to six copies (Loo et al., 2004). 
Though lq32 gain was widespread the degree of 
amplification varied slightly between histopathologi- 
cal tumour types, being more common in IDC and 
invasive lobular carcinoma (ILC). A similar gain of 
lq32 has also been demonstrated in gastric cancer by 
CGH. Analysis of 35 primary gastric adenocarcino
mas revealed a previously unreported gain of lq32.3 
in 10 cases leading the authors to propose Nek2 as a 
candidate gene; this common gain was significantly 
associated with lymph node positive disease and poor 
prognosis (Weiss et al., 2004).

5. Mechanisms regulating Nek2 expression 
and activity

Gene amplification could clearly explain the 
elevated levels of Nek2 mRNA and protein detected 
in cancer cell lines and patient samples. However, the 
abundance and activity of Nek2 protein is tightly 
controlled in a temporal and spatial manner as a result 
of transcriptional control, post-translational modifi
cation and protein-protein interaction. It is therefore, 
worth considering that one or more of these processes 
may be subverted in cancer cells (Fig. 3).

First of all, Nek2 transcription is regulated in a cell 
cycle dependent manner. A genome wide examination 
of transcription in HeLa cells showed Nek2 to lie in a 
cluster of genes with peak transcriptional activity in 
G2/M phase alongside other established centrosome 
and spindle checkpoint components (Whitfield et al., 
2002). Direct measurement of mRNA by RT-PCR in 
synchronized cells confirmed that Nek2 transcription 
is low in M and Gi and high in S and G2 (Twomey 
et al., 2004). Chromatin-immunoprecipitation (ChIP) 
assays further demonstrated that Nek2 is one of the 
genes whose promoter binds the E2F4 transcription 
factor in early Gl (Ren et al., 2002). E2F4 acts as a 
transcriptional repressor in G0 and Gi through 
recruitment of chromatin modifiers that silence gene 
expression. The interaction with chromatin modifiers 
such as histone deacetylases is indirect and requires 
members of the retinoblastoma (Rb) family, notably 
p i07 and p i30. Importantly, Nek2 mRNA is elevated 
in mouse embryonic fibroblasts (MEFs) lacking p i07 
and p i30 (Ren et al., 2002), and in primary

keratinocytes infected with retroviruses expressing 
E7, a human papillomavirus encoded protein which 
interferes with the repressive function of Rb family 
members (Patel et al., 2004). Hence, lesions in Rb 
pocket proteins or their abrogation by viral oncopro
teins may facilitate Nek2 upregulation in tumours’

Additional insight into the transcriptional regu
lation of Nek2 came with the identification of Nek2 as 
a target for the forkhead transcription factor FoxMl, a 
transactivator inducing expression of a range of G2/M 
specific genes (Laoukili et al., 2005). Overexpression 
of recombinant FoxMl increases both the mitotic 
index and degree of hyperploidy of transfected U20S  
osteosarcoma cells and results in a significant fold 
increase in Nek2 mRNA. Conversely, MEFs nullizy- 
gous for FoxMl had reduced Nek2 expression. 
Though the FoxMl transcription factor elevates 
Nek2 mRNA levels upon overexpression, the cell 
cycle pattern of Nek2 expression is preserved, 
maximal in G2/M low in Gi, presumably because of 
E2F4 regulation. Hence, loss of pRb proteins would 
be predicted to be more deleterious than gain of 
FoxMl.

Nek2 abundance is also governed by cell cycle- 
dependent protein degradation. Both Nek2A and 
Nek2B are short-lived proteins in asynchronous 
cells. However, while levels of both Nek2A and 
Nek2B increase during S and G2, Nek2A is 
specifically degraded upon mitotic entry, Nek2B 
persisting until the subsequent Gj (Fry et al., 1995; 
Hames et al., 2001). The early mitotic destruction of 
Nek2A results from proteasomal degradation 
following ubiquitylation mediated by the anaphase 
promoting complex/cyclosome (APC/C). Recognition 
of Nek2A by the APC/C depends upon two C terminal 
destruction motifs that are absent from Nek2B 
(Hames et al., 2001). Destruction of Nek2A may 
also require its centrosomal localization as targeting 
Nek2A to the plasma membrane stabilizes the protein 
in mitotic cells (M. Hayes tod A.M.F., unpublished 
observations). Furthermore, photobleaching data 
suggest that not only is recruitment of Nek2A to the 
centrosome rapid, but that its turnover at the 
centrosome is largely dependent upon localized 
degradation by the proteasome (Hames et al., 2005). 
What leads to the drop in Nek2B levels in Gi is not 
known, but one might assume the presence of other, as 
yet undefined, destruction signals.
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Fig. 3. Possible mechanisms leading to elevated Nek2 expression in tumours. This figure illustrates mechanisms that might lead to elevated 
levels of Nek2 protein in cancer cells. (A) Comparative genomic hybridisation studies reveal gain of up to six copies of the Nek2 locus 1 q32.1 in 
breast carcinoma. (B) Expression of human papillomavirus (HPV) E7 protein leads to increased Nek2 expression in human keratinocytes. This 
is likely to result from E7 sequestration of the Rb pocket proteins, p i 07 and p i 30, which repress Nek2 expression via the E2F4 transcription 
factor. Loss of pl07  and/or p l30  protein would equally relieve the repression of Nek2 transcription. (C) Nek2A protein, which exists as an 
autophosphorylated dimer, is subject to proteasomal degradation in M, G! and G0 following ubiquitylation mediated by APC/CCdc20 or 
APC/C01111. Failure to degrade Nek2A, possibly as a result of destruction site mutation or downregulation of APC/C activity, would increase 
Nek2A protein stability and hence abundance.

Besides regulation of Nek2 protein expression, the 
kinase activity is further regulated by dimerization 
and protein phosphorylation. Downstream of the 
kinase domain is a coiled-coil predicted to form an 
unusual leucine zipper dimerization motif (residues 
304-340). This is present in all Nek2 splice variants, 
and biophysical (R. Croasdale, M. Pfuhl and A.M.F., 
unpublished data) and interaction (Hames and Fry, 
2002) data support the notion that Nek2 forms salt- 
resistant dimers via the leucine zipper. Dimerization 
of Nek2 leads to trans-autophosphorylation and an

increased kinase activity towards exogenous sub
strates (Fry et al., 1999). Autophosphorylation sites 
have been identified in both the catalytic and 
regulatory domain and studies are underway to 
determine their role in Nek2 activation (J. Baxter, 
F. Ivins, S. Smerdon and A.M.F., unpublished data). 
The catalytic domain of Nek2 can also be phosphory- 
lated by p90Rsk2 in vitro (Di Agostino et al., 2002). 
p90Rsk2 is activated by the Erkl MAPK pathway 
during meiotic G2/M progression when both proteins 
are localized to condensed chromatin. Hence,
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phosphorylation and activation of Nek2 by p90Rsk2 
could contribute to chromatin condensation through 
regulation of Nek2 substrates such as HMGA2.

Interestingly, the C-terminal regulatory domain of 
Nek2A, but not Nek2B, also contains a site (KVHF, 
residues 383-386) that allows direct binding of the 
catalytic subunit of protein phosphatase 1 (PP1) 
(Helps et al., 2000). PP1 acts as a negative regulator 
of Nek2A. In vitro, it can bind Nek2A, depho- 
sphorylate it and reduce its activity towards exogen
ous substrates (Helps et al., 2000). In cells, co
expression of PP1 with Nek2A suppresses phenotypes 
induced by active Nek2A overexpression (Meraldi 
and Nigg, 2001), while addition of Inh2, a negative 
regulator of PP1, increases Nek2A activity (Eto et al., 
2002). Hence, the rate limiting step in activating 
Nek2A at the G2/M transition may well be inacti
vation of PP1. This is important as PP1 is a target of 
the DNA damage checkpoint. Thus, in the presence of 
damaged DNA, activation of PP1 would keep Nek2A 
turned-off thereby preventing inappropriate centro
some separation (Fletcher et al., 2004).

The complex control of Nek2 activity by dimeri
zation, phosphorylation and interaction with PP1 
means that there are multiple sites at which mutations 
or polymorphisms could alter Nek2 activity in cells. 
In this regard, it is worth noting that Aurora-A 
displays two polymorphisms associated with 
increased risk of breast tumorigenesis (Lo et al., 
2005).

6. Does Nek2 contribute to cancer progression?

Nek2 clearly has several putative roles in cell 
division, most notably in spindle formation and 
chromosome segregation. With evidence of Nek2 
upregulation in human tumours and a mechanism for 
this upregulation provided by loss of transcriptional 
inhibitors and gene amplification, consideration must 
now be given to the possible impact of increased Nek2 
protein on disease progression.

Experimentally, overexpression of active Nek2 in 
transformed human cell lines leads to defects in 
centrosome organization and function during inter
phase. This includes premature separation of centro
somes, loss of centrosomal antigens and unfocused 
microtubule arrays (Faragher and Fry, 2003; Fry et al.,

1998b; Meraldi and Nigg, 2001). In lower eukaryotes, 
overexpression of Nek2 also causes dispersal of 
centrosomal antigens as well as formation of ectopic 
sites of microtubule assembly (Graf, 2002; Prigent 
et al., 2005). These changes in microtubule organiz
ation could alter cell polarity and, indeed, loss of cell 
polarity is a key feature of many epithelial cancers.

In terms of chromosome segregation, overexpres
sion of Nek2 in HBL100 immortalized breast cancer 
cells can induce aneuploidy in that there is a 5- to 
10-fold increase in cells with multiple or enlarged 
nuclei (Hayward et al., 2004). These are almost 
invariably associated with multiple centrosomes and 
could well result from an abortive mitosis and/or 
cytokinesis failure. Spindle pole defects and abnormal 
chromosome segregation are also seen in cells 
overexpressing Drosophila Nek2 (Prigent et al., 
2005). Due to the range of interacting proteins and 
substrates described for Nek2, these mitotic defects 
could arise not only from centrosome defects, but also 
from problems associated with condensing chromatin, 
kinetochore assembly, or contractile ring formation. 
Certainly, it seems plausible to propose that elevated 
levels of Nek2 could contribute to CIN and 
aneuploidy in cancers. Importantly, though, it remains 
to be shown whether overexpression of Nek2 can 
induce transformation of cells in vitro or tumour 
formation in nude mice.

7. Nek2 as a drug target in cancer?

Kinases are susceptible to inhibition by small 
molecules in several ways, most notably by compe
tition with ATP for binding at the catalytic pocket or 
stabilisation of the kinase in an inactive conformation. 
This tractability has led to a burgeoning number of 
kinases as drug targets, with several compounds 
currently licensed for clinical use (Dancey and 
Sausville, 2003). Initial concerns that kinase inhibi
tors would lack specificity due to the common 
requirement for ATP binding have also been 
dispelled. A recent examination of the binding of 20 
kinase inhibitors against 119 protein kinases showed 
distinct profiles of specificity for each inhibitor 
(Fabian et al., 2005). It is thought that, although 
ATP pockets are structurally similar, binding of drug
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to adjacent residues outside the pocket confers 
inhibitor specificity (Cohen, 2002).

Before embarking on a drug discovery pro
gramme though, it is important to consider whether 
Nek2 will make an effective chemotherapeutic 
target. One approach to target validation is to 
examine the effects of blocking protein expression 
in cell line models. A number of recent studies 
have begun to report the consequences of Nek2 
depletion using RNA interference strategies 
(Fletcher et al., 2004; Fletcher et al., 2005; 
Lou et al., 2004; Prigent et al., 2005; Yao et al., 
2004). Firstly, as mentioned earlier, the loss of 
Nek2 interferes with centrosome maturation and the 
recruitment of proteins including y-tubulin, Plkl 
and nucleophosmin/B23, to mitotic spindle poles. 
In Drosophila, some of these proteins appear to 
form ectopic sites of microtubule organization 
which lead to the formation of multipolar spindles 
(Prigent et al., 2005). Secondly, Nek2 depletion can 
prevent centrosome separation leading, in Droso
phila, to monopolar or monoastral bipolar spindles 
(Fletcher et al., 2005; Prigent et al., 2005). Thirdly, 
Nek2 RNAi interferes with normal chromosome 
segregation in human cells, causing the appearance 
of anaphase cells with lagging chromosomes and 
telophase cells with chromatin bridges (Lou et al.,
2004). Fourth, specific depletion of Nek2B in 
human cells delays mitotic exit (Fletcher et al.,
2005). Finally, and most promisingly, depletion of 
Nek2 leads to an apparent arrest in HeLa cell 
proliferation and an increase in apoptosis, possibly 
as a result of mitotic errors (Fletcher et al., 2004,
2005).

Similar studies have been performed to examine 
the consequences of expressing kinase-inactive Nek2 
in cells. These, potentially dominant-negative, 
mutants mimic the situation of having protein present 
but in an inactive state, as would be the situation after 
administration of a small molecule inhibitor. Results 
in human cells show that expression of inactive 
Nek2A does not block cell cycle progression, but does 
cause mitotic defects including abnormal spindle 
formation and missegregation of chromosomes 
(Faragher and Fry, 2003; Lou et al., 2004). In U20S 
cells though, kinase-inactive Nek2 expression did not 
appear to block cell growth or induce apoptosis 
(Faragher and Fry, 2003). However, it is important to

remember that these cells still contain active 
endogenous Nek2 and hence the consequences may 
be different to Nek2 depletion.

In fact, neither the consequences of Nek2 
depletion by RNAi nor overexpression of kinase- 
inactive mutants will necessarily reflect the 
response o f cells to small molecule kinase 
inhibitors. In both cases, the stoichiometry of 
Nek2 complexes in cells is disrupted either by 
depletion or overexpression; this is not the case 
upon drug inhibition. Likewise, kinase-independent 
functions of Nek2 will be abrogated by depletion 
but not by an inhibitor. The search for small 
molecule inhibitors via high throughput screening, 
is therefore, a necessity if researchers wish to 
examine directly the consequences of Nek2 
inhibition on cell proliferation and cell viability 
in different cancer cell models.

8. Perspectives

Much has been learnt about what controls Nek2 
activity in cells and how Nek2 functions in different 
aspects of cell division. Furthermore, from the limited 
number of studies performed to date, it is evident that 
Nek2 expression is frequently elevated in cancer cells, 
possibly as a result of gene amplification or loss of 
transcriptional control. Whether this upregulation 
contributes to tumour progression is an important 
and unresolved question, but elevated expression of 
Nek2 can drive aneuploidy and CIN, and there is a 
correlation between increased Nek2 and poor patient 
outcome. The key question, though, from the patient’s 
perspective is whether tumour cells with excess Nek2 
can be selectively killed by a Nek2 inhibitor. Early 
evidence suggests that loss of Nek2 activity may 
inhibit cell proliferation and trigger cell death as a 
result of mitotic errors. However, these data are based 
on depletion experiments alone and the generation of 
a chemical inhibitor to Nek2 would be of great value 
in extending these studies. Research is also needed 
into the consequences of Nek2 inhibition in cancer 
cells with different genetic backgrounds, for instance 
in p53 positive or negative cells. Ultimately, this will 
be critical to deciding in which cancers targeting 
Nek2 may be advantageous rather than potentially 
harmful to the patient.
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